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ABSTRACT

Laser Powder Bed Fusion (L-PBF) is bearing the potential to generate new func-
tionally graded microstructures (FGMi) whose properties are tailored regarding
specific applications. However, locally altering the process parameters in order
to create such microstructures can easily compromise the relative mass density
and therefore the performance of a material. This work presents and investigates
in situ heat treatments by double exposure in order to realize FGMi. The results
show an increased parameter flexibility without compromising the relative mass
density, when compared to a single exposure of the investigated low-alloy steel
30CrMoNDb5-2. The systematic investigation regarding the impact of process
parameters enables microstructures in the hardness range from approx. 380-510
HV10. Especially, the introduction of cooling breaks between single exposure
tracks increases the hardness of the microstructure. Tensile tests show an increase
in UTS by 21.3%, when comparing the results with a nonin situ heat treated
sample (single exposure). A homogeneously in situ heat treated sample as well
as both discrete and continuously graded samples demonstrate the potential of
the novel method. Consequently, the presented double exposure approach for
in situ heat treatments is offering a new flexibility regarding the creation of FGMi
by L-PBF and will therefore support the development of future high-performance
materials.
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Introduction
Motivation and potential field of application

Functionally Graded Materials (FGM) present a group
of materials whose properties are tailored regarding
specific applications. Tailored FGM bears the poten-
tial to increase the local performance of a component
as well as to reduce its weight. In addition, the dura-
bility could be increased, resulting in an increased
material efficiency and resilience. FGM are based on
a varying composition or structure [1-4]. As shown
by Pandey [3], FGM can be classified in the following
three groups: porosity gradients (e.g., foams), compo-
sitional or chemical gradient (e.g., hard/carbide met-
als) and graded microstructures. The latter, referred
to as Functionally Graded Microstructures (FGMi), is
based on the fact that the microstructure such as grain
size, orientation or phase distribution of a material is
determining its behavior [1, 2]. A good and common
example is the blade of a knife. While the cutting edge
requires a high hardness in order to create a sharp
blade, other areas however should show increased
ductility. Since these properties pose a classical trade-
off scenario in material engineering, areas of different
microstructures are created resulting in an FGMi.
The combination of geometrical design freedom
and the potential to create metal-based FGMi makes
additive manufacturing (AM) an interesting candidate
in order to create new materials for kinetic energy
absorption. Many examples (e.g., [5-8]) show the
potential of complex geometries like lattice structures
or foams for energy absorption under different load
cases like crash, impact or blast. Other works show
the potential of FGMi or FGM created by conventional
local heat treatments for energy absorption (e.g., see
[9-12]). Simoes et al. [13] demonstrate the importance
of L-PBF process parameter choice for lattice struc-
tures under dynamic loads. Pfaff et al. [14] further
design the local adaption of process parameters to
generate FGMIi in combination with the new geometri-
cal design freedom of AM. Given the background of
energy absorption under dynamic loads, steels present
an interesting group of alloys, since they can offer con-
stant high tensile strength in combination with high
strains. Low-alloy steels also offer several possibilities
regarding the creation of FGMi. While different phases
and grain sizes can theoretically be generated by dif-
ferent cooling rates, the martensitic state also offers the
potential to create areas of different tempering states.
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Therefore, the low-alloy steel “30CrMoNb5-2” with a
chemical composition of 0.29C-0.91Cr-0.73Mn-0.33Ni-
0.27Mo0-0.265i-0.05Cu-0.04Al (wt. %) is investigated
within this work.

State of the art of functionally graded
microstructures by metal additive
manufacturing

The microstructure of a material depends on its ther-
momechanical history and therefore on the manu-
facturing process and its process parameters used to
create and form it. There are different conventional
manufacturing processes which can be used to create
FGMi under certain process limitations, as shown by
Kieback et al. and Rasheedat et al. [15, 16]. However,
due to its incremental nature, AM poses less limita-
tions and enables more flexibility compared to other
processes and therefore has the biggest potential to
create metallic FGMi [2, 16, 17]. The microstructure
of each incremental element within AM depends on
the specific local boundary conditions [18]. In the case
of Laser Powder Bed Fusion (L-PBF), which presents
one of the best-established metal-AM technology to
date [19], the microstructure and thus the mechanical
properties mainly depend on the solidification pro-
cess of the melt pool as well as thermal loads result-
ing from the exposure of following process layers.
L-PBF consists of approximately 50 [20] to 130 [21]
process parameters. Several of these impact the mate-
rial’s microstructure and consequently its mechanical
properties [22].

The literature shows different approaches in order
to create FGMi by metal-AM. Kiirsteiner et al. [23]
for example are introducing an approach where the
directed energy deposition (DED) process is being
stopped between layers in order to cool down the
component. These interruptions increase the cool-
ing rates in the following layer. Martensitic instead
of austenitic areas are the result, when processing a
maraging steel. Also, L-PBF can be used to create local
changes in phase composition using a 17-4 PH steel
as shown by Freeman et al. [24, 25]. By changing the
cooling duration through variations in hatch distance,
exposure speed and exposure diameter, paramagnetic
austenitic and ferromagnetic martensitic regions have
been realized. Zrodowski et al. [26] even present the
possibility to create classical crystalline phases next to
amorphous regions based on different cooling rates
within L-PBF. Popowich et al. [27, 28] in contrast
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are using Ni-based Inconel alloys and varying laser
power, exposure speed, hatch distance and layer thick-
ness within the L-PBF process in order to create local
changes in grain size and therefore in hardness or
yield strength. Also, Nematollahi et al. [29] show that
a change in laser power and scanning speed will result
in different material properties when manufacturing
NiTi shape memory alloys. Donik et al. [30] investi-
gate the impact of the energy density onto the grain
size, hardness and tensile properties for 316 L. The
results proof that weak changes in material properties
are possible if the relative mass density has to be kept
stable. Niendorf et al. [31] prove for a Fe-Mn-Al-Ni
steel that also the area of the exposure cross section
is impacting the thermal boundary conditions, result-
ing in a change of cooling rates and therefore grain
size and orientation. The results of Hearn et al. [32]
indicate that tempering effects can be controlled by
process parameter variations, when processing low-
alloy steels. Double-, multi-, re-melting- or so-called
repetitive exposure strategies can improve densifi-
cation, surface roughness or reduce material defects
(e.g., see [33-38]). Onal et al. [39] observe that a double
exposure on Ti—-6Al-4 V can result in a more uniform,
finer and thus harder microstructure. Also, AlMan-
gour et al. [40] show that a double exposure can result
in finer dendrites when processing TiC/316 L stain-
less steel nanocomposites. Zhan et al. [41] use double
exposure to tune the phase transformation behavior
and mechanical properties for NiTi shape memory
alloys.

Context of this work

As demonstrated by the studies above, different
process parameters and approaches can be used to
impact the microstructure regarding grain size, grain
orientation or phase distribution. However, improv-
ing the material performance by microstructural
changes, also means to achieve an at least nonsignifi-
cant negative change in porosity. Most publications
do not address this problem, but seem to result in
increased porosity when looking into the presented
images. As shown by Donik et al. [30], Zhang et al.
[42], and Kumar et al. [43], some alloys like 316 L and
Inconel 718 offer a relatively wide parameter range
without causing excessive porosities. However, even
though Inconel 718 presents a rather good tolerance
toward parameter changes, the results of Popowich
et al. [27] show an increase in porosity by 245% due
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to process parameter variations. The significance of
such an porosity increase is given by Kan et al. [44].
Other alloys can show a more limited process win-
dow as shown by Calignano et al. [45], Pfaff et al. [46]
and Yadroitsev et al. [47]. Hence, the necessary pro-
cess parameter changes in order to achieve significant
microstructural changes compromise the relative mass
density and therefore material performance. Example
for this limitation is given by Donik et al. [30] for 316 L
and Pfaff et al. [48] for AlSi10Mg. It is also known for
low-alloy steels that slight parameter changes can lead
to defects like cracks and porosities [49]. Preliminary
studies regarding the investigated low-alloy steel
show similar limitation (see Sect. “Flexibility of pri-
mary exposure parameters”).

Within this work, a double exposure approach is
being presented in order to increase the variability
of process parameters and resulting microstructure
without compromising the relative mass density in
order to achieve an increased material performance.
This approach can be used to realize in situ heat
treatments in order to create FGMi. Furthermore, it
can be utilized to create first FGMi based on a contin-
uous property gradient. In contrast, all current studies
presented above are based on sudden, discontinuous
changes in material properties.

Materials and methods
Machine, equipment and preparation

The powder was manufactured by gas atomization
(argon) and characteristics are analyzed by high-
speed imaging using a “Camsizer X2”. The measured
particle size distribution is illustrated by the D;/50/90
values indicating that 10/50/90% of the particles have
an even or smaller diameter than the presented value.
The results present D, D5, and Dy, values of 6.63 pum,
29.18 pum, and 49.75 um, respectively. The typical
particle morphology is illustrated within Fig. 1. The
powder is processed using a “EOS M100” L-PBF sys-
tem and under a layer thickness of 30 um. Argon 4.6
shielding gas resulting in a maximum oxygen content
of 0.1% is applied. The used 200 W cw-laser enables a
maximum laser power of 170 W within the built cham-
ber has a wavelength of 1070 nm and a non-variable
focus diameter of 40 pm based on a Gaussian profile
regarding the energy density. The powder bed is not
heated, and rotating marcelled laser tracks are used
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Figure 1 SEM image of the used steel powder.

as an exposure strategy. Hardness measurements are
carried out by a microhardness tester from “Leitz Wet-
zlar” using the Vickers method (HV 0.1; load: 0.9807 N,
time: 14 s). Macro-hardness (HV 1; load: 98.07 N, time:
14 s) is measured using a “Q250” from Qness follow-
ing DIN EN ISO 6507-1. Plain grinding of the cross
section specimens is followed by fine grinding with
grit sizes and diamond sprays of 15 um, 9 um, 3 um
up to 1 um. All samples were prepared for light optical
microscopy (LOM) using Nital etching. Mass densi-
ties were measured based on the Archimedes principle
using 1 cm® cubic samples and a Kern ABT 220-5DM.
Tensile tests at room temperature were executed on
round tensile specimens (2 4 mm; length reduced sec-
tion: 30 mm) according to DIN EN ISO 6892 using an
Instron 8033. The engineering strain was measured by
single camera digital image correlation using “GOM
Correlate”. EBSD measurements were conducted
using a DigiView 5 camera integrated into a Zeiss
Evo 15. The step width of the measurements was set
to 0.5 um.

Methodology for in situ heat treatment

In a first step within this work, the process parameter
development and the limitations regarding process
parameter variability are being presented, followed by
investigations regarding the approach shown in Fig. 2.

The double exposure approach presents a possibil-
ity to increase process parameter flexibility without
compromising the relative mass density of a mate-
rial. A primary exposure is being applied to each pro-
cess layer in order to achieve a maximum relative
mass density (see Fig. 2a). Each laser track is exposed
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in direct succession to the previous one. The time
between each laser track At is typically set to a mini-
mum, resulting in an increased temperature of the
component during the exposure as shown by Joao
et al. [50].

A secondary exposure parameter is applied in order
to re-melt certain areas of the material (Fig. 2b). The
purpose of this exposure is to control the cooling rate
within the melt track by the parameter variations as
well as the heat treatment of surrounding and under-
lying material. At, presents the time between each
secondary laser track. Inspired by works like Cheloni
et al. [50] or Kiirsteiner et al. [23], it is assumed that
an increased At; will result in a lower thermal load
in underlying areas as well as increased cooling rates
regarding the melt pool of the secondary exposure.
Since the primary exposure of following process layers
will re-melt underlying areas, the melt pool depth of
the secondary exposure should be preferably deeper
than the one of the primary. Based on experience and
the DED results of Kiirsteiner et al. [23] it is assumed
that At, presents a major parameter regarding the
FGMi design by L-PBF. The secondary exposure
parameters can be chosen with an increased flexibil-
ity, since they are applied to an already dense bulk
material. This assumption is based on the following
knowledge:

Lack-of-fusion (LOF), balling, and keyhole for-
mation are the three main defect modes resulting in
porosities. For instance, the power density of a laser
used in keyhole mode causes evaporations, which
result in a cavity, which again boosts laser absorp-
tion. The result is a deeper melt pool than possible
by a purely conduction-driven mode. Characteristic
spherical voids within the laser track are the outcome,
as demonstrated by Madison [51]. Balling refers to a
periodic oscillation of the width of the melt pool tracks
caused by instable melt pools, whereas LOF is caused
by insufficient penetration into the substrate, result-
ing in large and sharp pores [22, 52]. Regarding the
secondary exposure parameters, LOF is not relevant
anymore, since the bulk material is already consisting
of fused layers. Keyholing phenomena are expected to
be harder to trigger, since even without evaporations
the initial state of a powder layer is already consisting
of gas cavities. This should cause an increased absorp-
tion of already reflected radiation (interparticle reflec-
tions see [53]) leading to deep welding. Therefore, the
parameter threshold to trigger keyholing should be
lower, when exposing bulk material. Furthermore, it
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Primary Exposure
Purpose: Generating low porosity material from
powder feedstock

Laser & Optical Units

Process Layer

Figure 2 Proposed approach in order to create functionally
graded steel microstructures of maximum relative mass density
by in situ heat treatments via double exposure. a Primary expo-

can be expected that bulk material is showing a lower
tendency to balling phenomena than a layer of pow-
der, since the available material is distributed more
smoothly, which supports the stability of melt tracks.

While the primary exposure is applied in each pro-
cess layer, the secondary exposure is not necessarily
applied in each layer. However, not only the second-
ary exposure will form the resulting microstructure
but also the exposure of following process layers.
Both exposures will lead to a heat treatment of mate-
rial in underlying layers. Hearn et al. [32] for example
observe a micro- and macro-tempering of martensite
in lower process layers in the case of low-alloy steels.
Microstructural analyses in order to verify changes in
mechanical behavior are time consuming, intricate in
interpretation and prone to errors, due to the expect-
able phases, which are all based on body-centered
crystal structures (e.g., martensite, bainite, ferrite).
Therefore, micro-hardness measurements are used
within this work, in order to identify relevant changes
in microstructure. This is done based on the correla-
tion of microstructures, hardness and the stress/strain
properties [54, 55]. While a hardness value only pre-
sents a semi-quantitative measure of resistance to plas-
tic deformation, it still shows correlations to the tensile
properties and microstructure within a material class.
This has been shown for many alloys (e.g., [56-59])
and can also be observed for low-alloy steels as shown
by the ASTM A 370-68 steel table. However, a direct
statement between the properties is not possible [54].
The assumptions and presented approach above result
in the following hypotheses for this work:

Secondary Exposure
Purpose : Forming the microstructure in lower
areas by melting & in-situ heat treatment

(b)
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Iteration in Following Process Layers
Effect: Applying further heat treatments in lower
process layers.

Process Layer

sure of powder layer, b secondary exposure of bulk material, ¢
iteration of a and b in following process layers.

Hypothesis 1 Variations in primary exposure parameters
can lead to (microstructural) changes in hardness but also
compromise the relative mass density.

Hypothesis 2 The double exposure approach increases the
variability of process parameters for in situ heat treatments,
without compromising the relative mass density.

Hypothesis 3 Introducing cooling phases (At) between
single exposure tracks will facilitate microstructures of
increased hardness.

Results and discussions

Development and characterization of primary
exposure parameters

Process parameter development

The primary exposure parameters were developed
based on the approaches presented by Pfaff et al.
[46] and Johnson et al. [52] for a layer thickness of
I=30 um. Figure 3a, b presents the measured melt
pool dimensions. The width of the melt pool (W), the
depth (D), the length (L), and the layer thickness (/)
are the four categories that are used in literature to
describe the scope of Keyholing, LOF and Balling [46,
52, 60-62]. The printability map (Fig. 3c) is retrieved
based on the following threshold values defined by
Johnson et al. [52]: Keyholing W/D <1.5, LOF D/I<1.5
und Balling L/W>2.3.

@ Springer
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Figure 3 Melt pool dimensions of single laser tracks. a Melt
pool width. b Melt pool depth. ¢ Printability map based on the
following threshold values: Keyholing W/D < 1.5, Lack-of-Fusion

Based on the printability map in Fig. 3b, a, Design
of Experiment (DoE) plan was conducted within the
following process window, as marked in Fig. 3b in
red: Laser power P, 140-170 W; exposure speed v,
400-1400 mm/s; hatch distance hp 0.06-0.1 mm. Based
on a 5% level of significance, the resulting model
equation shows a good coefficient of determination
(R*=88.89). The relative mass density is retrieved
based on an absolute density of 7.86 g/cm> based on
Lide [63]. In a second iteration, the window was lim-
ited to the range of highest density (140-170 W and
800-1100 mm/s), while setting the least significant fac-
tor “hatch distance” to 0.08 mm. This second iteration
results in a coefficient of determination R?=86.73. Both
resulting model equations are visualized in Figs. 4 and
5. In the course of the third iteration, only the expo-
sure speed is varied by the values 860, 880, 900 and
920 mm/s. The laser power remains at 170 W, the path
distance at 0.08 mm. For each variation, 4 samples
were produced. No significant variation was detected
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(LOF) D/t< 1.5 und Balling L/W>2.3. Marked in red: Investi-
gated area for volumetric L-PBF process parameters

using t tests. The maximum relative mass density was
measured at 880 mm/s. Based on these findings, pri-
mary exposure parameters are set to 170 W, 880 mm/s
and 0.08 mm. A density of 7.82 g/cm?® (¢ =0.0043) or
99.5% was determined. Visual evaluation by LOM of
cross section specimens reveal similar relative densi-
ties of 99.6% (0 =0.091). Hardness tests yield a value
of 395.96 HV (0 =7.17) or 410 HBW (0 =5).

Flexibility of primary exposure parameters

The laser power, exposure speed, hatch distance as
well as At (time between laser tracks) are assumed
to enable the highest potential to impact the cool-
ing rates and in situ heat treatments and are there-
fore investigated. Regarding the first three a DoE
based on a CCC-Design plan was placed around
the primary exposure parameter. The parameters
within the design plan were varied by +2.5% in a
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Figure 4 Visualization of the first DoE iteration. Points of meas-
urement are marked by black dots. Model equation: p(Pv,h)=
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Figure 5 Visualization of the second DoE iteration. Points of
measurement are marked by black dots. Model equation: p(P,v,h)
=261.8-0.97P-0.1872v+0.001117vP.
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(b) 170
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Laser Power [W]
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a Exposure speed vs. hatch distance (hold value 155 W). b Laser
power vs. hatch distance (hold value 900 mm/s). ¢ Laser power vs.
exposure speed (hold value 0.08 mm).

first step, followed by variation of + 5% and +7.5%.
At a variation of +7.5%, the exposure speed showed
a first significant impact above the defined level
of significance of 5%. The measurements in Fig. 6a
visualize the effect by a direct change of exposure
speed and therefore energy density. These results
also show that the porosities cannot be prevented by
an adaptation of the hatch distance. Regarding the
resulting hardness, no significant impact is observed
for changes in energy density (via exposure speed)
and hatch distance (see Fig. 6b). All samples so far
are based on a direct temporal succession of laser
tracks. Hence, a minimum Atp is necessary for the
sky writing process (turn around and acceleration
path) and is being applied. Regarding the measure-
ments in Fig. 6b, d, Atp is set to ~ 1 s. The results
show a surprisingly strong impact on the porosity.
Due to the high porosity, the relative mass density
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Figure 6 Flexibility of primary exposure parameters regarding
the resulting porosity and hardness. Each standard deviation is
based on a group size of four samples. a Impact of changes in
exposure speed (energy density) and adapted hatch distance on

was measured by LOM imaging instead of by the
Archemedes principle. At P, =170 W, v, = 880 mm/s,
h,=0.08 mm and At,=1s, only At, is changed com-
pared to the reference parameters resulting in a
decrease in approx. 15 pp. Adaptions in exposure
speed or hatch distance do not eliminate this trend.
Changes in Af, result in an increase from approx. 396
HV10 to approx. 500 HV10. Attempts to increase the
relative mass density reproducibly back to approx.
99.5% by applying the secondary exposure were
unsuccessful.

Proof of Hypothesis 1 The results above show that the
flexibility regarding energy density and hatch distance
is not sufficient for changes in hardness without sig-
nificantly compromising the relative mass density.
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hardness values. b Relative mass density of samples manufac-
tured at A7, ~ 1 s; P,=170 W. d Corresponding hardness values.

Variations regarding At, also proof that microstruc-
tural changes are possible by variations in primary
exposure parameters, increasing the hardness from
396 to approx. 500 HV10 but also result in a distinct
loss in relative mass density (~ 15 pp).

Expectations regarding Hardness based on Single Laser
Track Experiments

Figure 7 presents the microhardness measured
within single laser tracks. Two states labeled as “HT”
and “no HT” are measured (definition see Fig. 7a).
“No HT” presents laser tracks placed within the
final exposure layers. Therefore, no heat treatment
resulting from consecutive layers was applied. “HT”
presents laser tracks, which were placed within the



J Mater Sci (2023) 58:17383-17404

(a)

17391

625 § § é
¢ . ®
600 - . %
S 5754 I %
: f
T
o 550
®
S 525 - = noHT170 W
S T 7 F ® noHT120W
v A noHT70W
500 -
b L 3 v HT170W
& HT120W
475 - T <4 HT50W
450 | ;
100 1000

Exposure Speed [mm/s]

Figure 7 Micro-hardness measured on single laser tracks. a
Image of the investigated cross section sample showing the
position of the single laser tracks to demonstrate the definition
of “no HT” (no in situ heat treatment; single laser track placed
in final exposure layer) and “HT” (in situ heat treatment; single

material. For this group, an in situ heat treatment
has been applied through consecutive process layers
exposed by the primary exposure. Each laser track
was measured up to five times throughout its cross
section as shown in Fig. 7a.

“No HT” laser tracks within the last process layer
reach a maximum of approx. 620 HVO0.1. Laser tracks
of a higher laser power show lower hardness increas-
ing with the exposure speed. The values converge
around 400 mm/s. The standard deviation increases
with the melt pool cross section (increasing laser
power; decreasing exposure speed). A tendency of a
softer core and harder values toward the edges was
observed, which is in accordance with the thermal
gradient during melting and solidification (e.g., see

laser track placed in material, followed by exposure layers). Right
hand side: Exemplary measurement within single laser track
(170 W; 400 mm/s; “no HT”). b Microhardness measured on the
two states “no HT” and “HT”.

[64]). As described by Xia et al. [64], increased melt
pool dimensions show stronger thermal gradients
and consequently result in an increased deviation
in hardness. Figure 7b also shows that the in situ
heat treatment is resulting in a strong decrease in
hardness of ~200 HV0.1, due to tempering effects
as discussed by Hearn et al. [32]. The impact of the
original laser power is not visible anymore, while
the tendency of increasing hardness by increasing
exposure speed still appears to be visible, though not
statistically significant anymore. The results show
that even though a theoretical maximum hardness
of around 620 HVO0.1 is possible, the in situ heat
treatment applied in subsequent layers will limit
this maximum to approx. 500 HVO0.1. The investiga-
tions above in Sect. “Flexibility of primary exposure
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parameters” also show that the thermal load cannot
be reduced by energy density or Af, without com-
promising the relative mass density. Alternative
approaches to reduce the thermal load caused by
the primary exposure could be adaptions in layer
thickness or powder bed temperature.

Impact of secondary exposure parameters

The impact of the secondary exposure parameters is
investigated based on the following primary exposure
parameters: Pp =170 W, v, = 880 mm/s, hp =0.08 mm
and At,=1s.

Relative mass density

Figure 8 illustrates the impact of P, and v, onto the
relative mass density. A negative impact resulting
from h,, At, or exposure speeds above 600 mm/s is
not expected and has not been investigated. Samples
exposed to v, =50 and 100 mm/s result in a significant
decrease in density.

The keyholing porosities causing this drop can be
observed by LOM. The results regarding the keyhol-
ing phenomena show a mismatch with the theoreti-
cal, threshold-based, keyholing definition of W/D <1.5.
This could be due to several reasons: E.g., unsuitable

100.00
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99.50
99.25 —

4

99.00

4

98.75

98.50

Relative Density [%]

98.25 +

4

98.00

97.75
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threshold value; exposure of powder vs. bulk material
(see Sect. “Methodology for in situ heat treatment”);
or keyholing effects are not sufficient to impact the
measurements significantly.

Hardness

Figure 9 illustrates the impact of P, and v, under
the two different conditions At,=min. and At,=1s
onto the hardness, while the secondary exposure is
applied in every process layer (I,=1=30 pum). Regard-
ing At,=min., a decreasing hardness of approx.
380 HV10, 390 HV10 can be observed at v,=50 mm/s
and 100 mm/s, respectively. No significant effect can
be identified for increased exposure speeds. This
observation is in accordance with the assumption
that an increased thermal load will result in temper-
ing effects and therefore lower hardness. The Af,=1s
state in contrast shows an increasing hardness with
increasing exposure speed, as well as a turning point
at 400 mm/s and approx. 490 HV10.

The reason for this turning point is noticeable in
the LOM images presented in Fig. 10. While Fig. 10a
(P,=170 W, v, =400 mm/s) is only showing laser tracks
resulting from the secondary exposure (identified
based on the single laser track experiments in Sect.
“Expectations regarding Hardness based on Single

1 I 1 1
0 100 200 300 400
Exposure Speed [mm/s]

Figure 8 Relative mass densities resulting from changes in
exposure speed (energy density) and hatch distance. Hatch dis-
tance is given relative to melt pool width (see cross section meas-
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500 600

urements in Figs. 3 and 7). LOM images on right hand side show
porosities in melt pool tip resulting from keyholing phenomena.
hy=50%, At;=1s, [.=30 um.
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Figure 9 Impact of P, and v, on hardness at a hatch distance of 50% relative to melt pool width and layer thickness /,=30 um. Measure-

ment method: Macro-hardness. a At,=

min. state enables softer microstructures; b Az, =1 s state enables harder microstructures.

Sy Y

ol

Figure 10 Optical micrographs of samples manufactured under
the following secondary exposure parameters: a Only secondary
exposure tracks are visible. P,=170 W, v,=400 mm/s, #,=50%,

Laser Track Experiments”), the laser tracks in Fig. 10b
(P,=170 W, v,=600 mm/s) cannot be clearly associated
with primary or secondary exposure. It is therefore
concluded that the penetration depths of secondary
and primary exposure start to overlap, resulting in
a mix of measured secondary and primary exposure
tracks, since the hardness indent covers several laser
tracks (size ~ 200 pm). This also explains the increased
standard deviation for these samples. The results are
in accordance with the assumption that an increased
thermal load will result in increased tempering effects
and therefore in a lower hardness, while secondary
exposure parameters, which are re-melting deeper
areas, will be subject to lower thermal load and thus
result in an increased hardness. Also, the impact
caused by the intensity of the thermal load is visible in

[,=30 ym; b Primary and secondary exposure tracks are not
clearly distinguishable. P,;=170 W, v,=600 mm/s, h,=50%,
[,=30 um.

the results. An increased exposure speed is therefore
resulting in higher hardness.

The impact of the secondary layer thickness I, is
analyzed in Fig. 11. In general, the results show that
an increasing I, will increase the resulting hardness.
Looking closer at the results, a trend of increasing
standard deviation with increasing secondary layer
thickness I can be observed, especially for At,=min.
This assumedly represents an increasing gradation
of the material. Since with an increasing secondary
layer thickness I the secondary laser tracks re-melt
smaller amounts of the former secondary laser tracks,
the melt pool residuals experience an increasing tem-
perature profile resulting in an increasing gradation
of the laser tracks in the final microstructure. Further-
more, a second effect can be observed in Fig. 11. The

@ Springer



17394
Aty = min.
@) 550
500
480
2 40 -
B 440 R R s
g -
5 4204 o7 - -A----mT TS A
T O M R °
40047 T EE B ) I
-L ;._ _.-——— ____________ F
380 s Reference
360 T T T T 1
0 100 200 300 400 500

Exposure Speed [mm/s]

J Mater Sci (2023) 58:17383-17404

At;=1s
(b) 590 -
500 o 4.----=FZZZZIZ
I SES R
wi LI :
¢, .0 L
460 AV AaAe
\ s
oo, m  HT every layer
440 4 £ ¥ ® HT every 2™ layer
f . A HT every 4" layer
420 - Y v HT every 8" layer
i @ HT every 16" layer
4004 ——
380 - Reference
360 T T T T 1
0 100 200 300 400 500

Exposure Speed [mm/s]

Figure 11 Impact of layer-wise application of secondary exposure. Measurement method: Macro-hardness. HT =in situ heat treatment/
secondary exposure. P =170 W, h,=50%, [;=30 um. a Az,=min.; b At,=1s.

samples at v, =400 mm/s and [, =16th layer show a
sudden drop in hardness combined with the highest
observed standard deviations. When looking at the
penetration depths (see Fig. 3b) of the applied expo-
sure parameters, it becomes clear that the depth of the
secondary laser tracks is close to the secondary layer
thickness .. LOM reveals laser track residuals of dif-
ferent sizes. Thus, the resulting material presents a
mix of secondary and primary laser track. The micro-
structure is therefore already presenting a layer-wise
FGMi. Measuring the different areas of this material
are resulting in a distorted mean and standard devia-
tion of the sample.

Proof of Hypothesis 2 The results regarding the hard-
ness (Fig. 11) in combination with the results regard-
ing the relative mass density (Fig. 8) show in contrast
to the results regarding the flexibility of primary expo-
sure parameters in Sect. “Flexibility of primary expo-
sure parameters” that a wide spectrum of in situ heat
treatments resulting in microstructural changes can be
applied without compromising the relative mass den-
sity, due to the presented double exposure approach.

Proof of Hypothesis 3 The results in Fig. 11b proof
that the introduction of cooling phases between sin-
gle exposure tracks facilitate the highest increase in
hardness.

@ Springer

Figure 12 presents the impact of the secondary
hatch distance h, onto the hardness. The results show
a decreasing hardness with increasing hatch distance.
OM images reveal the same effect as shown in Fig. 10.
The microhardness starts to be dominated by primary
laser tracks, since the increasing hatch distance is caus-
ing gaps between the secondary exposure tracks. A
decreasing hatch distance in contrast results in a larger
overlap of laser track. The resulting microstructures
are therefore dominated by residuals of the outer melt
pool areas, while inner melt pool areas are re-melted.
As mentioned above, a tendency of a softer core and
harder hardness values toward the edges of melt pools
has been observed. EBSD measurements as illustrated
within Fig. 13 reveal smaller grain sizes within the
outer melt pool residuals, but especially a significantly
lower image quality (IQ) as well as kernel average mis-
orientation (KAM). The observed increasing hardness
by decreasing hatch could therefore be explained by
different effects, such as smaller grain size as observed
by IPF mapping, lattice distortions based on the KAM
mapping or lattice imperfections based on the IQ map-
ping. Additionally, to the findings above, the impact of
additional break time between single process layers as
presented by Kiirsteiner et al. [23] was tested without
any significant impact onto the hardness.



J Mater Sci (2023) 58:17383-17404

(@) 530
= v,=600 mm/s

5204 ® v,=400 mm/s

5106
500 - o0
490
480 T

470 - " i °

460

Hardness [HV 10]

L 3l

450 +

20 40 60 80 100 120 140 160 180 200 220

Hatch Distance [%]

Figure 12 a Impact of hatch distance 4, on hardness. Hatch dis-
tance is given relative to melt pool width. P,.=170 W, Az,=1 s,
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the following parameter is showing gaps between the secondary
exposure tracks resulting in a decreasing hardness. P,=170 W,
v,=600 mm/s, h,=100%, At,=1s, ;=60 um.

1Qmin  1Qumax.
[ |

Figure 13 EBSD measurement on sample P, =170 W, v, =400 mm/s, h,=50%, At,=1 s, ;=60 um a IFP mapping. b IQ mapping. ¢

KAM mapping (3rd neighbor; angle restriction 5°).

Influencing tensile properties by in situ heat
treatment

The most promising parameter combinations are
tested on their monotonic tensile properties. All sam-
ples were manufactured within one print and tested
in z-direction (build direction) in an “as-built” surface

state. Figure 14 presents representative stress—strain
curves for each material state. The results show a sig-
nificant increase in ultimate tensile strength (UTS)
by approx. 21.3% in combination with a decreasing
elongation at break by approx. 35% for the hardest
sample compared to the none in situ heat treated ref-
erence sample. However, softer in situ heat treated
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Figure 14 Stress—Strain
curves resulting from dif-
ferent secondary exposure
parameters. Notation within
legend: P, v, hg achieved
hardness. Deviations

based on three valid tests.
[;=30 um. At,=1s.

samples do not show an improved ductility compared
to harder samples as could be expected. This could be
due to porosities resulting from keyholing effects (see

Engineering Stress [MPa]
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Figs. 8). A linear correlation between hardness and
UTS can be observed, resulting in a hardness-UTS
factor of 2.91 (¢ =0.09). Hardness measurements were
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Figure 15 Homogeneously in situ heat treated 10X 10 X 10 mm cube. Secondary exposure parameters: P, =170 W, v,=400 mm/s,

h,=50%, At=1s, ;=30 pm.
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carried out directly on tensile specimens. The dem-
onstrated changes in strength, hardness and ductility
offer the change to tailor the mechanical properties of
components for different load scenarios. E.g.: Simula-
tions of lattice structures under high strain loads (e.g.,
see Imbalzano et al. [6]) show that the plastic defor-
mation is resulting in localized plastic deformation
within the lattice cell. Areas of higher plastic defor-
mation would require a more ductile material, while
other areas require a higher strength for an optimized
energy absorption.

Generating functionally graded
microstructures

The findings can be used to apply a homogeneous,
graded or discrete in situ heat treatment to a part in
order to adapt its mechanical properties. Figure 15
shows a homogeneous in situ heat treated micro-
structures, which could be used to tailor the strength-
ductility trade-off for a given application scenario.
The example also shows the limitation of a homoge-
neous application. The first process layers (downskin
area) of the part exhibit a significantly lower hardness
(~ 480 HV10 instead of ~500 HV10). This is assumed
to be the result of heat accumulation due to the use of

500
|
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filigree support structures below the sample, result-
ing in an reduced thermal conductivity. Such areas
are subject to increased thermal loads resulting in
increased tempering effects. Furthermore, the last
process layer is not experiencing any heat treatment
resulting in an increased hardness (~ 550 HV10 instead
of ~ 500 HV10). This layer will not be measured in the
following two examples.

Figure 16 presents a continuously graded FGMi,
realized by the following secondary exposure param-
eters: P,=170 W, v,=50 mm/s, h,=180%, At =min. In
order to grade the sample, the secondary exposure is
not applied in every layer. Instead, the application is
continuously increased by one layer thickness, i.e., the
distance between the first and second double exposure
is one layer thickness I, between second and third 2 [

Table 1 Secondary exposure parameters used within different
sections of the sample in Fig. 17

0to2.5mm 250to5Smm S5to7.5mm 7.5to 10 mm

~v

170 W
- 400 mm/s
50%

0.3 mm

170 W
200 mm/s
50%

0.36 mm

170 W
100 mm/s
50%

0.54 mm

@

> <
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©

~
[l
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i - 1000

g

Figure 16 Demonstration of a continuously graded microstructures. In Situ heat treated by the following secondary exposure param-

eters: P=170 W, v,=50 mm/s, h,;=180%, At=min., [ =1, ,+1,
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Figure 17 Demonstration of a discrete graded microstructures. In situ heat treated by the secondary exposure parameters listed in

table 1. Atr=1s.

and between third and fourth 3 I. This approach results
in a high thermal load in lower areas and a reduced
thermal load as well as deeper re-melted and there-
fore less in situ heat treated areas with increasing built
height. The hardness curve shows a steady increase
from the lower edge of the component with a hardness
of 363 HV10 to the upper edge with 489 HV10. The
value of 363 HV10 in the lower areas of the sample is
lower than anticipated by the results above. This can
be explained by the same downskin-effect as in Fig. 15.
Graded microstructures will enable combination of
material properties within a single part. Hardness
gradients can offer advantages in cutting tools, bear-
ings, gears, tool dies or protection against penetrators.

Regarding the discrete FGMi, the sample is divided
into four equal areas, each 0.25 mm high. The choice
of parameters for each section is given in Table 1. Fig-
ure 17 shows the microsection of the sample and the
associated hardness profile. The result shows a good
separation of the different sections. However, the low-
est values within Sect. “Materials and methods” and
“Results and discussions” seem to be impacted by the
thermal load caused by the parameters of the follow-
ing section.
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Microstructural analysis

Looking at the literature (e.g., see [50, 65-70]), it is
clear that single laser tracks result in an extremely
high cooling rate, which necessarily leads to marten-
sitic microstructures. However, it is also known that
the continuous application of several laser tracks, as it
is the case for actual three-dimensional parts, results
in an increasing part temperature, as shown by Chelo-
nie et al. [50], Chae et al. [69] and Promoppatum et al.
[67]. Own measurements by pyrometry (measurement
setup see Pfaff et al. [66]) concerning the investigated
alloy show that the exposure of a part can take several
seconds and increases the part’s temperature by sev-
eral hundred degrees which could theoretically lead
to bainitic phases. LOM images reveal needle-like or
lath-shaped morphologies, which according to Oettel
[71] can be interpreted as martensitic. It is therefore
assumed that the investigated microstructures are
martensitic and the variations in hardness present
different states of tempered martensite. When ana-
lyzing the continuously graded microstructures (see
Fig. 18), a high amount of presumed martensite can
be observed within the last process layer which did
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Figure 18 LOM analysis of nital-etched continuously graded hardness specimen (see Fig. 16).

not receive any in situ heat treatment. Laser tracks
directly below but still in the upper area received an
in situ heat treatment and show a strong decrease in
presumed lath-martensite. Middle and lower areas,
which received increasing thermal loads due to the
parameter selection, show increased tempering effects.
A constant decrease in needle-like morphologies and
needle size can be observed.

Conclusions

The presented double exposure approach within this
work is enabling in situ heat treatments in order to cre-
ate FGMi by L-PBF. The primary exposure ensures a
high relative mass density, while the secondary expo-
sure serves as a variable for the in situ heat treatment.
Changes in microstructures are measured indirectly
by hardness measurements. This is done based on the
correlation of microstructures, hardness and resulting
mechanical tensile properties. The presented approach
is tested for the low-alloy steel 30CrMoNDb5-2, provid-
ing the following findings for this alloy:

¢ Increased parameter flexibility
The results show that in contrast to a single
exposure strategy, the double exposure approach
enables process parameter variations leading to
microstructures of different mechanical properties,
without compromising the relative mass density.

¢ Correlating process parameter changes and result-
ing hardness
The impact of the secondary exposure param-
eters laser power, exposure speed, hatch distance,
cooling time between laser tracks and layer thick-
ness is investigated. The results enable a hardness
spectrum of approx. 380-510 HV10 for the inves-
tigated alloy. Harder and softer areas between
approx. 360—-620 HV can be realized in the final and
first layers.

¢ Resulting tensile properties
Tensile tests show an increase in UTS by
approx. 21.3%, in combination with a reduction in
the elongation at break by approx. 35% when com-
paring the hardest sample with a non-intentional
in situ heat treated sample (single exposure).

@ Springer
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¢ Demonstrating FGM

Three types of FGMi are realized and serve as
demonstrators for the proposed strategy. Homog-
enously applied in situ heat treatments can serve
to adapt the mechanical properties of a material. A
continuously graded sample demonstrates a linear
hardness gradient between 363 and 489 HV10. Fur-
ther, a discrete change in hardness demonstrates
the possibility to create areas of different micro-
structures side by side.

Within this work, the microstructural changes
are identified by hardness measurements, since the
microstructural analysis are time consuming, intri-
cate in interpretation and prone to errors due to the
expectable phases which are all based on body-cen-
tered crystal structure (e.g., martensite, bainite, fer-
rite). To enable a better understanding of the gener-
ated microstructures, future works can focus on the
microstructural analysis (e.g., based on SEM-EBSD).
Furthermore, the results show that the microstructure
is not only a result of the cooling duration but also of
the heat treatment resulting from subsequent layers.
Therefore, measurements regarding the thermal load
resulting from different parameter conditions and the
corresponding microstructural changes in Z (build)
and XY direction are of high relevance in order to cre-
ate target orientated FGMi. Such a knowledge could
also support the development of primary process
parameters resulting in a lower thermal load.

Additional remark regarding At,

Within this work, the break times between each laser
track At, are set to 1 s in order to ensure significant
cool down of the part. This value is rather arbitrary
and not optimized so far, causing a strong increase
in manufacturing time. First own measurements (see
Pfaff et al. [66]) suggest that it could be reduced to a
few milliseconds. Furthermore, randomized scanning
strategy as demonstrated by Zrodowski [72] offers
additional potential to reduce the manufacturing time.

Data and code availability

Additional data will be made available upon request.
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