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a b s t r a c t

Laser powder bed fusion (PBF-LB/M) is a potent technology for manufacturing demanding geometries
using innovative materials. The complex thermal conditions during the process are nontrivial to describe
and have a significant impact on final material properties. Therefore, these conditions are analyzed using
an experimental setup based on thermocouples embedded into the substrate plate close to the substrate-
part interface of the respective sample. The in situ data allows for an in-depth investigation of correla-
tions between core process parameters (laser power, scan velocity, exposed area) and the temperature
progression at the base of the part. The alternative view on the conditions during the process enables
a novel analytical description of the thermal history. Additionally, a macroscopic FEM-model is pre-
sented. It is calibrated and validated through the empirical data of geometric primitives to emphasize
the added value of the setup as a calibration tool for thermal simulations.
� 2021 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Additive manufacturing establishes more and more as a manu-
facturing technology for individualized, geometrically demanding,
and functional parts. The most widely spread technology for pro-
ducing metal parts is the powder bed fusion using a laser beam
(PBF-LB/M process) [1]. It offers a one-step on-demand production
process for metallic parts, with a relative density over 99.9 % [2]
and mechanical properties comparable to conventional manufac-
turing methods [3,4].

A common obstacle for the industrial application of PBF-LB/M in
terms of mass production is the on average higher costs per part in
comparison to conventional process routes [5,6]. Alongside a high
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price for the raw material and the need for manual post-
processing, these costs are caused by highly demanding process
configurations. Setting up a stable and reproducible process
requires a significant amount of experience and process under-
standing. A narrow process window has to be met in order to reach
consistent mechanical properties and minimize rejects. The cyclic
nature and consecutive build-up can lead to varying tempering
states or retained austenite for materials like 17-4PH or maraging
steel [7–9]. Many commonly used materials for PBF-LB/M are sus-
ceptible to undesirable thermally driven phenomena, such as hot
cracking for maraging steel [10]. The utilization of highly potent
superalloys like Inconel 738 is also limited through thermally
induced cracking mechanisms, such as ductility-dip cracking
[11]. Most reasons for process interruptions or breakdowns, for
instance, superelevation [12], delamination [13], or internal stress
[14], are caused by unfavorable thermal conditions during the
build-up process [15,16].

PBF-LB/M is an inherently complex and highly dynamic process
with temperature gradients ranging from ambient temperature to
evaporation point and cooling rates of up to 106-107 K/s [17]. The
absorbed energy from the laser needs to be dissipated mainly
through previously solidified material and into the solid metal sub-
strate plate that the part is built on. The metallic powder itself has
approximately 100 times lower thermal conductivity compared to
the bulk material and is for most cases assumed insulating [18–20].
In order to create additional business cases for additive manufac-
turing and expand the range of applicable materials, it is essential
to further expand our understanding of the causalities that deter-
mine its complex thermal history [21].

1.1. State of the art

A way of generating extensive process understanding to reduce
process failures through local overheating or lack of fusion is in situ
monitoring [22,23]. The powder bed inherently limits the accessi-
bility to the part during build-up. Consequently, most conventional
methods are based on optical technologies, like thermal imaging or
pyrometry, and observe only the upper layer or the melt pool
region [24,25]. This approach offers the advantage of examining
the most thermally dynamic area of the process. However, the
complex overlapping of multiple phenomena, such as absorption,
melting, recrystallization, evaporation, spattering, or Marangoni
convection, can locally alter optical properties and make identify-
ing causalities highly challenging [26,27]. Therefore, optical mea-
surements of absolute temperature values require an accurate
calibration of the respective emissivity which increases the set-
up complexity [28–30].

Another approach is to use thermocouples beneath the sub-
strate plate. Here, only the heat dissipation from the part into
the substrate plate is the predominant factor. In comparison to
the samples used, a regular substrate plate has a high tare volume
causing severe thermal inertia for the signal. To reduce this effect
and to be able to observe the characteristic heating period through
laser exposure and cooling during recoating, the thickness of the
substrate plate can be scaled down. This approach has been inves-
tigated by authors like Dunbar or Jhabvala et al. [31–33]. Their
approach, however, adds the drawback of strongly altering the
thermal system and deviating from the original dynamic of the
process.

Promoppatum et al. [34] or Peyre et al. (direct energy deposi-
tion) [35] build the part directly onto a thermocouple by drilling
it through the substrate plate or simply fixating it on top. Although
this approach ensures minimal distance to the part, it is prone to
error [36]. As shown in Tian et al. [37], the laser can remelt the
thermocouple and either alter the necessary material composition
or even destroy the thermocouple entirely.
2

The combination of a convoluted thermal history, complex geo-
metric features, and difficult accessibility leaves thermal simula-
tions as a potent tool to generate an in-depth process
understanding. Simulations using the finite element method
(FEM) are flexible concerning the coupling of different physical
phenomena and other simulation methodologies, such as compu-
tational fluid dynamics (CFD), ray tracing or particle distribution
(discrete element method - DEM) [38,39]. Thus, they are mostly
used for melt pool or mesoscale models that describe partial
aspects of the process in detail [40–42]. FEM can also be used for
simple part-scale macro models, which can serve to gain process
understanding of the overall mechanisms of heat dissipation and
temperature progression during the process [43,44]. Using FEM
with ordinary Lagrangian meshing and basic solver configurations
for the simulation of large and complex geometries results in
excessive calculation times which, makes it in most cases imprac-
tical for industrial application [45]. During the last few years, more
efficient methods to simulate the additive build-up of large com-
plex geometries consisting of multiple thousands of layers, such
as the graph theory approach [30,46], the matrix-free method
[47], or voxel meshing [48], have been established.

As any model is based on simplifications, it is important to thor-
oughly calibrate it with regard to experimental data. Analog to the
emissivity, the absorptivity is challenging to determine [49]. It is
machine-, and material-specific, as well as dependent on the local
temperature distribution [50]. Hence, it is difficult to describe the
net energy when based solely on the manually adjusted process
parameters. Instead, it can be calibrated to match the experimental
findings [38].

One method is to determine the melt pool dimensions from a
test specimen’s microstructure and correlate it with its thermal
history [51]. This approach is especially relevant for melt pool or
meso models as they inherently have the resolution to depict the
melt pool. It has the disadvantage that melt pool dimensions are
not solely dependent on temperature, which complicates the cali-
bration [52,53]. On- and off-axis pyrometry [54,55], as well as ther-
mal imaging [42], is used for direct calibrations of the surface or
melt pool temperature. As mentioned before, optical methods by
themselves need to be accurately calibrated to generate absolute
temperatures. This results in a two-step calibration process that
leaves more room for errors [29]. Setups based on thermocouples
bypass this step, needing no additional calibration. Furthermore,
the costs for a thermocouple setup are significantly lower in com-
parison to pyrometers or thermal cameras, especially incorporat-
ing the need for devices with high measuring frequency [56].

In a previous publication, an adapted method was presented
that enables in situ thermal measurements using thermocouples
inside the substrate plate (InTherPlate) close to the part while
keeping the original thermal system predominantly intact [57]. It
has been shown that the temperature feedback is highly consistent
and can be used for analyzing the influence of process parameters
on the thermal conditions of PBF-LB/M. The main advantage is the
possibility to use the absolute temperature feedback from the ther-
mocouples to directly calibrate and validate macro simulations
based on basic laws of thermal conduction. The publication inves-
tigated the temperature feedback on four different geometries. A
qualitative correlation between exposed area and temperature
feedback could be shown. Although this work has proven the
potential of the setup, it only formed a coarse proof of principle.
The measurement frequency was not sufficient to ensure reliable
maximal temperatures and no quantitative correlations could be
stated.

For this publication, the InTherPlate setup is used for an in-
depth investigation of the influence of different core process
parameters on the temperature progression at the base of the part.
To prove the applicability of the setup as a calibration tool, it is
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sufficient to simulate geometries of less than a thousand layers.
Therefore, a simple thermal FEM-simulation is created based on
the established ”quiet element” method [38]. It is calibrated and
validated using the acquired experimental data.
2. Methods

2.1. Experimental setup

A schematic view of the setup is depicted in Fig. 2.1. A circular
slot is milled into the center of a regular C45 (AISI 1045) steel sub-
strate plate. Naked K-type thermocouple (Cr-Ni) wires are spot-
welded onto a disc (hdisc = 2 mm, ddisc = 30 mm) of the same mate-
rial. The disc is tightly fit into the circular slot and fastened using
two screws. To reduce the thermal resistance between disc and
substrate plate, the interface is covered with silicon-oil-based cop-
per paste (k = 6-7W/m K [58]). Besides this main temperature
measurement T1, a second temperature data point is generated
using a thermocouple T2 on the bottom surface of the substrate
plate for further estimations on heat dissipation (Fig. 2.1).

Test specimens are generated onto the disc centered above the
thermocouple. The disc is pre-treated through abrasive blasting
with corundum to enhance the connection between the platform
and the part. This setup enables high-resolution temperature mea-
surements close to the substrate-part interface while keeping the
regular thermal system principally intact [57].

Two decisive improvements have been made compared to Sch-
nell et al. [57]. A standard-sized substrate plate is used (250 mm �
250 mm) to increase comparability to the regular capacities as the
main heat sink. Furthermore, a WebDAQ 316 measuring device
from Measurement Computing with an increased sampling rate
of 75 Hz instead of 1 Hz reduces potential deviations from maxi-
mum peak values. Roughly estimated, a cycle time of 9.76 s (cylin-
der d = 10 mm) amounts to 732 data points per layer. Deducing a
maximum temperature gradient of 290.1 �C/s from the collected
data, the potential maximal deviation due to the measurement fre-
quency is lowered from 290.1 �C to about 3.87 �C. The absolute
measurement error for the WebDAQ 316 is cumulated from the
device-inherent error of 1.4 �C [59] and the material-dependent
error for K-type thermocouples of 2.2 �C [60,61], resulting in a total
of � 3.6 �C. The maximum relative deviation of the total setup
amounts to � 0.327 �C. This is derived from the maximal diver-
gence with regard to the arithmetic mean of five separate measure-
ments (>10 min) at room temperature.
Fig. 2.1. Schematic setup: depiction of the setup with two spot-weld thermocou-
ples T1=2.
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All experiments are performed using an EOS M290 PBF-LB/M
machine with GP1 (EOS) powder (1.4542/ 17-4PH: Cr 15–17.5 wt%,
Ni 3–5 wt%, Cu 3–5 wt%, minor alloying elements <3 wt% [62]).
It is chosen because of its thermally stable processability and
widespread industrial application [63]. This is beneficial in
contrast to thermally more volatile materials because effects such
as strong exothermic transitions, or fluctuations in porosity
can be assumed negligible. Except for the parameter variation
experiments, all processes are conducted with parameters opti-
mized in regard to process stability and maximum density (Laser
power Plaser = 190 W, velocity v laser = 1150 mm/s, hatch distance
a = 0.09 mm, layer height Ds = 40 lm) [64].

The scope of the test design is to investigate qualitative and
quantitative correlations between geometrical and process param-
eters and the measured temperature spectrum. The factors to be
considered are: geometry, area of exposure per layer, molten vol-
ume, as well as the core process parameters, laser power, and scan
velocity. Finally, the numerical model is fit to the experimental
data and validated by comparing its prediction for two test geome-
tries with experimental data.

2.2. Numerical model

The FEM-Simulation used is a macroscopic model of the PBF-LB/
M building process for geometric primitives. It is implemented
with the COMSOL Multiphysics software (Version 5.6) and includes
the thermal progression of part, disc, and substrate plate. All calcu-
lations are conducted on a conventional computer with average
hardware capacities (32GB RAM, i7-9750h 2.6GHz).

To ensure reasonable calculation times, the model is based
upon the simplification that the laser energy is instantaneously
absorbed into the system for each layer [38]. Therefore, instead
of implementing the heat input through direct laser absorption,
layers of solid material are added at a prescribed temperature
Tactivation. Subsequently, the cool-down is calculated (Fig. 2.2).
Tactivation is fit to the measured temperature progression. The speci-
fic calibration methodology will be described in Section 3.5. Fur-
ther simplifications include: the powder has a negligible thermal
conductivity [19]; the substrate plate’s volume is much larger than
the part’s volume so that the plate’s boundaries are assumed
isothermal at ambient temperature level. Due to the inherent
restrictions of FEM to the addition of material, the application of
new layers is implemented using the ”quiet element” method
[38]. All layers pre-exist from the beginning of the simulation,
though their material properties, heat conductivity and specific
heat capacity, are modified so that they are thermally non-
existent. When the layers are applied, the elements are activated
by reinitializing these properties to their real values.

PDE 2.1 describes the overall thermal behavior of a finite ele-
ment accounting for Fourier’s law of an infinitesimal rectangular
volumetric element in regard to x; y; z; tð Þ.

@u
@t

¼ q Tð Þ � cp @T
@t

¼ k Tð Þ � @2T
@x2

þ @2T
@y2

þ @2T
@z2

 !
ð2:1Þ

or q Tð Þ � cp @T
@t

¼ r k Tð Þ � rTð Þ ð2:2Þ

u is the volumetric inner energy of the element, k;q, and cp are the
material-specific heat conductivity, density, and isobaric heat
capacity. To implement heat losses at the top of the upper layer
in COMSOL, the quiet parameters have to be set to cp;quiet = 10�6 J/
kg K and kquiet = 106 W/m K. This opposes the original concept
[65], with both extremely low cp and k but still allows to thermally
erase the inactive elements. As a result, the boundary condition for
convection, evaporation, and radiation can always be applied on the



Fig. 2.2. Quiet elements strategy: T ið Þ is the temperature progression calculated after adding layer number i. t0 is the time when the new layer is activated and tlayer the time
for exposure and recoating. _Qtop summarizes all losses over the exposed top layer.
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topmost inactive layer because the heat flow passes through all

inactive elements unchanged. The heat loss at the top _Qtop can be
described with a combined heat transfer coefficient htotal, consisting
of free convection hfree, forced convection hforced, radiation hrad, and
evaporation hev .

_Qtop ¼ Atop zð Þ � hfree þ hforced þ hrad þ hev
� �|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

htotal

�h tð Þ ð2:3Þ

Atop zð Þ is the surface area of the current upper layer and h tð Þ the
time-dependent excess temperature relative to the temperature of
the shielding gas (Nitrogen). hrad is defined by the linearised Ste-
fan–Boltzmann law to reduce convergence misalignments through
high temperature gradients [38]. The heat transfer coefficients for
convection can be deduced from the literature with 5-15 W/m2K
for free [66,67] and 5-20 W/m2K for forced convection [68].
Masoomi et al. [67] suggested a much higher value of around
1000W/m2K for the forced convection to accurately account for
the heat distribution in the heat-affected zone. As the simplification
for the energy input through adding new layers underestimates the
heat loss over the top layer, this approach leads to increased accu-
racy compared to the measurements. Therefore, the value for hforced

is iterated from Masoomi et al. As there is no simple solution for
quantifying the amount of evaporated mass [69], the value for hev

is included in the calibration. To account for a reduced conductivity
between the disc and substrate plate in comparison to solid
material, a thermal resistance R is applied at the interface. It is also
calibrated with the measurement data. The temperature-dependent
material-specific parameters cp and k are generated with the
CALPHAD method based on the element distribution [62] using
the software JMatPro. The resulting properties include the
liquid-phase transition for cp (� 0:44� 0:83 J=g K) and k
(18� 46W=m K). cp has a peak of 4:4 J=g K at around 1650 �C. This
approximates the sudden changes in the thermal behavior of the
material during the frequent solid-/liquid-phase transitions of
PBF-LB/M and increases the material model’s fidelity. The calculated
data ranges from room temperature to 2500 K and is linearly

extrapolated. The density is kept constant (7:8 g=cm3 [62]) due to
its relatively weak temperature-dependency. For initial conditions,
all objects are assumed to be at ambient temperature.

Due to the insulating conditions of the powder the heat flow
through the part is mainly directed in the orthogonal (z-) direction
to the layers. For the spatial discretization, this enables to coarsen
the finite elements in the xy-plane (� 0:5 mm) while focusing on a
high resolution in the z-direction (0:01 mm). The secondary sys-
tem consisting of disc and part, which mainly serves as heat sink,
is meshed incrementally coarser with increasing distance to the
part (up to 63 mm) to reduce calculation time.
4

3. Results and discussion

3.1. Influence: geometry and scan rotation

The following experimental test series will describe three
approaches to evaluate and quantify the influence of six different
process parameters on the temperature progression at the base
of the part. The temperature is continuously probed according to
the setup described in Fig. 2.1. To ensure comparability, the tem-
peratures T1 and T2 will be expressed as excess temperature h rel-
ative to the ambient temperature.
hi ¼ Ti � Tamb ð3:1Þ
For the first test series, the geometries are chosen in regard to Sch-
nell et al. [57]: a cylinder with a diameter of d ¼ 10 mm as well as
two cones with varying diameters from dbot ¼ 10 mm to
dtop ¼ 5 mm and dbot ¼ 5 mm to dtop ¼ 10 mm (Fig. 3.1). Due to a
build height of h ¼ 10 mm and a layer height of 40 lm the
geometries consist of 250 layers. The progression of time per layer
for the cones is averaged with negligible deviations over the build
process.

The results display the characteristic fluctuation of h1 between
the heating phase during laser exposure and the cooling phase dur-
ing the recoating process. Both extremes follow a distinct progres-
sion over time. The maxima hmax decrease while the minima hmin

increase. This creates a damping effect correlated to the build
height and the mass of the part. After a settling time (� 100 layers),
the average temperature level qualitatively follows the progression
of the exposed area per layer. For a constant exposed area, the
maxima and minima converge to an approximately constant tem-
perature h1. The settling time is defined by a change in the gradi-
ent of the maxima progression. A potential explanation would be a
change of the heat conductivity at the disc-part interface due to
exiting the heat-affected zone [70].

The high sampling rate of the setup allows for a more detailed
analysis of small deviations from the expected progression. The
close-up in Fig. 2.1 visualizes a cyclical wave motion of the maxi-
mum and minimum peak progression. This effect can be correlated
to the rotation of scan vectors (68�) between each layer. A direc-
tional anisotropy of the scanning process is a possible explanation.
It could originate either from the provided laser power or the
absorption of the powder due to the recoating direction. The scale
of the fluctuation (� 0:5 �C) would demand an alternative
approach for a valid statement. h2 increases about 1-2 �C through-
out the total build-up. This hints at a slight increase in the temper-
ature of the substrate plate by conduction through part and disc.



Fig. 3.1. Measurements of the excess temperature (h) progression over the layer count for the build-up of a 10 mm high cylinder with d ¼ 10 mm (top) as well as two cones
with: dbot = 10 mm, dtop = 5 mm (bottom left)/ dbot = 5 mm, dtop = 10 mm (bottom right) are shown. h1 is the averaged excess temperature between 150–250 layers. The
temperatures T1 is probed 2 mm below the geometry and T2 below the substrate plate (Fig. 2.1).
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3.2. Influence: area of exposure and molten volume

A qualitative correlation between exposed area per layer and
temperature feedback can already be observed for the cylinder
and cone geometries of the first test series (Fig. 3.1). The average
temperature increases for dbot < dtop, decreases for dbot > dtop and
is kept nearly constant for the cylinder with d ¼ const. However,
quantifiable causation cannot be identified because during a regu-
lar build process the temperature progression also depends on
additional factors, such as time per layer, scan rotation, or possibly
heat accumulation. Furthermore, the test design inherently limits
the number of samples, so that gathering a sufficient amount of
data is costly.

Hence, a different test geometry is developed that enables the
analysis of multiple parameters in a single process for the sake of
comparability. Circular sectors with an angular distance of 22.2�
between each other are used to space out the parameters on a sin-
gle disc (pie test - Fig. 3.2 left). In this case, the parameter is the
area of exposure so that the sectors alternate in size. The sectors
are incrementally exposed one at a time, starting with the smallest,
and the resulting temperature peaks are recorded through the
thermocouple h1. After each exposure, sufficient holding time
(	15 s) is applied for cooling down to ambient temperature.

Scan path orientation can influence the amount and distribution
of the absorbed energy [71,72]. To eliminate this influence, the
scan paths are aligned orthogonal to the central axis starting from
the outside and progressing to the middle for each sector (Fig. 3.2
(left)). At first, the segments are exposed without powder (
5

z ¼ 0 lm), then after applying a first 40 lm layer of powder (
z ¼ 40 lm) and lastly after applying a second 40 lm layer of pow-
der ( z ¼ 80 lm).

The results are depicted in Fig. 3.2 (right). For all three expo-
sures, the maximum peak temperature hmax of h1 for each sector
is applied over the exposed area Aexp.

The temperature exhibits a positive correlation to the exposed
area with a decreasing gradient. Although a quantifiable correla-
tion cannot be stated because of the limited amount of data points,
the progression is consistent over all three levels. The outlier at
32 mm2 could be interpreted as an effect caused by the highest
molten volume including a remelting of the first layer. This could
cause increased energy losses through spattering or evaporation.
However, there is no further evidence to support this thesis and
it is, therefore, treated as a measurement error.

Although the difference (� 0.2-0.3 �C) between the three test
runs is within the relative measurement error, it is highly consis-
tent (0 lm < 40 lm < 80 lm ). The lowest temperature value
without powder (0 lm ) could be explained by a lower absorption
coefficient of the disc in comparison to the molten powder layers
[50,73]. The difference between the two powder layers though
could be caused by the melt pool depth being more than 40 lm
[74]. Therefore, more of the disc’s material is remelted for the first
layer (40 lm ) than for the second (80 lm ), altering the ther-
mal dynamic, composition, or dimensions of the melt pool.

The test design is valid for stating a direct qualitative correla-
tion between increasing exposed area and higher temperature
feedback. Additional tests have shown that the order in which



Fig. 3.2. Measurements on the influence of the exposed area (pie test): (left) 2D depiction of the geometry used to test multiple parameters in one process ”pie test”. (right)
Measured results of the pie test: maximum peak temperature hmax of the temperature progression of h1 (figure: 2.1) over the exposed area Aexp for no powder ( z = 0 lm),
first layer ( z = 40 lm) and second layer ( z = 80 lm).

Fig. 3.3. Measurements on the influence of the exposed area (cylinder): diagram illustrating hmax (left) and hmin (right) of h1 (figure: 2.1) over the layer count for the build-up
of 10 mm high cylinders with varied diameters (d ¼ 2:5-12.5 mm) and exposed areas (Aexp ¼ 4:9-122.7 mm2).
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the sectors are exposed influences the results. Exposing the sectors
in opposite succession, starting with the largest, leads to deviations
of 0.3-3.1� C. The increase in mass through preliminary exposed
sectors affects the absolute temperature values relative to the pre-
liminary molten volume and exposed area. This effect cannot be
neglected in a quantitative evaluation.

For the consideration of larger exposed areas, the temperature
feedback is additionally measured for the build-up of five 10 mm
high cylinders with increasing diameters (d ¼ 2:5-12.5 mm) and
exposed areas (Aexp ¼ 4:9-122.7 mm2). To enhance comparability,
the temperature feedback is illustrated by plotting only the pro-
gression of temperature maxima hmax (Fig. 3.3 left) and tempera-
ture minima hmin (Fig. 3.3 right).

Again, the results show a qualitative consistency concerning the
correlation of exposed area and temperature level. The overall
feedback is higher for similar exposed areas in comparison to the
previous pie test. This can be explained by the shorter distance
6

between the sample and the sensor. Identifying a quantitative cor-
relation is not trivial and needs an analytical examination of the
thermal boundary conditions.
3.3. Influence: process parameters

To investigate the influence of the core process parameters Plaser

and v laser on the temperature signal, an alternative test design is
chosen. A cylinder with nine layers of 40 lm is built. For each test
series, one of the two parameters is kept constant while the other
is progressively varied for each layer. The tests are conducted for a
parameter window of 160-220W with a constant scan velocity of
1150 mm/s and a velocity of 970-1330 mm/s with a constant laser
power of 190 W. Similar to the previous test design, sufficient
holding time (	15 s) is applied between each layer to cool back
down to ambient temperature.



Fig. 3.5. Energy balance: system boundaries of the part and a fraction of the disc.
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The damping effect caused by an increase of total mass and dis-
tance to the sensor for consecutive layers needs to be eliminated.
For this, the experiment is conducted twice, once with increasing
( ) and once with decreasing ( ) values for the varied parameter
over the layer count. Consecutively, hmax is averaged ( ) between
those two experiments for each value. The adjusted data as well
as the raw results of the two separate experiments can be seen
in Fig. 3.4 (left) for a varied Plaser and in Fig. 3.4 (right) for a varied
v laser .

The results show a consistent linear dependency between the
excess temperature and laser power as well as scan velocity. A
slight deviation from this linear progression can be seen on the
edges of the parameter window. When looking at the two experi-
mental results separately this effect can be explained through a
deviation of the values for the first layers of each experiment. This
is caused by a deviating powder layer height due to the manual
adjustment of the initial layers. Hence, a clear causality can be
identified that can be used to extrapolate and predict the thermal
feedback based on process parameters. Eq. 3.2 and 3.3 describe this
empirical correlation.

hmax PLaserð Þ ¼ 0:00875�Cþ 0:3178
�C
W

� PLaser ð3:2Þ

hmax vLaserð Þ ¼ 132:07�C� 0:0595
�C � s
mm

� vLaser ð3:3Þ

The fit functions shows a deviation of 3.26 �C for the inter section
point at P ¼ 190 W and v ¼ 1150 mm=s caused by measurement
error. It can be seen that extrapolating Eq. 3.2 leads to
hmax PLaser ¼ 0ð Þ ¼ 0:00875 �C converging approximately to zero,
indicating a plausible physical consistency for the given parameter
range. Hence, Eq. 3.3 slightly overestimates the resulting tempera-
tures due to the measurement error.

3.4. Analytical approach

The measurement data has shown that it is possible to identify
direct correlations for some of the selected influencing factors with
the temperature progression. For a further understanding of the
heat flows dominating the thermal system an analytical descrip-
tion shall be stated. The commonly used volume energy density
Fig. 3.4. Measurements on the influence of laser power and scan velocity: maximum te
10 mm) with altered laser power (left) as well as scan velocity (right). The parameters a
results are averaged ( ) to even out the additional damping effect caused by the increa
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EV can be utilized for roughly estimating the amount of energy
applied to the material. It is based on the manually adjusted pro-
cess parameters laser power, scan velocity, hatch distance (some-
times beam diameter), and layer thickness. However, authors like
Bertoli et al. [75] and Nope et al. [76] have shown its limitations.
Decisive factors, such as absorptivity, exposed area, and cycle time,
are not considered. Hence, the volume energy density is not suffi-
cient for an overall depiction of the thermal conditions and a
broader calorimetric approach is presented in this publication:

Eq. 3.4 describes an overall energy balance of part and disc
depicted in Fig. 3.5:

dU
dt

¼ _Qin � _Qout � _Qloss ð3:4Þ

U is the inner energy of the system, _Qin is the heat flow into the

system by laser absorption, _Qout is the conductive heat flow into
the substrate plate and _Qloss, sums up additional mayor losses, such
as convection to the gas flow, radiation, spattering, evaporation,
and conduction to the powder.

With the simplification of spatial isothermal conditions within
the system boundaries, the inner energy can be reformulated:
mperature hmax (of h1 - figure: 2.1) of each layer for a nine layer high cylinder (d=
re built once from lowest to highest ( ) and once from highest to lowest ( ). Both
se in mass and distance to the sensor.



Fig. 3.6. Analytic fit of Eq. 3.10: temperature at the quasi-steady-state h1 over the
exposed area Aexp. Comparison between the measurements ( ) and the analytical
Eq. 3.10. The fit parameters _Qloss ¼ 0:87 W and Acond ¼ 343:85 mm2 are determined
using the least square method.
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dU
dt

¼ Apart � Ds � n � qpart|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
mpart

�cp;part þx � Adisc � hdisc � qdisc|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
mdisc

�cp;disc

0
B@

1
CAdh1

dt

ð3:5Þ
Ds is the layer height, n the layer count, A the base Area, h the
height, q the density, and cp the specific isobaric heat capacity each
of part and disc. x describes the mass fraction of the disc that the
measured temperature h1(or T1) can be applied to for approximat-
ing the real three-dimensional temperature distribution.

The absorbed energy can be rewritten using the absorption
coefficient a and the laser power P.

_Qin ¼ P � a ð3:6Þ
Specifying absorptivity is complex for the PBF-LB/M process due to
the locally high dynamics of the process. Furthermore, multiple
thermal effects, like rapid phase changes, melt pool dynamics, con-
vection, evaporation, and spattering, overlap the absorption of laser
light. Trapp et al. [50] suggest a calorimetric setup to measure an
effective absorptivity using thermocouples to measure a laser expo-
sure on a defined powder specimen. Here, a static value for stainless
steel from his work is used (a = 0.64).

With the simplification of one-dimensional heat conduction,
the heat flow into the substrate plate can be rewritten using the
measurement of the second sensor h2 tð Þ.

_Qout ¼ k � Acond
h1 tð Þ � h2 tð Þ

d
ð3:7Þ

k is the conductivity of the substrate plate, Acond is the conductive
surface area, and d the distance between the disc and the second
sensor on the bottom of the substrate plate.

A sensitivity analysis of this system of equations shows that
there are two considerable uncertainties with a significant impact
on the results. The first is the assumption on the equivalent volume
that the measured temperature h1 can be applied to (x). Isother-
mal temperature distribution for the whole disc would result in

energy levels above _Qin and is thus a clear overestimation. A real-
istic approximation for the inner energy would consider a value
below the total volume of the disc (157.08 mm3).

The second assumption relates to the surface area over which
conduction to the substrate plate occurs (Acond). Similarly, assum-
ing the total contact area between the disc and substrate plate

(879.45 mm2) leads to energy levels above _Qin. Hence, Acond must
be set lower as well.

To reduce the number of unknown variables, the energy balance
is simplified by choosing an approach, which utilizes the character-
istic temperature progression during the build-up of a cylinder. For

parts of less than 10 mm height the increase of _Qloss over time is
considered negligible while the damping effect continuously
increases. As a result, the temperature is assumed to be
h1 t ! t1ð Þ ¼ h1 ¼ const (Fig. 3.1). This results in a quasi-steady-
state of the system. The absorbed laser energy is equivalent to
the heat conducted into the substrate plate and additional losses
due to convection and radiation. Hence, one of the major unknown
variables x is eliminated and Eq. 3.5 can be simplified to:

dU
dt ¼ 0 ¼ a � P � texp

tlayer
� k � Acond

h1�h2
d � _Qloss for t ! t1 ð3:8Þ

The step function of the absorbed laser energy is averaged over time
using the ratio between time for exposure texp and total time per
layer tlayer including the recoating.

The exposure time can be rewritten using the scan velocity v laser

and the hatch distance ds. As this is an idealized assumption, the
error terr accounts for non-ideal hatch spacing at the edges of the
shape and assistance systems, such as skywriting.
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texp ¼ Aexp

ds � v laser
þ terr ð3:9Þ

Comparing calculated values for texp with values generated from the
experimental data (cylinders - d = 2.5-12.5 mm) and subtracting a
recoating time of 9s gives an average terr � 0.245 s.

Rearranging Eq. 3.8 results in an expression for the average
temperature at the bottom of the part after the settling time
(� 100 layers):

h1 ¼ h2 þ P � a � texp
tlayer

� _Qloss

� �
d

k � Acond
ð3:10Þ

It can be seen that h1 is dependent on the laser power, exposure
time, and consequently exposed area, hatch distance, as well as scan
velocity. Due to the assumption of a quasi-steady-state, it is inde-
pendent of the building material. To solve the equation, 3.10 it is
necessary to determine two unknown variables through a multi-
fit from experimental data: _Qloss / Acond.

For this purpose, five cylinders are built with altered diameter
(d = 2.5–12.5 mm) and thus exposed area (Aexp = 4.9–122.7 mm2).
h1 is determined by calculating the floating average value of the
temperature between layer 150 and 250 (Fig. 3.1). Subsequently,
the unknown parameters are calibrated using the least square

method resulting in _Qloss ¼ 0:874 J=s and Acond ¼ 343:85 mm2 with
an averaged sum of squared residuals (SSR) of 1.49. The experi-
mental data points and the calibrated analytical Eq. 3.10 are
depicted in Fig. 3.6.

The fit function accurately describes the measurements with a
standard deviation of 1.22 �C. The amount of data points, though,
is not sufficient for a statistically significant validation. Neverthe-
less, the established equation is suitable for rough quantitative
predictions of the temperature progression at the bottom of a spec-
imen. The fit value for Acond (343:85 mm2) falls in the estimated
range. Due to the necessary simplification of a quasi-steady-state,
_Qloss converges approximately to zero, underestimating additional
heat losses [67,77]. It has to be noted that, although the equation
is independent of the material, the calibration is material-specific.



Fig. 3.7. Measurement on the excess temperature progression (h1 - figure: 2.1) of a
50 mm high cylinder with d = 10 mm.
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To verify the simplification of a quasi-steady-state, (dUdt � 0 for
n > 100) a 50 mm high cylinder (d = 10 mm) is built. The temper-
ature feedback can be seen in Fig. 3.7.

As expected, h1 is not constant over time, most likely because
_Qloss grows with increasing part height. The average temperature
approximately follows a linear progression over time. It can be
described with a y-intercept of 17.7 �C and a gradient of -
0.00703 �C/layer. Eq. 3.8 is used for a worst-case estimate with
x ¼ 1 leading to a maximal value for dU

dt of 0.058 J/s. Multiplying
this value with the last term of Eq. 3.10 leads to a maximum tem-
perature deviation of 5.99�10�5 �C, verifying the assumption.
3.5. Simulation - calibration and validation

It has been shown that an analytical solution must include mul-
tiple simplifications to result in a solvable equation system. Espe-
cially the linearization of a highly dynamic three-dimensional
Fig. 3.8. Comparison between measured (left) and simulated (right) progression of the e
simulation was calibrated using the depicted experimental data.
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temperature field leads to restrictions for the applicable range of
the equations. Hence, the gained insight and experimental data
are used to implement a thermal model that can numerically
approximate a three-dimensional solution.

For the calibration of the model presented in Section 2.2 the
experimental data of the 10 mm high cylinder (d = 10 mm) is taken
as reference geometry (Fig. 3.1, 3.8). The fit parameter are itera-
tively optimized until they sufficiently describe the temperature
progression of the reference geometry. To evaluate the calibration,
measured and simulated values for the temperature maxima and
minima are compared to the corresponding layers. As of yet, no
established standard measure for the accuracy of additive manu-
facturing simulations exists. Gouge et al. [38] suggest acceptable
deviations from measured data of up to 30%. Due to the relative
simplicity of the present model, a more precise validation criterion
of 8% is arbitrarily chosen for the calibration. A comparison
between the results of the fitted model and the experimental data
is shown in Fig. 3.8.

The predominant fit parameter is the activation temperature for
newly applied layers Tactivation. The heat transfer coefficient
htotal ¼ 615 W=m2K as well as the thermal resistance
R ¼ 0:0009 K m2=W present in the disc-plate interface are sec-
ondary fit parameters. They are setup-specific and, assuming ideal
preparation, only need to be determined once. The activation tem-
perature is parameter-specific and needs to be calibrated according
to the process parameters used for the build-up. Due to the neces-
sary simplification of the laser absorption, Tactivation is set to a value
(3626.85 �C) above the evaporation point of the material. This
accounts for the complex energy input through multiple scan lines,
as well as subsequent cycles of melting and remelting. Calculating
the energy input of one layer, using mass and heat capacity, results
in 41.35 J/layer, which lies below the total input of the laser 124 J/
layer (Eq. 3.6). The discrepancy could be the result of additional
losses that the fit value has to account for, an error in the assump-
tion of the absorption coefficient, or the exposure time. An in-
depth investigation would be necessary to state valid causation.

Fig. 3.8 shows the similarity of the overall thermal behavior
between measured data and simulation. The equivalent progres-
sion of maxima and minima hints at an inherently accurate repre-
sentation of the real system’s thermal behavior. Due to the instant
layer activation and the resulting sudden temperature gradient,
the calculated peak temperature for the first layer is much higher
than for consecutive layers. Further investigations have shown,
xcess temperature h1 for the build-up of a 10 mm high cylinder with d = 10 mm. The
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that this outlier can be fixed by applying a considerably finer mesh,
especially at the interface between part and disc. Thereby, the
steep temperature progression is smoothed out at the cost of sig-
nificantly higher computing time. For subsequent quantitative
assessments, the first peak is therefore disregarded.

The average absolute divergence of the maxima is 2.16% and the
maximum absolute divergence 4.97%. The average divergence for
the minima is 2.44% with a maximum absolute divergence of
7.11%. Hence, the accomplished fit is marginally more accurate
for the maxima.

For the validation of the model, two further experiments are
conducted. Two geometries with a distinct thermal behavior are
chosen. Both consist of two stacked cones, the first forming an
hourglass shape (Fig. 3.9 - top) and the second a reverse hourglass
shape (Fig. 3.9 - bottom).

The calculated temperature progression of the hourglass accu-
rately fits the measured data with slight differences in tempera-
tures for the second half of the process. The average divergence
between measurement and simulation for maxima is 2.34% and
for minima 2.79%, with a maximum divergence of 6.55% for max-
ima and 7.74% for minima. Again, this implies a slightly better fit
for the maxima.

The simulated inverted hourglass similarly fits the measured
peak temperatures for the maxima within an average divergence
of 3.27% and a maximum divergence of 6.71%. The average diver-
gence for minima, though, is 4.37% and the maximal divergence
reaches 14.25% shortly after the first half on layer 127. An addi-
tional sensitivity analysis shows that the main fit parameter for
the minima progression is the thermal resistance applied between
Fig. 3.9. Comparison between measured (left) and simulated (right) progression of
dtop=bot = 13.5 mm, dmid = 5 mm and inverted hourglass: (bot) dtop=bot = 5 mm, dmid = 13.5 m
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disc and plate. The deviation of the minima progression could thus
be explained by discrepancies in the manual application of the cop-
per paste.

Overall, the validation emphasizes that the calibration of the
current model lies well within the acceptable error range and accu-
rately reflects the thermal behavior for the build-up of geometric
primitives. The computing time with 6h for the cylinder and
roughly 9h for the hourglass shapes also falls in an acceptable
range for a small model of 250 layers.

4. Conclusion

In this study, temperature measurements on the PBF-LB/M pro-
cess of primitive geometries is conducted using a setup of spot-
weld thermocouples embedded in the substrate plate. This enables
the measurement of absolute temperatures in close proximity to
the part while keeping the original thermal system predominantly
intact. An analytical equation describing the main heat flows of the
thermal system around the part is developed and calibrated. A sim-
ple three-dimensional FEM-model based on COMSOL Multiphysics
was presented and also calibrated using the experimental data.

The measurement data is used to identify a qualitative positive
correlation between the exposed area and molten volume to the
overall temperature level. For the core process parameters, laser
power and scan velocity, a quantitative correlation is stated that
can be used to estimate the maximum temperature at the base
of the part. The established analytical description enables predic-
tions on the average temperature at the base of the part after
around 100 layers. Overall, these correlations can be used to pre-
the excess temperature h1 for the build-up of two 10 mm high hourglass: (top)
m shaped geometries.
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dict suitable initial process parameters for the iterative qualifica-
tion of new materials.

Another added value is that the measured temperature feed-
back approximately reflects the qualitative thermal history for
each layer when the progression of the exposed area above the
layer is similar. So that it can be stated for a layer n that its temper-
ature progression is Tn nð Þ ¼ T n� hdisc=Dsð Þ. Though this correlation
is only qualitative, it can serve to estimate a general progression.

It is possible to calibrate the presented FEM-simulation to the
extent that it can predict the thermal history of a full build-up of
geometric primitives with an average error of 2.9%. Therefore,
the usability of the setup as a potent one-step calibration- and
validation-tool for thermal simulations of the PBF-LB/M process
is proven. An increasing number of simulation tools for additive
manufacturing (e.g. Ansys, Amphyon, Simufact) have started to
offer not only cantilever calibrated inherent strain simulation but
also thermal and thermo-mechanical simulations. For industrial
users, the presented setup could be a cost efficient alternative cal-
ibration tool to optical methods. The simplicity of this methodol-
ogy could deliver the advantages of a well-calibrated simulation
even to small companies. On the other hand, in combination with
pyrometry or thermography, the system could even increase the
accuracy of the simulated predictions through a combined calibra-
tion approach.

The presented setup and experimental approach can be further
utilized to analyze more complex thermal correlations for the PBF-
LB/M process, such as the thermal properties of support structures,
overhangs or thin walls. Especially in combination with an
expanded FEM-model, this could create additional benefit for
material development and component design in PBF-LB/M.

Furthermore, the system can be combined with conventional
in situ monitoring tools, such as thermography or pyrometry, to
establish a comprehensive validation system for PBF-LB/M. It could
be used to systematically characterize all major thermal aspects of
a PBF-LB/M machine. A system like this could be used by machine
manufacturers to identify technical anomalies for refurbishment or
maintenance purposes. When thermally characterizing two differ-
ent machines, it would also be possible to decrease the expense of
transferring process parameters between them while maintaining
product quality.

The general applicability of the setup as a tool to quantify iso-
lated thermal causalities has been proven. For future publications
though, a fractional factorial DOE study will be pursued to investi-
gate multifactorial interdependencies between different process
parameters. With a broad-based study, it should also be possible
to further develop the established analytical approach. Here, the
focus will be to specifically quantify heat losses, such as radiation,
convection, spattering, evaporation, and conduction to the powder
separately and ideally time-dependent. Thus, it should be possible
to expand the applicability of the developed model. In future stud-
ies, thermally sensitive materials, such as maraging steel and
Inconel 738 and their influence on the characteristic temperature
progression, will be part of an in-depth investigation.
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