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Abstract

Additively manufactured components are characterized by heterogeneous mechanical properties due to variations of the
microstructure, flaws and residual stresses resulting from the inhomogeneous fabrication process. The large number of influ-
encing factors poses a further challenge in understanding the correlation between material properties, process parameters
and component geometry. Therefore, the qualification of components based on witness specimens produced within the same
job is questionable. This work aims to present a new strategy for the characterization of PBF-LB/M components based on
representative specimens. The key assumption is the feasibility of a transfer of the thermal history from a component to a
specimen. It is assumed that similar material properties are determined for components and specimens produced adopting
a similar thermal history. After the definition of a region of interest in the component, a combination of thermal analyses
by means of finite elements and in-situ experimental determination of the thermal history through infrared thermography is
used to produce test coupons with a similar thermal history. The effectiveness of the procedure is demonstrated on a pressure
vessel for applications in the chemical industry.
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1 Introduction

Additive manufacturing (AM) technologies have matured
from systems for prototyping applications to manufactur-
ing systems with greater industrial relevance for small and
medium sized serial production. The laser powder bed
fusion process (PBF-LB/M) is the most widespread tech-
nology among the distinct AM technologies for the produc-
tion of metallic parts. Despite the growing field of specific
PBF-LB/M manufacturing systems and several industrial
applications, doubts against the use of this manufacturing
technology for the production of safety-relevant components
subjected to fatigue loading are still raised [1, 2]. The main
concerns are caused by the uncertainty about the homoge-
neity of the process results due to the high number of influ-
encing factors which increase the risk of process instability
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and resulting inhomogeneity of properties within one built
part or in comparison between several built parts from one
or more built processes [3, 4]. The layer-wise nature of the
PBF-LB/M process and the large total length of the melting
tracks of a built part contribute to this uncertainty as they
both increase the risk of generating flaws or irregularities
into the final product. Therefore, a strong focus is set on
the development of material specific and machine specific
processing parameters which can be used to produce con-
siderably dense parts with acceptable mechanical properties
[5]. At the same time, many other influencing factors such
as raw material properties, or shielding gas-flow conditions
are preferably kept as constant as possible to get reliable
and reproducible manufacturing results. This is a widely
accepted strategy for the development of process parameters
based on small laboratory specimens. However, their appli-
cability for the manufacturing of complex components is not
given in any case [6]. The understanding of flaw formation
and causes of microstructure inhomogeneity in components
has been identified as critical [7].
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The component’s geometry itself is an additional influ-
encing factor which varies according to the design resulting
in variations of the thermal history [8—10]. This inherently
complicates the desire of having constant and comparable
conditions in all build processes. Complex geometries lead
to strong variations of process conditions during the fabrica-
tion of the part. The relationship between the manufacturing
process, the geometrical features and resulting properties
is still a matter of investigation and a deeper knowledge on
this matter is highly desired [11]. In fact, the geometrical
characteristics can have various influences on the final prop-
erties [2, 12].

On the one hand, anisotropy as a result of build angle
variation and directional solidification conditions is one of
the obvious issues which have to be considered [13]. This is
usually already taken into account in the determination of
material properties by manufacturing test specimens under
various build angles, usually 0°, 45°, and 90° with respect to
the build plate [14—16]. Furthermore, process-related restric-
tions may limit the manufacturability of a specific design.
Principle rules of design for additive manufacturing (DfAM)
approaches may help to solve such issues [17].

On the other hand, the thermal conditions of the part dur-
ing manufacturing are also influenced by the geometry. Not
only the conditions of heat conduction through the growing
part are affected by the geometry but also its variable cross-
section areas, the number of parts per build process, and the
number of laser sources involved in the manufacturing pro-
cess also determine the inter layer time (ILT) and therefore
the cooling phases between subsequent melting of layers
[18, 19]. The combination of both can lead to changes of
the thermal preconditions for the melting process, e.g., by
the built up of significant heat accumulation [20, 21]. Heat
accumulation has been identified as a major issue in PBF-
LB/M by several authors [9, 22, 23]. Mohr et al. showed in
their investigation of cuboid specimens with varying sizes
of the geometrical connection to the build plate significant
process intrinsic heat accumulation with temperatures up
to 900 °C [6]. They also discussed the effect of elevated
intrinsic preheating temperatures on resulting occurrence
of defects and grain sizes, as well as the size of the cellular
sub-structure in the case of PBF-LB/M fabrication using
316L [24]. Koenis et al. [9] showed a significant reduction in
failure strain in overheated Ti6Al4V specimens, while hav-
ing only a minor increase in UTS and yield strength. They
also noticed a significant oxygen pick up in regions of sig-
nificant heat accumulation, similar to other work by Pauzon
et al. [25]. The geometric susceptibility to heat accumulation
during PBF-LB/M needs to be considered when evaluating
the process results [12, 26].

Therefore, it is questioned whether and to which extent
material properties determined on fabricated test coupons
can be used for the characterization and qualification of
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components with different volume and geometry and dif-
ferent build-process conditions. A simply shaped test cou-
pon usually faces another thermal history than a complexly
shaped real part, which may affect the resulting properties
and impede a direct comparison. Because of this uncertainty,
costly preparation of specimens directly from the real com-
ponents is necessary which comes along with the destruc-
tion of the expensive parts. Zerbst et al. [1] pointed out this
problem in their comprehensive review on damage tolerant
design of additively manufactured metallic components and
emphasized the special necessity of developing specimens
that match the properties of the component. In their compre-
hensive review on repeatability and reliability of AM, Ven-
turi and Taylor recently underlined that correlations between
witness coupons and components are not fully developed
yet [2]. They also expressed the desire for a geometry-based
methodology for witness coupons. A more refined methodol-
ogy could help to reduce the testing efforts at component-
scale, and could meet the desire of the industry and regula-
tory agencies to still rely on physical validations [2].

This work aims to introduce a new paradigm for the deter-
mination of material properties in PBF-LB/M parts based
on so-called representative specimens. The fundamental
underlying idea is the assumption of thermal history simi-
larity between component and specimen [27]. It is expected
that components undergoing similar temperature histories
are likely to develop similar microstructures and eventu-
ally show similar mechanical properties. The interdepend-
ency of microstructure on the thermal history was shown
by Pantawane et al. [28]. In their work, they correlated the
evolution of microstructure based on temperature profiles
for PBF-LB/M manufacturing of Ti6Al4V. Similarly, Kelly
et al. [29] developed a microstructural-evolution map based
on the thermal mode for laser metal deposition of Ti6Al4V.
Deviations of the initial surface temperature as a result of
heat accumulation during the manufacturing process may
lead to differences in the resulting microstructure as shown
for the PBF-LB/M based manufacturing of 316L [24].
The thermal history of a region of interest (ROI) of a real
part component should be similar to the thermal history of
a specimen if that specimen is supposed to represent the
component’s properties of that ROL. It is also assumed that
similar thermal histories generate similar defect types, which
are even more important than the microstructure concern-
ing the fatigue life. Correlations between thermal histories
and defect occurrence have already been described in the
literature [6, 30]. Furthermore, it is expected that residual
stresses might have a major influence on the determination
of fatigue life. However, the authors are aware that, unlike
microstructure and inherent flaws, the build-up of residual
stresses is highly dependent on the geometrical constraint in
the component, which cannot be fully reproduced within a
simply shaped representative specimen. However, this issue
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can be evaluated as an issue of a secondary order, when
applying appropriate stress-relieving heat treatments.

The thermal history is the temporal change of the tem-
perature field T(x,y,z) during the build-up process. Riensche
et al. identified this spatiotemporal temperature distribution
as a major cause for flaw formation [23]. The temperature
field can be divided into two characteristic regions, a near-
temperature field and a far-temperature field [31]. The near-
temperature field comprises the direct vicinity of the laser
beam irradiation and thus the melt pool and the directly
surrounding region, which is characterized by a steep ther-
mal gradient (partial derivatives dT/dx, dT/dy, dT/dz as
well as dT/dt). It can be assumed that this temperature field
is mainly determined by the energy input, i.e., by the pro-
cess parameters laser power and scan speed and the overall
absorptivity of the material. The temperature far-field, on the
other hand, is characterized by much lower temperature gra-
dients in space and time and comprises the entire component
built up so far. Its characteristics are influenced in particu-
lar by the geometry and the possible heat dissipation into
the already built-up geometry or into the build plate. The
ILT, which is directly dependent on the exposed area and
thus the geometry, has in addition proven to be a particular
influencing factor [6]. The temperature far field determines
the temperature distribution of the top layer after exposure
and decay of the temperature peak of the laser energy input.
This surface temperature distribution acts as an intrinsic
preheating temperature for the subsequent exposure. In this
study, this intrinsic preheating temperature is considered as
the measure of comparability among thermal histories. The
practical implementation of the concept includes the use
of FEM-based macroscale thermal simulations, the adop-
tion of the specimen manufacturing process based on the
adjustment of the inter layer times and a validation by use
of a in-situ measurement of the thermal field by means of a
calibrated infrared camera. The applicability of the concept
is demonstrated considering a pressure vessel geometry from
the chemical industry as large scale PBF-LB/M component.

Recently, a similar approach has been discussed by Chan-
drasekar et al. [11]. They used thermal history similarity as a
comparison criterion to assess critical regions in components
based on data setsdetermined on test specimens beforehand.
They demonstrated correlations of thermal signatures with
grain sizes and microstructure variation within a part pro-
duced by 316L, which also demonstrates the validity of the
thermal history similarity approach. Their concept requires a
huge data library with stored thermal-signature-microstruc-
ture-correlations, and it comes with the risk that the bound-
ary conditions of the process used for the acquisition of the
reference data sets differ from that of the component to be
assessed later on (e.g., different powder batch, different filter
condition etc.). The novelty of the concept introduced in this
manuscript is the direct transferability of the thermal history

from the ROI of a component to a test specimen, which can
be built under the same conditions directly after the compo-
nent build process and taken for mechanical testing.

2 Materials and methods

The transferability of the thermal history of a critical volume
within a real part geometry to a simply shaped test speci-
men involves several steps. They are summarized in the flow
chart in Fig. 1. Some parts of the section materials and meth-
ods already require a partial anticipation of results, presented
in the section on results and discussion. Further essential
information of the component design and the manufacturing
conditions are given in Sects. 2.1 and 2.2.1, respectively.

2.1 Geometry of the demonstrator

A pressure vessel for applications in the chemical industry
was taken as a demonstrator to be manufactured by PBF-
LB/M. The geometry, which was provided by the company
BASF SE (Ludwigshafen, Germany), represents a com-
promise between fabrication requirements and the need to
extract specimens for fatigue testing. The total height of the
vessel was 220 mm, and the outer diameter was 147.75 mm.
Figure 2 depicts a photograph of the manufactured com-
ponent on the build plate and a vertical cut through the
3D-CAD-model. It can be seen that the component was dou-
ble walled. The outer wall had a constant thickness of 2 mm,
whereas the inner wall varied in its thickness. The inner wall
comprised three different regions: A, B and C, as depicted
in Fig. 2. Region C was designed with a wall thickness of
15 mm, whereas region B and region A were designed with a
wall thickness of 11 mm. The cone was designed on purpose
to induce a strong variation of the ILT and to investigate the
effect of the overhanging region.

2.2 Experimental work

2.2.1 PBF-LB/M machine, processing parameters
and feedstock material

All experimental work was executed on a PBF-LB/M
machine of type SLM280HL (SLM Solutions Group AG,
Liibeck, Germany), equipped with a 1070 nm cw laser
with laser power of up to 400 W and a spotsize of approx.
80 um. Argon was used as shielding gas. The material used
for the manufacturing was stainless steel 316L. As feed-
stock material spherical powder with a particle fraction
of 15 um to 53 um was used. The powder was delivered
by VDM Metals International GmbH, Werdohl, Germany.
The component was built on top of a cylinder of full vol-
ume support of 4 mm thickness, which was manufactured
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Fig. 1 Process workflow to
transfer the thermal history of a
critical volume in a component

, : analysis
to simply shaped test specimens

Thermal component

R

Thermal analysis of the investigated part by numerical
simulation using a macroscale FEM model and by
experimental measurements using thermography.

ROI defintion
\/

Identification of a critical region of interest based on
the temperature distribution.

specimen

Design of a representative

—

Design of the specimens based on the requirements for
mechanical testing.

history

Transfer of thermal

R

Definition of the process conditions (ILT adjustment)
for the build-up of the representative specimens based
on the transferability of the thermal history.

Experimental validation

Comparing temperture distributions of the
component's ROI and the representative specimens.

Fig.2 Pressure vessel produced
by means of PBF-LB/M (left)
and cross-section of CAD
geometry (right)

using the same process parameters as for the component.
These were: laser power of 275 W, scanning velocity of
700 mm s~ !, hatch distance of 0.12 mm and a layer thick-
ness of 0.05 mm. A base plate preheating of 100 °C was
used. The bulk was manufactured without using any con-
tour scans. A stripe scanning strategy with a stripe length
of 10 mm was used. The scanning pattern rotated by 30°
after each layer. No minimal exposure time was used.
Therefore, the ILT of each layer was directly determined
by the area of the cross sections to be exposed throughout
the course of the 4480 layers. The variation of the ILT over
the build height is depicted in Fig. 3. The specific values
were obtained from the log file of the PBF-LB/M machine.
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2.2.2 Temperature measurement by in-situ thermal IR
monitoring

The manufacturing processes were monitored using an off-
axis mounted mid-wave infrared (MWIR) camera of type
ImageIR8300 (Infratech GmbH, Dresden, Germany). The
camera was installed on top of the PBF-LB/M machine and
had optical access via a sapphire window in the ceiling of
the build chamber. The optical path within the build cham-
ber was tilted by two gold-coated mirrors to have an almost
perpendicular view on the build plate and to manually adjust
the position of the field of view during the preparation of the
build process. The same camera was also used in previous



Progress in Additive Manufacturing

Build height in mm
0 25 50 75 100 125 150 175 200 225

! ! !

TaRam ,

120 |

Region C

100
Region B

80

60 +

ol \
k=l \

T T 1

T T
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Layer number

404

Inter layer time (ILT) in s

Fig.3 Variation of inter layer time throughout the build-up of the
component. The additional volume support of 4 mm height is not
included in the illustration of the demonstrator

studies in the same setup, see [20, 24] for more details. The
data were sampled at a frame rate of 60 Hz, and the spatial
resolution of the camera was approx. 420 um/pixel. For the
measurements, a calibration range valid for black body tem-
peratures of 125-300 °C was used with a resulting integra-
tion time of 27 ps. To correct for the influence of the emis-
sivity onto the apparent temperatures of the 316L powder
layers and for PBF-LB/M/316L surfaces an emissivity value
of 0.33 was used which was determined in a previous experi-
mental study using the same camera setup and PBF-LB/M
machine [32]. The thermal data extraction was executed in
the condition of a surface freshly recoated by a powder layer
right before the next exposition of the part. This tempera-
ture was referred to as the intrinsic preheating temperature
T, (layer) of the part. These preheating temperature values
of the growing built part were taken for the evaluation and
comparison of the thermal history.

For the extraction of thermal data, aMatlab routine was
used. A squared region of 10 mm by 10 mm was chosen as
the ROI for the signal extraction. This was applied to the
lower part of the demonstrator at the centre of the inner wall
and later also to the representative specimens (introduced in
Sect. 2.5) In the upper part of the demonstrator (region A
and region B in Fig. 2), the ROI was decreased to an area of
5 mm by 5 mm. The average values of these selected regions
were taken for the surface temperature determination. Due to
the rotation of the scanning vectors and the variation of the
starting point of the laser exposition, the sequence of laser
scanning varied from layer to layer. Consequently, the loca-
tion specific ILT can vary, which influences the local surface
temperature for a given region from one layer to another. To

diminish these effects in the measurements and for the sake
of a better comparison of the measured temperatures with
the macroscale thermal simulation results, the determination
of surface temperature values was only conducted for layers
which were scanned with the same angle of the scanning pat-
tern. The thermal data extraction was conducted for several
layers of the demonstrator as well as of the representative
specimen.

2.3 Transient thermal analysis

The finite element method (FEM) was used for the numeri-
cal prediction of the thermal field during PBF-LB/M based
part production to gain intrinsic preheating temperatures for
quantitative comparison with experimental data. In the fol-
lowing subsections the methodology, the applied heat source
and the assumptions used for the material parameters are
briefly described, followed by the decription of the tempera-
ture prediction by numerical modeling.

2.3.1 Methodology

The information about the temperature evolution was of
primary interest in this study, as the fabrication of the rep-
resentative specimens is based on the similarity of the ther-
mal history. Therefore, a pure transient thermal analysis was
carried out, neglecting any coupling to the mechanical field.
For the analysis, the thermal field at the end of the scanning
of each layer was needed. At this instant, the temperature
profile is nearly homogenized over the layer and a steep ther-
mal gradient is not observed. Therefore, it was sufficient to
use a macroscale model, where the heat source was applied
over the entire layer at once. The general validity of such an
macroscale modeling approach have been shown at simple
geometries in a previous work [33]. The temperature field
was calculated according to the general heat Eq. (1):

Ca_T—k 82_T+02_T+62_T +Q 1
"o ox2  0y? 07 v M

where p represents density, ¢ the specific heat capacity,
k the thermal conductivity, T’ the temperature and Q, is the
energy rate per unit volume. For the solution of the heat
equation for any given body, the body is discretized into a
finite number of elements and the Eq. (1) is transformed into
the weak form, which results in algebraic equations. These
equations are then solved to determine the unknown tem-
perature field, see [34] for further details. For the solution of
the initial boundary value problem, the preheating tempera-
ture of the current layer represents the initial temperature
T,. In addition, Eq. (2) represents the convection-boundary
condition, where 4 is the convection coefficient and T rep-
resents the ambient temperature. For the FEM model, the
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convection-boundary condition was applied to the current
top surface of each layer of the part. The boundary condi-
tions are described in more detail for each of the test cases
in the respective sections of this manuscript.

q=h(T-T,). @)

2.3.2 Heat source

As a macroscale model was used for the numerical analysis,
the definition of the heat source (Q,) becomes important.
The heat source is derived based on the principle of energy
equivalence. The equivalent energy is calculated according
to the following equation:

Eeq = nptscan 3
with

_ Area
lsean = m “4)

In Eq. (3), n represents the absorption coefficient, P the
laser power and ., the time needed to expose the cross-
section area of a layer by the laser. The scanning time ¢,
defined in Eq. (4), was calculated from the cross-section area
of a layer, the scanning velocity v;, and the hatch distance A
as the distance between adjacent scanning vectors. For sim-
plification, any time contribution resulting from sky writing
and jump vectors is neglected. The absorption coefficient is
an important parameter, which defines the fraction of laser
energy absorbed by the material. The absorption coefficient
can vary significantly depending on the prevalent welding
mode [35, 36]. The material specific absorption coefficient
depends mainly on the energy input per unit length defined
by the scanning velocity and the laser power [37]. From
previous work [18] it is known that deep-penetration mode
welding is the prevalent welding mode when using the given
set of process parameters at the given machine for stainless
steel 316L. Hence, an estimated value of 0.75 was chosen as
absorption coefficient 7. It was chosen based on the results of
Trapp et al. [36] for deep-penetration mode welding.

Using the total energy calculated in Eq. (3), the volumet-
ric heat source is calculated from Eq. (5).

Eg
Ovo = Vo Q)
In Eq. (5), Q,,, represents the volumetric heat source, E,
was calculated from Eq. (3), VInp is the volume of layers
to which the heat source is applied, and 7, is the time for
which the volumetric heat source is applied. The exposition

time 7,,,,, was calculated from the scanning velocity and the
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estimated length of the melt pool represented by the edge
length surrounded by the melting isotherm.
edge length

mp

; ©)
This was described and used by Seidel and Zih [38] for
transient thermal simulation. The edge length used in this
study was based on an approximation presented by Khan
et al. [39], who used the same material and processing
parameter conditions. For simplification, the edge length was
applied as a constant for the entire part simulation, although
different levels of heat accumulation were to be expected,
which actually might lead to variations of this value. This
simplification led to a constant value of the exposition time
of 0.001 s.

It is important to notice, that the volume V,,, represents
the volume of layers to which the heat source is applied and
which in turn gets molten. Therefore, it is improper to con-
sider only the current topmost layer. In addition to the cur-
rent topmost layer, several previously already solidified lay-
ers also get molten due to the deep-penetration mode [40].
Considering this observation, it was approximated that the
heat source acts on four successive layers and the volume
was chosen appropriately.

2.3.3 Material parameters

For the simulation, the thermophysical properties of the
stainless austenitic steel 316L were considered in two dis-
tinct conditions, namely as powder and as solid bulk as
discussed in previous work [33]. Initially, each layer is in
powder condition and the material properties of a 316L
powder layer are considered, which significantly vary from
the material properties of solid bulk condition in terms of
heat conductivity and apparent density. The powder geom-
etry was not modeled in the FEM model but it was assumed
as a continuum with appropriate homogenized properties.
Later, the powder layer is exposed to the laser, gets molten
and eventually solidifies. After the transition from loose
powder to coherent bulk material, the material properties
of solid 316L stainless steel were considered. In addition,
the temperature dependency of the distinct material proper-
ties was also considered in the calculation and taken from
mills [41]. The thermal conductivity of the powder devi-
ates strongly from the thermal conductivity of the solid bulk
material due to point contact of the powder particles. The
calculation of thermal conductivity of the powder was con-
ducted according to the work of Sih and Barlow [42]. The
resulting thermal conductivity of the powder varied from
0.35to 0.4 W m~' K~! for room temperature and solidus
temperature, respectively. The resulting material properties
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Fig.4 Variation of density, thermal conductivity, and specific heat capacity with the temperature as used for the simulations, cf. [33]

are displayed in Fig. 4. These values were implemented in
the temperature dependent numerical modeling.

2.3.4 Temperature prediction by numerical modeling

For the FEM-based simulation, the software Ansys
Release 2019R3 was used. The geometry of the dem-
onstrator (pressure vessel, described in Sect. 2.1) was
surrounded by a bounding box with dimensions of
186 mm X 186 mm X 220 mm. The volume of this bounding
box which did not belong to the volume of the demonstrator
was treated as powder material with the appropriate powder
material properties. The volume of the demonstrator was
simulated as solid bulk material after laser exposition. It is
important to notice, that the modeling of the powder sur-
rounding the demonstrator was an essential point to ensure
that heat dissipation was correctly modeled.

The whole model was partitioned into layers and then
meshed with tetrahedral elements. The model comprised
2,503,930 elements. Therefore, a lumping strategy was
implemented to ensure computational efficiency. Four lay-
ers were lumped together, and the heat source was applied to
these layers simultaneousley. Element birth—death technique
was used for the simulation, where only elements were acti-
vated which were exposed to the laser radiation.

The following initial boundary conditions were applied:
The bottom plate was kept at 100 °C, which comes from the
platform preheating. The ambient temperature was assumed
to be at 35 °C which is a usual value during the production
of parts in the machine used for the experiments. Convection
boundary condition was applied for every newly deposited
layer. An estimated value of the convection coefficient of
0.06 W m~2 K~! was used. This comparatively low value
was chosen via calibration and mitigates errors resulting
from simplifications made of the macroscopic modeling
approach. The outer surfaces of the powder filled bounding
box were taken as boundary with adiabatic conditions.

The heat source was applied to the respective cross sec-
tions of the component only and not to the surrounding

powder. The simulation was conducted using the PBF-LB/M
processing parameters presented in Sect. 2.2.1 and the heat
source introduced in Sect. 2.3.2. In addition to the expo-
sition phase, which represents the phase of energy intake,
the PBF-LB/M component also underwent a cooling phase.
Each lump of layers in the simulation underwent cooling for
the duration calculated from the ILT of the topmost layer of
each lump. Due to varying cross-sections of the vessel, the
ILT was not constant but varied along the height of the ves-
sel, as shown in Fig. 3.

The same procedure was used for the thermal analysis of
the representative specimens. The only differences were the
geometrical details (shape, dimensions) of the specimens
and the bounding box. The bounding box had a size of
117 x40 80 mm?. The specimens are described in Sect. 2.4.
The FEM model was meshed with 130,144 hexahedral ele-
ments. As in the case of the component, convection-bound-
ary conditions were applied to the top of each layer. Since
the computational effort of the simulation of the specimen
was not significant, the lumping strategy was not used in
this case and each layer was modeled with a thickness of
50 um. The ILT used for the simulation was also not con-
stant. Instead, it was purposely varied over the build height
and thereby used as an active parameter influencing the ther-
mal history. This strategy and the specific ILT values are
presented in Sect. 2.4.3.

2.4 Design of the representative specimen

The intrinsic preheating temperature of a component’s sur-
face prior to laser exposition can be considered as an initial
key value of the thermal history. The similarity criterion
can therefore be applied to this temperature value, which
is a measurable physical value in of macro scale thermal
simulations.

The procedure of the design of a representative specimen
followed three steps which are explained in the following
subsections:
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1. Determination of the thermal history of the demonstrator
and definition of the ROI,

2. Definition of the geometry of the representative speci-
men, and

3. Development of a strategy to transfer the thermal history
of the ROI to the representative specimen.

2.4.1 Determination of the thermal history
of the demonstrator and definition of the ROI

The first step, the determination of the thermal history of a
real component focusing on the part surface temperature,
can be executed by thermal modeling or by experimental
work. In this study, both strategies were followed, as the
experimental work was directly used for the validation of the
thermal modeling. Some of the results must be anticipated
in this section already, as the definition of the ROI in the
demonstrator is based on the results of the thermal analysis.
The ROI of the component was chosen based on the region
with the highest heat accumulation during the manufactur-
ing process since the main objective was to perform rigor-
ous investigation for the region which has potentially the
highest presence of defects or microstructural deviations.
The chosen process parameters have shown slight shifts of
the processing window to a more unstable melting process
inducing keyhole porosity when faced with elevated pre-
heating temperatures in previous work [6, 18]. In addition,
an increase in grain size and a decrease in hardness was
observed in regions with higher heat accumulation. In the
case of the specific pressure vessel, the highest heat accumu-
lation was observed in the cone (region A, Fig. 2). Hence,
the cone (region A) was chosen as ROI, for which repre-
sentative specimens needed to be designed.

2.4.2 Definition of the geometry of the representative
specimen

A representative specimen is intended to fulfill the thermal
history similarity criterion regarding the preheating temper-
ature for a certain ROI of the actual component. In addition,

Fig.5 Representative sample
produced by means of PBF-
LB/M (left) and CAD geometry
(right)
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any potential build angle dependency of the resulting proper-
ties should be also adopted by the representative specimen.
Furthermore, the geometry of the representative specimen
needs to have a sufficient size to be used for the preparation
of coupons for fatigue testing. Following these requirements,
a simple cuboid geometry with a build angle of 45° was
chosen as a representative specimen of the cone section of
the demonstrator (region A, Fig. 2). The geometry of the
representative specimens is shown in Fig. 5.

2.4.3 Development of a strategy to transfer the thermal
history of the ROI to the representative specimen

While it can be assumed that the near-temperature field can
mainly be transferred using the same laser energy input
parameters, an adjustment must be made for the transfer
of the geometry-dependend far-temperature field. For this
purpose, the ILT was chosen as a variable parameter, which
can affect the heat accumulation systematically to achieve
the desired preheating temperature level. Figure 6 graphi-
cally summerises this strategy. In contrast to an adjustment
of the laser energy input parameters, such as laser power
or scanning velocity, a variation of the ILT enables the
adjustment of the preheating temperature without the need
to change defined PBF-LB/M processing parameters. The
temperature far field results not only from the ILT, but also
from the geometry that has already been built up and its heat
dissipation capacity. Since the geometry of the component
and the representative specimen changes considerably dur-
ing the transfer, the ILT appears to be a suitable adjustment
variable to compensate this geometric influence. Geometry
induced variations of the ILT are common in PBF-LB/M but
their impact on the preheating temperature profile is usually
neglected, although there is awareness of the influence of
the geometrical features on the thermal history, leading to
variations in resulting properties of the final part. Only a
few PBF-LB/M machines on the market have the option to
set so-called minimum exposure times, which can be used
to level the ILT to a constant value over the entire course of
the production. However, to the authors’ knowledge, there
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Fig.6 Schematic illustration of the strategy applied to transfer the thermal history from the demonstrator to the representative specimen

is no machine on the market, which allows for setting a con-
tinuously and purposely variable ILT over the course of the
layer-wise production. Nonetheless, by designing dummy
volumes with changing cross sections, there is the oppor-
tunity to implement variations of the ILT independent of
the actual parts to be produced. A dummy volume (or ghost
part) is defined as a geometrical body, whose laser power is
set to 0 W, so that it is scanned but not exposed and, there-
fore, contributes only to the ILT but does not generate any
additional energy input by any laser absorption.

Here, for the first time, such a strategy for the ILT was
utilized to achieve predefined preheating temperatures at the
top surface of a representative specimen to meet the desired
thermal similarity criterion. In other recent work the ILT
has also been used as an adjusting parameter not to provoke
heat accumulation but rather to avoid heat build-up [9, 23].

The ILT of the component changes between 10 and 100 s
(see Fig. 3). In contrast, the x—y-cross-section area of the
representative specimens was chosen to be constant over
the entire build-up direction (z-direction). This primarily
results in a constant ILT of the build process,. However, To
ensure thermal similarity, the transfer of the thermal profile
succeeded by the integration of a dummy volume with an
adequate geometry. The geometry of the dummy part was
derived from the modeled ILT requirements and the scan-
ning parameters of the specimens. An iterative process was
carried out to define a course of ILT which would result in
a similar thermal history for the representative specimens
as for the ROI of the vessel using the described macroscale
simulation approach.

The lower limit of the ILT was predefined by the cross-
section area of the specimens and their number within one
build process. The number of specimens was set to seven,

resulting in a lower ILT value of 25 s. There was the require-
ment to reach the initial preheating temperature T, ; for
the ROI at a level of approx. 300 °C (see Fig. 8) within a
reasonable manufacturing time and without changes in the
geometry of the specimens. This means, that the first 220
layers were manufactured with this constant ILT only to pro-
voke heat accumulation up to the desired temperature level.
In this initial heat ramp up phase in the base segment of the
specimens, the gradient of the thermal profile of the speci-
mens and the component are allowed to differ completely.
Thereafter, the preheating temperature profile of the com-
ponent needed to be adopted. For this purpose, the ILT was
increased. Several ILTs were used in an iterative procedure
and their effect on the resultant preheating temperature pro-
file was studied and finally compared to that of the ROI of
the original component. The course of the eventually chosen
ILT and the resulting geometry of the dummy volume are
depicted in Fig. 7. It reached a maximum ILT of approx. 32 s
and then decreased for the final layers up to approx. 28.5 s.

3 Results and discussion

A comparison of thermal histories between the demonstrator
and the representative specimens is of primary interest to
prove the similarity criterion between the ROI of the com-
ponent and the representative specimen.

3.1 Thermal history of the demonstrator

Figure 8 depicts the preheating temperatures of the inner

wall of the pressure vessel over the layer number. The cor-
responding build height is provided as reference. It contains
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Fig.8 Comparison between calculated (FEM) and experimental (MWIR) preheating temperature

the results of the FEM simulation as well as the experimen-
tally measured temperatures. In addition, the section of lay-
ers of the ROI (region A) is highlighted in green color in the
diagram. From the direct comparison of both temperature
data sets, a general good agreement between the simulation
results and the experimental measurements can be stated,
which indicates the validity of the numerical model.
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The temperature data indicate a significant deviation
of the preheating temperature from the base plate tem-
perature level of 100 °C and also a significant variation
throughout the build-up. A global trend of an increase of
the preheating temperature with increasing build height
can be stated. However, it can also be seen that the curve
is non-linear and non-monotonic. This specific trend of
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heat accumulation is due to variations of the geometry of
the component and the resulting changes in the conditions
of heat conduction on the one hand, energy input on the
other hand, as well as variation of time for heat dissipa-
tion. The experimental finding is quite remarkable since
an increase of the preheating temperature to over 350 °C
is not to be expected for such a thick-walled structure.
According to [24] microstructural changes can already be
expected starting from this temperature range.

3.1.1 Comparison of temperature profile and geometry

Up to region C, the heat accumulation increased without
interruption. At the transition from region C to B, the
thickness of the inner wall of the component decreased
from 15 to 11 mm, while the outer wall remained con-
stant. This change in cross-section caused a drop in
the temperature curve, as can be seen in the simulation
data. The decrease in thickness of the component’s wall
resulted in comparatively less energy intake per layer.
However, the ILT decreased at the same time (cf. Fig. 3),
which attenuates this effect and eventually leads to a fur-
ther increase in the preheating temperature despite the
reduced energy intake. The cross-section remained con-
stant for the entire region B, leading to a further increase
of the preheating temperature with the growing part. This
is comparable to the temperature increase of specimens
without geometrical changes over the z-axis, as presented
e.g., in [24] and [6].

At the transition from region B to A, the cone starts.
The thickness of the inner wall region remained constant,
and the wall of the cone is at an angle of 45°. At the curved
transition, the energy intake increases as the outer diam-
eter is at a comparable size to the one of region B, but the
cross-section to be exposed is increased in the layers of the
curved transition. Thereafter, the energy intake per layer
decreases constantly with the tapered cone. In addition,
the ILT also decreases in that region and finally, the con-
ditions for heat conduction in z-direction are diminished
due to the 45° angle. The decreasing ILT and 45° angle
overwhelm the effect of reduced energy intake, result-
ing in a steeper increase in the preheating temperature in
region A. Such overhanging structures are known to be
regions of heat accumulation [26, 43, 44]. This is due to
the reduced thermal conductivity of powder material and
solid bulk material as incorporated into the FEM model
(see. Figure 4). The lateral heat conduction in z-direction
is disturbed in that region.

The sudden decrease of the preheating temperature at
the top of region A can be explained by the drastically

reduced energy intake due to the smaller cross sections at
the layers where the open outlet hole is placed. Eventually,
the preheating temperature increases again in the final lay-
ers. At very short ILT the inner and outer wall unify and
the additional energy intake from the outer wall region
contributes to the final temperature increase.

3.2 Numerical modeling of the thermal history
of a representative specimen

The red curve in Fig. 9 depicts the resulting simulation out-
come of the preheating temperature of the representative
specimen. Note, that the temperature profile of the repre-
sentative specimen was shifted toward the adequate layer
numbers to allow a direct comparison with the thermal his-
tory of the region A in the demonstrator. The beginning of
that temperature curve (prior to layer 3000) was designed
to quickly increase the preheating temperature up to a simi-
lar level as the beginning of section A in the component.
The corresponding part of the test specimen (base segment)
should not be used for subsequent determination of mechani-
cal properties and can be used, for example, as a clamping
area. It can be seen that the initial thermal gradient is steep.
This was achieved by a short ILT of 25 s (see Fig. 7). This
short ILT gave the possibility to quickly reach the preheating
temperature similar to that of the cone of the demonstrator.
It can be seen from Fig. 7 that the ILT increased from 25 s
and reached a peak value of approx. 32 s. This increase in
ILT allowed more time for heat dissipation for the quickly
heated specimen and consequently, the thermal gradient
decreased and approximately matched the temperature pro-
file in the region A. For the later layers of the specimen, the
ILT decreased again and reached a minimum value of 28.5 s.
The transition for the ILT throughout this region is smooth.

Considering the temperature curves in Fig. 9, the choice
of the ILT was effective and resulted in good agreement
between simulation results for the component and the rep-
resentative specimen. These results demonstrated that the
computational framework could be used for the design of the
representative specimens and the choice of the manufactur-
ing parameters.

3.3 Comparison of the thermal similarity
between the representative specimen
and the ROI of the demonstrator

Figure 10 presents a comparison of the thermal simula-
tion results of the representative specimen and the meas-
ured temperature data during the fabrication. In addition,
Fig. 11 depicts a comparison of the preheating temperatures
measured by thermography on the relevant section of the
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Fig.9 Comparison of the ther-
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demonstrator and of the specimen, which represents the
ROILI. Especially the experimental results show a high degree
of similarity in the gradient of the curve as well as in the
absolute values of the measured preheating temperature.
The preheating temperature of the representative specimen
sample starts at 100 °C, which is the temperature of the base
plate. Gradually, due to heat accumulation, the specimen’s
preheating temperature increases, and it converges to the
temperature of the component. For the first layers of the
RO, the difference between the component’s and specimen’s
preheating temperature of around 50 °C can be noticed. This
discrepancy diminishes in the further course of the build-up
and finally, the temperature of the component and the repre-
sentative specimen are nearly coincident. The deviations at
the beginning of the relevant part of the specimens can also
be observed in the comparison of the simulation result with
the specimen. Further optimization of the model parameters
might solve this issue and could provide better ILT predic-
tions which can be used as control parameters.
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4 Conclusion

The work presented a new paradigm for the characteriza-
tion and qualification of parts, namely the use of tailored
representative specimens. The key point is to assume that
parts and specimens experiencing similar thermal histories
are characterized by similar microstructural features and
therefore display similar mechanical properties. The pos-
sible contribution of the residual stress distribution was not
considered in this study.

The implementation of the concept is very straightfor-
ward and relies on numerical simulations and thermographic
measurements of the thermal histories during the fabrication
process. The preheating temperature evolution is taken as a
physical quantity based on which the transferability of the
thermal history between component and specimen is real-
ized. It was demonstrated that the transferability of the ther-
mal field can be achieved by adjusting the ILT for the fabri-
cation of the specimen to induce a target heat accumulation.
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Fig. 10 Thermal history of the
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Depsite some deviations between preheating temperatures
in the component and in the representative specimens, the
general high degree of similarity can be understood as a
successful proof of concept for the development of repre-
sentative specimens. Simulation based on FEM has proven
to be a useful tool to design specimens and manufacturing
conditions which both can be taken for the manufacturing
of simply shaped specimens being representative for a par-
ticular ROI of a complex real component in terms of their
macroscopic thermal history. Nevertheless, the approach
needs to be validated by the comparison of the mechanical
and fatigue properties between specimens extracted from
the demonstrator and representative specimens. This is the
subject of ongoing work.

This strategy can be useful for qualification processes,
where instead of manufacturing and testing of whole compo-
nents, a representative specimen is built. This specimen can

3000

3500 4000 4500

Layer number

then be used for different parametric studies or the investiga-
tion of mechanical properties. The FEM-based simulation
will provide manufacturing conditions as well as specimen
design requirements. The determination of mechanical prop-
erties on representative samples that correspond to critical
areas in a component, without having to manufacture the
component itself, could make future qualification processes
significantly faster and more cost-effective.

It must be emphasized that the presented approach of
temperature field transfer is only successful if the preheat-
ing temperature reached in the component can be achieved
by a corresponding adjustment of the ILT in the representa-
tive specimens. If thin-walled ROI of components are to be
transferred, it may not be possible to achieve the necessary
short ILT on the representative specimens, since these may
already require a longer ILT due to their cross-sectional area
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Fig. 11 Thermal history of
the ROI of the component and
the representative specimen:
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and number. This problem can be mitigated using small-
scale representative specimens.
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