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Moreover, Dowling et al. pointed out that the powder
morphology is a critical factor concerning the reproducibility
and quality of the as-built specimen [6]. This is due to the
influence of the flowability, the bulk density of the powder
layer applied and the powder particle shape on the melt pool
characteristics, the thermal conductivity, and the resulting laser
energy input [5, 6]. Common materials used as powder
feedstock are gas-atomized pre-alloyed powders or wires of
established functional alloys [4]. However, fewer investigations
focus on the LAM fabrication of metal alloys mixed with pure
elemental powders [7-9]. Roberts et al. showed that L-PBF
processing of elemental mixtures containing spherical
aluminum and aspherical silicon powder particles with
fractured surfaces is technically feasible [9].
Steel powders used for LAM processes are typically
produced by means of gas-atomization, further described in
[11]. This could be expensive due to the additional added value
and involve a high experimental effort. In addition, there is the
problem that many materials cannot be processed with LAM
due to the formation of defects, thus causing component failure
during the built-up process. This reduces the amount of
commercially available materials for LAM-processing. Among
the most frequently used materials in LAM are stainless steels,
especially grade 316L, nickel-, aluminum-, and titanium-based
alloys [10]. Additive manufacturing of high performance
materials, like hot work tool steels, important for highlystressed parts used in hot-working applications like forging, die
casting, mold-making and cutting, has not been extensively
investigated so far [2].
Even though LAM is promising with respect to innovative
tool concepts, LAM of tool steels is still complex, due to crackinducement during the martensitic transformation [12]. The aim
of this study is to highlight an approach to find alloying
techniques that enable higher flexibility with respect to the
individual fabrication of materials using iron powder as a base
and adding need-orientated alloying elements. This shall
contribute to a reduction in manufacturing costs and a decrease
of raw element waste in the long-term perspective. The
following scientific questions are addressed:
• Does mixing of pure spherical Fe powder with aspherical
ferroalloys allows the L-PBF fabrication of nearly defectfree samples? Does this improve the local crack
occurrence?
• To what extent can we achieve a homogeneous chemical
composition of a complex hot work tool steel in the asbuild specimen?
• How does this affect the hardness of the material?
2. Materials and Methods
Specimen Nomenclature
AdPre
AdEle
Cast

L-PBF of gas-atomized, pre-alloyed powder
L-PBF of gas-atomized Fe-powder and broken
elements and ferroalloys
Casted reference sample

47

The alloys to be compared are called AdPre and AdEle in
the following, which are based on the condition of the powder:
pre-alloyed and element powder.
2.1. Chemical composition
In this work, a tool steel alloy is considered that, despite of
the formation of carbon martensite, can be processed using LPBF without additional process adjustments with regard to the
exposure strategy or preheating of building platform. A carbon
content in the range of 0.35 to 0.45 mass% was targeted for the
martensitic hardening. The remaining element contents were
alloyed with regard to the adjustment of the martensite start
temperature, so that a certain residual austenite content forms,
which counteracts the formation of cold cracks.
The chemical composition of both additively manufactured
alloys AdPre and AdEle (EDS), the reference cast and the taget
is shown in Table 1. Apart from the increased carbon content,
the alloys achieve the targeted chemical composition in a good
approximation and only show slight differences among each
other. However, the local spot-wise chemical composition
shows more significant variations.
Table 1. Chemical composition of AdPre and AdEle (Due to experimental
restrictions concerning light-weight elements, the C-content was separately
measured with carrier gas hot extraction and set as 0.41 mass% (AdPre) and
0,47 mass% (AdEle). The chemical composition of the casted reference
sample (Cast) was measured by means of sparc spectrometry.)

AdPre

Fe
Bal.

C
Cr
Si
Mn Ni
Mo
Ti
0.41 11.04 0.68 0.69 1.71 3.22 0.21

AdEle

Bal.

0.47 9.89 0.73 0.67 1.95 3.36 0.13 0.29 2.17

Cast

Bal.

0.32 9.84 0.87 0.68 1.69 3.06 0.11

0.3

2.02

Target

Bal.

0.36 10.00 0.70 0.60

0.3

2.00

1.7

3.00 0.20

V
0.2

W
1.92

2.2. Gas-atomization
Both starting powders were synthesized by means of
nitrogen gas atomization in a close-coupled atomizer
(Indutherm, AU 1000 Prototype). To fabricate the pre-alloyed
powder, raw elements and ferro-alloys were melted and
superheated to 1,710 °C using an indirect inductive melting
system. To prevent oxidization, the melting chamber was
evacuated and subsequently flooded with argon. For the
atomization nitrogen was used. A close coupled atomizer, with
a melt mass flow of 290 kg/h was used to achieve spherical
particle with mass median diameters in the range of 40-50 µm.
The fabrication of the iron powder, serving as a base for the
manually mixed alloy, was performed in the same manner,
using a superheat temperature of 1,710 °C to melt the bulk iron
(99.9 mass% purity) and had a melt mass flow of 430 kg/h.
Further details of the gas atomization are reported in a previous
publication of the authors [13].

A. Taruttis et al. / Procedia CIRP 94 (2020) 46–51
A. Taruttis et al. / Procedia CIRP 00 (2020) 000–000

48

2.3. Alternative alloying strategy
The new alloying strategy implies the mixing of gas
atomized, pure iron powder with mechanically milled element
powders and ferroalloys:
Cr, Ni, Mn, FeCrC (22/70/8), FeMo (70/30), FeV (20/80),
FeTi (30/70), FeSi (25/75), FeW (80/20) (numbers in brackets
correspond to the element contents in mass%).
To further reduce the ductility, some of the raw elements
have been cryogenically frozen in advance of the milling
process. The individual ferroalloys were sieved in the fraction
20–63 μm and then mixed in the correct mass% by a 3D shaker
mixer (WAB Group, Turbula).
2.4. Powder characterization
The gas-atomized powders were sieved by an air jet sieve
(Hosokawa Alpine AG, Air Jet Sieve e200LS) in the faction 2563 μm. The particle size distributions of all powders were
analyzed with a diffraction spectrometer (Malvern Panalytical
Ltd, Mastersizer 2000). The particle shape distribution and
sphericity were measured with dynamic image analysis
(Sympatec GmbH, QICPIC/R).
The carbon content of the starting powders was identified by
means of carrier gas hot extraction (Bruker, IR07). The
measuring results of each five powder portions with a mass of
500-600 mg were averaged.
The flowability was measured in different ways. Hall Flow
was measured according to DIN EN ISO 4490 with a 5 mm
nozzle. For the angle of repose a prototype machine (prototype
built by Leibniz IWT) and ImageJ by NIH Image was used. The
tap density, for the Hausner ratio, was measured according to
ISO 3953.
2.5. L-PBF fabrication
The cubic samples with an edge length of 5 mm each, were
built-up on a cylindrical base plate without support structures
under argon gas atmosphere by means of Laser Powder Bed
Fusion (L-PBF) (Aconity GmbH, AconityMINI) using a
checkerboard strategy. All relevant scanning parameters are
given in Table 2.

3

further smoothen the polished surfaces, oxide polishing
suspension (SiO2) with a particle size of 0.25 µm was finally
applied.
We conducted optical microscopy using light microscopes
with brightfield mode (Olympus, BX60M and CarlZeiss,
Axiotech) using the 50-fold and 500-fold magnification lenses.
We analyzed optical porosity with the help of computer-aided
image analysis (ImageJ, Version 1.52n). The powder
morphology was determined with the help of a scanning
electron microscope (Tescan, Mira) using the SE-detector, an
acceleration voltage of 30 kV and a working distance of 25 mm.
Electron dispersive spectroscopy (EDS) was carried out for a
duration of at least 12 hours using an additional EDS-detector
(Oxford, XMaxN) assessing Kα1- and Lα1-radiation.
2.7. Hardness testing
Hardness testing was performed according to DIN EN ISO
6507-1:2018-07 using a Vickers-hardness tester (KB-Prüftechnik GmbH, KB30 S) with a load of 9.807 N (HV1). The
results were averaged from 25 randomly distributed hardness
imprints on the top surface of the additively manufactured
specimen. The hardness of the conventionally fabricated
reference specimen was averaged from 10 different hardness
imprints.
3. Results and Discussion
3.1. Powder properties and powder morphology
Table 3 depicts the most important characteristic powder
properties. Additionally, the values of the spherical, gasatomized pure iron powder are given for comparison. As
described in the table, the powders do not show major
differences with respect to the particle size distribution, the
particle shape distribution, the sphericity and the flowability.
The table clarifies that in terms of the flowability the milled
particles in AdEle have an apparent positive effect on the angle
of repose, while the particle size distribution and Hall flow
appears to have a negative influence.
Table 3. Powder characteristics
AdPre

AdEle

Pure Fe

Characteristic particle sizes [μm]
d (0.1)
d (0.5)
d (0.9)

24.7
41.8
69.1

29.1
46.0
72.3

25.2
42.4
69.4

Characteristic particle shapes
d (0.1)
d (0.5)
d (0.9)

0.70
0.86
0.93

0.66
0.85
0.92

0.71
0.86
0.93

2.6. Microscopy

Sphericity
s (0.5)

0.86

0.85

0.86

In advance of the microscopical analysis, all specimen were
embedded into conductive resin, mechanically ground with SiC
abrasive paper (320, 800 and 1000 mesh size) and polished with
a diamond suspension with a final particle size of 1 µm. To

Flowability
Hall flow [s/50 g]
Angle of repose [°]
Hausner ratio

3.2
62
1.15

3.6
44
1.16

3.0
58
1.15

Table 2. L-PBF process parameters (Aconity GmbH, AconityMINI)
Laser power

Scanning speed

Spot size

Hatch distance

250 W

600 mm/s

0.05 mm

0.08 mm

Layer thickness

Strategy

Tilt angle

Gas

0.05 mm

Checkerboard

12°

Argon

4

A. Taruttis et al. / Procedia CIRP 94 (2020) 46–51
A. Taruttis et al. / Procedia CIRP 00 (2020) 000–0000

Additional to these characteristic properties the morphology
of the AdPre and AdEle is shown in Fig. 1. The powder
particles of AdPre are highly spherical, with a low amount of
satellites, which is consistent to the sphericity values, given in
Table 3. As visible on the right picture, the spherical iron
powder particles are surrounded by randomly distributed sharpedged ferroalloy particles in the AdEle alloy.

Fig. 1. Morphology of AdPre and AdEle

3.2. Microstructure of the as-build specimen
Figure 2 compares the porosity of the additively
manufactured specimen, analyzed by means of optical image
analysis. Both alloys show a high density >99%. Therefore, the
processability of these two alloys is technically feasible.
As obvious in Fig. 2, AdPre shows an increased number of
pores and also micro cracks, whereas in AdEle there are
unmelted powder particles, which are evenly distributed across
the area. Hence, the porosity and the appearance of cracks is
slightly reduced in the AdEle alloy. Therefore, it can be
assumed that the powder was applied evenly during the coating
process.

spherical powder grains, which are more difficult to apply
during the L-PBF process. Although the alloy AdEle contains a
small number of non-spherical particles, the processability and
relative density is still higher.
To investigate the origin of these porosities and the reason
behind the differences in the density of the as-built parts, both
powders were analyzed by means of SEM. As can be seen in
Fig. 3, AdEle powder particles are mostly dense with almost no
porosity. Small number of inherent gas pores can be found in
several AdPre powder particles. These small pores (maximum
10 µm in diameter) are most likely evoked by the atomization
gas, trapped in the powder particles during the atomization
process [17]. These pores are often able to survive the L-PBF
process and remain as unwanted artefacts in the produced parts
[18].
However, the maximum size of porosity seen in the AdPre
parts (Fig. 2) is larger than any porosity seen in the powder.
This will therefore not be the decisive reason for the increased
porosity of the alloy. Therefore, further investigations, for
example a powder CT, will follow to determine whether the
porosity that has occurred is due to possible pores in the
powder, oxide layers or other causes.
Fig. 4 shows the microscopical local segregation of
elements. Position 1 and Position 2 (Fig. 4 a) are two different
measurement spots in the vicinity of a tungsten-rich particle.
The change in the element concentration in wt.% is depicted in
the bar chart below the figure. Close to this unmelted particle,
at Position 2, the mass% is more than 10% higher than at
Position 1, which is located a few microns from the tungstenrich particle. However, even if the W-content is highly
increased in close proximity to an unmelted tungsten-rich
particle (Position 2), in a distance of a few micrometer away
from the tungsten particle (Position 1), the chemical
composition is far more homogeneous even though the local
tungsten concentration is still reduced.

Fig. 2. Microscopical image analysis of the optical porosity of AdPre and
AdEle (the as porous detected areas are highlighted in red)

As described in [14, 15, 16], the condition of the powder and
the atomization process directly influence the density and
mechanical properties of the additively manufactured
components. As shown by Attar et al. [16], the porosity of LPBF manufactured parts is increased in the case of underlying
round powder grains, compared to irregularly shape non-

Fig. 3. SEM-micrographs of cross- sections of the AdPre
and AdEle powder particles
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Fig. 4. SEM-image of the AdEle microstructure and local chemical
decomposition in the vicinity of unmolten particles
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In order to have a closer look at this distribution, an EDS
mapping (Fig. 5) shows the local tungsten concentration in
mass% in the vicinity of such a particle. It looks like the local
decomposition follows the melting traces of the laser spot.
Corresponding to the flow, a streamline with increased Wcontent compared to the matrix can be seen.

5

However, as shown in Fig. 6, even in the pre-alloyed powder
AdPre, where all elements have been melted and atomized
together, element segregations, as a result of the constitutional
super cooling and the consequent accumulation of elements
such as W, Mo and Cr in the residual melt, are visible. This is
highlighted in detail in Fig. 7. The etched light-microscopical
image highlight the segregation-caused cellular substructure,
which typically appears in L-PBF fabricated components.
Furthermore, Fig. 7 shows martensite and retained austenite
as well as preferred cracking locations within the
microstructure. Since the cracks in AdPre have mainly formed
along the martensite needles, this confirms that the production
of tool steel with LAM is still complex, due to crack-formation
during the martensitic transformation [12].

Fig. 5. W content [wt.%] of AdEle

Due to the higher melting temperatures of e.g. FeW
(2,111 – 2,723 K) and FeMo (1,790 K), the fast process and
short retention times of the L-PBF process, such particles can
be explained. The flow and melting time were not sufficient to
melt the tungsten-rich particle completely. Only the surface was
dissolved and mixed with the surrounding melt pool. This could
possibly be avoided if smaller particle factions are used. Based
on the investigations in [23], it is more likely that unmelted
ferroalloys are more likely to melt in L-PBF if a smaller particle
size is used.
Another influencing factor on such particles is, as described
in [20], tungsten has a lower absorption capacity than steel. This
means that due to the high proportion of these tungsten-rich
particles, a larger portion of the laser light is reflected, and the
energy density is lower for the same scanning parameters. As
known from the literature [14, 21, 22] the energy density and
the scanning strategy is an essential influencing factor
regarding the quality of additively manufactured components.

Fig. 6. L-PBF caused segregation of alloying elements in AdPre

Fig. 7. Etched microstructure of AdPre alloy containing martensite and
retained austenite (left) and preferred hot-cracking locations

3.3. Hardness
Fig. 8 depicts the achieved hardness of both additively
manufactured specimen compared to a conventionally casted
reference sample. As illustrated in the bar diagram, the hardness
of AdPre is more or less reduced by a quarter compared to the
other specimen AdEle and the cast.
One influencing factor on the decreased hardness is the
increased number of pores and micro cracks, as shown by
several investigations [21, 22, 24]. Possible other influencing
factors on the hardness, like the retained austenite or the C
content, are investigated in detail in the future.

Fig. 8. Micro hardness of L-PBF processed alloys AdPre and AdEle
compared to conventionally cast reference sample
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4. Conclusions and Outlook
This study has successfully shown that it is technically
possible to mix gas-atomized powder with mechanically milled
ferroalloys (AdEle) to produce a hot work tool steel alloy usable
for the L-PBF process. Furthermore, the following conclusions
can be drawn:
• The flow properties of the two powders AdPre and AdEle
were evaluated contradictorily by the Hall flow
measurement and the dynamic angle of repose. Both
powders show similar Hausner ratios and could be
processed in the L-PFB process.
• The relative density of the AdEle alloy is slightly improved
compared to the fully gas-atomized alloy. This can be most
likely traced back to a higher portion of gas pores in the
powder grains. Due to the "admixed" alloying elements, the
AdEle alloy contains a lower proportion of gas-atomized
powder and thus a lower proportion of gas.
• The structure of the alloy AdEle contains unmelted particles
of various ferroalloys, which locally inhomogenize the
chemical composition on the microscale. Achieving a
complete melting of this particles during the L-PBF process
or with the help of a subsequent post-treatment requires
further prospective investigations.
• The higher density and the reduced number of micro cracks,
among others, contributes to an increased hardness, which
is within the regime of a conventionally manufactured
reference alloy.
The results show that the L-PBF processing of ferro alloy
particles is basically possible. However, further questions arise
regarding the achievement of a homogeneous element
distribution. In further investigations, the influence of the
L- PBF process parameters (double exposure), the selected
particle size and post-processing on the element distribution
will be investigated.
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