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Abstract: Laser-based powder bed fusion of metals (PBF-LB/M) is an emerging technology with
enormous potential for the fabrication of highly complex products due to the layer-wise fabrication
process. Low-alloyed steels have recently gained interest due to their wide potential range of ap-
plications. However, the correlation between the processing strategy and the material properties
remains mostly unclear. The process-inherent high cooling rates support the assumption that a very
fine martensitic microstructure is formed. Therefore, the microstructure formation was studied by
means of scanning electron microscopy, hardness measurements, and an analysis of the tempering
stability. It could be shown that additively manufactured Bainidur AM samples possess a bainitic
microstructure despite the high process-specific cooling rates in PBF-LB/M. This bainitic microstruc-
ture is characterized by an excellent tempering stability up to temperatures as high as 600 ◦C. In
contrast to this, additively manufactured and martensitic-hardened specimens are characterized by a
higher initial hardness but a significantly reduced tempering stability. This shows the potential of
manufacturing products from Bainidur AM for high-temperature applications without the necessity
of a post-process heat treatment for achieving the desired bainitic microstructure.

Keywords: PBF-LB/M; selective laser melting; laser beam melting; low-alloyed steel; Bainidur AM;
material properties; phase formation; tempering stability; bainitic steels; additive manufacturing

1. Introduction

Bearing and gear applications have an extremely high demand regarding the under-
lying material properties as a high-impact toughness is required while also providing a
sufficient material hardness and wear resistance [1]. The material properties of parts are
highly dependent on the underlying microstructure, especially the phase distribution [2].
In steels, for example, a high ductility is achieved through the austenitic or pearlitic phase,
while the martensitic phase favors an elevated hardness at the cost of ductility [3]. A
trade-off between these two phases is possessed by bainite, which is characterized by
a material hardness comparable to tempered martensite [4]. The ductility of bainite is
typically higher compared to that of martensite. When generating the bainite, however, a
complex heat treatment with adjusted cooling conditions and prolonged holding times is
typically necessary [5]. The heat treatment parameters are again dependent on the chemical
composition of the material system [6]. Additive manufacturing technologies such as laser-
based powder bed fusion (PBF-LB/M) and directed energy deposition (DED-LB/M) are
known for their high cooling rates, which can exceed 103 K/s for both processes [7,8]. This
would typically result in the formation of a martensitic phase in carbon steels [9]. In recent

Materials 2022, 15, 6171. https://doi.org/10.3390/ma15176171 https://www.mdpi.com/journal/materials

https://doi.org/10.3390/ma15176171
https://doi.org/10.3390/ma15176171
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://doi.org/10.3390/ma15176171
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma15176171?type=check_update&version=1


Materials 2022, 15, 6171 2 of 18

years, the Deutsche Edelstahlwerke Specialty Steels GmbH (Krefeld, Germany) developed
a low-alloyed case-hardening steel named Bainidur AM. The chemical composition of this
alloying system was adjusted to favor the formation of a bainitic microstructure in the
PBF-LB/M process [10]. Kelliger et al. [11] have used this material to manufacture nozzles
with optimized cooling channels. However, no studies on the microstructural properties
were performed within this work. Apart from that, Bartels et al. [12] showed the general
processability of Bainidur AM by means of DED-LB/M. These early investigations indicate
that at least a partial bainitic microstructure is formed during the DED-LB/M. However,
extensive research on this material system and the corresponding phase formation in this
material system is not available in the literature up to now.

Due to their low carbon content, case-hardening steels typically possess a good weld-
ability, making them suitable for welding-based processes [13]. First studies on the pro-
cessing of this group of steels by means of PBF-LB/M have already been performed.
Independent researchers, e.g., Kamps [14], Schmitt et al. [15], and Bartels et al. [16], show
that defect-free parts from 16MnCr5 can be manufactured additively. Schmitt et al. [17] also
state in another work that a predominant bainitic microstructure with shares of martensite is
formed when processing the low-alloyed steel 16MnCr5 by means of PBF-LB/M. However,
thorough investigations on the microstructure are missing within this work as the focus was
laid on studying the process chain for manufacturing gears using the PBF-LB/M process.
Aumayr et al. [18] investigated the processing of the low-alloyed steel Böhler E185 AMPO,
also using the PBF-LB/M process. The carbon content of this material is around 0.2 wt.%.
Here, a defect-free processing was possible for different parameter combinations. This
material was also characterized by an excellent impact toughness of around 140 J. Tensile
strength and elongation at break were determined to be around 1150 N/mm2 and 15%,
respectively. This was attributed to the bainitic-martensitic microstructure formed during
the PBF-LB/M process. After hardening, a higher tensile strength at the cost of a reduced
ductility could be observed, which further underlines these findings that martensite is not
the main phase within the microstructure. Zumhofen et al. [19] investigated the PBF-LB/M
of 30CrNiMo8. This material is characterized by a higher carbon content compared to
16MnCr5, which could potentially favor defect formation during build-up. Their experi-
ments show that defect-free specimen with a high relative part density can be fabricated
using a platform preheating of 300 ◦C. The as-built material is characterized by an acicular
microstructure compared to the same material in the quenched and tempered state. Damon
et al. [20] studied the impact of the process intrinsic heat treatment on the mechanical
properties of the quench and tempering (QT) steel 42CrMo4. Within their work, they found
that a similar hardness of around 40 HRC could be observed when tempering the quenched
material at 450 ◦C. Considering the high cooling rates of the PBF-LB/M process and the
preheating temperature of around 200 ◦C, a significantly higher hardness of around 650 HV
should be present after fabrication. Instead, the as-built microstructure possesses finely
dispersed carbides, which are typical for tempered martensite. The authors assume that
a reheating and tempering of lower layers takes place during the manufacturing process,
which could explain the tempered martensitic structure. Another work by Beer et al. [21]
investigated the processing of the case-hardening steel M50NiL by means of PBF-LB/M
and compared the resulting material properties with the ones obtained for conventionally
manufactured M50NiL. In both cases, similar microstructural and mechanical properties
were obtained. Furthermore, additively manufactured samples mastered fatigue life testing
without premature failure.

The literature review shows that parts from low-alloyed steels can be manufactured
successfully using the PBF-LB/M process. However, fundamental investigations on the
microstructure formation are still missing for this material class. These studies need to be
performed to fully understand the phase formation and the resulting material properties
after PBF-LB/M to fully exploit the benefits of the process-specific fine microstructure.

The goal of this work is to study the influence of different processing conditions
and strategies on the phase formation in the low-alloyed steel Bainidur AM (1.7980;
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18MnCrMoV4-8-7) in PBF-LB/M. As the name suggests, the material was designed to
form bainite during additive manufacturing processes. It is assumed that a predominantly
bainitic microstructure can be formed in PBF-LB/M despite the high cooling rates in the
order of 103 to 105 K/s [7,8] of this process. Furthermore, the tempering stability will be
analyzed as an indicator for a bainitic microstructure.

2. Materials and Methods

The powder material Bainidur AM (Deutsche Edelstahlwerke, Germany) was used
for the underlying experiments. All experiments were performed on an AconityMINI
(Aconity 3D, Germany) equipped with a 1 kW fiber laser. The average particle size distri-
bution of the powder batch ranged from 15 to 45 µm (d10% = 18.28 µm, d50% = 32.72 µm,
d90% = 46.58 µm, measured using a Camsizer). Table 1 lists the chemical composition of
the material system according to the supplier’s certificate.

Table 1. Chemical composition of the Bainidur AM powder batch used within this work.

Batch
Element Content in wt.%

C Si Mn P S Cr Mo Ni V

Powder 0.22 0.7 1.2 <0.02 <0.02 1.0 0.9 <0.3 <0.15

The powder material is characterized by a low carbon content of 0.22 wt.%, which in-
dicates that the material should be processed successfully without cracks using PBF-LB/M.
An ELEMENTRAC CS-i (ELTRA GmbH, Haan, Germany) analyzer was used to validate the
carbon content of the powder material. Furthermore, optical emission spectroscopy (OES)
was used for determining the chemical composition of the material in the as-built state. A
SPECTROMAXx (SPECTRO Analytical Instruments GmbH, Kleve, Germany) was used for
these measurements. The composition was determined in the center of the specimen.

Figure 1a presents SEM images of the powder material used within this work, while
Figure 1b shows an exemplary build job consisting of five cubic specimens.
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Figure 1. Morphology of the powder materials used (a) with a nominal size from 15 to 45 µm and
(b) an exemplary design of the build job on the AconityMINI.

Primarily spherical particles can be observed with shares of sporadic, irregularly
shaped particles with a longish form. A good flowability can be assumed, which is
necessary for the supply of the powder layer during the PBF-LB/M process.
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2.1. Identification of Process Window

For identifying the process window, the three dominant parameters of laser power,
scanning speed, and hatch distance were varied in a wide range. Within these experiments,
the contour parameters were maintained constant. The process parameter range was
deduced using cubic specimens with dimensions of 10 × 10 × 10 mm. Laser spot size and
layer thickness were maintained constant throughout all experiments. The investigated
range of parameters is listed in Table 2.

Table 2. Investigated process parameter range.

Process Parameter Parameter Range

Laser Power, P (W) 225–250–275

Scanning Speed, v (mm/s) 550–700–850

Hatch Distance, h (µm) 100–110–120

Layer Thickness, t (µm) 60

Laser Spot Diameter (µm) 105

Shielding Gas Argon

The layer thickness was maintained constant at 60 µm per layer. The default scanning
direction was turned by 67◦ after every layer on the AconityMINI, a commonly used scan-
ning strategy in PBF-LB/M. All samples were manufactured without platform preheating.

2.2. Sample Preparation and Analysis

All specimens were embedded, ground, and polished to analyze the relative part
density and material hardness on cross-sections. The approach for the sample preparation
is presented in Figure 2.
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and hardness measurements and (b) measurement pattern for determining the material hardness.

The relative part density was determined on cross-sections in x-z-direction within
the center of the specimen. For this, the specimens were ground down to approximately
5 mm until the center was reached. The relative part density was determined based on
the binarization method. An automatic threshold was set to distinguish pores or other
defects (dark) from the solidified material (bright). The corresponding pixel ratio was
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chosen as relative part density. Due to the high relative part density at low magnifications,
the relative part density was also determined in the most porous-appearing region for
larger magnifications.

The Vickers hardness (HV1) was determined in the central region of the specimens
for the preliminary investigations using a Qness indentation tester (ATM Qness GmbH,
Mammelzen, Germany). Therefore, a 4 × 4 pattern was placed in the center of the specimens.
The distance between two measurement points was set to 2 mm. The average material
hardness was calculated from the resulting 16 measuring points.

Microstructure analysis was performed by means of optical light microscopy using
a Leica DM4 M. Therefore, the samples were etched for three seconds using a <5% Nital
solution to reveal the microstructure.

A Tescan Vega and a Mira3 SEM were utilized for scanning electron microscopy (SEM)
to generate images of the cross-sections with larger magnifications of up to 35,000 times.
X-ray diffraction (XRD) was performed according to [22] using a D8 Discover (Bruker
Corporation, Billerica, MA, USA) system equipped with a Lynxeye 1D-detector.

2.3. Post-Process Heat Treatment Strategy

Different post-process heat treatment strategies were examined to assess the formation
of bainite. In the first steps, one reference series with a medium-volume energy density
(VED, VED = P

v∗h∗t in J/mm3) was exposed to both a tempering and a quenching and
tempering heat treatment. One half (approximately 5 × 10 × 10 mm) of the sample
was annealed in the as-built state, while the other half (approximately 5 × 10 × 10 mm)
was tempered from the quenched state. Table 3 presents the corresponding parameters
for heat treatment.

Table 3. Heat treatment parameters.

Tempering Temperature As-Built and Tempered Quenched and Tempered

150 ◦C AT150 QT150

200 ◦C AT200 QT200

300 ◦C AT300 QT300

400 ◦C AT400 QT400

500 ◦C AT500 QT500

600 ◦C AT600 QT600

Austenitization was performed at 920 ◦C for 30 min, as stated in the supplier’s data
sheet for the conventional bainitic steel Bainidur 7980 CN [23]. An oil bath was used for
quenching the specimens. The corresponding tempering temperatures varied between
150 and 600 ◦C as a high-temperature stability was expected for the as-built Bainidur AM
samples. All samples were kept in the oven for 1 h. After heat treatment, the samples
were air-quenched. The quenching experiments were performed in a furnace of type N
31/H (Nabertherm GmbH, Germany). Tempering was carried out in an N 30/85SHA
(Nabertherm GmbH, Germany) oven. All experiments were performed under nitrogen gas
atmosphere to avoid oxidation.

3. Results

This section is divided into three main parts. First, the results on the process window
are presented, in which nearly defect-free specimens with a relative part density above
99.7% can be manufactured. These investigations are followed by a fundamental analysis
on the microstructure formation and the material hardness. In the final step, the tempering
stability of the additively manufactured material is assessed based on the material hardness
and microstructural properties.
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3.1. Process Window for the Defect-Free Fabrication of Bainidur AM

The AconityMINI system was used for identifying the potential process window.
Due to the small build envelope, screening investigations can be performed already for
low amounts of powder. Three different hatch distances (100, 110, and 120 µm) were
studied for three different laser powers (225, 250, and 275 W) and three different scanning
speeds (550, 700, and 850 mm/s). In each build job, five samples were manufactured.
Figure 3 presents the results on the relative part density for the investigated parameter
window. A larger representation of the different cross-sections can be found in Appendix A
(Figures A1–A3).
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AconityMINI machine. The scale is magnified exemplary only once (225 W–850 mm/s–100 µm). Red
indicates a lower relative part density, green indicates a higher relative part density.

The stated relative part density was determined within the areas of the cubic samples
that appear to have the highest number of pores or defects (this approach can also be seen
in Figure 4). Overall, Bainidur AM is characterized by a good processability by means of
PBF-LB/M as part densities above 99.7% can be achieved for most parameter combinations.
Figure 4 presents the relative part density for two different parameter combinations. One
specimen (Figure 4a) was manufactured using a high VED. The other specimen (Figure 4c)
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was manufactured using a lower volume energy density. Figure 4b,d show a magnified
region of the specimen, which is characterized by a higher number of pores compared to
the rest of the specimen.
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part density in the worst apparent regions of the specimen for (a,b) 275 W–550 mm/s–100 µm and
(c,d) 275 W–700 mm/s–110 µm.

A high energy density tends to result in an increased defect formation within the
specimen. Possible explanations for this are the increased keyhole tendency during the
laser welding process [24]. This correlates well with the increased size of these pores, which
regularly exceed 50 µm. A lowered energy density results in fewer pores, which, if evident,
typically fall below a size of 20 µm. All in all, the porosity is distributed homogeneously
within the specimen. The contour region is characterized by a high porosity, independent
of the used parameter set. However, this can be attributed to the fact that the contour
parameters have not been optimized within this work.

3.2. Microstructure and Material Hardness

Building on the previous investigations, the material hardness and microstructural
properties of the additively manufactured specimens were investigated. Figure 5 shows
results on the hardness for the material processed on the AconityMINI machine.
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Figure 5. Mean hardness of test cubes manufactured on the AconityMINI systems using the different
process parameters. The hardness of additively manufactured 16MnCr5 according to [15] is provided
as a reference. Information on the respective standard deviations can be found in Appendix A.

Bainidur AM is characterized by a homogeneous material hardness over a wide
range of parameters. The trend indicates that the material hardness decreases for increas-
ing VEDs exceeding 70 J/mm3. This appears logical, as higher VEDs—often due to lower
scanning speeds or higher laser powers—typically result in a coarser microstructure
compared to lower VEDs [25]. Furthermore, these samples possess a higher porosity,
which was caused by overheating and keyhole formation during build-up. Apart from
the highest VEDs, the material hardness remains constant for a wide parameter window,
which can be helpful when manufacturing larger parts in the future to avoid a geometry-
specific overheating. The hardness surpasses that of additively manufactured 16MnCr5
by up to 70 HV1 on average [15,16], showing the enormous potential of the low-alloyed
steel Bainidur AM for the manufacturing of construction parts. This improved hardness
can at least be partially explained by the higher carbon content of Bainidur AM. Apart
from that, no significant differences between the specimens could be observed and
all specimens were characterized by a continuous and homogeneous hardness in the
build direction.

Next, optical analysis was performed on the etched cross-sections. The obtained
results of the cross-sections for three different VEDs are presented in Figure 6.

Similar microstructural features were observed at all three VEDs. For low VEDs, the
welding depth is reduced compared to the higher VEDs. The bright region of the top layers
also increases for higher energy inputs, which underlines the correlation between energy
input and weld depth. Apart from that, the lack of visible differences was also supported by
the average hardness values, which only increased slightly for higher cooling rates. In all
cases, however, different regions within the specimen can be observed. XRD measurements
show no correlation between the applied VED and the retained austenite (RA) content, as
the RA content remained constant at around 7% to 9%. This was studied for three different
VEDs. Figure 7 shows two exemplary cross-sections in the center and in the top section of a
specimen manufactured using a medium VED of 54.1 J/mm3.
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Figure 7. Different microstructural regions of PBF-LB/M specimens (a) in the core with the fu-
sion zone (i) and heat-affected zone (ii) and (b) in case (iii), manufactured using a medium VED
of 54.1 J/mm3.

Three different regions can be identified within the specimen. The top layer (iii)
appears brighter under the microscope as the heat input is lower due to the absence of the
continuous reheating during the layer-wise manufacturing process. In contrast to this, the
core region can be divided into the fusion zone (FZ, i) and the heat-affected zone (HAZ, ii),
with the FZ being brighter than the HAZ. The FZ also appears to possess a finer grain than
the surrounding HAZ. Correspondingly, SEM analysis was performed in these regions.
Figure 8 presents the results for the FZ and HAZ.
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Figure 8. SEM images of the (a) fusion zone and the heat-affected zone within the core of the
specimen as well as corresponding magnification of the (b) fusion zone and (c) the heat-affected zone.
Exemplary illustrations of the apparent microstructure according to [26].

As expected, a different microstructure was formed within the HAZ and the FZ. The
fusion zone is characterized by a more lath-like structure with carbides finely dispersed
within the laths, which is similar to lower bainite or tempered martensite. Due to this fine
carbide dispersion, a clear distinction between martensite (random orientation) and bainite
(targeted orientation) is barely possible. In contrast, the heat-affected zone appears coarser,
with areas appearing such as bainitic ferrite with coarse, partially segmented films between
these laths. This seems like a degenerated upper bainitic structure. The less pronounced
etching response and smooth surfaces of these films also suggest the presence of austenite
or martensite in these areas. This region is further characterized by predominant carbide
precipitations at the lath boundaries and less promoted carbide dispersion within the grain.
The high process-specific cooling rates and the corresponding fine microstructure make it
hard to assess what type of microstructure is underlying. Therefore, an additional analysis
on the tempering stability was performed.

3.3. Tempering Stability as an Indicator for a Bainitic Microstructure

In theory, the bainite possesses a higher tempering stability than martensite [27]. To
better assess the microstructure in the as-built state, a tempering series was started. Prior to
this series, the chemical composition of the as-built specimens was determined by optical
emission spectroscopy in the center of the specimen. The results are shown in Table 4.
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Table 4. Chemical composition of the powder material according to the supplier’s certificate and
after PBF-LB/M determined by OES.

Batch
Element Content in wt.%

C Si Mn Cr Mo Ni V

Powder 0.22 0.7 1.2 1.0 0.9 <0.3 <0.15

As-built 0.20 0.67 1.35 1.01 0.86 0.09 0.02

Comparing the chemical composition of the sample with the powder, a slight decrease
in carbon content from 0.22 wt.% (powder) to 0.20 wt.% (sample) could be observed. This
decarburization can be attributed to the high temperatures during the manufacturing
process, which was also reported for the martensitic steel AF9628 by Seede et al. [28].
Figure 9 presents the results on the tempering studies for as-built and tempered (AT) as
well as quenched and tempered (QT) specimens.
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Figure 9. Material hardness for different tempering temperatures in the as-built as well as quenched
and tempered states. The specimens were manufactured using a medium VED (54.1 J/mm3).

The QT specimens possess the highest material hardness (470 HV1) at room temper-
ature. Increasing the tempering temperature results in a hardness decrease, a common
effect observed for tempered martensite in low-alloyed steels [29]. The corresponding
material hardness falls as low as 370 HV for the highest tempering temperature of 600 ◦C.
In contrast, as-built and tempered specimens possess a homogeneous material hardness
of 405 HV1 at all temperatures. This indicates that a primarily bainitic microstructure is
present after manufacturing. Santajuana et al. [30] and Peet et al. [31] have both found a
similar high-temperature stability of bainite up to tempering temperatures of approxi-
mately 500 ◦C for steels with a higher carbon content. The work by Kafadar et al. [32]
also indicates that the alloying elements, especially molybdenum, significantly affect
the tempering stability. Sourmail et al. [33] report similar findings on the effect of
vanadium. As both these alloying elements are present in the material Bainidur AM, it
can be expected that these alloys result in carbide formation during cooling. Figure 10
presents images of the corresponding etched cross-sections after the respective tempering
heat treatment.
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Figure 10. Etched cross-section of (top) as-built and tempered as well as (bottom) quenched and
tempered specimens. The specimens were manufactured using a medium VED (54.1 J/mm3).

In the as-built state, a clear distinction between the fusion zone and the heat-affected
zone is present, even at tempering temperatures of 600 ◦C. Furthermore, a very fine
microstructure can be observed throughout all temperatures. Increasing the tempering
temperature results in a decomposition of the retained austenite (white clusters in Figure 10,
as-built and AT 200 ◦C) within the specimen. For the QT specimens, an obvious change
in microstructure is evident, which could explain the hardness drop. While the as-built
specimens still possess the PBF-specific structure as the contour of the weld tracks can
still be observed up to tempering temperatures of 600 ◦C, this structure can no longer be
determined for the quenched specimens. Figure 11 shows additional SEM images of the
microstructure of these specimens. A larger representation of these figures is shown in
Appendix A (see Figure A4).
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The as-built and tempered samples possess finely dispersed carbides within the grains
at all temperatures. These carbides can be the reason for the good thermal stability of
the as-built specimens. At a tempering temperature of 600 ◦C, however, these carbide
structures are harder to identify and barely present. Mohr et al. [34] have found the global
temperatures at the surface of the specimen to fall below 250 ◦C for 10 mm specimens within
their work (see Figure 4 in [34]). Thus, it is unlikely that the underlying microstructure is
a tempered martensitic one, as a hardness drop-off would be expected when exceeding
the process-specific temperature (in this case approximately 250 ◦C). Fine carbides can
also be identified in the hardened (and tempered) specimens. However, these specimens
were characterized by a hardness drop-off, which is typically observed when tempering
martensite. It is therefore more likely that a bainitic microstructure is underlying in the
as-built state, despite the optical similarities in the as-built and quenched states.

XRD analyses show that the retained austenite dropped from around 7.5% to around
1.1% after tempering the as-built specimens for 1 h at 600 ◦C. This falls below the detection
limit of the XRD, which is around 2%, indicating that the retained austenite is almost fully
transformed into bainite and possibly secondary carbides.

Overall, an extremely favorable, bainite-like microstructure is present after the PBF-
LB/M process. Even though shares of retained austenite and even martensite cannot
be ruled out, a consistent hardness even after being exposed to the highest tempering
temperatures is observed. This indicates that a microstructure with bainite-like properties
can be obtained after the PBF-LB/M process.

4. Conclusions

The low-alloyed steel Bainidur AM can be successfully processed using a wide range
of parameters by means of PBF-LB/M. It was found that a predominantly bainitic or at least
bainite-like microstructure could be generated in the as-built state despite the PBF-specific
high cooling rates. This was validated by analyzing the material hardness, the tempering
stability as an indicator for a bainitic microstructure, SEM analysis of the microstruc-
ture, and XRD measurements of the retained austenite content. The main findings of
this work are:

• In the absence of elevated preheating temperatures, a fine bainitic microstructure was
formed during PBF-LB/M.

• A structure similar to lower bainite was formed in the fusion zone, while the heat-
affected zone appeared more like an upper bainitic structure.

• The as-built samples were characterized by a material hardness of around 400 HV1,
surpassing that of other additively manufactured, low-alloyed steels.

• Samples manufactured from Bainidur AM possessed an excellent tempering stability,
characterized by a homogeneous hardness up to tempering temperatures as high
as 600 ◦C.

• Applying a post-process heat treatment helped in reducing the minor retained austen-
ite content through the transformation into bainitic structures.

Overall, the material properties are very promising as Bainidur AM possesses an
excellent hardness for a low-alloyed, case-hardening steel. Further in-depth analysis on
the mechanical properties such as tensile strength and impact toughness will be within the
scope of future studies to further validate this material system for PBF-LB/M.

Author Contributions: D.B.: conceptualization, methodology, validation, investigation, writing–
original draft, visualization; T.N.: investigation, data curation, writing—review and editing, visu-
alization; A.M.: conceptualization, resources, validation; F.v.S.: conceptualization, writing—review
and editing, validation; O.H.: writing—review and editing, validation; C.M.: supervision, writing—
review and editing, resources, project administration; M.S.: supervision, writing—review and editing,
resources, project administration, funding acquisition, validation. All authors have read and agreed
to the published version of the manuscript.



Materials 2022, 15, 6171 14 of 18

Funding: This research was funded by the German Research Foundation (DFG) for Project-ID
61375930, SFB 814—“Additive Manufacturing” TP A05.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Raw data and material are available upon request.

Acknowledgments: The authors want to thank the German Research Foundation (DFG) for Project-
ID 61375930–SFB 814—“Additive Manufacturing” TP A05. We acknowledge financial support by
Deutsche Forschungsgemeinschaft and Friedrich-Alexander-Universität Erlangen-Nürnberg within
the funding programme “Open Access Publication Funding”. The authors gratefully acknowledge
the support provided by the Erlangen Graduate School in Advanced Optical Technologies. We would
also like to thank Schaeffler Technologies AG & Co. KG and Deutsche Edelstahlwerke Specialty Steel
GmbH for their respective support within this work.

Conflicts of Interest: Both Schaeffler Technologies AG & Co. KG (products made from Bainidur AM)
and Deutsche Edelstahlwerke Specialty Steel GmbH (powder material Bainidur AM) are interested
in distributing their respective products in the future.

Appendix A

Materials 2022, 15, x FOR PEER REVIEW 15 of 20 
 

 

Appendix A 

 
Figure A1. Cross-sections of the specimens manufactured with a hatch distance of 100 µm. Figure A1. Cross-sections of the specimens manufactured with a hatch distance of 100 µm.



Materials 2022, 15, 6171 15 of 18Materials 2022, 15, x FOR PEER REVIEW 16 of 20 
 

 

 
Figure A2. Cross-sections of the specimens manufactured with a hatch distance of 110 µm. Figure A2. Cross-sections of the specimens manufactured with a hatch distance of 110 µm.

Materials 2022, 15, x FOR PEER REVIEW 17 of 20 
 

 

 
Figure A3. Cross-sections of the specimens manufactured with a hatch distance of 120 µm. Figure A3. Cross-sections of the specimens manufactured with a hatch distance of 120 µm.



Materials 2022, 15, 6171 16 of 18Materials 2022, 15, x FOR PEER REVIEW 18 of 20 
 

 

 
Figure A4. SEM images (from Figure 11) of the as-built and tempered as well as quenched and tem-
pered specimens. 

  

Figure A4. SEM images (from Figure 11) of the as-built and tempered as well as quenched and
tempered specimens.



Materials 2022, 15, 6171 17 of 18

References
1. Eagan, J.R.; Shelton, C.H. Recent Test Data on Selection of Alloy Steels for Gears and Bearings. SAE Trans. 1972, 81, 1163–1171.
2. Honeycombe, R.W.K.; Bhadeshia, H.K.D.H. Steels: Microstructure and Properties, 2nd ed.; J. Wiley: New York, NY, USA, 1996;

ISBN 9780470235683.
3. Rajput, R.K. Engineering Materials & Metallurgy; S. Chand: New Delhi, India, 2006; ISBN 9788121927093.
4. Tu, M.-Y.; Hsu, C.-A.; Wang, W.-H.; Hsu, Y.-F. Comparison of microstructure and mechanical behavior of lower bainite and

tempered martensite in JIS SK5 steel. Mater. Chem. Phys. 2008, 107, 418–425. [CrossRef]
5. Bhadeshia, H.K.D.H.; Christian, J.W. Bainite in steels. Metall. Trans. A 1990, 21, 767–797. [CrossRef]
6. Prabhudev, K.H. Handbook of Heat Treatment of Steels; Tata McGraw-Hill: New Delhi, India, 1992; ISBN 0074518313.
7. Hooper, P.A. Melt pool temperature and cooling rates in laser powder bed fusion. Addit. Manuf. 2018, 22, 548–559. [CrossRef]
8. Amine, T.; Newkirk, J.W.; Liou, F. An investigation of the effect of direct metal deposition parameters on the characteristics of the

deposited layers. Case Stud. Therm. Eng. 2014, 3, 21–34. [CrossRef]
9. Babasafari, Z.; Pan, A.V.; Pahlevani, F.; Hossain, R.; Sahajwalla, V.; Du Toit, M.; Dippenaar, R. Effects of austenizing temperature,

cooling rate and isothermal temperature on overall phase transformation characteristics in high carbon steel. J. Mater. Res. Technol.
2020, 9, 15286–15297. [CrossRef]

10. Deutsche Edelstahlwerke Specialty Steel GmbH & Co. KG. Bainidur—From Additive Manufacturing to Serial Production.
Available online: https://www.dew-powder.com/en/additive-manufacturing/bainidur-am (accessed on 3 March 2022).

11. Kelliger, T.; Liu, H.; Schraknepper, D.; Bergs, T. Investigations on the Impact of Additively Manufactured Coolant Channels and
Outlet Nozzles on Free Jet and Jet Forces in High-Pressure Cutting Fluid Supply. SSRN J. 2021, 041–049. [CrossRef]

12. Bartels, D.; Hentschel, O.; Dauer, J.; Burgmayr, W.; Schmidt, M. Processing of low-alloyed case-hardening steel Bainidur
AM by means of DED-LB/M. In Proceedings of the Lasers in Manufacturing Conference (LiM) 2021, München, Germany,
21–24 June 2021.

13. Bailey, N. Weldability of Ferritic Steels; Elsevier Science: Cambridge, UK, 1994; ISBN 9781845698935.
14. Kamps, T. Leichtbau von Stirnzahnrädern aus Einsatzstahl Mittels Laserstrahlschmelzen; Universitätsbibliothek der TU München:

München, Germany, 2018.
15. Schmitt, M.; Schlick, G.; Seidel, C.; Reinhart, G. Examination of the processability of 16MnCr5 by means of laser powder bed

fusion. Procedia CIRP 2018, 74, 76–81. [CrossRef]
16. Bartels, D.; Klaffki, J.; Pitz, I.; Merklein, C.; Kostrewa, F.; Schmidt, M. Investigation on the Case-Hardening Behavior of Additively

Manufactured 16MnCr5. Metals 2020, 10, 536. [CrossRef]
17. Schmitt, M.; Kamps, T.; Siglmüller, F.; Winkler, J.; Schlick, G.; Seidel, C.; Tobie, T.; Stahl, K.; Reinhart, G. Laser-based powder bed

fusion of 16MnCr5 and resulting material properties. Addit. Manuf. 2020, 35, 101372. [CrossRef]
18. Aumayr, C.; Platl, J.; Zunko, H.; Turk, C. Additive Manufacturing of a Low-alloyed Engineering Steel. Berg Huettenmaenn. Mon.

2020, 165, 137–142. [CrossRef]
19. Zumofen, L.; Kirchheim, A.; Dennig, H.-J. Laser powder bed fusion of 30CrNiMo8 steel for quenching and tempering: Examination

of the processability and mechanical properties. Prog. Addit. Manuf. 2020, 5, 75–81. [CrossRef]
20. Damon, J.; Koch, R.; Kaiser, D.; Graf, G.; Dietrich, S.; Schulze, V. Process development and impact of intrinsic heat treatment on

the mechanical performance of selective laser melted AISI 4140. Addit. Manuf. 2019, 28, 275–284. [CrossRef]
21. Beer, O.; Merklein, C.; Gerhard, D.; Hentschel, O.; Rasch, M.; Schmidt, M. Processing of the Heat Resistant Bearing Steel M50NiL

by Selective Laser Melting. HTM J. Heat Treat. Mater. 2018, 73, 187–201. [CrossRef]
22. E04 Committee. Practice for X-ray Determination of Retained Austenite in Steel with Near Random Crystallographic Orientation;

ASTM International: West Conshohocken, PA, USA, 2013.
23. Deutsche Edelstahlwerke Specialty Steel GmbH & Co. KG. Bainidur®7980 CN: Bainitischer Stahl für die Serienproduktion 2020.

Available online: https://www.dew-powder.com/fileadmin/files/metallpulver.de/documents/Publikationen/Deutsch/2020
-05-07_Bainidur_7980_CN_DE.pdf (accessed on 25 July 2022).

24. Shrestha, S.; Starr, T.; Chou, K. A Study of Keyhole Porosity in Selective Laser Melting: Single-Track Scanning with Micro-CT
Analysis. J. Manuf. Sci. Eng. 2019, 141, 071004. [CrossRef]

25. Zhang, S.; Lei, Y.; Chen, Z.; Wei, P.; Liu, W.; Yao, S.; Lu, B. Effect of Laser Energy Density on the Microstructure and Texture
Evolution of Hastelloy-X Alloy Fabricated by Laser Powder Bed Fusion. Materials 2021, 14, 4305. [CrossRef]

26. Müller, M.; Britz, D.; Ulrich, L.; Staudt, T.; Mücklich, F. Classification of Bainitic Structures Using Textural Parameters and
Machine Learning Techniques. Metals 2020, 10, 630. [CrossRef]

27. Garcia-Mateo, C.; Peet, M.; Caballero, F.G.; Bhadeshia, H. Tempering of hard mixture of bainitic ferrite and austenite.
Mater. Sci. Technol. 2004, 20, 814–818. [CrossRef]

28. Seede, R.; Zhang, B.; Whitt, A.; Picak, S.; Gibbons, S.; Flater, P.; Elwany, A.; Arroyave, R.; Karaman, I. Effect of heat treatments on
the microstructure and mechanical properties of an ultra-high strength martensitic steel fabricated via laser powder bed fusion
additive manufacturing. Addit. Manuf. 2021, 47, 102255. [CrossRef]

29. Grange, R.A.; Hribal, C.R.; Porter, L.F. Hardness of tempered martensite in carbon and low-alloy steels. Metall. Trans. A
1977, 8, 1775–1785. [CrossRef]

30. Santajuana, M.A.; Rementeria, R.; Kuntz, M.; Jimenez, J.A.; Caballero, F.G.; Garcia-Mateo, C. Low-Temperature Bainite: A
Thermal Stability Study. Metall. Trans. A 2018, 49, 2026–2036. [CrossRef]

http://doi.org/10.1016/j.matchemphys.2007.08.017
http://doi.org/10.1007/BF02656561
http://doi.org/10.1016/j.addma.2018.05.032
http://doi.org/10.1016/j.csite.2014.02.002
http://doi.org/10.1016/j.jmrt.2020.10.071
https://www.dew-powder.com/en/additive-manufacturing/bainidur-am
http://doi.org/10.2139/ssrn.3936402
http://doi.org/10.1016/j.procir.2018.08.041
http://doi.org/10.3390/met10040536
http://doi.org/10.1016/j.addma.2020.101372
http://doi.org/10.1007/s00501-020-00966-3
http://doi.org/10.1007/s40964-020-00121-x
http://doi.org/10.1016/j.addma.2019.05.012
http://doi.org/10.3139/105.110358
https://www.dew-powder.com/fileadmin/files/metallpulver.de/documents/Publikationen/Deutsch/2020-05-07_Bainidur_7980_CN_DE.pdf
https://www.dew-powder.com/fileadmin/files/metallpulver.de/documents/Publikationen/Deutsch/2020-05-07_Bainidur_7980_CN_DE.pdf
http://doi.org/10.1115/1.4043622
http://doi.org/10.3390/ma14154305
http://doi.org/10.3390/met10050630
http://doi.org/10.1179/026708304225017355
http://doi.org/10.1016/j.addma.2021.102255
http://doi.org/10.1007/BF02646882
http://doi.org/10.1007/s11661-018-4595-2


Materials 2022, 15, 6171 18 of 18

31. Peet, M.J.; Babu, S.S.; Miller, M.K.; Bhadeshia, H.K.D.H. Tempering of Low-Temperature Bainite. Metall. Trans. A
2017, 48, 3410–3418. [CrossRef]

32. Kafadar, G.; Kalkanli, A.; Özdemir, A.T.; Ögel, B. Effect of Isothermal Transformation Treatment and Tempering on the Microstruc-
ture and Hardness of a Medium C and High Si Steels. ISIJ Int. 2021, 61, 1679–1687. [CrossRef]

33. Sourmail, T.; Otter, L.; Collin, S.; Billet, M.; Philippot, A.; Cristofari, F.; Secordel, P. Direct and indirect decomposition of retained
austenite in continuously cooled bainitic steels: Influence of vanadium. Mater. Charact. 2021, 173, 110922. [CrossRef]

34. Mohr, G.; Sommer, K.; Knobloch, T.; Altenburg, S.J.; Recknagel, S.; Bettge, D.; Hilgenberg, K. Process Induced Preheating in Laser
Powder Bed Fusion Monitored by Thermography and Its Influence on the Microstructure of 316L Stainless Steel Parts. Metals
2021, 11, 1063. [CrossRef]

http://doi.org/10.1007/s11661-017-4086-x
http://doi.org/10.2355/isijinternational.ISIJINT-2020-419
http://doi.org/10.1016/j.matchar.2021.110922
http://doi.org/10.3390/met11071063

	Introduction 
	Materials and Methods 
	Identification of Process Window 
	Sample Preparation and Analysis 
	Post-Process Heat Treatment Strategy 

	Results 
	Process Window for the Defect-Free Fabrication of Bainidur AM 
	Microstructure and Material Hardness 
	Tempering Stability as an Indicator for a Bainitic Microstructure 

	Conclusions 
	Appendix A
	References

