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Electron beam powder bed fusion (E-PBF) is a well-known additive manufacturing process. Components
are realized based on layer-by-layer melting of metal powder. Due to the high degree of design freedom,
additive manufacturing came into focus of tooling industry, especially for tools with sophisticated internal
cooling channels. The present work focuses on the relationships between processing, microstructure evo-
lution, chemical composition and mechanical properties of a high alloyed tool steel AISI H13 (1.2344,
X40CrMoV5-1) processed by E-PBF. The specimens are free of cracks, however, lack of fusion defects are
found upon use of non-optimized parameters finally affecting the mechanical properties detrimentally.
Specimens built based on suitable parameters show a relatively fine grained bainitic/martensitic
microstructure, finally resulting in a high ultimate strength and an even slightly higher failure strain
compared to conventionally processed and heat treated AISI H13.
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1. Introduction

Electron beam powder bed fusion (E-PBF), also known as
Electron Beam Melting (EBM), is a powder bed-based layer-
by-layer fabrication process being able to robustly produce
metallic parts with a high density well above 99.5% showing
mechanical properties similar to conventionally processed
materials (Ref 1-3). It is well-known that microstructure
evolution in E-PBF is highly influenced by the volume energy
(Ref 1, 3). Usually powder layers with a thickness of about
50 um are deposited in E-PBF. Afterward, the electron beam
heats the powder bed in a pre-sintering process up to about
1000 °C and subsequently melts the powder locally. The high
temperatures of the powder bed are realized by high-speed
deflection of the electron beam. This process is repeated until
the part is finished. Therefore, every layer is subjected to a
cyclic heat treatment, which can influence the resulting
properties (Ref 1). In recent years, the majority of studies on
E-PBF focused on titanium- and nickel-based alloys, respec-
tively, which are of significant interest for aerospace and
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biomedical applications (Ref 1, 4). However, the process
parameters necessary to obtain parts being characterized by low
degrees of porosity are dependent on material specific param-
eters. Thus, process parameters have to be developed individ-
ually for each material. Since the process conditions and in
particular the pre-sintering can prevent crack formation caused
by internal stresses (Ref 5), E-PBF is promising for processing
of materials, which are prone to crack formation. It has been
revealed numerously that it is challenging to process brittle
materials like, e.g., tool steels via laser powder bed fusion
(L-PBF), since cracking and delamination often occur
(Ref 6-9). Crack-free specimens of tool steels characterized
by a relatively high density can be manufactured via L-PBF
using baseplate heating and complex build strategies such as
chessboard scanning pattern (Ref 6, 7, 10). Further studies also
revealed the processability of a wide variety of tool steels such
as AISI H11 (Ref 11-13), AISI H13 (Ref 7, 14-16), M2 (Ref 6,
17, 18) and Maraging 300 (Ref 19-21). However, the applica-
tion of baseplate heating and complex build strategies clearly
shows that extra efforts are needed to produce crack-free
components out of many tool steels via L-PBF. Using E-PBF,
Cormier et al. (Ref 22) demonstrated robust processability of
AISI H13 tool steel being characterized by a fully martensitic
microstructure upon processing using given process parame-
ters. In addition, further studies reveal robust applicability of E-
PBF especially for tool steels, rationalized by minor crack
formation and low residual stresses resulting from less
pronounced temperature gradients during cooling (Ref 22-24).
However, to the best of the authors’ knowledge, so far there are
no studies available in open literature dealing with E-PBF
processed AISI H13 providing for in-depth microstructural
analysis and assessment of mechanical behavior. Moreover,
results of recent studies investigating electron beam melting of
AISI 4140 are limited in terms of their comparability, due to a
different alloy composition resulting in different microstruc-
tures and mechanical properties (Ref 25, 26). Due to the above
mentioned advantages, E-PBF is thought to be of great interest
for processing of tool steels, especially since the geometrical
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design freedom allows for integration of sophisticated func-
tionality, e.g., conformal cooling (Ref 23, 24).

Although studies reporting on processing of tool steels via
L-PBF gained increased attention in recent years, there is still a
lack of literature reporting on processing of tool steels via E-
PBEF, especially AISI H13 as clearly stated by Balali et al. (Ref
27). In order to close this gap, the present study was conducted
focusing on processing of AISI H13 via E-PBF without using
Arcam AB auto functions. The resulting microstructures were
analyzed by means of optical microscopy (OM), x-ray diffrac-
tion (XRD), scanning electron microscopy (SEM) and electron
backscatter diffraction (EBSD) measurements. The chemical
composition of the matrix and small precipitates were studied
using energy dispersive x-ray spectroscopy (EDS). Finally,
mechanical properties were investigated by hardness mappings
and tensile tests. From results presented, process-microstruc-
ture-property relationships are drawn.

2. Materials and Methods

In the present study, an A2X E-PBF machine from Arcam
AB was used. The machine has a maximum power of 3000 W
and is able to heat the substrate plate up to temperatures of
about 1000 °C. The build chamber comprises a controlled
vacuum atmosphere including low partial pressure helium
environment for increasing conductivity during processing.
With respect to process parameter development for the AISI
H13 tool steel, powders with a particle size range of 45 to
106 pm were used to build blocks with a size of 15 mm x 15
mm x 32 mm. The nominal chemical composition of the argon
gas atomized powder (m4p material solutions GmbH, Ger-
many) was 0.4% C, 5.3% Cr, 1.4% Mo, 1% V (wt %). A
bidirectional scanning strategy with 90° rotation between the
layers was applied. The nominal temperature of the substrate
plate was 920 °C. The temperature was held for 30 min in
order to sinter the powder under the substrate plate before the
build process started. Parameters for pre-sintering and heating
of the powder bed during processing are listed in Table 1.

The different parameters used for the melting process
expand the standard parameter window Cormier et al. (Ref 22)
used for their investigations and are shown in Table 2. The
velocity, hatch distance and layer thickness were kept constant,

Table 1 Parameter set used for pre-sintering during
manufacturing of AISI H13 via E-PBF

Power, W  Velocity, mm/s  Hatch distance, mm  Repetitions

1050 12000 1 25

whereas the power was changed. The chosen parameters result
in three different volume energies (Py/), being listed in the last
column. Py is also referred to as volume energy density and
energy density, respectively.

Tensile specimens based on ASTM E8 with geometrical
dimensions shown in Fig. 1 were wire-cut by electrical
discharge machining (EDM) from the 15 mm x 15 mm x 32
mm blocks. Before mechanical testing, the specimens were
mechanically ground to 15 pm grit size, in order to avoid any
influence of the EDM affected surface layers on the test results.
In addition, specimens were sandblasted in the clamping area to
ensure adequate contact conditions eventually avoiding slip
within the grip section. The tensile tests were conducted using a
16 kN servohydraulic test rig at ambient conditions and
constant crosshead displacement of 2 mm/min. Nominal strains
were calculated based on displacement data. For each condi-
tion, at least three specimens were tested to evaluate repeata-
bility.

For hardness measurements, specimens were polished down
to a final grit size of 5 um. A Struers - DuraScan 70 testing
system was used, and a matrix of 4 x 50 indents (HV 5) was
considered for mappings. The average hardness values were
recalculated from all indents (HV 5) of a mapping.

For microstructural characterization, blocks were mechan-
ically ground down to 5 pm grit size and subsequently
vibropolished, using oxide polishing suspension for at least
12 h. A Zeiss Axio optical microscope (OM) was used for
density analysis and evaluation of crack formation focusing on
the polished specimens. For further microstructural character-
ization, a SEM Camscan MV3200 equipped with secondary
electron (SE)-, back scattered electron (BSE)- and EDS-
detectors was used. For EBSD measurements, a second SEM
system (Zeiss Ultra) was used. Step size in case of the EBSD
measurements was 0.1 um. Both SEMs were operated at
20 kV. The fraction of retained austenite was experimentally
determined by XRD using Mo-Ka radiation and a collimator
with a diameter of 2 mm. The investigated angle range (26)
was 25° to 40° with a step size of 0.1° and a count time of 10 s.
The 4-line method was used to evaluate the retained austenite
content.

3. Results and Discussion

In order to evaluate the impact of the processing parameters
on density, representative OM images of the specimens are
shown in Fig. 2. In the specimen shown in a), being built with
the lowest volume energy (32 J/mm?®) considered in present
work, flat horizontal pores can be seen, whereas the specimens
shown in b) and c), built with higher volume energies (36 and
44 J/mm®, respectively) are characterized by superior relative

Table 2 Parameter sets used for E-PBF processing in the present study

Parameter set Power, Velocity, Hatch distance, Layer thickness, Volume energy,
W mm/s mm pm J/mm’*

a 240 3000 0.05 50 32
270 3000 0.05 50 36

c 330 3000 0.05 50 44
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densities (porosity < 0.1 %). The OM images reveal that no
crack formation occurred in any of the specimens studied
irrespective of the energy volume density applied in E-PBF
processing. The decrease in the relative density in case of the
lowest volume energy considered here is most reasonably
caused by lack of fusion defects, i.e., the energy input into the
powder was too low to melt the powder layer to a sufficient
depth (Ref 28).

Figure 3 reveals a needle-like microstructure for all
conditions, indicating high amounts of martensite and bainite,
respectively. However, in contrast to the L-PBF AISI H13
microstructure shown by Krell et al. (Ref 7), no cellular
structures of retained austenite can be observed. Thus, the
microstructure of E-PBF processed AISI H13 in this study is
more similar to the microstructure of conventionally processed
AISI H13. Additional XRD measurements focusing on retained
austenite in the E-PBF processed AISI H13 specimens con-
firmed volume fractions below 5 % (not shown). It can be
assumed that the long dwell time at relatively high temperatures
leads to a homogeneous distribution of the alloying elements.
Afterward, during relatively slow cooling (compared to the L-
PBF process) a complete transformation occurs (a detailed
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Fig. 1 Tensile specimen geometry employed for mechanical tests
of AISI H13 processed via E-PBF. All dimensions are in mm

(@ i (b)

—T— 500 um

BD

discussion about the cooling path is presented in the final
paragraph of this chapter). The appearance of the needle-like
structures, i.e., a slightly rounded shape, can be regarded as an
indication of a bainitic structure. It is well-known that a clear
distinction between both phases is difficult based on SEM
micrographs only (Ref 29), however qualitative assessment is
feasible. Discussion on microstructure evolution can be sub-
stantiated based on the well-known transformation behavior
and paths, respectively, of conventionally processed AISI H13.
This can be used as a basis to shed light on the potential phase
distributions (cf. final paragraphs of this chapter and Fig. 8).
From the BSE micrographs presented in Fig. 3, additional
microstructural features can be distinguished.

A columnar superstructure (being hardly seen at the first
glance) parallel to the build direction is highlighted in Fig. 3c.
It is assumed that these structures are remaining traces of
elongated prior austenitic grains occurring upon solidification
and cooling. However, besides these traces, no further distinct
anisotropic solidification structures (as known from austenitic
stainless steels, e.g., AISI316L (Ref 30)) are seen. The
microstructure seems to primarily consist of the above men-
tioned very fine needle-like microstructure. Thus, phase
transformations upon solidification and cooling are expected
to have a dominant effect on the final microstructure appear-
ance. This has been also revealed for other steels studied by
some of the present authors as well, e.g., for AISI 4140 (Ref
25). Furthermore, Giinther et al. (Ref 4) showed a fine grained
microstructure in a metastable austenitic Cr-Mn-Ni steel
manufactured by E-PBF. Grain refinement was attributed to a
cyclic reheating of the single layers, i.e., intrinsic heat treatment
being characteristic for E-PBF, leading to several solid-solid
phase transformations. Eventually, it is expected that the
intrinsic heat treatment leads to grain refinement in a similar
fashion in case of the E-PBF processed AISI H13, however,
being finally followed by a bainitic/martensitic transformation.

Fine distributed small white precipitates can be observed in
all conditions (highlighted by white arrows in Fig. 3), and
corresponding results obtained by chemical analysis are shown
in Fig. 4. Comparing the peak intensities of the precipitates

() -

500 ym 500 ym

Fig. 2 Representative optical micrographs of AISI H13 E-PBF specimens built with different volume energies: (a) 32 J/mm?; (b) 36 J/mm?; (c)
44 J/mm’>. Representative lack of fusion defects in a) are highlighted by white arrows
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Fig. 3 BSE micrographs of AISI H13 processed via E-PBF with different volume energies: (a) 32 J/mm?; (b) 36 J/mm?; () 44 J/mm’>
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Fig. 4 EDS analysis qualitatively comparing the chemical composition of precipitates (highlighted by the white arrow in the inset) and the
matrix (highlighted by the white dashed arrow in the inset) of E-PBF processed AISI H13

(brown) with the intensities of the matrix (green), higher
intensities of the alloying elements vanadium and molybdenum
can be seen. Especially, the peak intensity of vanadium in case
of the precipitates is significantly higher than in case of the
matrix. Since the formation of carbides is common for tool
steels (Ref 31), it is likely that the precipitates seen are
vanadium carbides. Cormier et al. (Ref 22) already revealed the
presence of such families of precipitates for AISI HI13
manufactured by E-PBF.

The EBSD IPF maps shown in Fig. 5 confirm the needle-
like fine grained microstructure already highlighted by the BSE
micrographs in Fig. 3. The needle-like structures are charac-
terized by a distinct variant selection, i.e., preferred orientations
of needles within a given volume (most probably a single prior
austenitic grain), and hardly elongated in build direction. The
mean dimensions of the needles virtually decrease with higher
volume energies. The reason for this trend currently is not fully
understood, however, it is likely that the grain refinement of
prior austenite grains is affected by the intrinsic heat treatment
as discussed above (Ref 4) eventually influencing the final

6898—Volume 30(9) September 2021

needle dimensions. Future studies will include high-resolution
analysis of the nature of the needle-like structures seen to
clearly separate bainite and martensite. Based on thorough
analysis of such data, the elementary mechanisms contributing
to a refinement of microstructure upon increase of energy
density during E-PBF processing will then be revealed.
Figure 6 shows stress-strain diagrams of the different
conditions obtained by tensile testing. For each condition,
two curves are shown to assess repeatability of tests. The
specimens built with the lowest volume energy density, show
the lowest ultimate tensile strength and elongation at fracture.
Such findings can be rationalized based on lack of fusion
defects (Fig. 6b) and the overall low defect tolerance of the
conditions considered. In contrast, specimens manufactured
based on parameter sets leading to fully dense material
(processing parameters being characterized by higher energy
density) show a significant higher elongation at fracture.
Specifically, specimens built with a volume energy of 44 J/
mm? show an elongation at fracture of about 13% in E-PBF as-
built condition, which is significantly higher compared to

Journal of Materials Engineering and Performance
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Fig. 5 EBSD inverse pole figure (IPF) maps of AISI H13 processed by E-PBE. The IPF maps are plotted for BD. Volume energies in E-PBF

are: (a) 32 J/mm?; (b) 36 J/mm>; (c) 44 J/mm?>

values obtained from conventionally processed AISI H13 in
heat treated condition (9% (Ref 32)).

Table 3 summarizes the mechanical properties obtained in
the present study and provides mechanical properties of
conventionally processed AIST H13 in a heat treated condition
(Ref 32) for comparison. The hardness of the E-PBF processed
specimens seems to slightly increase with higher volume
energies, which is probably related to the finer needle structures
shown before. The yield strength is only about 1100 MPa and,
thus, much lower than the yield strength of the conventionally
processed AISI H13 (1650 MPa (Ref 32)). The reason for the
higher yield strength of the conventional AISI H13 is thought
to be be caused by the applied heat treatment of the
conventional state resulting in a higher resistance against
dislocation movement (Ref 29). However, the heat treatment
is not described in detail in (Ref 32) and, thus, its implications
are difficult to be discussed in-depth. Interestingly, pro-
nounced hardening upon initial yielding is seen in the E-PBF
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processed material, such that the difference in terms of
ultimate tensile strength is reduced to only about 150 MPa at
least for the two conditions built with relatively high energy
densities. Due to the brittle behavior of the condition built
with the lowest volume energy (32 J/mm?®), it shows inferior
ultimate strength.

The fracture surface of an E-PBF AISI H13 specimen built
with the lowest volume energy is shown in Fig. 7a. It is obvious
from the highlighted area in Fig. 7d that some unmolten regions
(with partially molten spherical particles attached) prevail on
the fractured surface. The shape of the defects and the low
volume energies used in this condition can be regarded as
significant indicators for presence of lack of fusion defects. In
contrast, no lack of fusion defects can be seen on the fracture
surfaces of the conditions built with high volume energies
(Fig. 7b-c and e-f). Moreover, the fracture surfaces of the
specimens built with high volume energies are characterized by
significant surface topography and a characteristic type of

Volume 30(9) September 2021—6899
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Fig. 6 (a) Stress-strain-diagrams of E-PBF AISI H13 specimens processed with different volume energies and (b-d) characteristic OM images
revealing the related relative density of the conditions (cf. Fig. 2). For each condition, two representative curves are depicted

Table 3 Comparison of the results obtained by tensile tests for E-PBF processed and conventionally processed AISI H13
(Ref 32). For hardness values listed, the arithmetic mean value of the mappings shown in Fig. 9 was calculated

Parameter set Volume energy, Hardness, Yield strength, Ultimate strength, Elongation at fracture,
J/mm® HV5 MPa MPa %

a 32 507 1123 1715 32

b 36 513 1073 1796 11.7

c 44 519 1065 1772 132

conv. 1650 1990 9

fracture, respectively, indicating a relatively ductile material
behavior.

The cooling rate is a key aspect for any kind of additive
manufacturing technique. Especially for L-PBF it is well-
known that without using a high-temperature baseplate heating,
rapid cooling upon solidification is characterized by cooling
rates up to 10° K/s (Ref 33) eventually leading to microstruc-
tures being far from equilibrium. In case of E-PBF processing,
the course of cooling and, thus, evolution of microstructure is
significantly different. To rationalize the reasons for this
important difference in direct comparison of these two common
powder bed techniques, the following considerations have to be
taken into account: In case of L-PBF, general characteristics are
somehow similar to E-PBF, i.e., the overall dimensions of the
melt pool are small in comparison to the overall specimen
dimensions. Thus, the heat from the melt pool can be rapidly
transferred to the already solidified surrounding material after
deflection of the beam, i.e., the energy source. Most important
in terms of differences in case of the following thermal history,
however, is the fact that E-PBF is a hot-bed process. Upon
spreading of each individual powder layer, the powder bed is
pre-heated by a defocused electron beam. This process step is
crucially needed to avoid powder blasts, however, simultane-
ously changes the overall cooling path tremendously (when
compared to L-PBF). The temperature of the baseplate shown
in Fig. 8 is the best approximation of the real temperature of the
specimen. After a pre-heating of the platform to 930 °C, the
process is run at this temperature. To ensure that the

6900—Volume 30(9) September 2021

temperature in the uppermost layer remains on a relatively
constant level, energy input during pre-heating is increased as a
function of build height. Therefore, the temperature being
measured at the fixed location below the initial build platform
decreases even though the temperature in the build layer
remains nearly constant. After finishing the build process, a
short period of free cooling of the whole build and, thus, every
single specimen, is enforced, followed by a more rapid cooling
induced by helium (He) ventilation. In consequence, the
cooling curve being responsible for the final microstructural
appearance of the AISI H13 processed by E-PBF is not induced
by a rapid quench from melting temperature down to a
relatively low temperature level far below martensite start
temperature (Mg). Instead, the E-PBF processed AISI H13
encounters rapid solidification, intrinsic heat treatment (i.e.,
thermal cycling), a long period of austenitization at a temper-
ature level close to the pre-heating temperature, finally followed
by slow cooling. The latter is only affected by the He-flow,
which however is limited and, thus, far away from rapid quench
conditions.

Figure 9 shows hardness mappings and line measurements
being characteristic for the manufactured specimens along the
build height. Clearly, the different volume energies do not
significantly affect the general hardness distribution being
characteristic for the AISI H13 specimens. It is rather obvious
that the hardness values increase with the build height, i.e., the
hardness in the base layers is about 500 HV and increases to
about 580 HV in the top layers. It is likely that a slightly higher

Journal of Materials Engineering and Performance



Fig. 7 SEM images detailing fracture surfaces upon tensile testing of AISI H13 specimens processed by E-PBF. Overview images being
representative for conditions built with (a) 32 J/mm?>; (b), 36 J/mm?>; (c), 44 J/mm?; (d) ,(e), (f) insets highlighting the different morphologies of

fracture surfaces

cooling rate of the top layers, being induced by the direct contact
of the surfaces with the helium atmosphere (used to promote
accelerated cooling of the whole build), results in a locally
different fraction of bainite/martensite. Moreover, it is possible
that deeper layers are subjected to annealing induced changes
(e.g., coarsening of austenitic grains) during processing.
Continuous cooling transformation (CCT) phase diagrams
are widely used to estimate the resulting microstructure and
hardness of heat treated materials and steels, respectively.
Unfortunately, such diagrams are not available for additively
manufactured materials being characterized by unique
microstructures as detailed before. Most important the com-
plexity linked to intrinsic heat treatment is not considered in the
CCT diagrams available so far. However, as already discussed
in relation to Figure 8, the final microstructure appearance of
the E-PBF AISI H13 is dominated by relatively slow cooling
upon a long period of austenitization at the pre-heating
temperature. Thus, estimation of microstructure evolution
based on data available in literature is thought to be reasonable
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at this point. A conventional CCT-diagram (Ref 34) was used to
compare the experimentally determined hardness values of E-
PBF AISI H13 in present work with values resulting from
conventional heat treatments. Taking into account a cooling
time of 120 min between 830 °C and 100 °C, as it is deduced
from the base plate in the present study (Fig. 8), and, thus, a
cooling rate of 6.1 °C/min, based on the CCT-diagram of
AISI H13 (Ref 34) a hardness of roughly 550 HV is predicted,
which is in good agreement with the results shown in Fig. 9.
Thus, the final microstructure present in this condition (as
directly deduced from the CCT-diagram) is estimated to be
dominated by about 60 % of bainite. Although this results are
in good agreement with the microstructural investigations
shown before, it has to be noted that the considered CCT-
diagram estimates phase evolution in AISI H13 upon austen-
itization at 1050 °C, whereas pre-heating temperature and, thus,
maximum austenitization temperature for E-PBF AISI H13 was
only 930 °C. Thus, in general an increased phase fraction of
bainite is likely such that the absolute phase fraction in this

Volume 30(9) September 2021—6901
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Fig. 8. The time-temperature path of the AISI H13 specimens processed via E-PBF. The cooling path is supplemented by a schematic CCT-
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Fig. 9 Hardness mappings and hardness line measurements as a function of build height of AISI H13 specimens processed via E-PBF. The last
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study can differ from the predicition made based on the CCT-
diagram.

4. Conclusions

In the present study, AISI H13 specimens were processed by
electron beam powder bed fusion. It is shown that it is possible
to obtain specimens with a high density and without any traces
of process induced cracking. A fine grained needle-like
microstructure and good mechanical properties are revealed.
The main conclusions can be drawn as follows:

(a) High relative densities without traces of large defects are
found in all conditions built with high volume energies,
ie, 36 Jmm’ and 44 JJmm®, whereas the condition
built with the lowest volume energy, i.e., 32 J/mm?, re-
vealed a high density of lack of fusion defects. All con-
ditions show a needle-like microstructure, which likely
consist of a mixture of bainite and martensite, as well as
small precipitates enriched in vanadium.

(b) The mechanical properties, especially the elongation at
fracture, are clearly influenced by the prevailing defect
structures. The specimens being characterized by pres-
ence of lack of fusion defects show a significantly lower
elongation at fracture as compared to specimens without
lack of fusion defects. The specimens featuring high
densities show very promising mechanical properties in
E-PBF as-built condition, especially an ultimate strength
very similar to conventionally processed and heat treated
AISI H13.

(c) Significant differences of hardness values have not been
found for the differently processed E-PBF conditions,
however, a distinct dependence of the hardness as a
function of build height appeared. The highest hardness
was found in the top layers. Thus, the hardness clearly
is influenced by the time-temperature history, most
importantly the cooling phase. In this regard, it has to
be emphasized that cooling is relatively slow in the E-
PBF process. This is due to the fact that E-PBF is a hot-
bed process, where the whole part only cools down after
final melting in the uppermost layer.

The results of the present study clearly reveal the high
potential of manufacturing AISI H13 by E-PBF and, thus, open
up a wide field of applications in industry, i.e., in the field of
advanced casting molds enabled by conformal cooling. With
respect to the envisaged industrial applications, the influence of
the E-PBF process on the corrosion and fatigue properties,
including thermal fatigue as well as thermo-shock loading, is of
utmost importance and will be, thus, subject of future studies.
Due to the ability of realizing unprecedented geometries and
microstructures simultaneously, it is expected that parts of
superior performance will be directly manufacturable by E-
PBF.
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