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1. State of the Art

1.1. Additive Manufacturing Technology

With the rapid development of additive manufacturing (AM)
technologies in recent decades, the interest in these techniques
has steadily increased due to unique advantages such as freedom
of geometry design and procedure simplification as compared
with traditional manufacturing processes.[1] According to

ISO/ASTM 52900,[2] AM is defined as
“the process of joining materials to make
parts from 3D model data, usually layer
upon layer, as opposed to subtractive
manufacturing, solid freeform fabrication,
and freeform fabrication.” Usually, based
on several different types of raw materials
and binding mechanism, AM can be clas-
sified into seven categories, i.e., vat photo-
polymerization (liquid), material jetting
(liquid), material extrusion (liquid), sheet
lamination (solid), powder bed fusion
(powder), direct energy deposition (pow-
der/wire), and binder jetting (powder).[3,4]

All technologies are characterized by sev-
eral advantages and disadvantages and
already were used in different applications
in industry.[1,5–15]

In this review paper, the focus will be on
powder bed fusion (PBF), more precisely on
laser powder bed fusion (L-PBF). PBF is an

AM process, in which the powder bed is selectively melted by
introducing thermal energy by a laser or electron source.[4] The
principle of PBF is based on layer-by-layer manufacturing. In gen-
eral, the process can be divided into two alternate processing steps:
The first step is coating, where the substrate plate is lowered by
one layer and the coater is used to spread the powder on the sub-
strate plate to gain a flat powder layer. The second step is exposure,
where the laser scans the powder layer according to the sliced com-
puter-aided design (CAD) file eventually melting the powder to
finally form the solid part.[16] Due to extremely high freedom of
geometry design and the balanced high strength—good toughness
combination of the finished parts, the PBF technology is widely
used in producing metal or polymer parts out of powders.

1.2. L-PBF of Metals

The L-PBF process, also known as direct metal laser sintering
(DMLS), laser metal fusion (LMF), direct metal printing (DMP),
selective laser melting (SLM), and laser beam melting (LBM),
most of these phrases being trademarks of respective machine
suppliers, is highly recommended in cases the product proper-
ties need to be similar to those established by conventional
manufacturing processes.[17] A schematic detailing the L-PBF
process and the interaction between laser and powder is shown
in Figure 1.

In case of the L-PBF technology, multiple factors[16,18] can
influence the manufactured parts as highlighted in Figure 2.
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As a representative of a common carbon-bearing hot work tool steel AISI H13 is
in focus of the present review paper. Most relevant details for processing of AISI
H13 by laser powder bed fusion (L-PBF) are systematically investigated. Three
common stages of process parameter development and material assessment,
respectively, are in focus: general processibility, process refinement, and
deduction of process–microstructure–property relations, i.e., understanding of
the interplay of relevant elementary mechanisms. On the one hand, the routine of
AISI H13 processing by L-PBF is optimized for industrial application. This
optimization includes laser parameters, heat treatment, and process sensitivity
concerning the used machine and powder. On the other hand, the cluster-like
melt pool microstructure and the formation of various defects during L-PBF
processing of AISI H13 powder are under investigation. Most importantly,
understanding of solidification cracking based on critical temperature regimes
and residual stress cracking related to martensitic transformation is essential for
robust process and material development for the L-PBF process.
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The factors can be categorized into two main groups, namely the
material-dependent and material-independent parameters.
Powder quality, laser settings (energy input), machine settings
(preheating), and post-treatment (heat-treatment) are part of
the first group, whereas the remaining factors belong to the
latter.

According to the datasheets of the leading L-PBF machine
suppliers, various types of metal-based materials can be
manufactured, including Al-based, Ni-based, Fe-based, Ti-based,
Co-based, Cu-based alloys, and evenW-based. Among these, espe-
cially Al-based, Ni-based, Ti-based, and Fe-based materials are
common research objects for scientific investigations due to their
general processibility.[19–22] However, till now, there is a lack of

studies reporting on influencing factors and common challenges
regarding the processability of components made from hot work
tool steels. To provide for a comprehensive review of current state-
of-the-art in the field of these very specific steels further enriched
by recent results obtained in the authors’ groups, this article pro-
vides a comprehensive overview reporting on most relevant influ-
encing factors (with an emphasis on AISI H13 [in the following
only referred to as H13] processed by L-PBF).

A representative diagram, depicting the relationship of total
elongation versus the strength of different steels manufactured
by L-PBF, is shown in Figure 3.[23,24] The different steels are
classified according to their applications: 1) Directly applied as
light-weight parts, i.e., austenitic stainless steel (e.g., 316 L),

Figure 1. Principle of the L-PBF technology. a) Schematic of a L-PBF facility; Reproduced with permission.[49] Copyright 2017, Elsevier. b) interaction
between laser and powder. Reproduced with permission.[16] Copyright 2016, Elsevier.

Figure 2. Main influencing factors for the L-PBF process.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2021, 23, 2100049 2100049 (2 of 29) © 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.aem-journal.com


precipitation hardening stainless steel (e.g., 17-4PH), and case
hardening steel (e.g., 20MnCr5).[23] 2) Applied as a tool or mold
with integrated cooling channels, i.e., carbon tool steel (e.g., H13,
M2) and maraging steel (e.g., CX, 18Ni-300).[23,24] 3) Applied as
functional parts, i.e., Invar (e.g., FeNi36) and oxide dispersion-
strengthened (ODS) steels.[23]

1.3. Carbon Tool Steel Processed by Additive Manufacturing

In recent years, different tool steels manufactured by L-PBF have
been investigated. As an example, Maraging steel 18Ni-300
(1.2709) processed by L-PBF was already used in multiple appli-
cations and has been extensively studied, e.g., by Bajaj et al.[23] The
characteristic mechanical properties of 18Ni-300 are characterized
by high strength during the uniaxial tensile test after age harden-
ing, however, elongations at fracture of less than 2%. Reverted aus-
tenite can be formed after age hardening, and Ti and Mo
segregations at the grain boundaries were observed. Atom probe
tomography investigations revealed the formation of secondary
precipitates Ni3(Ti, Al) and Fe7Mo6 after age hardening. These

features lead to deterioration of ductility.[23] Despite robust pro-
cessibility, 18Ni-300 applications are still rare in industry.

As shown in Table 1, in several studies, carbon tool steels have
been investigated using the L-PBF process. With a carbon con-
tent ranging from 0.3% to 2.5%, crack formation highly depends
on the used preheating temperatures. Thus, the preheating tem-
perature is an important parameter to robustly produce crack-
free carbon tool steels using L-PBF.

Up to now, different AM technologies were applied to process
H13 steel. Cormier et al.[25] reported on manufacturing of H13 by
electron beam powder bed fusion (E-PBF). The hardness was
48–50 hardness rockwell C (HRC) in the as-built state.
However, due to the high preheating temperature of more than
800 �C, eventually leading to presintering of powder bed, powder,
e.g., remaining in the integrated cooling channels, is difficult to
remove, limiting its applicability in terms of certain applications,
e.g., for die-casting. Ge et al.[26] built crack-free H13 blocks with a
high relative density using the laser metal deposition (LMD) tech-
nology. However, inhomogeneous hardness distribution and poor
mechanical properties were reported due to presence of defects.
Bailey et al.[27] applied a numerical model for evaluation of H13
processed by LMD. They reported high compressive stresses
caused by martensitic transformation and heterogeneous proper-
ties due to ill-defined heat-affected zones. In addition to the already
mentioned challenges, the wide cladding track of about 1mm gen-
erally reduces the accuracy of the final geometry. Moreover, the
absence of a supporting powder bed limits the freedom of design,
e.g., with respect to manufacturing of internal cooling channels.

Compared with E-PBF and LMD, L-PBF offers a less severe
preheating environment and high design freedom. As the latter
aspect is one of the key drivers of AM in all fields of industry, the
present review only focuses on the most important apects of
manufacturing of H13 using L-PBF, as presented in the next four
subchapters. However, based on the critical assessment of the
relationships established (under consideration of the relevant
boundary conditions), most findings presented and conclusions
derived can be transferred to generally similar AM processes.

1.3.1. Microstructure

Theisen and coworkers[28] investigated the L-PBF process focus-
ing on tool steel H13. Based on the cellular grains observed by

Figure 3. Various types of steels with corresponding mechanical proper-
ties upon L-PBF processing. Adapted with permission.[23] Copyright 2020,
Elsevier.

Table 1. Different types of carbon tool steels manufactured by L-PBF being reported in open literature. Temperatures provided in the table are preheating
temperatures used in L-PBF (RT: room temperature).

Material Type Processibility

H11[50] Hot work steel Processible at 500 �C

H13[32] Hot work steel Processible at 200 �C

M2[51,52] High-speed steel Cracked at 100 and 180 �C, Crack-free at 200 �C

56NiCrMoV7[53] Hot work steel Cracked at RT

FeCrV10[53] Wear resistant steel Cracked at 300 �C

HS6-5-8-3[54] High-speed steel Cracked at RT, crack-free at 500 �C

FeCrMoVC[55] Wear resistant steel Processible at 500 �C

M50[56] High-speed steel Cracked at RT, crack-free at 200 �C

X110CrMoVAl8-2[55] Cold work steel Processible at 240 �C
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scanning electron microscopy (SEM) and based on thermody-
namic calculations using a Scheil–Gulliver model, they derived
important findings. The schematic in Figure 4 shows the solidi-
fication process during manufacturing proposed in their work.
The nucleation of δ–Fe starts in the liquid phase when the solidi-
fication begins. Afterward, grains develop promoting element
segregation between the liquid and solid phases due to the ele-
ment enrichment in the remaining liquid phase. Eventually, a
direct transformation from the liquid phase to γ-Fe initiates.
Depending on the cooling rate, the δ-Fe phase directly trans-
forms to α-Fe under rapid cooling conditions or first to γ-Fe
before the final transformation to α-Fe sets in.[28]

1.3.2. Parameter Optimization and Density

Based on Equation (1)

VED ¼ P
v ⋅ h ⋅ t

(1)

where P is laser power (unit: W), v scanning speed (unit: mm s�1),
h hatch spacing (unit: mm), and t layer thickness (unit: mm), the
volume energy density (VED) can be calculated. The first three
parameters, i.e., P, v, and h, have the highest attention. Two main
methods to optimize the parameters are commonly applied for
parameter investigations. Fonseca et al.[29] investigated cubic sam-
ples manufactured with five different levels of laser power and
three levels of scan speed without preheating. The samples
showed a relative density of above 98%, however, linear cracks
occurred in the samples. In the work of Laakso et al.[30] following
a statistical design of experiments (DoE), 50 samples were man-
ufactured to investigate an adequate parameter region (laser

power: 100–300W, scan speed: 400–1200mm s�1, hatch distance:
90–150 μm). According to the contour map, final parameters
(VED¼ 84 Jmm�3) were identified, where porosity was mea-
sured to be only 0.09%.

1.3.3. Mechanical Properties

Mertens et al.[31] manufactured H13 at room temperature (RT), at
200 and 400 �C. Investigations revealed a low yield stress and
minor total elongation for all samples as well as a high volume frac-
tion of γ-phase in samples manufactured at RT and 200 �C. Lee
et al.[32] showed similar mechanical properties, being characterized
by low yield stresses and low elongations at fracture in tensile tests.

1.3.4. Post-treatment

Post-treatments on as-built components are commonly required
to optimize microstructures and improve mechanical properties.
Åsberg et al.[33] applied different post-treatments, including stress-
relieving, hot isostatic pressing (HIP), annealing, and tempering
on H13 samples. A HIP treatment decreased the porosity and
improved ductility. At the same time, annealing combined with
tempering strengthened the material, as shown in Table 2, which
also includes the results of Yan et al.,[34] who also applied different
heat treatment routines to set adequate mechanical properties.

2. Research Schemes and Corresponding
Discussion

Results obtained by a systematic investigation on H13
manufactured by L-PBF are detailed in the following. To derive

Figure 4. Model showing the hypothesized microstructural evolution of H13 manufactured by L-PBF. The profile shows element concentrations at indi-
cated sections. Adapted with permission.[28] Copyright 2018, Elsevier.
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solid conclusions, all steps have been accomplished in the
authors’ laboratories. Generally, a review paper could just col-
lect and assess data already being available in literature.
In light of the considerations detailed above, i.e., the relatively
low number of studies available in literature reporting on
L-PBF of tool steels so far and, even more important, the rela-
tively limited comparability of data published (being rational-
ized based on the vast number of influencing factors as
described in Figure 2, not all of them being detailed in respec-
tive studies) the remainder of this review paper mainly focuses
on data being elaborated by the authors. Only this way, most
relevant influencing factors for L-PBF of hot work tool steels
could be elaborated and discussed.

The comprehensive description of all steps considered, rele-
vant thoughts and boundary conditions as well as conclusions
derived in the light of findings being state-of-the-art in the
field of AM are key aspects in present work. Material and process
parameter development are conducted aiming at robust transfer-
ability to envisaged series production. The experimental plan
considered contains three stages. 1) Parameter optimization:
Exploration of the appropriate preheating temperature and laser
parameters to achieve a crack-free state and satisfy quality
requirements. Moreover, refinement of the laser parameter set-
tings (laser power, scan speed, and hatch distance) by using DoE
is addressed. 2) Reproducibility: In addition to the feasibility of
manufacturing, reproducibility and reliability are crucial for
industrial production. Therefore, the influence of post-AM heat
treatments, machine conditions, and different powders are cru-
cially to be known for ensuring a stable quality of manufactured

H13 parts. 3) Assessment: General influencing factors of pro-
cessibility that must be considered to process tool steels:
Extension of findings from H13 to other tool steels to assist
investigations on similar materials.

2.1. Parameter Optimization

For the parameter study, a SLM280HL 2.0 machine (SLM
Solutions AG, Germany) equipped with a second generation
gas flow unit using the powder specified in Table 3 was
employed. During L-PBF manufacturing, factors such as recoat-
ing parameters (recoating speed, minimum layer time, recoating
mode) and Ar-gas parameters (oxygen level, gas flow speed,
differential pressure) were kept in default settings.
A square platform with a side length of 250mm (standard
module) and a round platform with a diameter of 90mm
(high-temperature [HT]—module capable of up to 600 �C) were
applied in this work.

The powder batch used (hereinafter H13-ref ) is specified in
Table 3. The table provides the chemical composition, physical
properties, size distribution, and geometry information.
Moreover, a micrograph of the powder morphology is shown
in Figure 5.

The parameter optimization aims at answering the following
question: Can H13 tool steel be successfully manufactured with-
out apparent defects such as cracks? Particularly in focus are two
aspects, i.e., the influence of preheating temperature and laser–
powder interaction.

Table 2. Porosity and mechanical properties of H13 samples after various heat treatment routines (SR: stress-relieving, HIP: hot isostatic pressing, H:
hardening, T: tempering, UTS: ultimate tensile strength).[33,34]

Heat treatment Porosity [%] Mechanical test

Center Subsurface Yield stress [MPa] UTS [MPa] Elongation [%]

SR[33] 0.07� 0.16 0.12� 0.06 1155� 25 1297� 40 4.2� 3.0

SRþHþ T[33] 0.11� 0.08 0.16� 0.18 1447� 10 1640� 60 3.3� 1.6

SRþHIPþHþ T[33] 0.005� 0.001 0.02� 0.03 1502� 25 1743� 25 6.6� 0.6

As-built[34] – – 818� 12 1430� 12 2.42� 0.21

600 �C Tempering[34] – – 1483� 48 1938� 62 5.80� 0.61

700 �C Tempering[34] – – 877� 18 1076� 21 10.95� 1.68

Table 3. Quality report of H13-ref powder detailing chemical composition (measured by inductively coupled plasma–optical emission spectrometry (ICP-
OES)), physical and geometrical properties. Standard AISI/UNS chemical composition of H-13 steel is shown in brackets.[41]

Chemical analysis [wt%]

C Si Mn Cr Mo V Fe

0.39 (0.32–0.45) 1.19 (0.80–1.20) 0.37 (0.20–0.50) 5.04 (4.75–5.50) 1.33 (1.10–1.75) 0.96 (0.80–1.20) Bal.

Physical properties

Hall flowmeter [s] Apparent density [g·cm�3] Tap density [g·cm�3]

14.5� 0.2 4.30� 0.01 4.95� 0.04

Particle size [μm] (by Camsizer X2) Geometrical properties(by Camsizer X2)

Q3¼ 10% Q3¼ 50% Q3¼ 90% Sphericity Symmetry width/length

19.1 29.9 42.2 0.901 0.953 0.908
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2.1.1. Impact of Preheating

Seven preheating temperature levels were tested, ranging from RT
to 600 �C with a step size of 100 �C. Samples with dimensions of
10� 7.5� 17mm3 were built. During manufacturing, the laser
parameters were kept constant, i.e., the laser power was 250W,
the scan speed was 800mms�1, the hatch distance was
0.10mm, and the layer thickness was 30 μm. This parameter set
is based on SLM official settings for 18Ni-300 powder (1.2709).
The manufactured samples underwent metallographic preparation
and afterwards were investigated by optical microscopy to identify
(macro-)defects. Moreover, SEM and electron backscatter diffraction

(EBSD) were used to gain further information regarding the micro-
structure and phase distribution.

Optical micrographs of the samples manufactured at different
temperatures reveal cracks perpendicular to the build direction
(BD). Figure 6 shows representative images of samples preheated
to temperatures ranging from RT up to 600 �C. Horizontal cracks
can be found on samples manufactured at RT and 100 �C, mostly
starting from the surface, whereas those preheated to tempera-
tures between 200 and 600 �C are crack-free.

In addition to cracking, the preheating temperature also influ-
ences the resulting microstructure. In Figure 7, two SEM images
at different magnifications are shown, revealing scale-like melt

Figure 5. Characterization of H13-ref powder via SEM; a) overview, b) particle appearance, and c) microstructure.

Figure 6. Representative optical micrographs (BD vertical) of samples processed at different temperature levels. Adapted with permission.[39] Copyright
2018, European Powder Metallurgy Association.

Figure 7. Microstructure of H13 samples manufactured by L-PBF (dashed lines: melt pool boundaries), representative micrographs for samples proc-
essed at 200 �C preheating. a) SEM image showing a scale-like melt pool structure; b) BSE image revealing columnar grains within a single melt pool.
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pool structures highlighted by yellow dashed lines and columnar
grains in samples preheated to 200 �C. Such structures are seen
in all temperature ranges. Within every single melt pool, neigh-
boring grains are characterized by similar orientations, length/
width ratios and growth directions. The grains with a similar ori-
entation, hereafter referred to as clusters, cross the melt pool
boundaries and continue growing, with changes along the direc-
tion of growth. As revealed by backscattered electrons (BSE)
imaging (shown in Figure 7), it is evident that the embedded
regions display bright contrast: This clearly reveals the local
enrichment of heavier elements. The EBSD phase characteriza-
tion of four as-built conditions (RT, 200, 400, and 600 �C preheat-
ing) is shown in Figure 8. Within melt pools, which correspond

to the region shown in Figure 7b, γ-phase (green) is located at the
boundaries of α-phase grains (red), Figure 8a. According to the
misorientation histogram along the orange line across both
phases, misorientation angles of 45� prevail.

Furthermore, when the γ-phase fraction decreases with
increasing preheating temperature, as shown in Figure 8b, the
fraction of 45� misorientation is significantly reduced, as shown
in Figure 8c. Thus, it is likely that the misorientation angle of 45�

is primarily linked to misorientation between γ-phase and
α-phase. The table shown in Figure 8b shows that the fraction
of γ-phase decreases from 14.0% to 2.1% when preheating tem-
perature increases from RT to 600 �C, while the average grain
size increases from 2.0 to 4.1 μm.

Figure 8. EBSD results obtained for H13 samples including phase diagrams and misorientations of grain boundaries. a) Phase distribution (red: α-phase,
green: γ-phase) and misorientation at phase boundary; b) Phase distribution (red: α-phase, green: γ-phase), phase fraction of γ-phase and average grain
size at four levels of preheating temperature (RT, 200, 400, and 600 �C). Adapted with permission.[40] Copyright 2019, European Powder Metallurgy
Association; (c) Histogram of grain boundary misorientation at four levels of preheating temperature.
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For the composition detailed in Table 3, the equilibrium phase
diagram of H13 is shown in Figure 9a, which has been calculated
by the thermodynamic calculation software OpenCalphad. It can
be inferred that after powder melting and subsequent cooling the
liquid phase partially transforms to δ-phase, followed by com-
plete transformation into γ-phase and finally to α-phase and car-
bides. However, the fast cooling rate (�105–106 K · s�1)[35] during
L-PBF results in pronounced undercooling during solidification
eventually hindering or delaying phase transformation.[36] To
capture the real picture of phase transformation at such high
cooling rates, Yan et al.[34] calculated the solidification diagram
of H13 during L-PBF processing using a Scheil–Gulliver model
and Thermocalc software (Figure 9b). At the beginning of solidi-
fication, 70% of the melt solidifies into δ-phase within a narrow
temperature range (around 1480–1420 �C). Upon further cool-
ing, 25% solidifies into γ-phase within a wider temperature range
(around 1420–1160 �C) and finally into carbides and cementite.

The microstructure of H13 manufactured by L-PBF is charac-
terized by clusters of columnar grains that are formed
in the scale-like melt pool structures, as shown in Figure 7.
According to orientation clustering derived from the inverse pole
figure (IPF) map, the boundaries of columnar grains with similar

orientation were identified and marked by yellow dashed lines
superimposed to the maps in Figure 10. Here, irrespective of
the prevailing phase, the orientation within the clusters remains
the same or similar.

As can be deduced from the SEM pictures shown in Figure 7,
the grains in different clusters display different shapes, especially
with respect to the length/width ratio. According to Figure 11,[37]

indicating that the microstructure strongly relies on the growth
rate and temperature gradient during laser welding, it can be
assumed that the fast growth rate of δ-phase leads to a narrow
solidification region, eventually resulting in cellular structures
occurring in clusters. The different shapes of the clusters are
strongly affected by the local cooling process, as is schematically
shown in Figure 12.

During the L-PBF process, the size of the melt pool is
commonly considered to be of dimensions of about
100� 100 μm2. The melt pool consists of newly molten powder
and the remelted layer. Due to the different sizes and tempera-
tures of the melt pool and the solid part, a pronounced
temperature gradient as well as high cooling rate prevails even-
tually enabling the growth of clusters from the boundary of
the melt pool. The clusters form and grow alongside the

Figure 9. Equilibrium phase diagram of H13 elaborated by thermodynamic calculation; a) equilibrium phase diagram; b) solidification according to the
Scheil model. Adapted with permission.[34] Copyright 2020, Elsevier.

Figure 10. IPF map obtained within a single melt pool, where clusters are marked with yellow dash lines. a) Clusters in the IPF map of α-phase and
b) clusters in the IPF map of γ-phase.
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crystallographic orientation defined by the grains in the already
solidified part and in accordance with the thermal gradient in
the melt pool and at the melt pool boundary, these features being
shown in Figure 12b. This orientation and thermal gradient-
dependent process will finally stop when other clusters grow
and overlap, as shown in Figure 12c. Within the clusters, elemen-
tal segregation at boundaries can be observed in the dendrite

structure. In this process, two different types of boundaries can
be involved: grain boundaries within clusters, which mainly con-
sist of low-angle grain boundaries (LAGBs) and grain boundaries
between clusters, consisting of high-angle grain boundaries
(HAGBs). Depending on the boundary type, the segregation most
probably is different. Higher degree of segregation mainly occurs
at HAGB as compared to LAGB. In the as-built state, the segrega-
tion on grain boundaries forms V-rich carbides, as shown in
Figure 13. This was already highlighted by Fonseca et al.[29] based
on scanning transmission electron microscopy (STEM) investiga-
tions and by Lee et al. based on atom probe tomography (APT)[32].

The enrichment of elements at grain boundaries, mostly carbon
as an austenite stabilizer, has to be considered to rationalize the
appearance of γ-phase, as shown in Figure 8 and 10b. In case the
preheating temperature increases, the cooling rate in themelt pool
decreases, eventually influencing the growth rate of grains and
consequently, the segregation pattern on grain boundaries. This
finally contributes to the reduction of the austenite fraction and
increased grain size in the as-built samples, as shown in Figure 8b.

2.1.2. Laser–Powder Interaction

The laser interaction test investigates the influence of laser
parameters on the melt pool appearance and the porosity that
finally dominates the mechanical properties.[38] Two parameters
are mainly discussed, namely laser power and scan speed.
During manufacturing in this part of the work, no pattern rota-
tion was applied between layers and the preheating temperature
was 200 �C. Figure 14 shows how and where the melt pool
dimensions and porosity were determined. The study on melt

Figure 11. Microstructure formation depending on the temperature gra-
dient and growth rate during laser welding. Adapted with permission.[37]

Copyright 2002, John Wiley and Sons.

Figure 12. Schematics detailing the solidification process in the melt pool during L-PBF processing. a) Initial state at the beginning of solidification in the
melt pool, b) cluster growth, c) segregation within clusters and d) final microstructure.
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pools was conducted on the top layer, whereas the porosity eval-
uation was conducted within the main sample body, i.e., within
the bulk. Here, porosity is defined by the area of pores divided by
the whole investigated area.

It is very important to note at this point that all tests were con-
ducted using the same AM system and an identical batch of pow-
ders (H13-ref ). The investigated laser power range consists of
three levels, namely 100, 200, and 300W, each accompanied
by three different scan speeds, 450, 900, and 1350mm s�1. The
hatch distance is set as 0.1 mm and layer thickness as 30 μm (in
the bulk). According to the methodology shown in Figure 14, the
area ratio of defects in all samples and the melt pool dimensions
are shown in Table 4, respectively. The porosity is minimized
with a combination of high laser power and low scan speed or
in other words, with maximization of energy input. In this case,
the dimensions of melt pools exhibit the highest values.

The melt pool dimension is an essential factor to investigate the
impact of the laser parameters. From the raw data shown in

Table 4, the contour maps with respect to width and depth as a
function of the factors laser power and scan speed are shown
in Figure 15 using statistical regressions (Equation 2 and 3).
Obviously, an increase in laser power and a decrease in scan
speed lead to a larger size of the melt pool in width as well as
depth.[38]

DepthðμmÞ ¼ 84.6þ 0.2216PowerðWÞ
� 0.0392 Speedðmm ⋅ s�1Þ

(2)

WidthðμmÞ ¼ 67.7þ 0.5223 PowerðWÞ
� 0.0017 Speedðmm ⋅ s�1Þ
� 0.000276PowerðWÞSpeedðmm ⋅ s�1Þ

(3)

To link the porosity directly to the dimensions of the melt pool,
a simplified geometrical model of a melt pool is considered, as
shown in Figure 16. The melt pool is assumed to have the

Figure 13. Microsegregation on grain boundaries depicted for the as-built state. Adapted with permission.[29,32] Copyright 2019 and 2020, Elsevier.

Figure 14. Sample design for single laser track investigation and corresponding method for porosity measurement and melt pool dimension analysis.
Adapted with permission.[38] Copyright 2017, European Powder Metallurgy Association.
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Figure 15. Relationship between laser settings and the dimensions of the melt pool (width and depth in micrometer). Adapted with permission.[38]

Copyright 2017, European Powder Metallurgy Association. a) Width and b) depth in dependence of scan speed and laser power.

Table 4. Area ratio of defects and geometry of the melt pool in all samples manufactured based on three levels of laser power and three levels of scan
speed.[38]

Speed Power

100 W 200W 300W

Area ratio of defects

450 mm s�1 0.39� 0.11% 0.09� 0.12% 0.01� 0.01%

900mm s�1 7.69� 2.23% 0.03� 0.02% 0.08� 0.03%

1350mm s�1 27.23� 2.02% 2.83� 0.87% 0.19� 0.20%

Geometry of the melt pool (W: Width; D: Depth)

450 mm s�1 W: 110.0� 9.2 μm W: 144.3� 26.4 μm W: 193.4� 6.7 μm

D: 76.3� 0.7 μm D: 116.3� 40.7 μm D: 138.6� 27.8 μm

900mm s�1 W: 89.1� 7.2 μm W: 120.9� 5.2 μm W: 136.2� 21.2 μm

D: 68.2� 6.9 μm D: 104.3� 28.6 μm D: 112.9� 35.9 μm

1350mm s�1 W: 80.6� 2.5 μm W: 98.7� 7.4 μm W: 114.3� 8.1 μm

D: 61.9� 0.7 μm D: 75.5� 15.6 μm D: 88.0� 7.2 μm

Figure 16. Geometrical parameters of the melt pool considered for porosity estimation; a) single melt pool and b) overlap of two melt pools.
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geometry as shown in Figure 16a, which consists of two half
ellipses (top and bottom). Two parallel laser tracks are taken
into account, as shown in Figure 16b. In case of this assumption,
melt pools always are characterized by the same geometry and
located at the same height. Accordingly, the porosity mainly

can be related to the junction point of melt pools as highlighted
by the red arrow.

According to the assumption of the geometry of the melt pools
specified earlier, Equation (4) was deduced to calculate the poros-
ity based on the simplistic geometrical model.

When whalf > hhalf , dbottom > ld

Porosity ¼ 1�

�
π
2 � cos�1 hhalf

whalf
� cos�1 ld

dbottom

�
⋅ whalf ⋅dbottom

2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

�
hhalf
whalf

�
2

r
⋅ hhalf ⋅dbottom2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

�
ld

dbottom

�
2

r
⋅ whalf ⋅ld

2

ld ⋅ hhalf
(4)

When whalf > hhalf , dbottom < ld

Porosity ¼ 1�

�
π
2 � cos�1 hhalf

whalf
� cos�1 ld

dbottom

�
⋅ whalf ⋅dbottom

2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

�
hhalf
whalf

�
2
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⋅ hhalf ⋅dbottom2

ld ⋅ hhalf
(5)

When whalf< hhalf , dbottom >ld

Porosity ¼ 1�

�
π
2 � cos�1 hhalf

whalf
� cos�1 ld

dbottom

�
⋅ whalf ⋅dbottom

2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

�
ld

dbottom

�
2

r
⋅ whalf ⋅ld

2

ld ⋅ hhalf
(6)

Here, whalf is the half value of the melt pool width, dbottom
the bottom depth of the melt pool, hhalf the half value of the hatch
distance between neighboring melting pools, and ld the layer
thickness of individual layers. Depending on the overlap
situation (including the surrounding melt pools), three situations
can be distinguished: good bonding with all surrounding melt
pools, bonding only with themelt pools in the same layer, and bond-
ing only with the melt pools in the top and bottom layers. These
situations correspond to the three conditions in Equation (4)–(6).
The contour map for the estimated porosity deduced from the
geometrical model is shown in Figure 17. With the energy input
increasing, the geometrical model predicts a decreasing degree
of porosity.

A comparison of the estimated results with the experimentally
determined values is shown in Figure 18. Both values reveal a
similar trend of porosity variation with laser power and scan speed.
Higher laser power and a lower scan speed lead to less porosity
in the samples. Obviously, the simplified geometric model
applied to a high porosity level (>0.5%) shows a higher accuracy
as compared with the accuracy at low porosity levels (<0.5%).
At the high porosity level, overestimation occurs compared to
the experimental values, which can be related to the deviation
of the real melt pool geometry from the half-ellipse assumption.
In contrast, at a low-porosity level lack of melting at the junction
among melt pools is expected not be the main factor leading
to evolution of porosity. Instead, gas pores and inclusions,
respectively, could play a more critical role. Further discussion
on the evaluation of defects will be part of a later chapter of this
article.

2.1.3. Parameter Optimization

To ensure the quality and reproducibility of laser settings, statis-
tical analysis based on response surfaces and reproducibility tests
is conducted. In this case, the response surface is applied for
DoE. Four factors have been considered: laser power, scan speed,
hatch distance, and focus distance. The principle of response sur-
face analysis considers three types of points. The center points
display the conditions in the center of the test region, while the
axis points are considered to test the interaction of individual fac-
tors (change of only one factor from the center point). In contrast,
the corner points consider cross-influences between multiple

Figure 17. Contour map of porosity calculated based on the geometrical
model. See text for details.
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factors (change of all factors from the center point). The applied
laser power was between 150 and 350W (step size: 50W), the
scan speed was between 500 and 1300mms�1 (step size
200mms�1), the hatch distance was between 0.07 and 0.15mm
(step size 0.02mm) and the focus distance was between �8 and
8mm (step size 4mm). During the tests, the center point was
selected as follows: a laser power of 250W, a scan speed of
900mms�1, a hatch distance of 0.11mm, and a focus distance of
0mm. Based on the given values, the detailed DoE is presented in
the Appendix (Table A1). The whole DoE covers VED values from
50 to 158 Jmm�3. For L-PBF processing of the samples, the pre-
heating temperature of the platform was always fixed at 200 �C.

All samples manufactured according to the DoE were ground
and polished. The area ratio of the porosity was afterward mea-
sured by optical microscopy. After statistical analysis, the main
effect plot and the contour plot of the porosity are shown in
Figure 19a,b. The main effect plot of the four factors shows a
minimum value of porosity at specific points. Generally, low
VED (low laser power, fast scan speed, and broad hatch distance)
causes higher porosity. In addition, based on the optimization in
accordance to the DoE model derived from the contour plot, a
final parameter set is determined at VED¼ 108.8 J mm�3.

2.2. Reproducibility

After parameter optimization, dense and crack-free H13 samples
could be manufactured in the as-built state. However, for produc-
tion, the process needs to be robust and reliable, i.e., reproduc-
ible with respect to different powders and machine conditions
has to be ensured to guarantee for appropriate mechanical prop-
erties. In light of robust application the following three aspects
are considered here: post-AM heat treatment, the machine con-
dition, and the influence of different powders. As the mechanical
properties after additional heat treatments are highly relevant for
industrial applications, the role of heat treatment will be dis-
cussed and set as a reference for the discussion of the machine
condition and the influence of different powders.

2.2.1. Post L-PBF Heat Treatments

After optimizing the parameter settings, heat treatments were con-
ducted to tailor microstructure and mechanical properties. After
manufacturing with optimized parameters (VED 108.8 J·mm�3)

common heat treatment procedures, i.e., treatments following
parameters being applied in conventionallymanufacturedH13 bulk
material used to set required mechanical properties (stress-
relieving, hardening [austenitization annealing with quenching],
and tempering[39]) were considered. The microstructure and
mechanical properties of as-built samples and heat-treated samples
(shown in Table 5) are investigated. Phase distributions and residual
stresses were characterized via X-ray diffraction (XRD).[39]

An as-built cube (50� 50� 50mm3) was cut into four pieces for
further heat treatments according to Table 5, to ensure an identical
initial state for all cases. The initial state was characterized by a
crack-free surface on the polished section, revealing a high relative
density. After heat treatments and metallography, samples were
investigated using SEM (Figure 20). From comparison of themicro-
structures in (a), (b), and (d), it can be deduced that the hardening
treatment contributes to homogenization of the characteristic clus-
ter structure in the as-built state, eventually leading to a similar
structure as in conventionally processed H13. In contrast, the clus-
ter structure remains if the samples are only stress relieved, as
shown in Figure 20c. Moreover, the segregating elements (vana-
dium and carbon) being present at grain boundaries in the as-built
state (cf. Figure 13) from carbides after hardening, as revealed by
energy dispersive spectroscopy (EDS) in Figure 20e.

In addition to the microstructural observations, all four sam-
ples subjected to the different heat treatment routines were char-
acterized by XRD to evaluate the austenite fraction and residual
stress in the immediate non-machined surface layer. After all heat
treatments, the austenite fraction decreases significantly, i.e.,
induced by both stress relieving or hardening, as well as the com-
bination of the two steps. The same trend holds true for residual
stresses, as shown in Figure 21. In summary, stress-relieving heat
treatment leads to the reduction of fraction of austenite and
simultaneously to a decrease in the residual stress, however, is
not capable of modifying the general microstructural appearance.
On the contrary, the hardening treatment can additionally con-
tribute to a homogenization of the microstructure.

Finally, dog bone-shaped tensile samples with a cross sec-
tion of 3� 2 mm2 and a gauge length of 8 mm parallel to the
build direction were wire-cut by electrical discharge machin-
ing (EDM) and tested (including three repetitions). The results
obtained in the tensile tests are shown in Figure 22. All heat
treatments improved the yield strength (Rp0.2) and ultimate
tensile strength (UTS). Both trends can be rationalized, at least
in part, by the reduced fraction of austenite. After hardening,

Figure 18. Comparison between the estimated porosity level and experimentally determined values. a) Severe porosity (region 0.5� 35%) and b) minor
porosity (region 0 � 0.5%).
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Figure 19. Influence of all four factors on the porosity upon manufacturing (fz: focus distance [mm]; PL: laser power [W]; vs: scan speed [mm·s�1]; hs:
hatch distance [mm]). a) Main effect plot of all four factors contributing to porosity; b) contour plots of porosity in percent (0.1–10.0%) used for parame-
ter optimization.
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the microstructure is homogenized, and the size of some
microstructural features increases. According to the Hall–
Petch relation, the smaller feature size in the solely stress-
relieved sample in comparison with the solution-treated sam-
ple is expected to contribute to the higher yield stress.

2.2.2. Influence of Machine-Related Parameters

The machine condition test targets to investigate the influence of
machine settings. When applying the established parameters
(see previous paragraphs), the area-reduced platform is not suit-
able, and a standard platform with an area of 250� 250mm2 is

Table 5. Details for the four different heat treatment routines considered (AB: as-built; AþQ: austenitization annealing and quenching; SR: stress-
relieving). Reproduced with permission.[39] Copyright 2018, European Powder Metallurgy Association.

Sample number 1(AB) 2(AþQ) 3(SR) 4(SRþ AþQ)

Stress-relieving: 620 �C, 2 hþ furnace cooling 1 �Cmin�1 to 500 �Cþ free air cooling X X

Austenitizationþ quenching: 1020 �C, 1 h, N2þ high-speed air cooling X X

Figure 20. SEM micrographs for the four different heat treatment routines. Adapted with permission.[39] Copyright 2018, European Powder Metallurgy
Association. a) Sample 1: as-built, b) sample 2: austenitizationþ quenching, c) sample 3: stress relieving, d) sample 4: combined treatment, e) SE image
and EDS mapping highlighting V-rich inclusion in the L-PBF H13 samples after hardening.
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required to be in line with industrial manufacturing demands.
Based on experience, the position of the samples on the platform
has to be considered for analysis. A key parameter in this context
is the temperature distribution on the platform.

To investigate the position effect on the local preheating tem-
perature, 8� 8 thermocouple patterns were fixed on the platform
with standard size (250� 250mm2) to measure the temperature
distribution on the top surface. During the measurement, the gas
flow was deactivated to avoid any influence related to gas cooling
during these measurements. In line with the preheating limita-
tion of the standard platform, 200 �C was set on the machine,
which is the maximum temperature allowed for this platform
size. As is shown in Figure 23a, the experimentally determined
temperature is higher near the center region. Considering anal-
ysis of cracks being studied for the build arrangement shown in
Figure 23, only the samples built in the center region tend to be
crack free, as indicated in Figure 23b. This clearly highlights that

the evolution of cracks during AM of H13 is highly sensitive to
the local preheating temperature on the platform, at least if a pre-
heating temperature of 200 �C or above is required for crack-free
L-PBF processing.

2.2.3. Influence of Different Powders

The powder sensitivity test was carried out to understand the
influence of powder properties on the final quality of the samples
after L-PBF processing. Laser parameters and machine condi-
tions were fixed during these experiments to study in how far
the developed parameters can be adapted to other powders with-
out further modification. Four H13 powders from different sup-
pliers (powders 1, 2, and 3 are powders from other suppliers,
powder 4 is the H13-ref powder used for all investigations
detailed before) were considered. All relevant powder details,

Figure 21. XRDmeasurements considering four samples in different heat treatment conditions focusing on a) fraction of austenite and b) residual stress.
Adapted with permission.[39] Copyright 2018, European Powder Metallurgy Association.

Figure 22. Representative stress–strain curves for the four sample conditions upon different heat treatment routines. (AB: as-built; AþQ: austenitization
annealing and quenching; SR: stress-relieving).
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including chemical composition, geometrical features, and phys-
ical properties were determined in the same way. The results are
listed in Table 6.[40]

To evaluate the influence of different powders, samples for
density measurements and mechanical characterization (tensile
test and V-notched Charpy test) were manufactured using the
same optimal laser/machine conditions mentioned in the previ-
ous chapters. The defects parallel and perpendicular to the build
direction of all manufactured samples were assessed. Generally,
the samples exhibit a similar relatively low porosity level below
0.1%, as shown in Figure 24. However, two types of defects can
be clearly identified (Figure 25). Type A is seen in samples made
from powders 1 and 3, whereas type B only occurs in powder 3

samples. Cracks of type A evolve parallel to the build and are obvi-
ously located between individual melt pools: Thus, this kind of
defect is identified as lack of fusion. Cracks of type B almost grow
alongside the build direction. These cracks are located at the
boundaries between clusters and can cross the melt pool bound-
aries. These type of cracks are identified as solidification cracks,
being generated during the solidification process itself.

The as-built samples were further heat-treated (stress reliev-
ing, quenching and tempering). Tensile tests and V-notched
Charpy tests were conducted to study strength and toughness.
Samples manufactured from powders 1 and 3 are characterized
by inferior total elongation and lower toughness as compared to
the ones from the other two powders, as shown in Figure 26.

Figure 23. Influence of the platform position at nominal 200 �C preheating. a) Temperature distribution and b) areas leading to crack and non-crack
conditions for samples at different platform positions.

Table 6. Chemical composition, geometrical characteristics and physical properties of four different H13 powders measured by ICP-OES[40] (* is the H13
reference powder).

Powder Chemical Analysis [wt%]

C Si Mn Cr Mo V Fe

1 0.36 0.99 0.35 5.31 1.33 0.99 Bal.

2 0.35 1.00 0.40 4.83 1.36 0.93 Bal.

3 0.42 0.83 0.37 5.04 1.48 0.99 Bal.

4* 0.39 1.19 0.37 5.04 1.33 0.96 Bal.

Powder Powder size distribution [μm] Particle shape

Q3¼ 10% Q3¼ 50% Q3¼ 90% Sphericity Symmetry Aspect ratio

1 20.3 30.7 44.5 0.879 0.937 0.863

2 19.1 29.0 40.3 0.873 0.931 0.865

3 20.7 31.6 44.5 0.861 0.923 0.837

4* 19.1 29.9 42.2 0.901 0.953 0.908

Powder Physical properties

Flow rate [s] Apparent density [g·cm�3] Tap density [g·cm�3]

1 14.6 4.10 4.85

2 15.9 3.84 4.62

3 15.4 3.79 4.74

4* 14.5 4.30 4.95
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The mechanical properties are plotted in Table 7. For clarity,
respective values are normalized with respect to values of tradi-
tionally processed bulk material with the same hardness.[41] As
mentioned earlier, the samples from powders 1 and 3 show infe-
rior total elongation and lower toughness, especially in samples
built vertically on the platform, i.e., with their loading axis paral-
lel to the build direction. The inferior mechanical properties can
be attributed to the defects being present in the samples from
powders 1 and 3, as shown in Figure 25a. The lack of fusion
defects are oriented almost parallel to the platform. When the
samples were tested alongside the build direction, pronounced
stress concentration results at given volumes in the sample (sche-
matically shown in Figure 27a). In this loading situation, lack of
fusion defects can be treated as very sharp and, thus, extremely
detrimental notches. In contrast, when samples are tested per-
pendicular to the build direction, as shown in Figure 27b, the
stress concentration around the lack of fusion defect is less det-
rimental as compared to the other direction.[40]

A low-resolution camera, being installed in the L-PBF
machine for quality insurance purposes, records images after
recoating and after exposure. Representative images after recoat-
ing are shown in Figure 28 from build jobs using powders 2 and
4 (a) as well as powders 1 and 3 (b). In the build jobs using pow-
der 2 (and 4), the new powder layer smoothly covers the already

solidified layer. On the contrary, due to pronounced sparking
(respective products covering already processed parts during
laser exposure) in the build jobs using powders 1 and 3, the
new powder layer could not fully cover the already processed
area, eventually leading to the formation of lack of fusion defects.

As shown in Figure 29 (deduced from Table 6), powders 1 and 3
are characterized by slightly larger powder particle size and inferior
shape quality as compared to the reference powder 4. The slightly
larger size and lower symmetry imply a higher energy input for
complete melting. As parameters for L-PBF processing were fixed,
such differences in powder characteristics are thought to be the rea-
son for pronounced sparking and, finally, for evolution of lack of
fusion defects. In summary, it can be concluded that already slight
changes of the powders can result in pronounced defect formation
such that the L-PBF process parameters need to be modified for
different batches of powders, at least when the size distribution
and flowability of powders used are different.

2.3. Most Important Influencing Factors to be Considered for
Processing of Hot Work Tool Steels

In this study, many kinds of defects were observed, among others
the lack of fusion defects detailed in the previous section. These
defects deteriorate the overall part quality, especially the

Figure 24. Porosity of two different sections in virtually dense samples manufactured from the different H13 powders. Reproduced with permission.[40]

Copyright 2019, European Powder Metallurgy Association. a) XY section and b) XZ section (the reference coordinate system is shown in Figure 14).

Figure 25. Two main crack types occuring in samples studied. a) Type A (lack of fusion) in powders 1 and 3 and b) type B (solidification cracking) in
powder 3. Adapted with permission.[40] Copyright 2019, European Powder Metallurgy Association.
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mechanical properties, eventually impeding robust and reliable
application of any given components in industry. Thorough anal-
ysis of all samplesmanufactured in this work allows classifying the
defects into several groups, based on laser parameter settings and
chemical composition.

2.3.1. Defects Caused by Laser Settings

To study defects caused by laser settings, particular material type-
independent conditions of the laser setting are required to assess
defect formation.[38]

When the energy input is too low for sufficient melting of the
powder bed, the molten powder cannot fill the whole volume pro-
vided. Adjacent to the melt pools, unfilled spaces can be the conse-
quence, as shown in Figure 30a, eventually leading to porosity.
Moreover, when powders are not completely molten, the residual
powder remains hardly effected and, thus, nonbonded in the final
structure, as shown in Figure 30b. When intense sparking is
observed during exposure, the new powder layer covers not the
complete platform after recoating. Obviously, the characteristics
of the uncovered sparking products require higher energy input
to melt. Since this is not provided when process parameters are
fixed, lack of fusion defects form, as it is shown in Figure 30d.
The three kinds of defects above share one commonality. They
all are caused by a too low energy input during L-PBF processing.

In contrast to the low energy input case, defects can also be intro-
duced into the final part induced by too high energy input. Higher
energy input contributes to a broader and deeper geometrical
appearance of the melt pool. On the one hand, vaporization in
the center spot of the laser leads to cavity formation during deep

Figure 26. Mechanical properties of H13 samples manufactured from
four different H13 powders by L-PBF. Adapted with permission.[40]

Copyright 2019, European Powder Metallurgy Association. a) Samples ver-
tical to the platform and b) samples parallel to the platform.

Table 7. Normalized values obtained by mechanical testing from the four different H13 powders. Basis for normalization are standard values of
conventionally processed bulk material.[40]

Power 1 2 3 4 Standard

Orientation Ver. Hor. Ver. Hor. Ver. Hor. Ver. Hor. –

Hardness [HRC] 49 49 49 49 49 49 49 49 48

Yield stress 91.5% 89.8% 99.8% 98.2% 96.8% 95.8% 95.0% 96.3% 100%

Tensile stress 93.2% 90.4% 95.4% 95.7% 91.8% 93.6% 93.6% 95.2% 100%

Elongation 25.9% 62.2% 61.5% 72.6% 20.7% 65.9% 66.7% 64.4% 100%

Toughness 57.8% 76.7% 97.8% 83.7% 51.1% 52.6% 73.7% 55.2% 100%

Figure 27. Influence of lack of fusion defects on the force flow during tensile tests for different sample orientations. Adapted with permission.[40]

Copyright 2019, European Powder Metallurgy Association. a) Built vertical and b) built horizontal.
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pool melting, eventually forming keyholes on the bottom of the
melt pool, where these pores remain after solidification.[42] This
type of defect is shown in Figure 31a–b. On the other hand,
the large size of the melt pool results in a relatively sluggish
growth rate of grains. According to Figure 11, the decreased
growth rate influences the morphology of the grains in the melt
pool, from cellular grains to columnar dendritic grains. Themicro-
structure observations shown Figure 31c indicate the presence of
dendritic grains due to the high energy input. These grains have a
detrimental effect on the mechanical properties during subse-
quent application. Moreover, as shown in Figure 31d–e, grains
on the left-hand and right-hand sides could meet at the centerline
of the melt pool resulting in cracks finally forming in the center of
the melt pool. Weman[43] reported on similar cracks, which are
referred to as hot cracks.

2.3.2. Material-Dependent Types of Cracks

In case of the following flaws evolving upon L-PBF processing,
the defects are generated independent of the laser settings. Most

important factors are intrinsic material properties, i.e., chemical
composition and physical properties.[38]

In Figure 25b, solidification cracks are shown in samples man-
ufactured by L-PBF using steel powder with a higher carbon con-
tent. Similar to hot cracks at the center of the melt pool,
solidification cracks develop alongside the build direction, however,
only are located at the boundaries of clusters. Furthermore, unlike
hot cracks, the generation of solidification cracks is not limited to
high energy inputs, and the location is not at the center of the melt
pool. As shown in Figure 32, solidification cracks initiate from the
melt pool boundary. Clearly, clusters at both sides display different
orientations. Based on the schematic highlighting the microstruc-
ture formation in the melt pool shown in Figure 12, the local evo-
lution of microstructure depends on the orientation of individual
clusters at the melt pool boundary. Therefore, the solidification
crack can cross the melt pool boundary and, finally, change the
growth direction in the new melt pool. However, this only seems
to hold true in case the clusters change their orientation adequately.

Cloots et al.[44] observed similar solidification cracks in the Ni-
based superalloy IN738 manufactured by L-PBF. In line with

Figure 28. Representative optical images of the powder bed after recoating taken by a monitoring camera installed in the L-PBF system. Adapted with per-
mission.[40] Copyright 2019, European Powder Metallurgy Association. a) Build job using powders 2 and 4 and b) build job using powders 1 and 3, respectively.

Figure 29. Powder characteristics for the four different H13 powders considered. a) Shape and b) size distribution.
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their observations, the mechanism leading to solidification
cracks is shown in Figure 33. The fundamental factor being
responsible for solidification cracking is the degree of element
segregation. Considering the Scheil–Gulliver model (see
Figure 9b) and segregation pattern of the elements C and V at
grain boundaries (highlighted in Figure 13), the solidification
front within the grain matrix is ahead of the front at the grain
boundaries, especially in case of HAGB. During solidification,
the region being in the temperature window between liquidus
and solidus temperatures, being defined as critical temperature
region (CTR), is of high importance. On the one hand, physical
properties of the material directly influence the size of the CTR,
e.g., the thermal conductivity. On the other hand, local chemical

composition further contributes strongly to the size of the CTR,
eventually determining the liquidus temperature and solidus
temperature of the material itself.[44]

Further characteristic types of cracks being caused by material
properties can be rationalized based on the formation of residual
stresses. Following the implementation of robust parameters for
processing of H13 by L-PBF, three different groups of materials
were considered for processibility testing: hot work steels
(C< 0.5%), maraging steels (without carbon), and high-speed
steels (C> 1%). In total, 12 different powders were applied,
and their chemical composition is shown in Table 8. In this test
series, fixed laser settings (VED 108.8 J mm�3) and machine set-
tings (standard size platform) were used. For each powder, six

Figure 30. Defects promoted by low energy input. Adapted with permission.[38] Copyright 2017, European Powder Metallurgy Association. a) Porosity
formed at the junction of the melt pool; b,c) residual powder in the melt pool. Pattern clearly reveals the initial microstructure of powder. The red zone in
(b) highlights residual powder embedded in the final sample, d–e) lack of fusion defect rationalized based on the impact of sparking during exposure. The
red zone in (e) is the implication of sparking as revealed by powder bed monitoring. Adapted with permission.[40] Copyright 2019, European Powder
Metallurgy Association.
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Figure 31. Formation of defects in the melt pool and the related elementary mechanism. a) A keyhole defect marked at the bottom of the melt pool;
b) schematic highlighting the mechanism of keyhole formation; c) columnar dendritic grains formed during cooling of the melt pool at relatively slow
cooling rate; d,e) analysis of hot cracks evolved upon L-PBF and laser welding. See text for details. Adapted with permission.[38] Copyright 2017, European
Powder Metallurgy Association.

Figure 32. Representative solidification crack at the boundary of different clusters. The crack is able to cross the melt pool boundaries and change the
direction of growth. Adapted with permission.[38] Copyright 2017, European Powder Metallurgy Association.
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different levels of preheating temperature (50–200 �C [maximum
for standard size platform], step size 30 �C) were used, and ten
samples for every temperature step were manufactured to allow
for a statistical analysis regarding processibility and most rele-
vant failure mechanisms.

A crack map is shown in Figure 34a. Data are plotted with
respect to carbon content and preheating temperature. In the
crack map, red points indicate that all samples possess cracks,
green points indicate crack-free samples, and yellow points indi-
cate that both situations occur at this temperature. In case of the
samples being characterized by the presence of cracks, two dif-
ferent types of cracks are observed, as is shown in Figure 34b,c.
At a low carbon content, crack type 1 is seen, i.e., cracks evolving
parallel to the build platform and mainly initiating from the sur-
face (but also inside the samples, not shown). This holds true
especially at relatively low preheating temperature. In contrast
to the characteristics of the wave-like crack type 1, i.e., cracks

hardly revealing any global deformation of the sample, crack type
2 (Figure 34c) occurs mainly in materials with high carbon con-
tent. This type of crack is characterized by very pronounced mac-
roscopic deformation.

As shown in Figure 34, two different morphologies of cracks
can evolve, however, both being a result of the evolving process-
induced residual stresses. In the following, the mechanisms
leading to generation of residual stress during L-PBF will be
introduced very briefly. These residual stresses will then be con-
sidered to rationalize crack mechanisms on a simplified basis. As
will be shown, this kind of simplistic model already allows to sep-
arate the responsible elementary mechanisms leading to crack-
ing in different ways, i.e., leading to the evolution of type 1 and
type 2 cracks as a function of material composition.

During the L-PBF process, a laser source supplies the energy
for powder melting, eventually leading to a very local temperature
increase. Such local increase in temperature leads to local expan-
sion of the volume of the solidified parts, as shown in Figure 35a,
promoting high local compressive stresses during heating and,
thus, localized plastic flow. Due to the volume change upon cool-
ing, this leads to the evolution of localized tensile stress when the
temperature drops down, as shown in Figure 35b. Due to the
repeated scanning of the laser source, local stress states cycle
between tensile and compressive stress, eventually resulting in
thermally induced cyclic loading during L-PBF processing.

For many nonferrous materials, the volume change is mainly
based on thermal expansion. However, for ferrous material,
especially for steels, the thermal expansion is superimposed
by a phase transformation in the solid state. Depending on
the actual chemical composition of the steel, this effect can lead
to dramatic volumetric changes during the cyclic temperature
changes. These volume changes indeed are linked to the charac-
teristic phase transformation between martensite and austenite,
where the transformation itself is highly affected by the steel
composition. Based on numerical simulations conducted by
Tang et al.[45] (Figure 36a) and the corresponding phase transfor-
mations in H13 manufactured by L-PBF reported by Fonseca
et al.[29] (Figure 36b), the schematic shown in Figure 36c is

Figure 33. Schematic detailing the mechanism being responsible for solidification crack formation. See text for details.

Table 8. Chemical compositions of the 12 different test materials grouped
into: Hot work steels (HWS), Managing steels (MS) and High-speed steels
(HSS).

Powder type Nr. C Mn V Cr Ni Cu Mo W Si Co

HWS 1 0.39 0.37 1.02 5.43 0 0 1.25 0 1.21 0

2 0.26 0.6 0.85 1.7 0 0 2.3 0 0.35 0

3 0.35 0.5 0.54 5 0 0 2.3 0 0.2 0

4 0.33 0.4 0.27 3 1.2 0 2.07 1 0.2 0

5 0.38 0.37 0.45 5.17 0 0 1.24 0 1.01 0

6 0.46 0.22 0.56 4.35 0.09 0.03 2.9 0 0.16 0

7 0.3 0.22 0 0.07 1.99 0 3.31 1.81 0.13 0

MS 8 0 0.3 0 0 0 0 15 0 0 25

9 0 0.4 0 5 2 2 8 0 0 12

10 0 0 0 0 18 0 4.85 0 0 9.25

HSS 11 1.29 0.3 3 4.2 0 0 5 6.3 0.6 8.4

12 1.35 0 4.1 4.1 0 0 5 5 0 0
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drawn. The residual stresses induced by thermal expansion/
shrinkage and volumetric change related to the phase transfor-
mations can be rationalized based on this schematic. The sche-
matic curves highlight the courses of residual stresses being
induced by the numerous thermal cycles (in compression and
tension) in superimposed layers.

As clearly indicated by the morphology of the cracks, the two
types of cracks are driven by different elementary mechanisms.
Considering the carbon content in the crack map in Figure 34a,
the critical temperature shows a V-type curve. Roberts[46] points
out that the higher carbon content strongly affects the c/a ratio,
i.e., leads to a longer c-axis and a shorter a-axis in the martensite,
as well as strongly affects the martensite start/finish tempera-
tures (Figure 37). Thus, a higher carbon content increases the
distortion of the martensitic lattice, eventually leading to higher

stresses during phase transformations during the L-PBF process.
However, at the same time, the higher content of carbon
decreases the martensite transformation temperatures (Ms and
Mf ), finally leading to a lower total number of phase transforma-
tions, especially when preheating is applied.[39]

By combining the influence of the carbon content on the trans-
formation characteristics and the principles of residual stress for-
mation, the evolution of the two different types of cracks
(rationalized based on the residual stresses) is assumed to be rea-
soned as follows.

At low carbon contents, the degree of deformation linked to
the martensitic transformation is comparatively low. However,
at the same time, the transformation temperatures are relatively
high. During the L-PBF process, the absolute value of residual
stresses is low and cracks mainly occur at the surface. Upon

Figure 34. Crack maps plotted for hot work steels and high-speed steels and two different types of cracks stemming from residual stresses. a) Crack maps
as a function of preheating temperature and carbon content; residual stress-induced cracks of b) type 1, and c) type 2. See text for details.

Figure 35. Schematic highlighting the relevant mechanism leading to evolution of the residual stresses caused by volumetric changes during L-PBF
processing. a) Localized heating up and b) cooling down.
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further thermal cycling, the high martensite transformation tem-
perature contributes to a high number of phase transformations
between martensite and austenite. Under these specific condi-
tions, i.e., a relatively high number of thermally induced loading
events related to residual stresses, the corresponding cracks
evolve like fatigue cracks, being characterized by a wave-like
or zigzag shape, as shown in ref. [47], Figure 38a.

In contrast, at high carbon contents, the transformation tem-
peratures are low, in some cases being even lower than the pre-
heating temperature. When the martensitic transformation
occurs during final cooling, the residual stress is very high as
a direct consequence of the pronounced change of lattice param-
eters during phase transformation. Although the martensite
transformation temperature is low, the large deformation during
phase transformation directly leads to cracks being similar in
their appearance to cracks occurring during a bending process,
as shown in ref. [48], Figure 38b.

Based on the assumption that the cracks mainly are affected by
the nature of residual stress during martensite transformation,
crack type 1 is mainly controlled by the martensite transforma-
tion temperature, whereas the c/a ratio of the martensite mainly
is responsible for evolution of crack type 2. During the L-PBF
process, the preheating temperature plays an essential role in
two regards. On the one hand, the preheating temperature is

effective to reduce the absolute residual stress values generated
during the process. On the other hand, the preheating tempera-
ture is effective to influence the number of phase transformation
events between austenite and martensite. Based on the assess-
ment of the martensite transformation temperatures and the
c/a ratio, the risk of cracking is strongly related to the carbon
content, as shown in Figure 39. The V shape of the risk of cracks
is in good agreement with the crack map shown in Figure 34: the
critical temperature deduced from the crack map decreases with
the carbon content in the interval of 0.2–0.5% and then increases
again.

One material (powder 7 in Table 8) was crack free even upon
L-PBF processing at RT despite the medium carbon content
(hollow green circles in Figure 34). This clearly indicates that
additional factors contribute to crack formation. Compared with
the other powders, a striking characteristic of this powder is its
very high thermal conductivity, i.e., 44Wmk�1, whereas the tra-
ditional hot work steel is characterized by a value of about
25Wmk�1. The higher thermal conductivity likely increases
the temperature homogenization during L-PBF processing, even-
tually leading to lower residual stress and lower risk of cracks.

Not only carbon steel but also maraging steel was studied, as
shown in Table 8. Three different maraging steel powders were
tested under the same conditions. Powders 9 and 10 are

Figure 36. Schematic detailing the impact of cyclic loading during L-PBF as induced by thermal cycling and phase transformations. a) Thermal cycles
according to simulation; Adapted with permission.[45] Copyright 2020, Elsevier. b) schematic detailing the courses of phase transformations; Adapted
with permission.[29] Copyright 2020, Elsevier and c) schematic highlighting the characteristic pattern of cyclic loading imposed by L-PBF in multitracks and
multilayers.
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characterized by a crack-free state at all temperatures. However,
powder 8 suffers from cracks of type 2 at all preheating temper-
atures. All three kinds of maraging steel powders are carbon free.
Obviously, the carbon content is not the only critical factor to
determine the possibility of cracking. Clearly, the common opin-
ion that a high carbon content directly promotes a high risk of
cracking upon L-PBF processing is not accurate. The main

factors leading to cracking in steels are the transformation tem-
peratures and distortion induced by martensite transformation.
As it has been shown, analysis of the type of cracks being present
allows to determine the most relevant cracking mechanism
(according to fatigue or bending type) and, thus, the critical
impact of elementary material parameters.

3. Conclusions

A comprehensive review elaborating the most important influ-
encing factors on the structural integrity of hot work tool steels
processed by L-PBF is presented. In addition to a literature
review, a very systematic study contributes to the work presented
herein. This systematic investigation mainly focused on AISI
H13 steel being the reference material for the envisaged appli-
cation fields. The following conclusions can be drawn from
the results shown: 1) The preheating temperature in L-PBF plays
a critical role in terms crack formation, microstructure evolution
and phase distribution. Below a critical temperature (about
170 �C for H13), cracks introduced can be rationalized based
on the evolution of residual stresses. 2) During solidification
of the melt pool, clusters consisting of cellular grains with the
same orientation form and elements segregate at grain bound-
aries. These eventually lead to the formation of the austenitic

Figure 37. Influence of carbon content on the transformation behavior between austenite and martensite. Adapted with permission.[46] Copyright 1953,
Springer Nature. a) Lattice parameters of martensite and b) martensite start and finish temperatures, Ms and Mf.

Figure 38. Crack mechanism of two different types of cracks being characteristic for steels with low and high carbon contents. a) Fatigue crack under cycle
loading and b) crack under high bend loading.

Figure 39. Schematic detailing the impact of the two major influencing
factors being responsible for cracking at different carbon contents. As
can be clearly seen, the nature of martensite transformation and its char-
acteristics are of utmost importance.
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γ-Fe phase. A higher preheating temperature can reduce the frac-
tion of retained austenite. 3) Heat treatments can contribute to
microstructure optimization and mechanical property improve-
ments. A stress-relieving heat treatment leads to decreased resid-
ual stresses, however, has an insignificant influence on the
microstructure. Instead, austenization followed by quenching
can homogenize the microstructure and reduce the retained aus-
tenite content. Moreover, it also increases grain size and stimu-
lates the formation of V-rich carbides. 4) The L-PBF H13
manufacturing process is highly sensitive to the machine condi-
tions and the powder used. An inhomogeneous distribution of
preheating temperature on the platform results in crack forma-
tion at regions far off the center, where a lower preheating tem-
perature prevails. Powder with relatively large particle size and an
asymmetric shape brings a high risk of sparking. Finally, such
inadequate melting behavior introduces lack of fusion defects,
eventually deteriorating mechanical properties, especially elonga-
tion and toughness in vertical samples. 5) Various groups of
defects were identified upon L-PBF manufacturing. One group
of defects is mainly introduced by an inappropriate energy input.
Defect generation can be linked to porosity at the junction of melt
pools, residual powder, and lack of fusion in case of a too low
energy input as well as keyhole formation, evolution of dendritic
grains and hot cracks in case of a too high energy input.
6) Another group of defects is mainly affected by the material
composition. These defects consist of solidification cracks and
residual stress cracks. The mechanism of solidification cracking
is influenced by changes in the local chemical composition
(including formation of segregations) and physical properties
(such as thermal conductivity). Residual stress cracks in
L-PBF are generally generated by the martensitic transformation.
Cracks show two different morphologies: fatigue-like and bend-
ing-like. The major influencing factors at this point are the c/a
ratio of the martensitic phase as well as the absolute value of the
martensite transformation temperatures.

This study elaborated process–microstructure–property
relationships mainly considering the family of the most common
tool steel applied for AM and L-PBF, i.e., AISI H13. As process-
induced cracking has been found to be one major roadblock
toward robust application of these steels, the elementary
mechanisms leading to generation of solidification cracks and
residual-stress cracks were assessed based on experimental work
including assessment of many material and process related
factors, e.g., deviations in chemical composition and preheating
temperature. The mechanisms revealed will allow to understand
the behavior of other work steels in more depth. In this regard,
future research should focus on the assessment of novel high-
carbon-bearing work steels (cold work steel and high-speed steel),
i.e., novel alloy compositions specifically tailored to meet the
demands imposed by the unique characteristics of AM pro-
cesses. Findings will further help to verify the assumptions made
on prevailing defect mechanisms and most relevant properties of
the alloys considered.

Furthermore, the properties of these alloys under application-
oriented loading scenarios will have to be critically assessed. In
most studies being available in open literature so far (including
this review article) focus is primarily on evaluation of hardness
and mechanical properties under quasistatic loading. In the
envisaged applications, however, materials will mainly suffer

from cyclic loads. Here, thermal fatigue as well as thermal shock
loading can be considered being of highest relevance. As micro-
structure upon AM processing is significantly different from con-
ventionally processed counterparts, performance and damage
evolution are expected to be highly influenced. Thus, in-depth
studies contributing to assessment of the properties under such
loading conditions are crucially needed to qualify these materials
for robust and reliable applications. Eventually, assessment of
structural integrity ranging from powder production to in-service
life will have to be the matter of subject in many future research
campaigns.

Appendix

Table A1. Lists of test points considered for the response
surface during parameter optimization.

Nr. of Test
points

Focus distance
(mm)

Laser power
(W)

Scan speed
(mm/s)

Hatch distance
(mm)

1 �8 250 900 0.11

2 �4 200 700 0.13

3 0 250 500 0.11

4 0 250 900 0.11

5 0 250 900 0.11

6 0 250 900 0.11

7 0 250 900 0.07

8 8 250 900 0.11

9 �4 300 1100 0.13

10 4 200 700 0.13

11 4 300 1100 0.09

12 0 150 900 0.11

13 �4 200 700 0.09

14 0 250 900 0.11

15 0 250 900 0.11

16 �4 200 1100 0.09

17 �4 300 700 0.13

18 4 200 1100 0.13

19 0 250 900 0.11

20 �4 200 1100 0.13

21 0 350 900 0.11

22 4 300 1100 0.13

23 0 250 900 0.11

24 �4 300 1100 0.09

25 0 250 1300 0.11

26 4 300 700 0.09

27 0 250 900 0.15

28 4 200 1100 0.09

29 4 300 700 0.13

30 4 200 700 0.09

31 �4 300 700 0.09

32 0 250 900 0.15

33 �8 250 900 0.11
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Table A1. Continued.

Nr. of Test
points

Focus distance
(mm)

Laser power
(W)

Scan speed
(mm/s)

Hatch distance
(mm)

34 0 150 900 0.11

35 �4 300 1100 0.13

36 0 250 900 0.11

37 0 250 900 0.07

38 �4 300 700 0.09

39 0 250 1300 0.11

40 �4 300 700 0.13

41 0 250 900 0.11

42 0 250 900 0.11

43 4 300 1100 0.13

44 8 250 900 0.11

45 0 350 900 0.11

46 4 300 700 0.09

47 �4 200 1100 0.13

48 4 200 1100 0.09

49 0 250 900 0.11

50 0 250 500 0.11

51 0 250 900 0.11

52 4 200 700 0.09

53 �4 300 1100 0.09

54 �4 200 700 0.09

55 �4 200 700 0.13

56 0 250 900 0.11

57 0 250 900 0.11

58 4 200 1100 0.13

59 4 300 700 0.13

60 4 300 1100 0.09

61 4 200 700 0.13

62 �4 200 1100 0.09

63 0 250 900 0.11

64 0 250 900 0.11

65 �8 250 900 0.11

66 4 200 1100 0.13

67 �4 300 700 0.09

68 0 150 900 0.11

69 �4 300 1100 0.13

70 �4 300 700 0.13

71 4 300 700 0.09

72 �4 200 1100 0.13

73 0 250 900 0.11

74 0 250 900 0.11

75 0 350 900 0.11

76 0 250 900 0.11

77 0 250 500 0.11

78 �4 200 1100 0.09

79 4 200 700 0.13

Table A1. Continued.

Nr. of Test
points

Focus distance
(mm)

Laser power
(W)

Scan speed
(mm/s)

Hatch distance
(mm)

80 4 300 700 0.13

81 4 200 700 0.09

82 �4 300 1100 0.09

83 �4 200 700 0.13

84 4 300 1100 0.09

85 0 250 900 0.11

86 4 300 1100 0.13

87 0 250 900 0.15

88 0 250 900 0.07

89 �4 200 700 0.09

90 8 250 900 0.11

91 4 200 1100 0.09

92 0 250 1300 0.11

93 0 250 900 0.11
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