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Abstract: Laser Powder Bed Fusion (LPBF) is an additive
manufacturing process employed in the aerospace, auto-
motive, and medical industries. In these sectors, nickel-,
aluminium-, and titanium-based alloys are mainly used
for various applications. Yet, only few of the commonly
used steels have been qualified for the LPBF process in the
mechanical engineering industry, which normally uses hot
work tool steels with less than 0.5 wt.-% carbon content.
However, many applications need high wear-resistant steel
alloys with high hardness, both of which can be achieved
with a higher carbon content, like in high-speed steels. But
when processed with LPBF, these steels often form cracks,
making the process very challenging.

In this feasibility investigation, we demonstrate that
LPBF can be used to manufacture dense and crack-free
specimens with a hardness of over 62HRC (as built) from
high-speed steel AISI M50 (carbon content of 0.8 wt.-%).
Furthermore, we evaluate the influence of typical LPBF pro-
cess parameters, especially of preheating temperatures up
to 500°C, on the microstructure of the specimens.

Keywords: LPBF, Laser Powder Bed Fusion, SLM, Selective
Laser Melting, High-speed steel, High carbon content,
Preheating, M50, Bearing steel, Tool steel

Machbarkeitsstudie fiir das Laser Powder Bed
Fusion von Schnellarbeitsstahl AISI M50 mit einem
Substratplattenvorheizsystem

Zusammenfassung: Laser Powder Bed Fusion (LPBF) ist
ein additives Fertigungsverfahren, welches in der Luft- und
Raumfahrt, der Automobilindustrie und der Medizintech-
nik eingesetzt wird. In diesen Bereichen werden hauptsach-
lich Nickel-, Aluminium- und Titanbasislegierungen fiir ver-
schiedene Anwendungen eingesetzt. Doch nur wenige der
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gangigen Stahle aus der Maschinenbauindustrie sind fir
den LPBF-Prozess qualifiziert. Bisher werden Warmarbeits-
stéahle mit weniger als 0,5 gew.-% Kohlenstoffgehalt mit-
tels LPBF verwendet. Viele Anwendungen erfordern jedoch
verschleil3festere Stahllegierungen mit hoher Harte, die nur
mit einem héheren Kohlenstoffgehalt erreicht werden kon-
nen, beispielsweise bei Schnellarbeitsstahlen. Bei der Ver-
arbeitung mittels LPBF bilden diese Stahle jedoch oft Risse.

In dieser Machbarkeitsstudie wird gezeigt, dass LPBF zur
Herstellung von dichten und rissfreien Proben mit einer
Harte von Gber 62HRC (as built) aus Schnellarbeitsstahl Al-
SI M50 (Kohlenstoffgehalt von 0,8 gew.-%) verwendet wer-
den kann. Darliber hinaus wird der Einfluss typischer LPBF-
Prozessparameter, insbesondere von Vorwarmtemperatu-
ren bis 500°C, auf die Mikrostruktur der Proben untersucht.

Schliisselworter: LPBF, Laser Powder Bed Fusion, SLM,
Selective Laser Melting, Schnellarbeitsstahl,
Werkzeugstahl, Kohlenstoffgehalt, Vorheizung, M50,
Walzlagerstahl

1. Introduction

Laser Powder Bed Fusion (LPBF), also known as Selective
Laser Melting (SLM), is an Additive Manufacturing (AM)
process used in multiple industries, such as aerospace, au-
tomotive, and medical engineering [1-3]. In this process,
metal powder is melted layer by layer with a focused laser
beam that melts selected areas to fuse the material into a 3D
part [4]. The multiple advantages of this process are also
interesting for rolling bearings where for example a flexible
design of the outer geometries can be achieved with LPBF.
When used to produce bearings, LPBF makes it possible to
easily adapt to surrounding parts and to increase the de-
gree of integration, both of which lead to new lightweight
designs. Moreover, there is a great demand for economical
and near-net-shape production to facilitate the next step in
the machining process.
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Most steels commonly used with LPBF are austenitic
stainless steels AISI 316L (EN 1.4404) and AISI 304L
(EN 1.4306), maraging steel 1.2709 or hardenable stain-
less steels 17-4 PH (EN 1.4545) and 15-5 PH (EN 1.4548) [2,
5, 6]. But these alloys have insufficient wear resistance
and, therefore, cannot be used in the production of rolling
bearings as they would not withstand the loads. Bearing
steels are special tool steels and are commonly used for
this application. These steels have similar properties as
high-speed steels and are suitable for the operating con-
ditions to which a rolling bearing is subjected. But these
steels often have a high carbon content (>0.4 wt.-%) and
are considered as unweldable.

Up to now there have been few publications about LPBF
of high-speed steel or high carbon steels [7-10]. Kempen,
et al. [7] investigate how the preheating temperature in-
fluences the part density and the tendency of tool steel M2
(1.3343) with a carbon content of 0.9% to crack. With a pre-
heating temperature of 200°C, they are able to build dense
components (99.8%) crack-free using LPBF. Liu, et al. [8]
process M2 at room temperature and a preheating tem-
perature of 180°C. With preheating, M2 can be manufac-
tured without cracks and with a part density greater than
99.7%. Furthermore, the authors demonstrate different mi-
crostructures with varying hardness within a melt lens and
reach a hardness of over 800HV. In [9] , Zumofen, et al. in-
vestigate the influence of the preheating temperature on
component distortion due to residual stresses by manu-
facturing cantilevers from M2. The manufacture of the can-
tilevers at a preheating temperature of 400°C reduces com-
ponent distortion.

Since LPBF has such high cooling rates (up to 106K/s
[11]), the material solidifies rapidly, which results in fine
microstructures and higher strength [12]. The temperature
gradients in the process create grain growth in the build
direction, which can cause brittleness and encourages crack
formation [13]. The use of a preheating system for the base
plate is a promising approach for reducing the temperature

This paper focuses on the high-speed steel (bearing
steel) AISI M50, also known as 1.3551 or 80MoCrV42-16,
with 0.8 wt.-% carbon content. M50 is used in the rolling
bearing industry in conventional production as a standard
material [14]. It is a suitable alloy for rolling bearings due
to the high initial hardness after martensitic hardening and
high-temperature strength. This paper presents research
on how the LPBF process parameters, in particular the
laser power, influence hardness. In addition, it evaluates
the influence of the base plate preheating temperature of
200°C and 500°C on the microstructure of the specimens.

2. Material and Methods

For this study the high-speed steel AlISI M50 (80MoCrV42-
16) was used. The chemical composition of the powder is
shown in Table 1.

The particle size distribution (PSD) of AISI M50 powder
in Fig. 1a is evaluated by optical analysis of Malvern Mor-
phologi G3 to d1g=21.7ym, dso=32.3um and dgo=47.5um.
The particles are mainly spherical (Fig. 1b), but some pores
were detected within the powder cross-section (Fig. 1c).

To build the test specimens, a modified laboratory LPBF
machine from Aconity3D was used, equipped with a fiber
laser with a wavelength of 1064nm, a maximum output
power of 400W, and a 3D scan system from Scanlab (var-
ioSCAN40 and intelliSCAN20). The laser spot has a Gaus-
sian shape with 80pum diameter (1/e?) in the focal plane.
The resistance preheating system can heat the base plate
up to 800°C.

The volume energy density Ev (Eq. 1) can be used to
compare the theoretical energy input of the laser beam into
the material for different process parameters. The process
parameters laser power Py, scan velocity vs, hatch distance
Ays as well as layer thickness Ds influence the energy input
[4].

P

gradient and internal stresses of parts. E, = ——— (1)
Vs-Ays - Ds
Table 1
Chemical Composition of M50 (as in datasheet [15])
Chemical Elements [wt.-%] © Si Cr Mo Vv Fe
M50 (1.3551, 80MoCrV42-16) 0.83 0.2 0.25 4.0 4.3 1.05 Balanced
A
16
=,
g 1.2
= 08
5
%E 0.4
A 0 | >
5 50 500
a Particle Diameter [um] b ¢

Fig. 1: Particle size distribution (a), SEM image (b), and light optical micrograph (LOM) of cross-section (¢) of powder AISI M50
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Ey [J/mm?] Ev [J/n
Ays um] el Ays [I’Lm Vs (rounded)

2A 60 900 80 2B
3A 1035 70 3B
4A 600 90 4B
SA 20 675 80 5B
6A T 70 6B
TA 900 60 7B
SA 480 90 8B
9A 100 540 80 9B
10A 620 70 10B
11A 720 60 11B
12A 400 90 12B
13A 120 450 80 13B
14A 520 70 14B
a b

Exposure strategy

Layer n

1450
60 1600 90 «
1800 80
1080 100 Shielding gas
20 1200 920 flow
1350 80
1550 70 Layer n+1
860 100
100 960 90 '
1080 80
1250 70 o
720 100 Shleldmgﬂgozii
120 800 90
900 80

C

Fig. 2: Table of process parameter variationforPL, 1=130W (a) PL, 2=260W (b), and schematic exposure strategy (c)

The experiments were carried out under an argon inert-
gas atmosphere with an oxygen content below 100 ppm
at approx. 50mbar overpressure compared to the ambi-
ent atmosphere. As process parameters, a layer thickness
of 30um and a laser power of P_, 1=130W or P, 2=260W
were kept constant throughout the experiments. The other
process parameters were varied as can be seen in Fig. 2a
and 2b. First, the experiments were carried out without
preheating (Th,1=RT (room temperature)). For P 1 and
PL, 2, the experiment compared how process parameters in-
fluenced the processability, hardness, and microstructure.
Subsequently, the base plate was heated up to T, 2=200°C
and Tw,3=500°C for Py, 1.

A zig-zag pattern (also called meandering) with an alter-
nating hatch rotation of 90 degrees per layer was used as
exposure strategy (Fig. 2c). Test specimens with a dimen-
sion of 10x 10 x 10mm?3 were manufactured for part density
and microstructure evaluation.

The specimens were cut from the build plate by electrical
discharge machining (EDM) wire cutting. To determine the
part density, the polished cross-section was analysed using
light optical microscopy (LOM). The polished specimens
were etched with nitric acid (10% HNO3) to visualize the
microstructure of the test specimens. The hardness was
measured with HV0.3 according to DIN EN ISO 6507 with
aminimum of 25 points. The scanning electron microscope
(SEM) images were captured using a LEO 1455 EP (Zeiss).

3. Results and Discussion

Fig. 3shows the cross-sections of specimens built with laser
power P, 1=130W and P, 2=260W. The specimens in Fig. 3
were built with a volume energy density of Ev=70J/mm?3
and without using a preheating system (TH, 1=RT). The test

specimens built with P, 1 (Fig. 3a) have a part density above
99.9% and show a mostly homogeneous distribution of
very few spherical pores. There are cracks visible in the
cross-sections, which start either at the bottom or at the
top of the specimen. In Fig. 3b the cross-sections built with
P., 2 and the separation into two zones are shown. Zone 1
shows high porosity, which can be identified mostly as lack
of fusion. In Zone 2 the part density is above 99.9% and
very few pores can be detected, which are homogeneously
distributed and spherical. In both zones no cracks were
observed.

The cracks in specimen 6A (Fig. 3a) from the bottom are
mostly caused by the support structure to the base plate,
which can trigger cracks because of a notch effect. The
cracks in specimen 10A were caused by cutting the part for
the cross-section analysis. The force of the cutting tool can
cause the inner tensions of the material to initiate cracks.

Fig. 3b shows cross-sections of specimens manufac-
tured with two different settings of shielding gas flow. The
flow velocity was adjusted by the pump circulation power
from 50% in Zone 1 to 70% in Zone 2. The process param-
eters were kept constant for each specimen (7B and 11B).
In Zone 1 the lower pump power caused a low shielding
gas flow, and the spatters and plume of the process were
not carried away by the flow. This caused low part density.
Only by adjusting the pump power in Zone 2 could a high
part density be achieved. This shows the high influence
of shielding gas flow on part quality as shown in many
publications [13, 16, 17].

The hardness measured for all specimens with P, 1=
130W and P, 2=260W is shown in Fig. 4. With constant
laser power, the different hatch distances of 60 to 120um
as well as the volume energy density of 60 to 100J/mm?3
have no significant influence on the hardness. The mean
hardness of specimens built with P., 1 is approx. 728+ 46 HV
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Fig. 3: Cross-sectionofspecimensbuiltwithPL, 1(a)andPL, 2(b)withvoIumeenergydensityof70J/mm3 andhatchdistanceof80um (6A,7B)and 100 pm

(10A, 11B)atTH, 1=RT

Fig. 4: Comparison of hard- 950 950
ness of specimens built with Hatch distance
PL, 1andPL, 2(a) and hardness 900 Ay, [pm]: 900 Part No. 67
over part heightz (b) for spec- ¢ e
imens builtwith volume en- —®- 60 7B - Py {
ergy density 0f70J/mm?3 and I~ 850 A& - 30 850 . [ 3 i ¥ ; k3 ?i 3 65.6 T
hatch distance of 80 um (6A, o - 100 %
7B)and 100 um (10A, 11B) at 800 800 64 =
TH, 1=RT g —+- 120 %
g 750 Laser power P, 750 i 62 §
2 [W]: k
700 700 60
ESEi 260 104
650 = 130 650 58
600 600
50 6 70 8 90 100 110 0 2 4 6 8 10
a Volume energy density E,, [J/mm?] b Height in build direction z [mm]

(61.2HRC). The specimens built with P, 2 reach a mean
value of 849+ 21HV (65.6 HRC).

In Fig. 4b the hardness of specimens built with P, 1 and
P, 2 is shown over part height z. The hardness of the speci-
mens built with P, 1 (6A and 10A) is constant below 750 HV
for z<7mm. For z>7mm the hardness increases up to
783+ 56HV for specimen 6A and 774+78HV for 10A. The
hardness for specimens 7B and 11B built with Py, 2 is inde-
pendent of part height z. The mean hardness for specimen
7B is 854+ 13HV and 845+ 11 HV for 11B.

Even with the same volume energy input, the speci-
mens show a significantly different hardness when built
with P, 1 or P, 2. Due to this result, it can be assumed
that different heat treatment effects apply over part height
during the process depending on the process parameters.
The specimens built with P., 1 and P> were built sepa-
rately in two build jobs. To have the same energy input in
form of theoretical volume energy density, the specimens
with P.,2=2 * P, 1 and hatch distance Ays, 2= Ays, 1 need to
be exposed with doubled scan speed vs, 2=2 * vg, 1. This
leads to a higher theoretical build-up rate, which in turn
leads to a faster build-up for the build job with P, 2. The
build job with P, 1 took approx. 4h process time, while
the job with P, 2 only took approx. 2.5h. Even with no
preheating, the jobs were built on the preheating module
(switched off), which has a poor heat transfer downwards

due to the ceramic seals. This can lead to higher heat ac-
cumulations during the process compared to build jobs on
machines with a normal base plate without seals.

During the build job with Py, 1, the specimens were ex-
posed to the heat of the process for a longer period of time.
Since the layers at lower part height are exposed to the heat
input of the layers above, the hardness is different to the lay-
ersathigherz, where fewer layers are ontop and, therefore,
less heat can be effective for less time. The heat accumula-
tioninthe specimen forz<7mm during the build job can be
assumed to be above the martensite starting temperature
of approx. 200°C [18].

The specimens built with P, > were exposed faster and
had less time to cool down in each layer. Because of the
faster build job, the duration of heat accumulation at the
lower areais shorter. Since the hardnessis constantandthe
structure through the specimen is homogeneous, it can be
assumed that the heatinput due to the laser and the heat ac-
cumulation result in balanced heat of the entire specimen.
Also, lower temperatures in the parts with P_, 2 compared to
PL, 1 are assumed because of the higher constant hardness.

Fig. 5 shows the etched cross sections of the specimens
built with PL,1 (10A) and P2 (11B) at two different part
heights (upper area: z~9mm and lower area: z~2mm).
By etching the cross sections, the microstructure and melt
track boundaries are revealed and exemplary marked.

© The Author(s)
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Fig. 5: LOM of etched cross-
sections at different part
heightz oftwo specimens
(10A, 11B) builtwith P, 1(a)
and P, 2 (b) with volumeen-
ergy density 0f70J/mm?3 and
hatch distance of 100um

Upper area
z=9 mm

AN
N
Builds " *
direction?,

In the upper area of 10A in Fig. ba, columnar dendritic
structures are visible that grow over several layers. This is
an indication of epitaxial grain growth during the process,
where grains growing in the direction of the thermal gra-
dient through the melt track boundaries. The lower area
of the same specimen shows clear martensite-dominated
structure. Between the martensite needles, small fractions
of retained austenite are visible.

In Fig. b specimen 11B has similar structures in the up-
per and lower areas. The regularly allocated dendrite struc-
ture and again columnar dendrites grown above melt track
boundaries can be observed in both part heights and are
more distinct compared those seen in Fig. ba.

The course of hardness over part height in Fig. 4b can
be compared to the microstructure of the etched cross-sec-
tions in Fig. 5. Specimens built with P., 1 seem to be ex-
posed to an inhomogeneous heat, which leads to different
structures and increasing hardness over part height. For
specimens built with P, 2, the heat during the process is
assumed to be more homogeneously distributed, meaning
the microstructure is similar and hardness is constant over
part height.

For the next two experiments, the laser power of
P, 1=130W was kept constant while the preheating temper-
ature was varied to Ty, 2=200°C and T, 3=500°C. The part
density of the specimens is above 99.5%. The mean hard-
ness of all specimens built at Ty, 2 is 722+ 42HV (61 HRC).
For specimens built at Ty, 3, the mean value is 792+ 50HV
(63.7HRC). No significant influence of volume energy den-
sity or hatch distance was observed.

Fig. 6 shows the hardness over part height for four speci-
mens with two process parameters (6A, 10A). The hardness
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over part height for specimens built at 200°C in Fig. 6a is
similar to the hardness of specimens built at RT. The hard-
ness is around 700HV for z<4mm, and the standard devia-
tion forz<6mm is smaller compared to Th, 1. The hardness
increases at z>8mm to over 750HV for specimen 10A and
over 800HV for specimen 6A at Th,2. Fig. 6b shows the
hardness over part height of specimens 6A and 10A built at
Tw, 3. The hardness increases linearly from approx. 750 HV
atz<2mm to 850HV at z>8mm.

The last layers are exposed to lower preheating tem-
peratures because of heat transfer losses, which lead to
a thermal gradient where the temperature decreases with
increasing part height. This is caused by the preheating
system, which is located in the base plate and transmits
only limited heat into upper areas of the specimen. The en-
ergy input of the laser in each layer is too low to maintain
the temperature in the specimen over part height. There-
fore, there are no constant temperatures assumed over part
height which lead to varying hardness in the specimens.

Again, the hardness indicates heat accumulations and
heat transfer within the specimen during the process. The
hardness of Th, 1(Fig.4b) and Th, 2 (Fig. 6a) is similarin lower
areas. By preheating the base plate to 200 °C and heat input
from layers above, the temperature in the lower area is as-
sumed to be >200°C for Ty, 2. The preheating causes stable
temperature conditions, which can be indicated by lower
standard deviations of hardness shown in Fig. 6. Since at
Tw, 1 no preheating temperatures are applied, the heat ac-
cumulation slowly builds up with the energy input from
the above layers. Therefore, the temperature conditions
are unstable at the lower area. But since the hardness of
Tw,1 and Tw, 2 is similar, this also indicates that the tem-
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Fig. 6: Measured hardness Ty ,=200°C Ty ;=500 °C
over partheightzforspeci- 950 : ’
mens builtwith PL, 1=130W . :
atpreheating tempera- 900 ks IEsivs g o] 67
ture TH, 2=200°C (a) and —hk— 80 —l— 100 —
TH, 3=500°C (b) with volume B 850 PartNo.  GA 10A 05.6 2
energy density of 70J/mm?3 T 800 s =
and hatch distance of 80 um = @
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<
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a Height in build direction z [mm] b  Height in build direction z [mm]
Fig. 72 SEMimages of etched Ty » =200 °C Ty 3 =500°C

cross-sections of specimens
builtwith PL, 1 at preheating
temperature TH, 2=200°C (a)
and TH, 3=500°C (b) with
volume energy density of
70J/mm? and hatch distance
of100um (10A)

perature in the lower area of specimens built at Ty, 1 is ap-
prox. 200°C.

The hardness for Th,3=500°C has a different behaviour.
The constant high temperature during the build job of 4h
can lead to bainitic microstructures regarding the time-tem-
perature-transformation (TTT) diagram in [18]. This can
cause the linear course to higher hardness over part height.
The temperature range also favours the formation of sec-
ondary carbides.

Fig. 7 shows the SEM images of etched cross-sections of
specimen 10A for two different part heights at preheating
temperatures Th,2=200°C and TH,3=500°C.

For T, 2 the SEM image in Fig. 7a illustrates the differ-
ences in microstructure over part height. The middle area
shows a dendritic structure. For the lower area, a needle-
like structure together with a dendritic structure can be ob-
served. The grain structure is very homogeneously dis-
tributed. Compared to the middle area, the lower area has
acoarser structure, which can be triggered by diffusion pro-
cesses.

Middle area
Z=5mm

nelt track boundary

InFig. 7b the SEM images of specimen 10A builtat Ty, 3is
shown. In the lower area, columnar dendritic structures
that grow over several layers can be observed. In the mid-
dle area of the specimen, the columnar dendritic structure
is more distinct than in the lower area.

The microstructure seen in Fig. 7a is significantly heat
treated in the lower area with a more homogeneous mi-
crostructure. The microstructure is clearly different for both
heights in the SEM images, when compared to the hard-
ness in Fig. 6a, in which the hardness is comparable at
part height z=2mm and z=5mm. The microstructure in
Fig. 7b is difficult to compare with the hardness in Fig. 6b.
Due to the preheating temperature, the microstructure dif-
fers strongly between lower and upper area, as expected.
Due to the high temperatures over the long process time,
a bainitic microstructure can be assumed.

© The Author(s)
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4. Conclusion

In this study, the material M50 was processed without
preheating at two different laser powers (P.,1=130W and
PL, 2=260W) and with preheating temperatures up to 500°C
(TH,1=RT, TH,2=200°C, TH,3=500°C). In all build jobs, the
specimens have a part density over 99.5% and only few de-
fects as cracks were observed at Ty, 1, which are caused by
the support structures (notch effects) or the cutting strategy
for the material analysis. No cracks were observed at Ty, 2
and Th, 3.

The influence of the process parameters besides pre-
heating temperatures is visible in the hardness and mi-
crostructure of the specimens. Even with a similar volume
energy density, the hardness is significantly higher at Py, >
(849HYV, 65.6 HRC) compared to P, 1 (728HV, 61.2HRC). For
PL, 1 the part height influences the hardness, so with in-
creasing part height, the hardness increases as well. This
behaviour is explained by heat accumulation due to insu-
lation of the base plate and the energy input of the laser
as well as by the process duration of 4 hours compared to
2.5 hours with P, 2. The heat in specimens built with P, 2 is
assumed to be very homogeneous because of the constant
hardness and the similar microstructure over part height.

At the preheating temperature of Ty, 2=200°C, the spec-
imens built with P_, 1 have a mean hardness of 722HV
(61HRC) and show a similar behaviour in hardness over
part height as for Th, 1. Therefore, a temperature of 200°C
in lower areas of the specimens at Th, 1 can be emphasized.
The temperature gradient leads to decreasing tempera-
tures and higher cooling rates as well as increasing hard-
ness in higher part heights. By preheating to Tw,3=500°C,
the mean hardness can be increased to 792HV (63.7 HRC).
The hardness of the specimens linearly increases over part
height, and dendrites can be observed inthe microstructure
of the lower area.

This feasibility study demonstrates that M50 can be pro-
cessed crack-free at different preheating temperatures and
gives insight into how varying process parameters influ-
ences material hardness. This is a promising approach for
manufacturing roller bearings in the future.
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