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Abstract

Preheating is an essential process step in electron beam powder bed fusion. It has the purpose of establishing a sintered powder
bed and maintaining an elevated temperature. The sintered powder bed reduces the risk of smoke and in combination with the
elevated temperature improves the processability. Today, the line-ordering preheating scheme is widely used. This scheme
does not take the previously built layers into account and results in an inhomogeneous elevated temperature and consequently
in a variety of sinter degrees, which is disadvantageous for the process. The main challenge is now to modify this scheme
to establish a homogeneous temperature distribution. This study addresses this challenge and analyses as well as optimises
this scheme. A GPU-parallelised thermal model reveals a heterogeneous temperature distribution during preheating because
of varying thermal conditions within a build job. In addition, a work-of-sintering model predicts that the sinter degree of
the current powder layer on top of previously consolidated material is smaller than on top of the surrounding powder bed.
This work aims to invert this trend to improve powder re-usage and material consolidation. Consequently, this work proposes
an extension of the current scheme, compensating for the specific energy loss with local adjustments to the energy input.
This adaption results in a uniform temperature distribution and advantageous sintering. Applying the proposed numerical
model proves to be an effective method to analyse the evolving process conditions and tailor the local energy input, thereby
improving the efficiency of the preheating step.

Keywords Additive manufacturing - Electron beam powder bed fusion - Preheating - Numerical simulation - Macroscale -
Optimisation

1 Introduction particular enable the precise production of high-performance

parts [1-4].

Additive Manufacturing is well-known for its great poten-
tial in generating customised, complex components with the
additional capability of achieving tailored local properties.
For metallic components, powder bed fusion techniques in
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In contrast to the widespread use of lasers as an energy
source, the electron beam exhibits several properties making
it suitable for a number of applications. A key feature of pow-
der bed fusion utilising the electron beam (PBF-EB) is the
high power available, which can be up to 45 kW at current
systems [5]. Combined with the possibility of deflecting the
electron beam at very high velocities (up to 10,000 m/s), the
electron beam can act as a general heat source, enabling pro-
cess temperatures up to 1000 °C [6, 7]. This high-temperature
environment facilitates the defect-free processing of crack-
sensitive, non-weldable alloys, e.g. Ni-base superalloys, TiAl
or refractory metals like tungsten and molybdenum [8-13].
Within laser-based powder bed fusion (PBF-LB), various
approaches have emerged to benefit from the enhanced pro-
cessability arising from elevated temperatures as well. A
prevalent strategy is the employment of one or multiple addi-
tional lasers, which enables localised heating shortly before
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melting is performed. This offers opportunities to process
even ceramic materials, reduce spatter and utilise a com-
paratively large-area pulsed laser for melting, consequently
increasing total build rates [14-17].

In Contrast to PBF-LB, the heating step required to main-
tain high operating temperatures is inherent to the PBF-EB
process itself. As sintering during this so-called preheating
stage is mandatory to obtain a certain degree of stability
in the powder bed. This is essential to prevent the repul-
sion of particles due to the charge imposed by incident
electrons. Insufficient mechanical connection between the
particles results in the explosive dispersion of the powder
across the build platform, a phenomenon commonly charac-
terised as smoke. Subsequently, an irregularly shaped powder
bed emerges, causing complications in the accurate powder
deposition and consolidation of succeeding layers. Further-
more, there exists a potential risk of powder particles being
accelerated upon the beam column, leading to arc trips and,
ultimately, fatal process failures [18].

Several strategies have been developed to address the
smoke phenomenon. The machine manufacturer Wayland
Additive eliminates the need for the preheating step by neu-
tralising the evolving charge concentrations by a flow of
oppositely charged particles [19]. An alternative approach
involves a mechanical milling procedure prior to the pro-
cess, manipulating the electrical properties of the powder
particles’ oxide layers [20-22]. These strategies allow for
shorter cycle times, mitigate the risk of smoke formation and
reduce the post-processing efforts, as the powder bed remains
unsintered.

Another method, proposed by Freemelt to reduce the risk
of smoke while maintaining high temperatures, involves the
implementation of an intermediate heat source. This ele-
ment, represented by either a graphite or refractory metal
plate, is heated by the electron beam and subsequently trans-
fers its energy to the powder bed through radiation. This
configuration prevents any charge exposition of the powder
bed. However, overall heating efficiency diminishes as heat
radiation is not limited solely to the surface facing the pow-
der bed [23]. Following a similar approach by facilitating
photons instead of electrons Sjostrom et al. integrated a Near-
Infrared (NIR) heating device into the machine. Thereby,
the suppression of smoke is unified with higher heating effi-
ciency [24]. The primary drawback of these strategies lies in
the need for additional machine equipment. Furthermore, the
energy input of the proposed methods lacks the level of flex-
ibility provided by the electron beam as heat source, which
is characterised by its rapid and adaptable positioning.

This distinctive feature is an integral component of the
standardised preheating strategy implemented in GE Addi-
tive machines. Within the established setup, the preheating
step typically consists of two stages. In the first phase, desig-
nated as preheating one, the defocused beam repeatedly scans
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the entire build area along a line-wise pattern. As preheating
progresses, the powder bed is steadily gaining mechanical
strength with ongoing sintering. This ensures that process-
related beam deflections at very high speeds, often referred
to as jumps, do not cause any smoke events. In the second
stage, the preheating is concentrated around the future melt
areas to enhance the sinter degree and temperature at these
targeted positions [25-28]. Next to the positive influence of
elevated temperatures on the processability, the augmenta-
tion of the sinter degree is also beneficial for the subsequent
melting result. Specifically, it reduces the tendency of particle
spattering and balling [29-33].

Based on the outlined preheating scheme, Drescher et al.
systematically examined the impact of varying velocities dur-
ing the second preheating stage to optimise layer times and
therefore enhance the overall efficiency. Notably, a reduc-
tion in scanning velocity caused an exponential increase
in compressive strength of the sintered powder bed. This
led to the conclusion that efficiently accelerated sintering
can be achieved through a more concentrated and localised
heat input [27]. Lin et al. established a preheating window
dependent on scan speed and beam spot size for NiTi pow-
der, based on the pattern from stage one. The processing
space itself faced constraints by either smoking of the pow-
der or by a too excessive energy input resulting in partial
melting of the powder. In accordance with the findings of
Drescher et al., they demonstrated that a variation in the pre-
heating velocity is possible even for alloys prone to smoke
formation [34]. In another investigation addressing preheat-
ing, Shanbhag et al. formulated an empirically derived model
linking the elevated temperature and the thermal conductiv-
ity of the powder bed. Thereby, they emphasised the critical
role of the temperature level for the sinter result [28]. Despite
these valuable contributions, the existing body of experimen-
tal work on the preheating stage remains relatively limited,
presenting an opportunity for further investigations to deepen
our knowledge of the thermal and sinter conditions during the
process.

To gain a deeper understanding of what type of sinter-
ing is particularly happening during preheating, Yan et al.
employed a thermal-fluid flow model for analysing liquid-
state sintering and the phase-field method for depicting the
solid-state sintering. Their study concluded that solid-state
sintering is the predominant mechanism present during pre-
heating, as typically only very small particles (< 20 um)
begin to liquefy. With the reduced number of those particles
after repeated powder recycling steps, their importance for
the sinter progress diminishes [35]. Rizza et al. also employed
the phase-field method to correlate the neck growth during
solid-state sintering of powder particles to the temperature
profile from a build job measured at the base plate. The
high spatial resolution and inclusion of multiple physical
effects restricted the simulation to the modelling of two or
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respectively three particles per simulation. As the main result
of their studies, a model was established, capable of corre-
lating the temperature history via the resulting neck radius
to powder bed properties such as thermal conductivity. This
information can serve as valuable input for accurate ther-
mal simulations of the entire manufacturing process [36, 37].
For such extensive thermal simulations operating at full part
scale, only a few efforts exist regarding PBF-EB. However,
in terms of preheating the corresponding energy input is typ-
ically performed area-wise and averaged over the respective
timespan, ignoring its inherent scan-wise nature [38, 39]. For
the comprehensive modelling of the thermal history through-
out an entire process this remains a valid method to realise
the representation of the relatively large spatial and temporal
domains. However, when shifting the focus on investigat-
ing and eventually optimising the preheating step, resolving
the individual scan vectors becomes essential for accurately
determining the temperature peaks.

This publication aims to assess the impact of the prevailing
preheating scheme one on the distribution of the temperature
and sinter degree of the powder bed. The motivation for this
study arises from the examination of the thermal evolution
during the preheating stage of a standard Ti-6Al-4V build
job, as depicted in Fig. 1.

The conventional preheating pattern yields an inhomoge-
neous temperature distribution, primarily arising from the
different thermal properties of the consolidated and pow-
der sections. To systematically analyse this phenomenon
with the ultimate goal of tailoring and improving the exist-
ing preheating procedure, a thermal model based on finite
differences is deployed. The key feature of this model is
its ability to represent the thermal evolution resulting from
scan-wise preheating via the electron beam. In combina-
tion with a diffusion-motivated Arrhenius term, referred to
as work-of-sintering, a direct relationship between the local
temperature profile and the corresponding sinter progress is
established [40, 41]. Utilising this correlation allows the pre-
sented approach to operate at a higher level of abstraction
compared to existing simulations, considering the powder

Fig.1 Snapshots of the
preheating procedure of a
Ti-6Al-4V build job
manufacturing nine cuboid
specimens deploying a
line-ordering scheme [25].

(a) After applying a new powder
layer.

(b) After 4.5 of preheating.

(c) After 17s of preheating

as a continuum instead of individual particles and avoiding
the need to explicitly resolve the diffusion of matter. This
abstraction enables investigation of thermal and sinter con-
ditions over complete preheating periods for representative
build volumes, not being restricted to a limited number of
individual powder particles [35-37]. In response to the sub-
optimal result associated with the current way of preheating,
we propose a novel optimisation-based strategy. This revised
approach accommodates the observed differences by adjust-
ing the preheating velocity locally.

2 Materials and methods
2.1 Experimental

The PBF-EB process, serving as a benchmark for the
numerical model, was performed on a freely programmable
machine developed by pro-beam AG & CO. KGaA (Gilch-
ing, Germany). It is equipped with a 15kW electron gun
operating at a high voltage of 150kV. The experimental
setup mimics a standard build job, which has been car-
ried out similarly numerous times, especially for material
development purposes. As model material serves Ti-6Al-4V
from Tekna Advanced Materials Inc. with a particle size dis-
tribution between 45um and 105pum, an apparent density
of 2.49g/cm? and a tap density of 2.8 g/cm>. The choice
of the material is of minor importance as the temperature
variations result from differing thermal properties between
powder and consolidated material. The nine molten com-
ponents share a simple cuboid shape with a base area of
15 mm x 15 mm and the spacing between neighbouring spec-
imens is 7.5mm. Connection to the steel base plate, which
exhibits the dimensions of 185 mm x 185 mm x 30 mm, was
provided by cylindrical supports, each 3 mm in height.

The regular PBF-EB routine of lowering the platform,
applying a new layer of powder, preheating, melting and
electron optical (ELO) imaging was deployed. Each of the
nine samples was molten according to the snake strategy

After powder
application

After 4.5s
preheating

After 17s
preheating
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Fig.2 Preheating procedure. (a) a) b)
Schematic of the line-ordering i3 Py
pattern. (b) Power during the HI-1 = 2000 tr tp
progress of the preheating stage, I 5 ]
exhibiting a ramp followed by a IH:% . ¢
plateau phase . = 1500 - t
I-3 - ™~
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Line order sequence

with identical parameter values. The power applied during
hatching Py was set to 800 W, the offset between two adja-
cent lines /oy to 100 um and the hatch velocity vy to 8 m/s.
An empirically determined pause of approximately 6s was
implemented between powder raking and the onset of pre-
heating to promote the formation of connections with the
preceding layer. Throughout the entire process, the tempera-
tures at the base plate Tpae and at the surrounding heat shield
Ty were recorded via K-type thermocouples. The process log
files additionally include the time-resolved power and focus
values.

In contrast to the melting phase, the beam operates in
a defocused state during the preheating stage. This adjust-
ment ensures a more uniformly distributed energy input and
areduction in the local energy density, avoiding unintentional
powder melting. The applied standard preheating scheme
follows the recommendations from Larsson and Snis [25].
According to their patent, the building area is systemati-
cally scanned along straight parallel lines, covering an area
denoted as Ap. To prevent smoke events, a designated time
must elapse before the beam returns to a prior spot. For a
defined area, this time interval is mainly governed by the
selected preheating velocity vp and the respective line off-
set lop. Additionally, consecutive paths must be sufficiently
separated to avoid interference with the effects caused by
the previous pass of the electron beam. Thus, a line-ordering
strategy is implemented, where every n-th line is scanned
and the starting index shifts by one with each repetition until
the entire pattern is completed (see Fig. 2a). How often the
aforementioned pattern is repeated, is determined by the total
preheating time f;, which is the sum of the duration of the
ramp #; and the plateau stage t,. These terms are linked to
the modulation of power during the preheating period, as
displayed in Fig. 2b. Initially, the power starts at zero and
increases incrementally until a defined plateau Py, is reached,
with the number of ramp steps denoted as s. The specific val-
ues used in the experiment are outlined in Table 1.
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2.2 Simulation
2.2.1 Physics

For the computation of temperatures 7" during the preheat-
ing stage, a thermal model is employed based on the heat
conduction equation

or \Y vT 1
Friall (a-VT), ey
where time is denoted by ¢. Different thermal diffusivities o
of powder o, and consolidated material «c are applied.

The heat flux generated by the electron beam Qy, is mod-
elled as surface heat source

Ov(x,y, 1) =n- P(t) - 1(x,y), )

expressed as the product of the applied power P and the elec-
tron absorption coefficient of the material 1 along a normed
2d-intensity distribution 7/, where x and y define the respec-
tive spatial position.

Table 1 Preheating parameters

Property Symbol Value Unit
Preheating area Ap 125 x 125 mm?
Preheating velocity vp 16.6 m/s
Preheating line offset lop 1 mm
Line order n 10 -
Total preheating time t 17.3 s
Ramp time tr 8 S
Plateau time Iy 9.3 S
Number of ramp steps K 19 -
Preheating plateau power Py 2250 w
Focus current Ip 3000 mA
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Assuming a regular Gaussian distribution for the beam
profile would be insufficient due to the changed intensity
distribution of the defocused electron beam during the pre-
heating stage. Consequently, a pinhole measurement was
performed with the identical beam settings of the experi-
mental preheating phase, as described in Section 2.1. The
obtained measurements were fitted with a super-Gaussian
profile I (see Fig. 3), which is subsequently integrated as a
normalised approximation of the beam shape

_ 2 Px _ 2 Dy P
I(x,y)=exp [—((%) _,_(%) ) i|
X y

3

Ymax Xmax _ -1
e =ten ([ [T i) @

The o -values in the specific direction correspond to 4—11 of the
beam diameter in case of a regular Gaussian distribution.
The exponents px, py and p serve as fitting parameters to
account for the super-Gaussian shape of the defocused beam,
the specific values are provided in Table 2 in the Appendix.
The beam centre is denoted as (xp, yp) and the spatial domain
ranges from 0 to xmax and Ymax-

Given that the heating process contributes significantly to
the overall layer time, it becomes essential to include effects
such as heat radiation within the model, which may be negli-
gible when only considering short durations, e.g. during the
melting process [42]. The radiative heat flux Q rad 18 modelled
according to the Stefan-Boltzmann law

Ona=¢-os-A- (1"~ T), 5)

y / mm

Heat source intensity I

-4 -3 -2 -1 0 1 2 3 4

x / mm

Fig.3 Schematics of the non-normalised super-Gaussian beam profile

where T denotes the surrounding temperature, measured
at the heat shield. The emissivity of the surface material is
represented by €, the corresponding area by A and the Stefan-
Boltzmann constant is denoted by osp.

Convection is regarded as negligible due to the vac-
uum environment. Furthermore, with the absence of melting
during preheating, neither evaporation nor latent heat are
included. The material properties for Ti-6Al-4V are set con-
stant and are primarily taken from MiloSevi¢ and Aleksi¢
for a reference temperature around 1000K [43], which is
frequently deployed as target preheat temperature for this
material. Detailed values for these properties are provided
with the relevant constants in Table 3 in Appendix. Further-
more, the thermal diffusivity of the powder continuum is
assumed to be one order of magnitude lower than that of
the bulk material according to the investigations of Smith
et al. [44], with changes during preheating being excluded
from the model. Averaging of the differing properties
between powder and bulk material is done via the arithmetic
mean according to the investigations of Kadioglu et al. [45].

To obtain a quantitative measure of the sinter behaviour
during preheating, the established concept of the work-of-
sintering ¢ [40, 41]

t, T()) = F 0 dr 6
o(t, ())_/Om'eXp<_RT(f)> (6)

is employed. Q represents the activation energy for sintering
and R the universal gas constant. The driving force for sin-
tering is the reduction of free surface energy. Due to the high
surface-to-volume ratio, this is naturally high for powders.
The limiting factors of the sinter process are the kinetics, gov-
erned by different diffusion processes. The formulation of
the work-of-sintering is centred around the Arrhenius term,
which emphasises the diffusion-controlled character of sin-
tering. By applying such a representative value, the objective
is not to precisely quantify the sinter degree or determine the
densities of the powder bed. Instead, its purpose is to facil-
itate a quantitative comparison of the effects that specific
strategies have on the sinter behaviour. Due to the exponen-
tial dependence of ¢ on T, it is essential to explicitly resolve
the individual scan tracks in the model.

2.2.2 Numerics

To solve the differential heat conduction equation, an explicit
finite difference (FD) scheme is applied by employing the
forward time-centred space (FTCS) approach [46]. The com-
putational operations are optimised for the use of a graphical
processing unit (GPU) and run on a Nvidia A100 provided by
the high-performance computing environment at FAU. Oper-
ating on a three-dimensional grid (see Fig. 4), the model
features an equidistant discretisation dx = dy in the x-y
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Fig. 4 Schematics of the simulation setup approximating the exper-
imental design of the reference process. The discretisation of the
simulation domain is represented by the green mesh at a resolution
scale of 1:10, while the cuboid specimens are displayed in white and

plane and a coarsened mesh in z-direction. This enables the
depiction of larger volumes, especially as the solution of the
heat conduction equation becomes increasingly linear with
extended distance to the energy source. Therefore, the first k
planes of cells towards the depth maintain a comparatively
fine discretisation of dzs and after this coarsening index k,
the size of cells in z-direction linearly increases towards the
final cell size of dz.. The domain covers the square area of
the preheated powder bed plus a spacing of 5 mm in each lat-
eral direction, with a depth [, of 5.7 mm, totalling approx. 25
million cells. For the specific input values of the simulation
the reader is referred to Table 2 in the Appendix.

Regarding the boundaries of the system, different ther-
mal conditions are incorporated. At the top of the domain,
the heat input is determined by the electron beam accord-
ing to Eq. 2 and the respective heat loss is governed by the
radiative heat flux described in Eq. 5. The surrounding tem-
perature 7j determining the radiative heat flux is set constant,
as the logged values stay within a temperature interval of 1 °C
during the considered preheating step. The conversion of the
heat flux to the corresponding temperature change per time
is calculated according to the cell dimensions, the specific
heat capacity ¢p and the density p. For the powder cells a
packing density ppac of 50% is assumed. A Dirichlet bound-
ary is imposed at the bottom, as the experimentally measured
temperature at the base plate Ty s almost constant, vary-
ing also 1°C during the preheating step. On the remaining
edges, the choice of the boundary condition is of reduced sig-
nificance as the characteristic thermal length Iy, calculates to
approximately 3.1 mm for the total preheating time, while the
additional spacing in the specific directions is Smm. In the
current implementation, the temperature gradient in the out-
flow direction is adapted from the preceding cell to maintain
a constant heat flux in this direction.
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the residual cells are filled with powder (not shown). The mesh coars-
ening is displayed in the separate window with a resolution scale of 1:4.
The size of the preheating pattern is marked in red and the base plate in
grey

In terms of temporal discretisation, it was ensured that the
timestep dt satisfies Neumann’s stability criterion for three-
dimensional FTCS schemes [47]

dzs?

6o

(N

Considering the two different ¢-values and the non-uniform
spatial grid, the maximum thermal diffusivity & and the min-
imum grid spacing dzs are used to estimate the maximum
possible timestep dfmax of approximately 7.3 x 107 s. To
enable a precise energy input, the heat flux from the electron
beam is derived through subsampling of the point heat source.
During the selected timestep dt the beam centre passes three
cells when moving with vp. In contrast, the subsampling
process operates at a smaller timestep dtgyp, €quivalent to
33 % of dt and therefore covering each cell. Following the
subsampling sequence, the conduction step is computed for
every dt.

The initial temperature distribution at the start of the pre-
heating step is a result of simulating the processing of the
previous five layers. All relevant process steps (melting,
ELO-imaging etc.) are modelled according to the assump-
tions of the present model. The exact times, focus and power
values are adapted from the process log files of the build
job described in Section 2.1. The application of a new pow-
der layer is represented by adding the respective number of
powder cells atop the domain, each with an initial tempera-
ture 7;_p. The temperature variations between layers diminish
with an increasing number of layers, approaching a quasi-
steady state. In this state, temperature distributions are shifted
only by the corresponding effective layer thickness dj.



The International Journal of Advanced Manufacturing Technology

3 Results and discussion

In the forthcoming section, the thermal evolution during the
standard preheating stage is presented including a qualita-
tive comparison between numerical and experimental results.
Subsequently, conclusions about the sinter behaviour are
drawn, as the work-of-sintering is evaluated throughout the
simulation of the preheating stage. Based on the findings of
this section, an adaption to the preheating strategy is pro-
posed, accounting for the different thermal properties of the
heterogeneous volume.

3.1 Standard preheating
3.1.1 Temperature evolution

On the left side of Fig. 5 four representative snapshots of
the preheating process are displayed and compared with the
corresponding numerical results on the right.

In the initial situation at t = 0.0s (Fig. 5a), the newly
raked powder exhibits the highest temperature values above
the previously molten samples. This aligns with the temper-
ature distributions after melting. While the molten samples
experienced intense heat input during the melting stage, the
surrounding powder primarily cooled down mainly due to
heat radiation. As the preheating stage progresses, the ther-
mal situation of the top powder layer begins to assimilate
(Fig. 5c). The temperature of the particles above the sam-
ples decreases while the surrounding powder increases its
energy content. This development arises from the higher ther-
mal conductivity of consolidated matter compared to powder.
The more efficient heat dissipation leads to a decline in tem-
perature at the corresponding sites on top, while conversely,
in regions with powder underneath the energy accumulates
near the surface. This trend continues until the end of the
preheating phase, as shown in Fig. 5g, resulting in a visible
difference between high temperatures above powder and low
temperatures upon consolidated material.

Given the drop in temperature at the areas with consol-
idated matter underneath, the only way to reach a specific
temperature level at the intended melt zones is a significant
increase in power, when applying the standard strategy. This,
in turn, results in the powder regions experiencing an even
more pronounced overheating.

The elevated temperatures appearing above powder can be
critical during the process. With increasing temperatures, the
layers expand, begin to sinter and gain mechanical strength
by forming inter-particular connections. Once the preheat-
ing phase has elapsed, the regions not designated for melting
cool down, leading to contraction and thereby to mechanical
stresses. In combination with the mechanically compara-
tively unstable sintered powder, the probability of forming
cracks in the powder bed also increases.

A further examination of the resulting temperature pro-
file reveals that the line-wise scanning of the electron beam
over the surface induces local variations. This inhomoge-
neous energy input is necessary to provide sufficient return
times. Nevertheless, these local differences dissipate within
a few seconds after preheating and do not represent a major
problem for subsequent processing. A critical threshold is
only surpassed when the local energy input exceeds a spe-
cific limit, leading to unintentional powder melting.

On the right side of Fig. 5, the corresponding numerical
results are presented. The comparison between the experi-
mental and numerical results is performed qualitatively. The
simulation additionally provides a quantification of the tem-
perature, depicted by the matplotlib colourmap gist heat,
which emulates the blackbody radiation from a metal bar
as it increases its temperature [48].

Upon the detailed comparison at four representative
timesteps, it becomes apparent that the simulation results
generally align well with the experimental observations. The
temperature distributions between the two distinct regions
at the surface are accurately depicted, showing the opposite
temperature evolutions of the powder areas above consoli-
dated and powder material as preheating progresses.

However, in reality, the point in time, when both regions
exhibit a similar temperature, is delayed by approximately 1.5s
compared to the numerical simulation. This minor misalign-
ment is believed to arise from a too-low initial temperature at
Fig. 5b, as indicated by the comparison with the experimental
reference in Fig. Sa. The reason for this discrepancy may be
excessive energy losses during melting prior to the preheat-
ing phase. The applied radiation model assumes the relatively
low temperature of 250 °C as the surrounding temperature for
the melting stage as well. The temperature measurement at
the heat shield is not sensitive to short temperature rises at the
build plane. Therefore, by utilising this value, energy losses
during brief temperature peaks are overestimated, while the
general surrounding temperature during the longer preheat-
ing should be correctly represented. Considering the total
duration of the preheating time (17.3 s), the identified inaccu-
racy of approximate 1.5 s deviation appears as an acceptable
error and could be improved by refining the measurement of
the surrounding temperature. By comparing the intermediate
timesteps in Fig. Sc and e with the numerical results in Fig. 5d
and f, it can be observed that the line-shaped temperature ele-
vations resulting from the previous beam pass appear more
defined and pronounced in the simulation. Regarding these
observations, it has to be considered that the optical images
are captured through a lead glass and a fine grid. Those are
positioned behind the viewport to prevent exposure to X-ray
radiation and metallisation of the window. In combination
with the rough powder surface, this leads to a more diffuse
impression of the situation compared to the rendered picture
of the simulated continuum. Additionally, the colourmap is
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Fig.5 Qualitative comparison
between images captured
through the observation window
of the machine (a, c, e, g) and
the thermal numerical
simulation (b, d, f, h) for four
representative timesteps of the
preheating stage. The colourbar
for the numerical results
emulates the blackbody
radiation from a metal bar as it
increases its temperature

chosen to mimic the incandescence, but in order to draw
precise conclusions about the actual temperature distribu-
tion, quantitative measurements have to be performed. This
is also supported by the fact that the colour displayed in the
snapshot in Sc is not represented by the gist heat map at all.

Nevertheless, the depiction of the diverse thermal devel-
opments enables the simulation to make valid predictions
about the emerging thermal situations during preheating.
Moreover, considering that one minute of computational time
equals one second of real-time, the proposed model appears
appropriate for studying the effects and developments of the
preheating phase in a reasonable timeframe.

3.1.2 Sintering

Apart from ensuring the proper tempering of the powder bed,
the primary objective in integrating the preheating step into
the process cycle was to establish a mechanically stable con-
nection among the powder particles. In Fig. 6 the numerically
obtained temperature (a) as well as the corresponding work-
of-sintering (b) distribution are represented at the end of the
preheating stage.

It becomes apparent, that the change in work-of-sintering
aligns with the non-uniform temperature distribution. The
sinter behaviour itself is governed by the individual temper-
ature peaks, as it can be observed in Fig. 6¢ for an exemplary
location above powder and in Fig. 6d above consolidated
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Temperature / °C

material. Since the temperature values are a superposition
of the dissimilar prevailing temperatures and the rise result-
ing from the direct energy input of the beam, the peaks and
subsequently the sintering rate differ also accordingly.

The discrepancy in the work-of-sintering along the pre-
heating area highlights the inefficiency of the standard
preheating strategy. While achieving a minimum required
sinter degree at the designated melt surfaces, the connection
between the particles at the residual regions rises rapidly,
providing no process-related benefits but instead hindering
the subsequent powder removal. For improved process effi-
ciency, it would be advantageous if the sinter progress was
distributed inversely, with the highest values at locations
where the actual melting will occur. The enhanced connec-
tion among particles at these positions would mitigate the
risk of balling as well as the tendency for particle spatter-
ing [29-33].

3.2 Tailored preheating

After identifying the shortcomings of the standard preheat-
ing approach, the subsequent section aims to propose a more
tailored strategy in alignment with the requirements of the
actual process. Preheating should ensure a high level of tem-
perature at future melt sites while preventing the overheating
of the residual powder. Regarding the sinter result, a general
principle can be formulated — areas not subsequently molten
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Fig.6 Numerically obtained
spatial temperature (a) and
work-of-sintering field (b) at the
end of the preheating stage. The
local evolution of the
temperature and the

a) Temperature / °C b) Work-of-sintering i st

700 750 800 850 900 950

3e-13 le-12 3e-12 le-11

work-of-sintering rate is 0 0
displayed for representative
positions with powder (¢) and 25 25
consolidated matter (d)
underneath g 50 50 =
g g
~ 75 7T
> >
100 100
125 125
0 25 50 75 100 125 0 25 50 75 100 125
x / mm x / mm
c) ¢ Powder basis 4) @ Consolidated basis
1250 . [ 5-0¢-11
1150 1 F L 4.0e-11
) 1 I [
~ 1050 A Eoo I 0
> 1050 _ - - 3.0e-11
£ 950 L [ =
Jas} 7 i 7 B +~
g | C - 2.0e-11 ©
& [ S
g 850 4 L - B
= : " 1 - 1.0¢-11
750 1 ge ‘ Eoo :
Work-of-sintering ¢

17.1 17.15

Time / s

should be sintered as intensely as necessary and as slightly
as possible, while the opposite is valid for respective melt
regions, as described in Section 3.1.2. Furthermore, in most
cases, the degree of sintering is also the critical factor deter-
mining the required preheating time, significantly impacting
the total build time and thereby, the efficiency of the entire
build process.

In the present work, we follow the objective of achieving a
uniform temperature distribution to prevent the overheating
of powder areas. Consequently, we will systematically exam-
ine the impact on the corresponding sinter result. As outlined
in Section 3.1, the origin of the heterogeneous temperature
distribution lies in the dissimilar thermal conductivities of
the underlying matter. This can only be compensated by a
local adjustment of the energy input. The heat input is gov-
erned by the electron beam, characterised by its shape, power
and deflection velocity. When scanning along a straight line
over a melt surface with a length of 15mm at a set velocity

17.15 17.2 17.25

Time / s

17.2 1725 171

of 16.6m/s, the total residence time above the correspond-
ing area remains below 1 ms. Within 1 ms neither the shape
of the beam nor the power can be effectively manipulated.
These parameters typically require several tenths of a second
to reach their corresponding target value.

In contrast, the inertia-free electromagnetic deflection
system of PBF-EB machines enables the sufficiently fast
adaption of the velocity. So, the proposed approach is based
on locally modifying the velocity to compensate for the dif-
ferent energy losses with an adapted energy input. Therefore,
the standard velocity is reduced to vgow above regions with
more efficient heat conduction towards the bottom, extending
the residence time of the energy source at these specific posi-
tions. A schematic representation of the strategy is illustrated
in Fig. 7.

This approach faces as limitation that the velocity can-
not be altered without constraints. The upper boundary is
determined by the local return time, critical for managing

@ Springer
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Fig.7 Graphical illustration of
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the risk of smoking, while the lower boundary is governed
by the potential unintended melting of particles. In order to
conduct a thorough comparison between the standard and
locally adapted preheating scheme, all parameters (pattern,
power, time, etc.) remain constant, except for the local veloc-
ity and consequently the number of repetitions of the entire
pattern. Even if the current exemplary structures exhibit a
relatively simple shape, the usual applications of PBF-EB
include complex, three-dimensional geometries, which com-
plicate precise analytical predictions of the corresponding
velocity values.

The combination of a numerical model with an optimisa-
tion algorithm offers the distinct advantage of automatically
determining more suitable velocity values. The optimisation
problem is generally designed to minimise the discrepancy
in the median temperatures of the different regions in the pre-
heating area. In this particular scenario, involving only two
separate regions, the velocity adaption was limited to the
areas requiring higher energy input. The objective function &
is described by

It

2
& (vslow) = Z ({[vle)d)lggz (T (vstow» £, X, ¥)) — (Te“glg% (T (vsiow 1, X, y))) s

®)

where P and C represent the sets of preheating coordinates
with powder or respectively consolidated matter underneath.
The median of the temperature along the corresponding
regions is utilised for valid determination of the general tem-
perature level at each section so that the influence of local
temperature peaks is not overestimated. The objective func-
tion is assessed every n-th timestep and the summation of the
results begins after the power ramp and covers the residual
total preheating time. The iteration interval n was set to 5000,
a sufficiently substantial lot size for the evaluation.

Given the absence of a closed-form solution for the prob-
lem, a black-box optimisation algorithm was employed.
Considering the computationally expensive nature of a sin-
gle function evaluation, a Bayesian optimisation scheme,
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implemented in the scikit-optimize library [49], seemed to
be well-suited. Interested readers can find a comprehen-
sive description of this standard algorithm in multiple works
within the existing literature [50-52].

The final values of the velocities are vgow = 9.1 m/s for
the areas above consolidated and the previously employed
vp = 16.6 m/s above powder material. By lowering the veloc-
ity above consolidated matter smoke is effectively prevented,
as the local return time is further extended while still remain-
ing sufficient with respect to the lower melting limit. The
temperature peaks do not exceed the decisive liquidus tem-
perature.

In Fig. 8 the temperature evolutions for the standard and
the adapted preheating scheme are compared. In contrast to
the non-uniform temperature distribution discussed in-depth
in Section 3.1, the energy-compensating approach success-
fully achieves an almost homogeneous temperature profile
between the two identified different regions. As the total
energy input remains constant with the current setting, the
prevailing temperature above powder decreases slightly, but
the temperature at regions with consolidated matter under-
neath assimilates. The temperature rise at these sites indicates
that reaching a minimum temperature at each position in the
preheating area requires less power or time compared to the
previous strategy. This contributes to a more efficient utilisa-
tion of available resources regarding the thermal evolution.

Figure 9 shows a comparative analysis of the two pre-
heating strategies in regard to the sinter behaviour. Figure 9a
displays the spatial distribution of the work-of-sintering at the
end of the preheating period. Focusing on the upcoming melt
areas, the altered strategy achieves a work-of-sintering more
than one order of magnitude higher than the standard scheme.
This is attributed to the higher local energy input resulting
from the reduced velocity, leading to elevated prevailing and
peak temperatures. These temperature maxima contribute
disproportionately to the work-of-sintering, according to the
exponential nature of the relationship denoted in Eq. 6. The
residual area, designated for removal after the build process,
displays a lower work-of-sintering nearly everywhere com-
pared to the standard pattern. This results in reduced powder



The International Journal of Advanced Manufacturing Technology

Fig.8 Comparison of the
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recycling efforts. Notably, the work-of-sintering remains
approximately twice as high as for powder at the melt sur-
faces following the standard strategy. Only the small regions
directly adjacent to the zones with reduced velocity experi-
ence a different situation. Due to the relatively large beam
diameter deployed in the preheating stage, the representa-
tion of sharp edges becomes considerably inaccurate. As a
result of this inaccuracy, these distinct areas also experience
an increased energy input due to the slower beam movement,
leading to elevated temperatures and sinter degrees compared
to the residual powder regions. The most effective counter-
measure for this effect would be the reduction of the beam
diameter, providing a higher resolution in depicting geome-
tries.

Given the same resources of time and power, the new strat-
egy demonstrated an improved sinter outcome at the sites
designated for melting, accompanied by a reduced connec-
tion in the majority of areas intended for subsequent removal.
It can therefore be concluded that the sinter result of the indi-
vidual regions is well-tailored to the respective purpose.

To further assess the efficiency of the individual strate-
gies it is important to gain a comprehensive understanding
of the temporal evolution of the work-of-sintering. Conse-
quently, Fig. 9b depicts the sinter progress for the different
regions during the preheating stage. When comparing the
overall trends, they show similar behaviour, differing mainly
in the magnitude of the individual slopes. Equation 6 indi-
cates that a constant temperature leads to linear progress as
time advances, presented as a logarithmic relationship with
the selected semi-logarithmic scale in the displayed plot.
This situation can be observed in the late stage of preheat-
ing when the T# dependency of radiative losses limits the
achievable temperature for a specific energy input. The dif-
fering behaviour at the beginning can be explained by the
relatively sharp rise in temperature during the initial stage of
preheating, where the radiation still has a minor impact. Fur-
thermore, the kink occurs shortly after the completion of the
power ramp. The transition towards the linear relationship
between time and work-of-sintering indicates that once the
maximum power is applied the temperature rapidly reaches

@ Springer
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Fig.9 Work-of-sintering results a)
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its quasi-steady state, marking the stage with the most sub-
stantial sinter progress.

The results of the standard preheating scheme (left) reveal
that, initially, the powder above consolidated matter shows
higher values than the residual powder. This is attributed
to the transfer of residual heat from the preceding melting
process. As preheating advances, in accordance with the
opposing thermal development illustrated in Fig. 5, parti-
cles above powder volumes begin to experience a persistent,
higher work-of-sintering. The divergence of the work-of-
sintering starting at approximately 6s creates a sintering
distribution opposite to the requirements of the melting pro-
cess. This development is intensified with proceeding time.
In contrast, for the adapted strategy (right), no intersection
of the work-of-sintering occurs, and the powder above con-
solidated matter consistently displays higher values. Despite
maintaining nearly constant temperatures across the regions,
the respective melt sites start at an elevated temperature and
exhibit more intense temperature peaks due to the reduced
local velocity, explaining the observed sinter outcome.

In the present case, the proposed concept of tailoring
the local energy input is simplified with a basic example
involving only two regions with differing thermal properties.
However, the transfer of this method to more complex geome-
tries featuring multiple thermal situations should follow the
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same principle. Thereby, each region is assigned an individ-
ual velocity based on the extent of the local heat loss and the
initial thermal conditions. Utilising the numerical simulation
facilitates the resource-saving determination of the required
energy input and consequently, the corresponding velocity to
achieve the desired objective.

Possible objectives of the preheating phase range from dis-
sipating excess energy at sites with prior high-energy input
to enhancing the sinter degree in powder regions, enabling
processing without support structures. The variety of differ-
ent geometries and materials can bring numerous challenges
along. Thus, the presented example is not intended to serve
as the universally valid way of how preheating has to be
performed. Instead, it aims to show the capabilities that a
customised energy input can provide. Furthermore, it should
highlight the significance of the preheating step as well as the
available optimisation potential for this process stage using
the efficient means of numerical simulation.

4 Summary and conclusions

This study aimed to evaluate and optimise the commonly
employed line-ordered preheating strategy. In order to
depict the thermal conditions during the preheating stage of



The International Journal of Advanced Manufacturing Technology

PBF-EB, a GPU-parallelised numerical model was intro-
duced and qualitatively validated. The model was extended
with a temperature history-dependent measure of the sinter
degree, enabling conclusions about the efficiency of the pre-
heating strategy.

Results from the standard preheating scheme reveal an
inhomogeneous temperature distribution and a suboptimal
sinter outcome. Due to the different thermal diffusivities
of consolidated and powder material, more heat is con-
ducted towards the base plate by the consolidated matter.
Consequently, this results in lower temperatures and less
intense sintering in the powder layer above these regions. The
newly proposed strategy locally adapts the energy input by
selectively adjusting the velocity to compensate for the non-
uniform energy loss. This approach successfully achieves a
homogeneous temperature distribution and aligns the sin-
ter degree with the requirements of the presented example,
exhibiting the highest work-of-sintering at the designated
melt areas and less sinter progress at the regions intended
for subsequent removal.

In general, the proposed numerical model effectively pro-
vides insights into the thermal and sinter evolution during
preheating. Through the identification and analysis of pre-
vailing conditions, it can assist in determining the appropriate
values for implementing the tailored strategy. As the next
step, systematic experimental verification is planned com-
bined with an extension of the approach to multiple materials
and different geometries with a special focus on the time-
saving potential of the approach. To further exploit the
residual optimisation potential of the preheating stage, a more
comprehensive understanding of individual influencing fac-
tors such as beam diameter, line offset, power, etc. would be
essential. In the current study, only the velocity was subject
to change, while multiple other parameters remained con-
stant. In the future, this gap will be filled by employing a
systematic high-throughput approach.

Table2 Simulation input data

Table 3 Material properties for
Ti-6Al-4V and physical

constants

Appendix

Property Symbol Value Unit
Super-Gaussian parameters oy 1.32 mm

oy 1.39 mm

)4 0.79 -

Px 1.28 -

Dy 1.68 -
Grid spacing in x and y direction dx =dy 250 m x 107°
Coarsening index k 53 -
Initial grid spacing in z-direction dzg 50 m x 107°
Final grid spacing in z-direction dze 125 m x 1076
Temperature at heat shield To 250 °C
Temperature at base plate Thase 709 °C
Initial powder temperature Tip 150 °C
Regular timestep dt 4.5 %107 S
Subsampling timestep dtsup 1.5x 1073 s
Packing density Ppac 0.5 -
Effective layer thickness di 100 m x 107°
Property Symbol Value Unit Source
Thermal diffusivity consolidated o 5.66 x 1070 m? /s [43]
Thermal diffusivity powder ap 5.66 x 1077 m2/s [43, 44]
Specific heat capacity cp 771 J/kg K [43]
Liquidus temperature Tiiq 1928 K [53]
Density P 4304 kg/m? [54]
Absorption coefficient n 0.85 - [42]
Emissivity powder € 0.595 - [55, 56]
Stefan-Boltzmann constant OSB 5.670 x 1078 W/m2K* -
Universal gas constant R 8.314 J/mol K -
Activation energy of sintering (0] 218 x 103 J/mol [57]
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