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ABSTRACT

The capability to produce complexly and individually shaped metallic parts is one of the main advantages of the laser powder bed fusion
process. Development of material and machine specific process parameters is commonly based on the results acquired from small cubic test
coupons of ∼10mm edge length. Such cubes are usually used to conduct the optimization of process parameters to produce dense materials.
The parameters are then taken as the basis for the manufacturing of real part geometries. However, complex geometries go along with complex
thermal histories during the manufacturing process, which can significantly differ from thermal conditions prevalent during the production of
simply shaped test coupons. This may lead to unexpected and unpredicted local inhomogeneities of the microstructure and defect distribution
in the final part, and it is a root cause of reservations against the use of additive manufacturing for the production of safety relevant parts. In
this study, the influence of changing thermal conditions on the resulting melt pool depth of 316L stainless steel specimens is demonstrated. A
variation in thermographically measured intrinsic preheating temperatures was triggered by the alteration of interlayer times and a variation in
cross-sectional areas of specimens for three distinct sets of process parameters. Correlations between the preheating temperature, the melt pool
depth, and occurring defects were analyzed. The limited expressiveness of the results of small density cubes is revealed throughout the system-
atic investigation. Finally, a clear recommendation to consider thermal conditions in future process parameter optimizations is given.

Key words: additive manufacturing, heat accumulation, thermal history, thermography, in situ monitoring, selective laser melting, laser
beam melting, representative specimens
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INTRODUCTION

Laser powder bed fusion (PBF-LB/M) has the biggest market
share in the field of metallic additive manufacturing (AM) tech-
nologies.1 Its outstanding capability to produce complexly and
individually shaped metallic parts out of a loose powder bed
accounts for its competitive position when it comes to the manu-
facturing of small lot sizes despite high costs of the raw material
and processing. In addition to economic cost restrictions, there
are still limitations in the field of safety relevant parts, as local
inhomogeneities of the microstructure and the distribution of
defects might unexpectedly and unpredictably occur within a

component. This has been identified as a major challenge for the
use of PBF-LB/M.2–4

One of the materials that have been studied very intensely in
the context of PBF-LB/M processing is austenitic stainless steel
316L. Figure 1 summarizes several values of ultimate tensile
strength (UTS) of 316L manufactured by PBF-LB/M derived from
the literature.12 The figure displays the minimum and maximum
published UTS of each individual source. To ensure a valid com-
parison, the diagram focuses on values determined from horizon-
tally built, nonheat-treated specimens. The presented UTS values
range from 178MPa as the worst minimum value to 755MPa as

Journal of
Laser Applications

ARTICLE pubs.aip.org/lia/jla

J. Laser Appl. 35, 042029 (2023); doi: 10.2351/7.0001080 35, 042029-1

© Author(s) 2023

 25 O
ctober 2023 08:06:05

https://doi.org/10.2351/7.0001080
https://doi.org/10.2351/7.0001080
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.2351/7.0001080
http://crossmark.crossref.org/dialog/?doi=10.2351/7.0001080&domain=pdf&date_stamp=2023-10-02
https://orcid.org/0009-0009-9763-9137
https://orcid.org/0000-0001-6037-4037
https://orcid.org/0000-0001-8875-6547
mailto:gunther.mohr@bam.de
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2351/7.0001080
https://pubs.aip.org/lia/jla


the best maximum value in the respective studies. The minimum
values might distort the comparison as they might be derived from
specimens built by inappropriate processing parameters as part of a
broad parameter variation study. However, even when considering
the maximum values only, deviations of up to 23% are noticeable,
which should not be tolerable in terms of a stable process result for
the same material used. Röttger et al.10 conducted a round robin
test using four different PBF-LB/M machines and their individual
best practice parameter sets for 316L. The results are depicted in
Fig. 1, source F. They found a spreading of 11% in UTS for the
horizontally built specimens. This implies that the use of a partic-
ular PBF-LB/M system can be already understood as one addi-
tional influencing factor affecting further factors. The particular
system used for specimen production and its respective settings
are not reported in every case in the literature. Other missing data
are precise information about the specimen geometry in the
as-built state in some cases. Much more often, information about
the number of parts per build plate or the resulting ratio of area
exploitation (RAE) as well as the resulting interlayer time (ILT) is
missing. To date, these factors are not considered regularly in test
programs and are, therefore, often neglected. The given example
of significant deviations of published mechanical properties
underlines the importance of two exigent issues in the field of
additive manufacturing: provision of reliable material reference
data and comprehensive documentation of processing conditions.
To meet the necessary requirements for this, the starting point
should already be set at the very beginning of a material qualifica-
tion process, which is usually the batch production of small cubes
as test coupons for process parameter optimization. Hence, the

conditions of a typical material qualification process must be
reviewed.

The choice of the right set of processing parameters is very
important for the manufacturing result. Consequently, the identifica-
tion of a suitable process window by parameter optimization is man-
datory prior to any manufacturing. A strong focus of any process
parameter window identification is primarily set on the production of
specimens free of defects, such as porosity, cracks, dimensional accu-
racy, and others.13 The first goal in PBF-LB/M process optimization
is usually to create parts with a high density (>99.5%).11 The usual
process parameter optimization consists of two steps: defect minimi-
zation and second mechanical and chemical testing.13 The defect
minimization is typically conducted via a batch production of a high
amount of small cubic samples with varying process parameters. The
small samples are then taken for density analysis. The dimensions of
these laboratory specimens do usually not exceed a built height of
15mm. A typical number of specimens per built ranges between 24
and 50, which may differ due to different build plate sizes. For
instance, Bang et al.6 studied the effect of processing parameters on
the density of 316L cubes of the dimension of 10 × 10 × 10mm3,
building 36 of these cubes in one build process. Carrozza et al.14 built
36 cubes of the dimension of 15 × 15 × 15mm3 from Ti–6Al–2Sn–
4Zr–6Mo in one build process to determine a suitable processing
window for low porosity. Wang et al.15 used cuboids of the dimen-
sions of 10 × 10 × 8mm3, building 24 of them from Ti–6Al–4V
within one build process. The outcome of these studies is one or a
few sets of processing parameters for further analysis and eventually
final part production. Such a process parameter optimization is
mainly driven by a variation in the main energy input related influ-
encing factors. Figure 1 shows the comparison of UTS values of hori-
zontally built 316L specimens. The minimum and maximum UTS of
each source is displayed. The values were taken from the literature (A:
Ref. 5; B: Ref. 6; C: Ref. 7; D: Ref. 8; E: Ref. 9; F: Ref. 10; G: Ref. 11;
H: Ref. 2). Sources G and H are referred to review publications,
which incorporate already different other studies.

Figure 2 schematically illustrates the usual process parameters,
which are varied in the context of the laser exposition of a powder
layer.12 The drawn melt pool shape depicts the typical keyhole
morphology as the deep penetration mode welding or transition
mode welding is reported over a broad range of parameter combi-
nations for 316L stainless steel,16 which was also used in the experi-
mental part of this study.

In many cases, a selection of these processing parameters is
summarized into different auxiliary values to describe the energy
input: one-dimensional energy input per unit length (laser power
divided by scanning velocity),17,18 two-dimensional energy input
per unit area (hatch distance or spot size added to the denomina-
tor),18 and three-dimensional volumetric energy density (VED), as
stated in the following equation:

VED ¼ PL
vS hS t

: (1)

The level of VED can affect the melt pool size and also the
welding regime in the way that an increasing VED leads not only
to a growing melt pool but potentially also to a transition from
conduction mode welding to deep penetration or keyhole mode

FIG. 1. Comparison of UTS values of horizontally built 316L specimens. The
minimum and maximum UTS of each source is displayed. The values were
taken from literature (A: Ref. 5; B: Ref. 6; C: Ref. 7; D: Ref. 8; E: Ref. 9;
F: Ref. 10; G: Ref. 11; H: Ref. 2). Sources G and H are referred to as review
publications, which incorporate already different other studies.
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welding.19,20 In addition, the risk of discontinuous melt tracks and
balling phenomena with decreasing VED were shown19 as well as
the occurrence of lack of fusion defects at a rather low VED level.13

An increase in the amount of keyhole porosity with increasing
VED values was also reported.20 These relationships can be stated
very generically as general applicable tendencies11 in a parameter
optimization process. Therefore, the VED is often seen as a com-
parison value to support the screening of a process parameter
range suitable for an optimization target such as part density or
even to derive the recommendation of distinct VED values. As dif-
ferent combinations of parameters can have the same VED but dif-
ferent manufacturing results, the uncritical use of the VED as
comparison mean should be avoided, as critically discussed by
several authors for different alloy systems.13, 19–22

The energy input related parameter optimization using small
laboratory specimens neglects potential variations in the thermal
conditions during real part manufacturing. Recent studies of
Solthani-Tehrani et al.23 and Yavari et al.24 showed directly mea-
sured (thermograms) and indirectly measured (melt pool dimen-
sions) significant effects of the part geometry on the thermal
history during PBF-LB/M production. The thermal history as
the interplay of the local and temporal variations in temperature
fields over the entire part production is of utmost importance in
PBF-LB/M. It has a strong effect on the resulting part properties
and, thereby, on the structural integrity of a PBF-LB/M compo-
nent.25 In addition, recent studies26,27 have shown the influence of
ILT on the thermal history of a part with severe heat accumulation
at rather short ILT. Geometry and processing induced changes of
the thermal history are not considered in the discussed parameter
optimization processes. For the use of safety relevant parts, the

relationship between small laboratory specimens and real part
geometries must be clear.25 The uncritical use of processing param-
eters stemming from optimizations at small laboratory specimens
regardless of the thermal profile of real manufacturing is negligent.
Therefore, the limitations of such small cubes as test coupons are
investigated in this study.

MATERIALS AND METHODS

This section briefly summarizes the experimental conditions.
They are described in more detail in previous publications of the
authors,12,26–29 as this study aims at concentrating the essential
results from different experimental campaigns regarding the ques-
tion on the limitations of laboratory specimens.

Material, machine, and processing parameters

Spherical, gas atomized powder of stainless steel 316L was
used, showing the following particle size distribution:
D10 = 18.22 μm, D50 = 30.50 μm, and D90 = 55.87 μm. The speci-
mens were produced on a PBF-LB/M machine of type SLM280HL
(SLM Solutions Group AG, Lübeck, Germany) using argon as the
shielding gas. The processing was conducted using a bidirectional
scanning strategy rotating the scan field by 90° after each layer. No
interruption per scan vector was allowed, and the vectors were
always parallel to one of the edges of the rectangular cross sections.
Three different sets of processing parameters were used, which only
vary in the scanning velocity. Therefore, they can be compared in
terms of the resulting VED and are named hereafter Low VED
(49.12 J mm−3 with vs = 922 mm s−1), Basis VED (65.48 J mm−3

with vs = 700 mm s−1), and High VED (81.85 J mm−3 with
vs = 560 mm s−1) parameter set. The other parameters were cons-
tant: PL = 275W, hs = 0.12 mm, t = 0.05 mm. The spot size was
∼80 μm and the base plate heating 100 °C. In addition, a variation
in the ILT was conducted at three specific levels: short (18 s), inter-
mediate (65 s), and long (116 s) ILT. This reproduces conditions of
different load factor scenarios.

Specimens’ geometry

Figure 3 shows a schematic of the three distinct types of speci-
mens, which differ in their lower 30 mm of built height, character-
ized by their different cross-sectional areas of connection to the
build plate. The manufacturing height was 114.5 mm. The speci-
mens are referred to as small, medium, and full connection types
throughout this paper. The cross-sectional changes in the
z-direction did not change the ILT, as appropriate dummy parts
balanced this by scanning without laser power. At least two speci-
mens per parameter combination (ILT, VED, geometry) were
fabricated.

In situ thermographic monitoring and temperature
analysis

The specimen production was monitored by mid-wave infra-
red (MWIR) thermography using an off-axis system equipped with
an MWIR camera of Type ImageIR8300 (InfraTech GmbH,
Dresden, Germany), sensitive in the range from 2 to 5.7 μm. Due
to previously determined apparent emissivity values of 316L

FIG. 2. Schematic of the melting process highlighting the main processing
parameters (laser power PL, scanning velocity vS, hatch distance hS, laser spot
size dS, layer thickness t) and melt pool dimensions (depth dMP and width wMP).
A x-y-scanning strategy is displayed with a 90° rotation of the scanning pattern
after every layer.
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powder layers in this setup,29 the IR intensity signals of the black
body calibrated MWIR camera were corrected to true temperature
values. The setup was used to acquire layerwise preheating temper-
atures of the specimens. All analyzed preheating temperatures were
acquired from a freshly recoated powder layer. For this, the mean
value of a region of interest (ROI) placed in the center of the speci-
mens was considered right before the onset of the next laser exposi-
tion. The ROI was of size 11 × 11 pixels with a pixel length of
∼420 μm. This setup and the specific settings were described in
detail in previous work of the authors.27,29

Metallography

Metallographic inspection was done at ground and polished
cross sections. For porosity analysis, unetched cross sections were
taken for optical light microscopy at 20-fold magnification and
gray value analysis using the software IMS Client (Imagic
Bildverarbeitung AG, Glattbrugg, Switzerland). Melt pool measure-
ments were conducted at the same samples after color etching
using Beraha II etching detergent.

RESULTS AND DISCUSSION

The three distinct sets of processing parameters (Low, Basis,
and High VEDs), which were used to fabricate the analyzed speci-
mens with different geometries and under different ILT conditions,
were chosen based on their ability to produce bulk material with
higher density than 99.8% at comparably small build heights
(below 12.5 mm).26 This would have been a typical outcome of a
process parameter study using small laboratory specimens.
However, the range of different thermal conditions, which may
occur during a batch production of a high number of small speci-
mens, is narrow in comparison with real component scenarios: The
following presentation of results is an insight into possible varia-
tions in the thermal conditions with significant impact on the final
part properties using the same processing parameters.12

Heat accumulation during the buildup

Variations in the thermal history during production can
induce significant differences in the preheating conditions in the
course of the layerwise manufacturing process. This can be retraced
by the preheating temperature measurements of this study for dif-
ferent experimental levels. Due to interruptions in the experimental
IR recordings, the temperature curves are also interrupted and do
not cover the entire part production in all cases. Nevertheless, clear
general trends are readable from the data. Figure 4 depicts the
course of the preheating temperature for the case of full connection
type specimens produced by Basis VED at different ILTs.

Three aspects can be directly derived from the diagram: First,
heat accumulates in specimens with constant cross section over the
build height and can induce significant higher preheating tempera-
tures compared to the initial base plate preheating temperature,
which was 100 °C here. Second, this effect is drastically increased
when the ILT is reduced. Third, in the case of the batch production
of small cubic specimens, such a drastic temperature increase is not
expected for two reasons: on the one hand, the build height of
density cubes does usually not exceed 15 mm, which corresponds
to layer number 300 (in the case of a layer thickness of 50 μm) and,
therefore, the accumulation of heat would have not been progressed
to high temperatures even in the case of a very short ILT. On the
other hand, a typical number of density cubes per build process
ranges between 24 and 50. Assuming typical conditions (10 mm
edge length of the cubes, a hatch distance of 0.12 mm, a scanning
velocity of 725 mm s−1, and a recoating time of 8 s), the ILT of
such a build process would range between 42 and 80 s. Therefore,
the time for heat dissipation would be long enough to keep the
accumulation of heat at a rather low level, comparable to the inter-
mediate ILT curve in Figs. 4 and 5.

FIG. 3. Schematic of specimens with small, medium, and full connection to the
base plate.

FIG. 4. Preheating temperature over the layer number for Basis VED and full
connection type specimens at different ILTs.
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Figure 5 depicts the course of the preheating temperature for
the case of intermediate ILT and Basis VED for the three distinct
specimen types. A significant impact of the part geometry on the
resulting intrinsic preheating temperatures is revealed. In contrast
to the rather constant increase in the preheating temperature over
the build height in the case of the full connection type specimen,
the course of the preheating temperature is significantly changed
by the inverted geometrical frustrum element of the specimens of
medium and small connection types. The measured surface tem-
perature increases steeply during the manufacturing of the inverted
frustum and reduces again when the cross-sectional constant
cuboid volume is produced on top of the necking frustum.
Maximum preheating temperatures of up to ∼305 and 405 °C were
measured.

Kusano and Watanabe30 have recently presented a thermal
history of specimens with similar geometry produced out of
Hastelloy X, which was qualitatively in good agreement to the
depicted preheating temperature profiles. The geometry of the
inverted frustum contributes to the severe heat up, as overhanging
structures are prone to accumulation of heat.31–33 In addition, the
necking of the geometry disturbs the heat flux in the z-direction.
The contribution of the surrounding powder to heat dissipation via
heat conduction is rather limited, as the heat conductivity of the
unmolten powder is much smaller than the heat conductivity of
the bulk material.34,35 Gusarov et al. appointed a factor of 1/100 as
a mean of comparison for the difference in the heat conductivity.35

Therefore, the predominant share of the heat must dissipate by
heat conduction in the z-direction through the bulk material and
cannot escape into the powder bed. The reduced cross-sectional
areas reduce the heat conduction, while the repeated heat input

grows from layer to layer in the overhanging structure, as the cross-
sectional areas increase. Consequently, the heat accumulates signifi-
cantly in that region. The intrinsic preheating temperature declines
again in the region of constant cross section and reaches eventually
a plateau as the conditions for heat conduction improve in the self-
growing heat sink of the cuboid structure. It is important to notice
that the highest temperatures were not measured at the highest
build height, which contradicts the simplified assumption of a
rather constant heating up of build parts in the z-direction. The
geometry can significantly impede such a trend. In addition, it is
also worth to remind that apart from the geometrical changes, the
experimental conditions using Basis VED and intermediate ILT
(65 s) could have been also applied for the manufacturing of a
batch of small density cubes. However, in density cubes with cons-
tant cross sections, such deviations in thermal history are not
expected.

So far, the presented results were based on experiments using
the Basis VED parameter set. A change in the layerwise energy
input by increasing or decreasing the VED through a variation in
the scanning velocity does not change the trends of the thermal
history qualitatively, but it leads to an elevation or reduction in the
preheating temperatures, respectively. This can be exemplarily
retraced by Fig. 6, which depicts the course of the preheating tem-
perature of small connection type specimens manufactured at short
ILT with the three distinct VED sets. It is worth noticing that the
measured preheating temperatures reach maximum temperatures,
which are seven times to nine times higher than the base plate pre-
heating temperature. The base plate preheating temperature can be
taken as the surface preheating temperature of small density cubes
in processing parameter studies.

FIG. 5. Preheating temperature over the layer number for Basis VED and inter-
mediate ILT at different connection type specimens. The dotted vertical lines
display the start layer and end layer of the frustum.

FIG. 6. Preheating temperature over the layer number for a short ILT and small
connection type specimens at different VEDs.
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Effect of ILT on preheating temperature

The discussion of the variability of the thermal history in the
production of specimens with distinct boundary conditions (varia-
tion in the ILT, geometry, and VED) highlighted the huge effect of
the ILT, which was varied on three levels. The results show that
there is no simple linear relationship between ILT and resulting
heat accumulation in the parts. This becomes clear from Fig. 4, in
particular, as the direct comparison of the temperatures of the full
connection type specimens produced by Basis VED processing
parameters showed rather little difference between intermediate
and long ILTs in comparison with the preheating temperatures of
the specimen produced with short ILT. To look at this relationship
in more detail, the measured preheating temperature of layer 2000
(build height of 100 mm) of the full connection type specimens
produced at the three levels of ILT and with three levels of VED is
registered in a diagram over the ILT (see Fig. 7). The data points,
separated for each VED, can be connected by a function of expo-
nential decay. The determination coefficient R2 of the curve fitting
is high (R2 = 0,999) in each case. This relationship can be explained
considering the exponential decay of cooling down of a body,
which is hotter than its environment according to Newton’s law of
cooling. The ILT corresponds effectively to the time for heat dissi-
pation before the intake of the next energy input. At longer ILT,
more time for the exponential temperature decay is available in
every layer and the surface temperature of the specimens is already
lower when the next layer is exposed. Conversely, the exposition of
layers in case of shorter ILT occurs still at comparably elevated
temperatures. This trend accumulates over the course of the pro-
duction and the ILT contributes exponentially. This means, for

constant cross sections, a constant energy input per layer, and a
constant ILT per layer, there is an exponential correlation between
ILT and the resulting preheating temperature.

Variation in melt pool depth

The discussed differences in the thermal history of the speci-
mens, measured by significant variations in the preheating temper-
ature of the parts during production, change the thermal
conditions of the laser-material-interaction-zone. An elevation of
the preheating temperature by external heating systems is known to
increase melt pool sizes.36,37 Hence, variations in melt pool dimen-
sions can be expected here. Patel and Vlasea16 defined the stability
of a melt pool and its homogenous size distribution over an entire
part as a main target for an ideal laser-material-interaction in
PBF-LB/M production. Hence, a constant size of the melt pools
within a part and in comparison with other parts is a good indi-
cator for a homogenous process result. Melt pool sizes are easy to
measure, compared to costly microstructure analysis using elec-
tron microscopy. Occurring deviations of the melt pool dimen-
sions can be taken as a starting point for further microstructure
analysis. However, there is one drawback of melt pool measure-
ment: due to layerwise remelting, a successful measurement is
possible at the last layer only. Therefore, an indirect measurement
by correlations with thermal signatures from online monitoring
would be desirable. The measured melt pools of the experiments
were all identified as melt pools of deep penetration mode
welding, according to their aspect ratio (depth:width >1:216).
Figure 8 exemplarily illustrates some characteristic shapes of dif-
ferent melt pools of this study.

Figure 9 depicts the melt pool depths measured at a build
height of 114.5 mm for the different conditions of the experiments
of this study. It also contains the corresponding average preheating
temperatures of the top of the specimens (averaged over the last
200 layers). Huge deviations in the melt pool depth can be revealed
in dependence on the manufacturing conditions (geometry, ILT,
VED). The measured data qualitatively follow the trend of the mea-
sured preheating temperature. However, for the individual process
parameters, the correlation coefficients between measured melt
pool depth and measured preheating temperature seem to differ.
This is not surprising, as the effect of the scanning velocity on the
melt pool dimensions is known to be stronger than the preheating
temperature.37

Figure 10 shows the melt pool depths over the preheating tem-
perature separated by the distinct VEDs. Exponential curves are
fitted to the experimentally determined measuring data (full dots
in the diagram) of the Basis VED (R2 = 0.890, adjusted R2 = 0.860)
and High VED (R2 = 0.980, adjusted R2 = 0.920) data with high
coefficients of determination. Linear fits for the Basis VED
(R2 = 0.851, adjusted R2 = 0.826) and High VED (R2 = 0.953,
adjusted R2 = 0.938) showed minor coefficients of determination
instead. However, the adjusted R2 values of the linear fits are close
to the values of the exponential fits and, in the case of High VED,
even a bit higher. For the data of Low VED, no suitable exponential
curve could be fitted, but a linear fit with R2 = 0.991 (adjusted
R2 = 0.989) was found. Scipioni Bertoli et al.38 determined the
three-dimensional temperature field for an exposition in the

FIG. 7. Preheating temperature in the layer in the case of full connection type
specimens in dependence of a constant ILT. The exponential decay curves are
fitted.
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x-direction using Rosenthal’s simple analytical approach to the
point heat source model by the following equation:

T ¼ T0 þ PLA
4πλ

� e
�vs (xþr)

a

r
, (2)

with preheating temperature T0, laser absorption coefficient A, laser
power PL, scanning velocity vS, thermal diffusivity a, thermal con-
ductivity λ, and the radial distance to the heat source r. An estima-
tion of the melt pool depth was done using Eq. (2) to calculate the
radial distance r for the distinct scanning velocities of the study at
different preheating temperatures as melt pool depth. For the calcu-
lation, liquidus temperature TL = 1723 K,39 a = 0.05 cm2 s−1 (Ref. 38)

as thermal diffusivity, λ = 30.08Wm−1 K−1 (Ref. 39) as thermal con-
ductivity, and three different absorption coefficients were used
(A = 0.8 for High VED, A = 0.6 for Basis VED, A = 0.4 for Low
VED). The estimation results are also plotted in Fig. 10. The calcula-
tions show a surprisingly good agreement with the estimation results
and the measured data. The exponential relationship between pre-
heating temperature and melt pool depth seems to be backed by
the Rosenthal model. For the experimentally determined Low VED
data, the data volume might have been too small to reveal this
relationship.

FIG. 8. Etched cross sections with highlighted melt pool boundary of full connection type specimens, build height of 114.5 mm. A: Long ILT, Low VED; B: intermediate ILT,
Basis VED; C: short ILT, High VED.

FIG. 9. Melt pool depth and average preheating temperature under several
experimental conditions.

FIG. 10. Melt pool depth over preheating temperature, experimentally measured
and estimated by use of Rosenthal’s point heat source.
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The choice of different absorption coefficients for the different
VED conditions has been motivated by the work of Trapp et al.40

who measured the absorption coefficients of a 1070 nm cw laser at
bare sheets and metal-powder coated disks for 316L and revealed
the course of increasing laser absorption during melting mode
changes. Interestingly, they determined absorption coefficients
between 0.35 and 0.42 in the case of the onset of the transition
from conduction mode welding to deep penetration mode welding
with non-bimodal melt pool shapes (rather parabolic melt pool
shapes, as also described by Cunningham et al.41). This bimodal
melt pool shape (classical keyhole shape) was, in some cases, not
significantly and, in other cases, not at all pronounced in the case
of Low VED parameters, as can be seen in Fig. 8(a), which shows a
rather parabolic melt pool shape. Therefore, it seems reasonable to
use an absorption coefficient of 0.4 for the Low VED parameter
set. This is also in good agreement with simulative results and its
experimental validations by work of Khan et al.,39 when they used a
similar processing parameter set. In the case of higher VED but still
with the same absorption coefficient, their simulation results under-
estimated the melt pool depth.39 Therefore, a higher absorption coef-
ficient was taken for the High VED parameter set of this study.
Here, an absorption coefficient of 0.8 was chosen according to Patel
and Vlasea,16 which is also close to the saturation value determined
by Trapp et al.40 (0.78). For the Basis VED parameter set, an absorp-
tion coefficient of 0.6 works well with this simplified estimation
approach, which suggests that the absorption saturation threshold is
not reached for the choice of the specific processing parameters. It is
worth noting that this simplified calculation of the correlation
between preheating temperature and melt pool depth using
Rosenthal’s point heat source can only be used as a very rough first
estimation, as Rosenthal’s approach does not consider the deep pene-
tration melt pool shapes. In addition, it neglects any hydrodynamics
within the melt. Furthermore, the use of a volumetric heat source
model respecting the Gaussian intensity distribution of the real laser
beam as well as the consideration of evaporation effects is expected
to deliver more precise results at the cost of simplicity.42

Notwithstanding the discussed limitations of the presented cor-
relations between preheating temperature and melt pool size, it is
revealed by the measurements that the variations in the preheating
temperature significantly affect the resulting melt pool dimensions.
The preheating temperature variations were triggered by differences
in the manufacturing conditions. Hence, inhomogeneities in the
melt pool sizes can be expected when significant changes in the
thermal conditions occur during real part manufacturing. This indi-
cates already further inhomogeneity of the resulting microstructure,
as differences in the thermal gradients during solidification can be
expected. However, this thermal issue is not covered by the parame-
ter development in the batch production of small cubic samples.

Shifting of the processing window—Occurring defects

An elevation in the macroscopic part temperature during pro-
cessing, in particular, an elevation in the preheating temperature of
the topmost layers, rises the prevailing energy level in the
laser-material-interaction-zone. It effectively changes the initial
thermal conditions of the laser melting process. This combined
with a constant external energy addition by laser absorption can

lead to an overall excessive energy input, which can result in the
onset of melt pool instabilities and vapor bubble entrapment by the
liquid melt, known as keyhole porosity after complete solidification.
The same set of processing parameters, which produces almost
fully dense small cubic specimens, might induce keyhole porosity
when the thermal preconditions during manufacturing change.
Effectively, a change in the thermal preconditions can lead to a crit-
ical shift of the processing window determined in a parameter
study at small specimens under rather constant thermal conditions.
This effect is demonstrated by the results of density measurements
at different locations within the specimens. Figure 11 exemplarily

FIG. 11. Porosity increase starts at critical preheating temperatures, which differ
for distinct processing parameters.
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depicts the results of the density measurements at small connection
type specimens produced with short ILT. The causality of the ele-
vated preheating temperatures for the shift toward unstable melting
conditions, and the resulting keyhole porosity can be directly
revealed from the temperature curves and the respective magnifica-
tion of the unetched cross sections. It is necessary to note that the
preheating temperature alone cannot be taken for any result predic-
tion, but the specific processing parameter set must be combinedly
considered already discussed for the variation in melt pool sizes.

CONCLUSIONS

PBF-LB/M process parameters, which can be used to produce
almost fully dense (density higher than 99.8%) small cubic samples
out of 316L, were tested under different processing conditions.
Changes in the geometry as well as changes in the interlayer time
triggered severe variations in the thermal history, resulting in the
significant alteration of the melt pool dimensions and eventually a
shift of the process window with occurring keyhole porosity in spe-
cific cases. The presented results would not have been revealed by
any process parameter optimization using typical 10–15 mm small
cubic samples as test coupons. In addition, correlations between
the thermographically measured intrinsic preheating temperatures
and the resulting melt pool depth were identified. The results
underline the importance of the knowledge about the temperature
profile during the production of real part geometries. It also stresses
the necessity to determine the robustness of specific processing
parameters against detrimental process window shifts. The results
originating solely from classical density cubes and low temperature
processes need to be critically reassessed when significant accumu-
lation of heat occurs during real part manufacturing.

It is, therefore, suggested to determine material specific limita-
tions of tolerable preheating temperatures in the early stage of the
processing parameter optimization. Furthermore, the monitoring of
the thermal history either by the use of a thermographic measuring
equipment or by the use of experimentally validated numerical
simulations is recommended to ensure that these predetermined
temperature limits are met. In the case of exceeding these limits, an
adjustment of the process, e.g., by the integration of additional
time for heat dissipation through purposely prolonging the ILT,
could be a simple solution without the necessity to manipulate the
laser processing parameters itself. The next and more sophisticated
step could then be the design of representative test specimens, on
which the critical thermal profile of a real part geometry will be
transferred.43 This would enable the evaluation of the properties of
the real part geometry without destroying the actual component.
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