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with Steels feedstock (excluding Stainless Steel)
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mechanical properties
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Introduction
• Steels can be classified in several different ways.
• One classification method is based on a
metallurgical designation providing some process
information.
• Common designations include

• Low-strength steels which are interstitial-free and
mild steels;
• Conventional HSS (carbon-manganese, bake
hardenable and high-strength, low-alloy steels);
• The new AHSS (dual phase, TRIP/TWIP, ferritic-bainitic,
complex phase and martensitic steels).

• The principal difference between conventional
HSS and AHSS is their microstructure:

Steel Strength Ductility Diagram for Today’s AHSS Grades
(includes a comparison of traditional low-strength and highstrength steels)

• Conventional HSS: single-phase or dominantly ferritic
steels
• AHSS: microstructure having a phase other than
ferrite, pearlite, or cementite such as, martensite,
bainite, austenite, and/or retained austenite

https://www.worldautosteel.org/steel-basics/automotive-advanced-high-strength-steel-ahss-definitions/
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Introduction
• Advanced High Strength Steels are mostly used in
automotive industry and now used for nearly
every new vehicle design as shown in the figure.
• Moreover, it is estimated that they will replace
approximately 60 % of currently used conventional
HSS.
• This is due to the fact that new grades of AHSS
reducing the weight of the structures by 2539% compared to conventional steels.
• For a typical five-passenger family vehicle, this will
be equal to a reduction of 170 to 270 kg in the
total leading to a better fuel efficiency.
• It is foreseen that the demand for AHSS will
increase in the coming years, with the automotive
industry being the main driver.

Steel distribution in vehicle
K. Bachman, “Lightweighting still dominates Great Designs in Steel,”
FMA The Fabricator, 23 Mar. 2018, [Online]. [Accessed Apr. 4, 2019].

https://matmatch.com/blog/advanced-high-strength-steel-stronger-lighter-safer-cars/
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Introduction
• In this lecture, we will cover some HSS and AHSS in terms of their
behaviour in Additive Manufacturing, mainly in PBF and DED
methods.
• C-bearing tool steels (M2, H13, H11, others)
• HSLA steels

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.

5

Introduction – Tool Steels
• Types of tool steels in use in Additive Manufacturing with a final
microstructure of martensite with precipitates:
• C-free maraging steels: quenching leads to a comparably soft and
ductile martensitic microstructure which gains its strength by
precipitation of intermetallic-phase particles upon ageing.
• C-bearing tool steels: the martensitic matrix without precipitates
obtained upon quenching is hard and brittle and tempering serves to
regain some ductility by precipitating carbon from the martensite
matrix in the form of carbides.
P. Bajaj, A. Hariharan, A. Kini, P. Kürnsteiner, D. Raabe, E.A. Jägle, Steels in additive manufacturing: A review of their microstructure and properties, Materials Science and Engineering: A,
Volume 772, 2020, 138633, ISSN 0921-5093, https://doi.org/10.1016/j.msea.2019.138633.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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Introduction – Tool Steels
• High cooling rates encountered in AM processes results in martensite
formation in both types of tool steels.
• Carbon-bearing tool steels with a brittle martensitic microstructure
tend to crack a result of thermal stresses built up during the AM
process. Thus, the studies focus on finding optimum process windows
for crack free and dense parts.

P. Bajaj, A. Hariharan, A. Kini, P. Kürnsteiner, D. Raabe, E.A. Jägle, Steels in additive manufacturing: A review of their microstructure and properties, Materials Science and Engineering: A,
Volume 772, 2020, 138633, ISSN 0921-5093, https://doi.org/10.1016/j.msea.2019.138633.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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Introduction – Tool Steels
• Tool steels are mainly used in producing tools for machining, cutting, forming and shaping. Thus, high
hardness and durability are the main requirement for a long tool life. This type of steels are characterized by
their high carbon content compared to others.
• The most common and important alloying elements and their benefits:

• Carbon is the most important alloying element because it is connected to the strength and the hardness of the
material by carbide formation influencing the wear resistance of the material. Additionally, being a an austenite
stabilizer, it increases the hardenability and, as a result, the strength of the material.
• The maximum allowed silicon is up to 1.00 wt%. When increased from 0.15 wt% to 0.45 wt%, the reachable
maximum hardness is obtained.
• Manganese is not used in high concentrations because of its effect on increasing brittleness and the risk of cracking
during quenching.
• Chromium is added usually in a concentration of ~ 4.00 wt% for different grades of tool steels since it has an effect
on the hardenability of the material. Chromium promotes ferritic microstructure and provides corrosion resistance.
• Tungsten contributes to form complex carbides together with iron and carbon in order to increase the hardness and
wear resistance. Additionally, it incluences secondary hardening and increases the red hardness of the material.
• Molybdenum forms M6C carbides with iron and carbon as tungsten does. It improves weldability, corrosion
resistance of the material and hinders grain growth. During heat treatment, molybdenum has the ability to reduce
the decarburization rate.
• Vanadium is the element responsible for forming extremely hard carbides which are more stable than M3C, M23C and
M6C carbides. Due to the precipitation of MC carbides, V has also an effect on secondary hardening.

Aljamal, S.N.H., 2019, Process Optimization of Additive Manufacturing of Tool Steels, Master’s Thesis, CHALMERS UNIVERSITY OF TECHNOLOGY.
Højerslev, C. (2001). Tool steels, 493–494.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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Introduction – Tool Steels
• Based on the application requirements, different material properties shall be considered
when selecting tool steels such as hardness, wear resistance, toughness, red-hardness.
• After casting and hot working, one of the mostly preferred heat treatments is annealing
(spheroidizing) to have a microstructure containing spheroidized carbides distributed
homogenously in the ferritic matrix. This treatment is also known as soft annealing.
• The spheroidized carbides are preferable for the subsequent processes such as hardening
and machining.
• Annealing can be employed to eliminate the hard phases present after hot working.
• Moreover, annealing promotes grain refinement and removes directionality from the
microstructure.
• The annealing temperature determines the distribution of alloying elements between
the austenite matrix and the carbides leading to the hardenability of the austenitic
matrix. Thus, it is very critical.
• Depending on the chemical composition, distribution and the size of the carbides, the
annealing procedure can be chosen.
Aljamal, S.N.H., 2019, Process Optimization of Additive Manufacturing of Tool Steels, Master’s Thesis, CHALMERS UNIVERSITY OF TECHNOLOGY.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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Introduction – Tool Steels
• The most important examples of Cbearing tool steels utilized in AM are
• High speed steels M2 (1.3343, HS 6-5-2 C)
and HS 6-5-3-8
• Cold working steels X65MoCrWV3-2
• Hot working tool steels H11 (1.2343,
X38CrMoV5-1) and H13 (1.2344,
X40CrMoV5-1).

• Most articles found in opean literature
are on AM of the tool steel H13.
• The phenomena encountered with H13
can be considered as representative for
the whole class of tool steels.

Overview over basic mechanical properties of steels discussed in this
reviews, to allow a general comparison of properties obtained by
conventional processing and by the 2 a.m. processes DED and L-PBF.
P. Bajaj, A. Hariharan, A. Kini, P. Kürnsteiner, D. Raabe, E.A. Jägle, Steels in additive
manufacturing: A review of their microstructure and properties, Materials Science and
Engineering: A, Volume 772, 2020, 138633, ISSN 0921-5093.

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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Introduction – Tool Steels
• For tool steels, AM can extend the design space, especially for
prototyping applications. This is critical for tooling applications where
lead times are often long limiting the number of design changes to be
explored.

Pipemold manufactured from EOS ToolSteel 1.2709
https://www.eos.info/en/additive-manufacturing/3d-printingmetal/dmls-metal-materials/tool-steel

https://www.digitalalloys.com/blog/business-value-ofmetal-additive-manufacturing/

Markforged H13 Tool Steel - Versatile Hot Work 3D Printed Steel
https://markforged.com/materials/metals/h13-tool-steel

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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Introduction – Tool Steels
• Hot working tool steels: H13 and H11
• High speed steels: M2
• Cold working tool steel: X65MoCrWV3-2
• Air hardening, cold work tool steel: A2 and
D2

https://en.wikipedia.org/wiki/Tool_steel

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM on H13 tool steel
• ASTM H13 tool steel (1.2344) is a hot-worked tool steel with
carbon content of 0.32–0.45 wt%.
• H13 tool steel is classified as group H steels by the AISI
classification system.
• It is excellent for hot work applications when cyclic cooling /
heating are involved. This is due to its high resistance to
thermal fatigue cracking and relatively good toughness.
• This tool steel also exhibits high stability during heat
treatment besides the good toughness.
• Thanks to its wear resistance with good toughness and
ductility to resist fatigue stresses that are common in mold
usage, H13 is generally preferred for plastic injection molds.
• It is widely used in forging dies, extrusion dies, shot sleeves,
inserts, cores, and cavities for die casting dies and plastic
mold components that call for high toughness and high
polishing capability.

SLM manufactured conformal channel mould insert, including sectioned
corner piece and partially machined complete part with graphical overlay
M. Mazur, P. Brincat, M. Leary, M. Brandt, Numerical and experimental evaluation of a
conformally cooled H13 steel injection mould manufactured with selective laser melting, Int.
J. Adv. Manuf. Technol. 93 (2017) 881–900, https:// doi.org/10.1007/s00170-017-0426-7

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM on H13 tool steel
• Possible microstructures: Austenite, martensite, bainite, ferrite, and
carbides depending on the heat treatment
• Typically, more than one microstructure is found in a sample.
• Previous studies on LPBF of H13 have reported densities greater than 99%
relative density.
• VED values between 17.4 and 465.8 J/mm3 were evaluated with the highest
relative densities found between VED of 60–120 J/mm3 for this tool steel.
• Dense as well as crack free samples can be achieved by heating the base
plate during the L-PBF process to at least 100 ⁰C.
• It is also shown that virtually dense and crack-free samples from H13
(1.2344, X40CrMoV 5–1) can be produced by DED with optimized process
parameters.
P. Bajaj, A. Hariharan, A. Kini, P. Kürnsteiner, D. Raabe, E.A. Jägle, Steels in additive manufacturing: A review of their microstructure and properties, Materials Science and Engineering: A, Volume 772, 2020,
138633, ISSN 0921-5093, https://doi.org/10.1016/j.msea.2019.138633.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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AM on H13 tool steel
• It has been shown that H13 can be
processed by electron beam melting (EPBF) with very limited number of studies
requiring a pre-heated powder bed in all
cases.

Insert fabricated by EBM with 1 mm machinery allowance
Rännar, L., Glad, A. and Gustafson, C. (2007), "Efficient cooling with tool inserts
manufactured by electron beam melting", Rapid Prototyping Journal, Vol. 13
No. 3, pp. 128-135.

P. Bajaj, A. Hariharan, A. Kini, P. Kürnsteiner, D. Raabe, E.A. Jägle, Steels in additive manufacturing: A review of their microstructure and properties, Materials Science and Engineering: A, Volume 772, 2020,
138633, ISSN 0921-5093, https://doi.org/10.1016/j.msea.2019.138633.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM of Tools Steels
• The work with Electron beam powder bed
fusion (EBPF) of tool steels has generally been
limited due to their inherent magnetism which
can interact with the electromagnetic deflector
coils of the EBPF system.
• Cormier et al. undertook a three-stage approach
to understand the extremes of the
microstructures that can be obtained via EBPF.
• They reported the presence of some shrinkage
cracks in the as-deposited samples.
• It was a feasibility study using a standard set of
parameters and process development may be
necessary for better results.
• Yet, this study shows no reported challenges
with beam-material interaction.

Optical micrograph of intralayer shrinkage crack
D. Cormier, O. Harrysson, H. West, Characterization of H13 Steel Produced via Electron
Beam Melting, Rapid Prototyp. J., Vol 10 (No. 1), 2004, p 35–41,
doi:10.1108/13552540410512516

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM on H13 tool steel
• In LPBF, H13 tool steel is
considered as one of “difficult to
build” materials.
• This is due to its high hardness and
brittleness.
• Easy to crack due to thermal stress
during SLM process if no high
temperature preheating is applied.

Typical microstructure for H-13 cube with severe cracking
Yining He, Ming Zhong, Jack Beuth, Bryan Webler, A study of microstructure and cracking
behavior of H13 tool steel produced by laser powder bed fusion using single-tracks, multitrack pads, and 3D cubes, Journal of Materials Processing Technology, Volume 286, 2020,
116802, ISSN 0924-0136.

Aljamal, S.N.H., 2019, Process Optimization of Additive Manufacturing of Tool Steels, Master’s Thesis, CHALMERS UNIVERSITY OF TECHNOLOGY.
Yining He, Ming Zhong, Jack Beuth, Bryan Webler, A study of microstructure and cracking behavior of H13 tool steel produced by laser powder bed fusion using single-tracks, multi-track pads, and 3D cubes, Journal of
Materials Processing Technology, Volume 286, 2020, 116802, ISSN 0924-0136.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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AM on H13 tool steel - Processability
The study by Aljamal also concludes that H13 is one of the hard-to-build materials because of its high carbon content
causing the formation of hard alloy carbides which are difficult to be melted during SLM process. Moreover, the
optimization of the parameters is mainly influced by the layer thickness.
Defects in sample R6 with laser power of 250 W and scanning
speed of 650 mm/s.
Defects in sample R7 with laser power of 150 W and scanning
speed of 900 mm/s.

Samples’ microstructure at 5x magnification:
(a) sample R1 (30 µm layer thickness)
(b) sample R5 (60 µm layer thickness)

Aljamal, S.N.H., 2019, Process Optimization of Additive Manufacturing of Tool Steels, Master’s Thesis, CHALMERS UNIVERSITY OF TECHNOLOGY.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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AM on H13 tool steel - Processability
• In LPBF of H13 tool steels, the melting pools
are typically observed to overlap with each
other.
• Provided that the specimen preparation is
properly done, the dark spots in the
microstructure are pores which appear as a
dark hole under the microscope.
• It can also be observed that some melt
pools are longer than others. The
underlying reason might be an excess of
growth and a new melting pool overlapped
on the older one due to discontinuous grain
growth in which some grains grow quicker
than others.

Microstructure of a sample at 5x magnification

Aljamal, S.N.H., 2019, Process Optimization of Additive Manufacturing of Tool Steels, Master’s Thesis, CHALMERS UNIVERSITY OF TECHNOLOGY.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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AM on H13 tool steel - Processability
• In DED, the dimensional and material
characteristics of H13 tool steel by CO2
laser are investigated with a feedback
height control system.
• The relationships between DMD process
parameters and the product
characteristics, such as thickness error
and porosity, are analyzed.
• It is concluded that the process window
to produce sound samples with good
dimensional stability and less porosity is
very narrow.
• In order to reduce the possibility of pore
formation, optimization of overlap
percentage and proper control of powder
flow rate are crucial.
J. Choi, Y. Chang, Characteristics of laser aided direct metal/material deposition process for tool steel, International Journal of Machine Tools and Manufacture, Volume 45, Issues 4–5, 2005, Pages 597-607, ISSN 0890-6955.
Hofmeister, W., Griffith, M. Solidification in direct metal deposition by LENS processing. JOM 53, 30–34 (2001). https://doi.org/10.1007/s11837-001-0066-z

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM on H13 tool steel – Processability
• Several studies in the literature point out the fact that the
processability of this tool steel is highly related to the preheating
temperature.
• Preheating of the substrate reduces the temperature difference and
thermal stresses, consequently lowering the residual stresses and
reducing cracking.
• A greater concentration of retained austenite is obtained with
preheating. Retained austenite can lead to enhanced fatigue life in
certain applications.
M. Narvan, K.S. Al-Rubaie, M. Elbestawi, Process-structure-property relationships of AISI H13 tool steel processed with selective laser melting, Materials, 12 (2019), p. 2284
P. Laakso, T. Riipinen, A. Laukkanen, T. Andersson, A. Jokinen, A. Revuelta, K. Ruusuvori, Optimization and simulation of SLM process for high density H13 tool steel parts, hys. Procedia., 83 (2016), pp. 2635, 10.1016/j.phpro.2016.08.004
H. Chen, D. GuEffect of metallurgical defect and phase transition on geometric accuracy and wear resistance of iron-based parts fabricated by selective laser melting, J. Mater. Res., 31 (2016), pp. 14771490, 10.1557/jmr.2016.132
M.J. Holzweissig, A. Taube, F. Brenne, M. Schaper, T. NiendorfMicrostructural characterization and mechanical performance of hot work tool steel processed by selective laser melting, Metall. Mater. Trans.
B, 46 (2015), pp. 545-549, 10.1007/s11663-014-0267-9
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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AM on H13 tool steel – Processability
• Mertens et al. studied the influence of
powder bed preheating on the
microstructural and tensile properties of
LPBF H13 tool steel.
• They observed a fine cellular microstructure
having martensite and retained austenite
phases in as-built specimens.
• The tensile test and XRD results showed that
a preheating temperature of 400 °C leads to
a different microstructure.
• The formation of bainite instead of
martensite is observed.
• Thus, it is suggested that preheating could
eliminate the necessity for post-processing
tempering heat treatments.

Vickers microhardness measurements on cross sections and tensile test results for
different preheating temperatures
R. Mertens, B. Vrancken, N. Holmstock, Y. Kinds, J.-P. Kruth, J. Van Humbeeck, Influence of powder
bed preheating on microstructure and mechanical properties of H13 tool steel SLM parts, Phys.
Procedia., 83 (2016), pp. 882-890, 10.1016/j.phpro.2016.08.092

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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AM on H13 tool steel – Processability
• Narvan et al. investigated microstructure evolution of H13
fabricated via SLM with different preheating
temperatues.
• The microstructure of two samples manufactured at a
VED of 62.5 J/mm3, one with substrate preheating at
200 °C and one without preheating, contained martensite
as the dominant phase along with retained austenite.
This is consistent with the previous study shown.
• However, preheated samples exhibied 66% more retained
austenite than samples produced without preheating.
This is possibly explained by the slower quenching
process experienced during preheating.
• The disappearance of the carbides, observed in cast
samples, was related to the rapid cooling encountered
during SLM, restricting the diffusion mechanisms, hence
impeding carbide precipitation.
• The highest relative density (99.7%) was obtained from a
preheated sample at 200 °C.
• The microhardness obtained on the as-built samples
varied from 650 to 689 HV 0.2. These are comparable to
conventionally produced H13 tool steels.

M. Narvan, K.S. Al-Rubaie, M. Elbestawi, Process-structure-property relationships of AISI H13
tool steel processed with selective laser melting, Materials, 12 (2019), p. 2284.

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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AM on H13 tool steel – Processability
• The cracking behavior of some tested parts
giving acceptable densities is shown.
• Preheating at 200⁰C evidently proves to be
effective in eliminating the cracks.

Effect of preheating
M. Narvan, K.S. Al-Rubaie, M. Elbestawi, Process-structure-property relationships of AISI H13 tool steel processed
with selective laser melting, Materials, 12 (2019), p. 2284

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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AM on H13 tool steel – Processability
• A hierarchical structure consisting of

• A cellular-dendritic sub-grain segregation structure at
the micro-level
• A martensitic structure at the macro-level.

• An influence of the preheating temperature on
the morphology of the martensite was observed,
whereas subgrain structures were not found to be
significantly influenced by the preheating
temperature.
• As shown in the hardness profile, SLM-built
specimens exhibit locally inhomogeneity,
depending on the distance of the measurement
from the last solidified layers. It can be concluded
that tempering effects caused by the repeated
melting of new powder layers were observed .
• The subsequent tempering of the SLM-built
specimens results in a more homogenous
hardness profile.
J. Boes, A. Röttger, C. Mutke, C. Escher, W. Theisen, Microstructure and mechanical properties of
X65MoCrWV3-2 cold-work tool steel produced by selective laser melting, Additive Manufacturing, Volume 23,
2018, Pages 170-180, ISSN 2214-8604.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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AM on H13 tool steel – Processability
• What else effects does preheating
have?

• In a systematic parametric study by Krell
et al. the impact of preheating
temperature on oxygen pick up in the
powder as well as the printed part was
addressed.
• The oxygen pickup with increasing
preheat temperature is increased.
• With increasing preheat temperature
there was an increasing difference
between the oxygen in the part versus
that in the powder feedstock.
Shows the effect of preheat temperature on oxygen pickup
J. Krell, A. Röttger, K. Geenen, W. Theisen, General Investigations on Processing Tool Steel
X40CrMoV5-1 with Selective Laser Melting, J. Mater. Process. Technol., Vol 255, 2018, p 679–
688. doi:10. 1016/j.jmatprotec.2018.01.012

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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AM on H13 tool steel – Processability
• Mazur et al. conducted an
experimental study to identify
desirable SLM process parameters
for H13 tool steel in terms of
mainly manufacturability.
• Porosity could be reduced to
0.01% compromising dimensional
accuracy.
• E 80 J and P 175 W were found to
provide a useful compromise
between porosity and dimensional
accuracy.

Sample photo and 3D surface scan of 2-mm standard channel profile
Mazur, M., Leary, M., McMillan, M., Elambasseril, J. and Brandt, M. (2016), "SLM additive
manufacture of H13 tool steel with conformal cooling and structural lattices", Rapid
Prototyping Journal, Vol. 22 No. 3, pp. 504-518.

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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AM on H13 tool steel – Processability
• In the same study, the manufacturability
of cooling channels with circular and
self-supporting profiles was addressed:
• Dimensional accuracy in circular profile
sections may be compromised where the
arc section approaches full overhang
(horizontal inclination)
• Lattice manufacturability: The lower limits
of truss manufacturability were identified
for H13 tool steel as

Manufactured cantilever strut test block specimens for range of inclination angles
(0° -60° ) and strut diameters (1.0-0.3 mm in increments of 0.1 mm)

• minimum manufacturable truss angle: 20°
• minimum manufacturable truss diameter: 0.3 mm.
Mazur, M., Leary, M., McMillan, M., Elambasseril, J. and Brandt, M. (2016), "SLM additive manufacture of H13 tool steel
with conformal cooling and structural lattices", Rapid Prototyping Journal, Vol. 22 No. 3, pp. 504-518.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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AM on H13 tool steel
• The microstructure of LPBF/DED H13 tool steel consists of solidification cells/dendrites with
retained austenite located in the interdendritic regions. This is similar to maraging steels.
• For L-PBF, the cell size ranges from 0.5 to 2 μm whereas it changes from 2 to 30 μm for DED.
• Moreover, the cellular structure is due to the microsegregation during solidification enriching
some alloying elements in the interdendritic regions.
• Particularly, the enrichment of carbon stabilizes the austenite to room temperature. Unlike
maraging steels, carbide precipitates can already be present in the as-AM-produced state.

SEM micrograph (a) together with the corresponding EBSD analysis (b) of H13 steel built by LPBF. The main microstructure constituent is martensite (red). Austenite (blue) is stabilized at
the cell boundaries due to microsegregation
F. Deirmina, N. Peghini, B. Almangour, D. Grzesiak, M. Pellizzari, Heat treatment and properties of a hot work tool
steel fabricated by additive manufacturing, Mater. Sci. Eng. A 753 (2019) 109–121, https://doi.org/10.1016/j.
msea.2019.03.027

P. Bajaj, A. Hariharan, A. Kini, P. Kürnsteiner, D. Raabe, E.A. Jägle, Steels in additive manufacturing: A review of their microstructure and properties, Materials Science and Engineering: A, Volume 772, 2020,
138633, ISSN 0921-5093, https://doi.org/10.1016/j.msea.2019.138633.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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AM on H13 tool steel – Microstructure
• Some researchers have proposed alternative explanations for the
austenite formation.
• In the study by Holzweissig et al., retained austenite was found within
the microstructure and this fraction of metastable austenite was
reduced after the tensile test. The authors hypothesize that the
austenite is formed upon carbon diffusion from the martensite into
the austenite due to the IHT.
• Regarding the texture of H13 tool steel, very limited information is
available in the literature.
M.J. Holzweissig, A. Taube, F. Brenne, M. Schaper, T. Niendorf, Microstructural characterization and mechanical performance of hot work tool steel processed by selective laser melting, Metall. Mater. Trans. B Process
Metall. Mater. Process. Sci. 46 (2015) 545–549, https://doi.org/10.1007/s11663-014-0267-9
J. Krell, A. Rottger, K. Geenen, W. Theisen, General investigations on processing tool steel X40CrMoV5-1 with selective laser melting, J. Mater. Process. Technol. 255 (2018) 679–688,
https://doi.org/10.1016/j.jmatprotec.2018.01.012.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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AM on H13 tool steel – Microstructure
• The laser tracks and the cellular structure
• In the microstructure of a large number of fine
cellular crystals, the existence of some coarse
grains is due to the influence of a complex
temperature gradient and thermal conductivity.
• The fine cell-like structure with a grain size of ~1
µm, contributes to the excellent mechanical
properties. As well known, the grain size of crystals
increases as the yield strength of the crystals
decreases.
• Because of the short time in which dendrites
formed during the solidification process, the solute
elements gather around the grain boundaries to
form microsegregation and a cell-like structure.
• The existence of the martensite phase and
retained austenite phase was determined by XRD.
Representative optical images at (a) low and (b) high magnification and SEM
images at (c) low and (d) high magnification of H13-SLM sample
Yan, J.J., Zheng, D.L., Li, H.X. et al. Selective laser melting of H13: microstructure and residual stress. J Mater
Sci 52, 12476–12485 (2017). https://doi.org/10.1007/s10853-017-1380-3
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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AM on H13 tool steel – Heat Treatment
• Katancik et al. found that
homogenized wrought and SLM
made H13 have similar
microstructure.
• The high microhardness in SLM
was due to carbides, fine grains,
and high dislocation density.
• The microhardness of SLM
manufactured and tempered was
higher than wrought and
tempered.

Microhardness data for wrought and SLM-manufactured samples are
shown as received wrought H13, as SLM-manufactured/homogenized
wrought, tempered at 550, 600, and 650 °C
Michael Katancik, Saereh Mirzababaei, Milad Ghayoor, Somayeh Pasebani, Selective laser
melting and tempering of H13 tool steel for rapid tooling applications, Journal of Alloys
and Compounds, Volume 849, 2020, 156319, ISSN 0925-8388

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM on H13 tool steel – Heat Treatment
• As-deposited samples contained martensite, fine
carbides, and retained austenite.
• Tempering temperatures of 350, 450, 550, 600
and 650 °C for 2 h followed by furnace cooling
• The rapid cooling rate associated with the DED
processes led to the presence of retained
austenite.
• Rapid cooling associated with the DED
suppresses carbide precipitation and growth. It
also allows more alloying elements to dissolve in
the austenite, reducing the martensite start
transformation temperature.

• The highest hardness values were obtained as
600 HV at a tempering temperature of 550 °C
because of a high density of V-enriched needleshaped carbides <15 nm.

Microstructure of the LAM-produced
samples under different tempered
temperatures: (a) 350 C, (b) 450 C, (c)
550 C, (d) 600 C, (e) 650 C
C. Chen, K. Yan, L. Qin, M. Zhang, X. Wang, T. Zo
u, Z. Hu, Effect of heat treatment on
microstructure and mechanical properties of
laser additively manufactured AISI H13 tool
steel
J. Mater. Eng. Perform., 26 (2017), pp. 55775589, 10.1007/s11665-017-2992-0

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM on H13 tool steel – Heat Treatment
• Another study concluded that ductility was poor
in LPBF-manufactured H13 tool steel parts due
to a heterogeneous microstructure and the
residual stresses.
• Consistent with the previous study, this poor
ductility is considered to be a result of
insufficient time for alloying elements to diffuse
during rapid solidification of the melt pool.
• The vacuum heat treatment had a significant
influence on the tensile properties caused by
significant relief of intrinsic residual stresses and
recrystallization effect.
• Across the whole fracture surface, equiaxed
dimples with an average size about 1 μm were
observed. This clearly shows a highly ductile
fracture.
Tensile properties (tensile strength and elongation) of SLM-processed parts of asfabricated and heat-treated (η=215.28 J/mm3)
H. Chen, D. Gu, D. Dai, C. Ma, M. Xia, Microstructure and composition homogeneity, tensile property,
and underlying thermal physical mechanism of selective laser melting tool steel parts
Mater. Sci. Eng., 682 (2017), pp. 279-289, 10.1016/j.msea.2016.11.047
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AM on H11 tool steel – Heat Treatment
• AISI H11 (1.2343): a popular type of tool steel with less V
than the H13 grade
• Casati et al addressed the mechanical behavior and wear
resistance of the AISI H11 hot-work tool steel (1.2343
equivalent to type X38CrMoV5-1 grade) processed by SLM
• SLM processing was successful in producing H11 and L-H11
(carbon lean version) cubic samples with relative density
exceeding 99.9%. Distinct laser tracks can clearly be
identified in the microstructure.

• High magnification micrographs exhibit a solidification
structure made up of small cells as expected.
• Double tempering did not severely affect the hardness of
samples.
• The traces of melt pools clearly visible in as built materials,
completely disappeared after air quenching.
• The cellular structure was replaced by martensite laths in
both the H11 and L-H11 alloys.

a) Optical and b) SEM micrographs of the front view of an as built H11 sample

Hardness values of samples
tempered once or twice
Riccardo Casati, Mauro Coduri, Nora Lecis,
Chiara Andrianopoli, Maurizio Vedani,
Microstructure and mechanical behavior of
hot-work tool steels processed by Selective
Laser Melting, Materials Characterization,
Volume 137, 2018, Pages 50-57, ISSN 10445803.
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AM on H11 tool steel – Heat Treatment
• As with H13, the LBM of H11 tool steels is challenging
due to their carbon content increasing the susceptibility
to cracking during LBM.

• Huber et al. have found that LPBF of H11 tool steel
results in a presumably bainitic microstructure
evidenced by a hardness of ~642 HV1.
• Post-process annealing at 550 ⁰C for 2 h increases the
hardness to ~ 678 HV1 because of the decomposition of
retained austenite and precipitation of secondary
carbides.
• These values are well in the range of conventionally
processed 1.2343 after hardening and annealing.
Huber F, Bischof C, Hentschel O, Heberle J, Zettl J, Nagulin KY, Schmidt M (2019)
Laser beam melting and heat treatment of 1.2343 (AISI H11) tool steel–
microstructure and mechanical properties. Mater Sci Eng A 742:109–115

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM on H11 tool steel – Heat Treatment

Elongation in dependence of the layer-thickness, the build orientation, and the heattreatment (Double annealing at 550 °C for 2 h, furnace cooling).

Ultimate tensile strength in dependence of the layer-thickness, the build orientation,
and the heat-treatment (Double annealing at 550 °C for 2 h, furnace cooling).

Huber F, Bischof C, Hentschel O, Heberle J, Zettl J, Nagulin KY, Schmidt M (2019) Laser beam melting and heat treatment of 1.2343 (AISI H11) tool steel–microstructure and mechanical properties. Mater Sci Eng A
742:109–115

• The tensile properties in the direction parallel to the building direction do not vary when the post-process heat treatment
was applied. This leads to the fact that LPBF material does not require a quench-hardening step.
• The tensile strength of the test bars oriented perpendicular to the build direction, yet, benefits from annealing.
• Thus, an annealing step after LBM is recommended to achieve orientation independent and homogeneous
material properties.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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AM on H11 tool steel – Heat Treatment
• To increase flexibility and design freedom in
tool production, laser metal deposition of
high carbon hot work tool steel on an
existing platform is studied.
• As the main load is characterized by
compression stresses, compression testing
is preferred.
• The results show that after a conventional
heat treatment, the strength of AM
material satisfies the requirements to be
used for the forging tool.
• Although AM tool had some hairline cracks
at the bonding area between the bulk base
and the added material, it was successfully
used in a serial forging process.

Uncovered defects after surface machining: a) hairline crack at the bonding
area of the additive manufactured active element and the machined base
body and b) uncovered pore at the tools shoulder

a) Hybrid tool with machined base body and additive manufactured active
element and b) hybrid tool after machining
Junker D, Hentschel O, Schramme R, Schmidt M, Merklein M (2017) Performance of hot forging
tools built by laser metal deposition of hot work tool steel X37CrMoV5-1. In: Proceedings of the
laser in manufacturing conference
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AM on H13 tool steel – Mechanical Properties
• Hardness values in the as-L-PBF produced state range from 570 HV up to 680 HV which are similar
to or even higher than as-quenched (hardened) wrought H13 material, reflecting the fullymartensitic state of this material.
• Many of the reported values for the tensile/yield strength are significantly lower in the as-L-PBFbuilt condition than conventionally produced and heat treated H13.
• This fact suggests that the extreme brittleness of this martensitic state leads to premature
fracture of tensile test specimens. Sometimes, this is also attributed to defects present.
• If tempered, L-PBF produced material exhibits almost the same strength valeus as wrought and
heat treated material.
• On the other hand, the elongation to fracture is much lower in the L-PBF-produced samples. This
is valid both for the as-built as well as aged conditions. This is considered to be the remaining
process-induced defects such as porosity/cracking.
• Regarding as-DED material, the hardness (550 HV to 660 HV), the UTS (~2000 MPa) and the
elongation at fracture (5%) are similar to those of quenched and tempered wrought material,
reflecting its in-situ tempered state.
P. Bajaj, A. Hariharan, A. Kini, P. Kürnsteiner, D. Raabe, E.A. Jägle, Steels in additive manufacturing: A review of their microstructure and properties, Materials Science and Engineering: A, Volume 772, 2020,
138633, ISSN 0921-5093, https://doi.org/10.1016/j.msea.2019.138633.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM on H13 tool steel – Mechanical Properties

P. Bajaj, A. Hariharan, A. Kini, P. Kürnsteiner, D. Raabe, E.A. Jägle, Steels in additive manufacturing: A review of their microstructure and properties, Materials Science and Engineering: A, Volume 772, 2020,
138633, ISSN 0921-5093, https://doi.org/10.1016/j.msea.2019.138633.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.

40

AM on H13 tool steel – Mechanical Properties
• The tensile results reported by various
researchers for LPBF H13 tool steel in
comparison with a conventional
material
• It shall be noted that under all
conditions LPBF processed material
shows severely lower ductility than the
conventional counterpart.
• The high scatter in the elongation for
LPBF material has been attributed to
the presence of defects in the material.

ASM HANDBOOK VOL.24

M.J. Holzweissig, A. Taube, F. Brenne, M. Schaper, T. Niendorf, Microstructural Characterization and Mechanical Performance of Hot Work Tool Steel Processed by Selective Laser Melting, Metall. Mater. Trans. B., Vol 46 (No. 2),
2015, p 545– 549. doi:10.1007/s11663-014-0267-9
M. Mazur, M. Leary,M. McMillan, J. Elambasseril, M. Brandt, SLM Additive Manufacture of H13 Tool Steel with Conformal Cooling and Structural Lattices, Rapid Prototyp. J., Vol 22 (No. 3), 2016, p 504–518, doi:10.1108/RPJ-062014-0075
R. Dörfert, J. Zhang, B. Clausen, H. Freiße, J. Schumacher, F. Vollertsen, Comparison of the Fatigue Strength between Additively and Conventionally Fabricated Tool Steel 1.2344, Addit. Manuf., Vol 27, 2019, p 217–223,
doi:10.1016/j.addma.2019.01.010
R. Mertens, B. Vrancken, N. Holmstock, Y. Kinds, J.P. Kruth, J. Van Humbeeck, Influence of Powder Bed Preheating on Microstructure and Mechanical Properties of H13 Tool Steel SLM Parts, Phys. Procedia., Vol 83, 2016, p 882–
890, doi:10.1016/j.phpro.2016.08.092
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM on H13 tool steel – Mechanical Properties
• Most of the studies found in the literature are focussed on crack-free and highly dense part
manufacturing from H13 tool steel. Some hardness and tensile testing trials to see the effect of
heat treatments are observed. Yet, wear and fatigue performance in addition to the observed
inhomogeneity of the properties across the builds are seen as the remaining challenges to be
addressed in AM of H13.
• Regarding tool steels, wear is critical. Riza et al. report a satisfactory wear behaviour for DED H13
tool steel but it is seen that the wear resistance is still lower than the wrought counterpart.
• As is the case with other materials in AM, the LPBF H13 parts show inferior fatigue behaviour. The
most important underlying reason is the low surface quality due to the porosity and cavities at
the surface resulted from insufficiently melted powder and insufficient layer connection. Thus,
the researchers shall test machined samples produced by AM if this effect would like to be
counted out.
• Moreover, AM parts may suffer from a higher density of volume defects such as pores and
cavities. On top of other reasons, lamellar structure and a higher O content compared to its
wrought counterpart, may be factors limiting the fatigue resistance.
Haghdadi, N., Laleh, M., Moyle, M. et al. Additive manufacturing of steels: a review of achievements and challenges. J Mater Sci 56, 64–107 (2021). https://doi.org/10.1007/s10853-020-05109-0
Riza SH, Masood S, Wen C (2015) A study on wear behaviour of laser direct metal deposited high strength H13 tool steel. Manuf Sci Technol 3(4):182–188
Deirmina F, Peghini N, AlMangour B, Grzesiak D, Pellizzari M (2019) Heat treatment and properties of a hot work tool steel fabricated by additive manufacturing. Mater Sci Eng A 753:109–121
Doerfert R, Zhang J, Clausen B, Freiße H, Schumacher J, Vollertsen F (2019) Comparison of the fatigue strength between additively and conventionally fabricated tool steel 1.2344. Addit Manuf 27:217–223
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM on H13 tool steel – Mechanical Properties
• The inhomogeneity throughout the built is a
challenge to be addressed.
• The as-built microstructure consists of a partially
tempered martensite and a much higher amount of
retained austenite compared to the quenched steel.
This leads to a much stronger secondary hardening
during tempering.
• Deirmina et al. found that LPBF exhibits a
heterogeneous microstructure including
cellular/dendritic and showing segregation of the
heavy alloying elements at the melt pool
boundaries and micro-segregation at the cellular
boundaries as a result of rapid solidification.
• Heat transfer from the solidifying layers to the
already solidified ones beneath is reported to cause
partial tempering. This is also proven by a nonuniform local microhardness.

Side view of SLM processed samples: a) low magnification micrograph showing the
SLM processed H13 structure consisted of periodic layers with different response to
chemical etching namely T (tempered) and Q (quenched), b) AB sample processed with
67j/mm3energy density presenting interlayer pores, c) AB sample processed with 100
j/mm3 energy density, d) AB sample processed with 300j/mm3 energy density,
Deirmina F, Peghini N, AlMangour B, Grzesiak D, Pellizzari M (2019) Heat treatment and
properties of a hot work tool steel fabricated by additive manufacturing. Mater Sci Eng A
753:109–121
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AM on H13 tool steel – Mechanical Properties
• Micro-hardness profile across the side view
surface of the samples shows relatively
constant hardness values after quenching.
• The hardness after quenching, shown in red,
is higher than previous T areas, but lower
than that of previous Q zones.
• This may be explained by the lower C
supersaturation of martensite assuming that,
according to the equilibrium diagram, some
secondary carbides will be able to precipitate
during austenitizing.
• This is also in agreement with the complete
lack of retained austenite (less than 2%) after
quenching, revealed by XRD analysis.

Microhardness profiles across the metallographic cross-section of
the100-AB and 100-Q specimens.
Deirmina F, Peghini N, AlMangour B, Grzesiak D, Pellizzari M (2019) Heat treatment and
properties of a hot work tool steel fabricated by additive manufacturing. Mater Sci Eng A
753:109–121
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AM of M2 Tool Steel
• AISI M2 tool steel is Mo based high-speed steel in W–Mo series. It is a
medium alloyed high speed steel with good machinability and a good
combination of well-balanced toughness, wear resistance and red hardness
properties.
• A hardness over 60 HRC can be reached. Thus, a common application for
M2 is in tools for cutting. M2 HSS is also commonly used in cold work
punches and dies and cutting applications involving high speed.
• A high carbon content providing high wear resistance
• It has a wider heat-treating range than most of the Mo HSS.
• M2 steel has a resistance to decarburization which is a characteristic of W
types. Decarburization is the opposite to carburization, in other words, the
reduction of carbon content.
https://www.astmsteel.com/product/m2-tool-steel-1-3343-hs-6-5-2c-skh51/
https://www.hoganas.com/globalassets/download-media/sharepoint/brochures-and-datasheets---all-documents/am-m2-sieve-code-6_october_2016_1760hog.pdf
https://www.msesupplies.com/products/m2-iron-based-metal-powder-for-additive-manufacturing-3d-printing
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM of M2 Tool Steel
• For M2 HSS steel, it is possible to produce
dense and crack free 1D single line tracks
in addition to 2D surfaces in L-PBF
without preheating.
• Making 3D objects requires base plate
heating to at least 200 ⁰C.
SEM images of laser sintered HSS surfaces using laser powers of
30 W, scan rate of 1.0 mm/s and scan line spacingof 0.15 mm:
gas atomized M2
H.J. Niu, I.T. Chang, Selective laser sintering of gas and water atomized high
speed steel powders, Scr. Mater. 41 (2002) 25–30, https://doi.org/10.1016/
s1359-6462(99)00089-5.
T.H.C. Childs, C. Hauser, M. Badrossamay, Mapping and modelling single scan track formation in direct metal selective
laser melting, CIRP Ann. - Manuf. Technol. 53 (2004) 191–194, https://doi.org/10.1016/S0007-8506(07)60676-3.
H.J. Niu, I.T. Chang, Selective laser sintering of gas and water atomized high speed steel powders, Scr. Mater. 41 (2002)
25–30, https://doi.org/10.1016/ s1359-6462(99)00089-5.
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AM on M2 tool steel
• The formation of single tracks, but also
layers, of three different steels (M2, H13,
314S) in deep powder beds is addressed.
• In the lack of a constraining base plate,
tracks may form with a flattened section, a
rounded section that sinks into the bed or
as broken or balled segments.
• The different laser power / scan speed
combinations leading to such cases are
mapped and are similar for all three steels.
Track cross-sections for M2, H13 and 314S powders
C. Hauser, T.H.C. Childs, C.M. Taylor, M. Badrossamay, Direct selective laser
sintering of tool steel powders to high density. Part A. Effect of laser beam width
and scan strategy, in: Proceedings of the Solid Freeform Fabrication Symposium,
2003.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM on M2 tool steel - Processability
• While base plate separation cannot be fully eliminated in this preliminary investigation by Liu et al., parts
without cracks could be produced with an achievable density of 97%.
• Preheating of the base plate was found to have a positive effect on the parts, minimizing cracks,
delamination and warpage.
• Furthermore, parts produced directly from the SLM process have high average hardness values between
800 HV to 900 HV which are comparable to conventionally produced cast parts.
• These conventionally produced M2 HSS cast parts have hardness values between 750 HV to 830 HV
depending on the heat treatment process.

Parts showing crackings, base plate separation and warpage
Z.H. Liu, K. Kempen, L. Thijs, E. Yasa, C.K. Chua, K.F. Leong, J. Van Humbeeck, J.-P. Kruth, A
Preliminary Investigation on Selective Laser Melting of M2 High Speed Steel, to be presented
at The International Conference on Advanced Research in Virtual and Rapid Prototyping
(VRAP), Sept 28-Oct 1 2011, Leiria, Portugal.

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM on M2 tool steel - Processability
• Aim: to produce crack-free M2 HSS parts
with a high density by Selective Laser
Melting (LPBF)
• The part with a maximum density of
99.8% is produced at a preheating of
200°C, a laser power of 105 W, a scan
speed of 150 mm/s and a hatch spacing
of 126 µm.
• Higher densities are achiveved by lower
scan speed, re-melting and higher preheating temperature.
• Note that the influence of these
parameters on the porosity depends
strongly on each other and is not linear.
• Lowering the thermal gradient by using
pre-heating reduces the thermal stresses
and hereby the amount of cracking.

M2 HSS parts produced with a pre-heating temperature of 90°C (left), 150 °C (middle), 200 °C (right)
Kempen, K. , Vrancken, B., Buls, S., Thijs, L., Humbeeck, J., Kruth, J-P. (2014). Selective Laser Melting of Crack-Free High
Density M2 High Speed Steel Parts by Baseplate Preheating. Journal of Manufacturing Science and Engineering. 136.

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM on M2 tool steel - Processability
• In the same study, it was found that the best
remedy to improve the surface quality on the top
surface is to apply re-melting.
• With re-melting, a top surface roughness of 8.6 μm
Ra.
• In contrast to conventional manufacturing where
the high hardness is obtained by aging, there is
already an intrinsic heat treatment (IHT) in the SLM
process.
• This is attributed to the typical characteristics of
the process, which makes post heat treatment
obsolete with SLM.
• Hardness up to 57 HRC has been reached, without
applying a post-treatment.
• Applying re-melting in every layer, improves the
hardness even up to 64 HRC, which is comparable
to conventional heat treated M2 HSS.

Top surface of parts produced with P = 105W, v = 500mm/s
no re-melting (left), re-melting at 200 mm/s (right)

Hardness of M2 HSS SLM parts compared to conventionally produced parts
Kempen, Karolien & Vrancken, Bey & Buls, Sam & Thijs, Lore & Humbeeck, Jan & Kruth, Jean-Pierre. (2014).
Selective Laser Melting of Crack-Free High Density M2 High Speed Steel Parts by Baseplate Preheating. Journal of
Manufacturing Science and Engineering. 136. 10.1115/1.4028513.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM on M2 tool steel - Processability
• The microstructure of M2 steel is different from H11 and H13.
• Microsegregation during solidification stabilizes austenite, and also
leads to the formation of carbides and possibly eutectic structures in
the interdendritic regions.

P. Bajaj, A. Hariharan, A. Kini, P. Kürnsteiner, D. Raabe, E.A. Jägle, Steels in additive manufacturing: A review of their microstructure and properties, Materials
Science and Engineering: A, Volume 772, 2020, 138633, ISSN 0921-5093, https://doi.org/10.1016/j.msea.2019.138633.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM on M2 tool steel – Microstructure
• In the L-DED, a strong metallurgical bond is formed
between tracks. No defects such as cracks, lack of
fusion or porosity were found in any of the crosssections.
• The morphology of the microstructure on the
horizontal section shows small amounts of cellular
grains and large amounts of equiaxed grains.
• The grains at the middle of melted zone are 3 times
coarser than those in the edge of the re-melted area.
• The grains are much smaller than those obtained by
conventional methods (about 100 μm). This is
attributed to the very high cooling rates.
• The microstructure of the as-deposited sample
contained fine equiaxial grains, dendrites and interdendritic network-shape eutectic carbides.
• This microstructure composed of supersaturated
martensite, and retained austenite and M2C-type
carbide
• The micro-hardness of deposited samples was 688 HV.

The microstructure of the as-deposited M2 sample: (a) longitudinal section; (b) horizontal
section; (c), (d) overlap zone; (e) fine grain zone; (f) coarse zone.
Zhang, Min & CHEN, changjun & Qin, Lanlan & Yan, Kai & Cheng, Guangping & Jing, Hemin & Zou, Tao. (2017). Laser additive
manufacturing of M2 high-speed steel. Materials Science and Technology. 34. 1-10. 10.1080/02670836.2017.1355584.
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AM on M2 tool steel – Microstructure
• In L-DED: BSE-SEM morphology and EDS
mappings of localized microstructure in sample
• In the network-shape eutectic carbides, the
carbide-forming elements like W, Mo, Cr and V
are the main elements.
• The clustered compositional distribution of
carbide-forming elements is consistent with the
image of eutectic carbides.
• This confirms that the martensitic matrix is a
supersaturated solid solution.
• Heat treatment caused further phase
transformation of martensite into tempered
martensite with the precipitation of carbides.
• The content of retained austenite gradually
decreased with increasing tempering times.

EDS mapping of composition of as-built sample
Zhang, Min & CHEN, changjun & Qin, Lanlan & Yan, Kai & Cheng, Guangping & Jing,
Hemin & Zou, Tao. (2017). Laser additive manufacturing of M2 high-speed steel.
Materials Science and Technology. 34. 1-10. 10.1080/02670836.2017.1355584.
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AM on M2 tool steel – Heat Treatment
• To study the impact of the heat treatment temperature on the density and
properties of the M2 HSS parts produced by the L-PBF process
• The surfaces of the as-built parts are almost uniformly distributed with
network of carbides.
• With a heat treatment at 260℃, the continuous reticulated carbides were
cracked and distributed unevenly.
• When the heat treatment at 560℃ was applied, the surface morphology of
the SLM parts was interestingly restored to the as-built morphology,
showing a network structure again.
• The grains in the alloy became equiaxed grains after the heat treatment at
560℃. Yet, after the heat treatment, the grain size was larger than those in
the as-built parts.
• After the samples were heat treated at 860℃, a large number of granular
carbides precipitations were observed on the surfaces of SLM parts. These
spherical particles were not homogeneously distributed on the surfaces.

As-built

560℃

260℃

860℃

SLM surface morphology at different heat treatment temperatures
Ding, Huan & Xiang, Xiong & Liu, Rutie & Xu, Jie. (2020). Effects of Heat Treatment
Temperature on Microstructure and Mechanical Properties of M2 High-Speed Steel
Selective Laser Melting Samples. 10.20944/preprints202005.0246.v1.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM on A2 and D2 tool steel
• «Digital Metal, part of Sweden’s Höganäs Group, has
expanded its range of materials for metal binder jet
Additive Manufacturing with the launch of DM D2™, a
tool steel alloy that provides effective wear resistance
and toughness. The company states that it is suitable
for a wide range of applications, but most specifically
for cutting and deformation tools.»
• «The new material, named DM D2, is a high-carbon,
high-chromium D2 tool steel alloy which is said to be
suitable for a range of applications, particularly cutting
and deformation tools, due to its abrasive wear
resistance, toughness, and ability to form other metals
without losing its shape. The material can be heat
treated to high hardness and compressive strength
and is said to be ideal for cold work applications that
require sharp edges and abrasion resistance.»

https://www.moldmakingtechnology.com/products/tool-steel-alloyfor-binder-jetting-delivers-high-hardness-and-strength

https://www.tctmagazine.com/additive-manufacturing-3d-printing-news/digital-metal-dm-d2-tool-steel-alloy-binder-jet-3d-printing/
https://www.metal-am.com/digital-metal-launches-d2-tool-steel-alloy-for-binder-jetting/
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AM on A2 and D2 tool steel
• D2 (and H13) tool steels deposited by the L-DED process.
• The hardness in the deposited D2 steels decreases slightly with increasing energy input.
As shown, the hardness of the deposited D2 steel is lower than that of the wrought D2
steel (58 HRC) as well as DED H13. The variation in the C content in the deposited metal
with energy input influenced the decrease in the hardness with energy input.
• The reason why the carbon content in the deposited metal decreased with the energy
input is attributed to the CO gas formation during the AM process, possible according to
thermodynamics.
The microstructure of the
deposited D2 steel at energy
inputs of (a) 37.81 J/mm2
and (b) 88.21 J/mm2
Park, J.S., Park, J.H., Lee, MG. et
al. Effect of Energy Input on the
Characteristic of AISI H13 and D2
Tool Steels Deposited by a Directed
Energy Deposition Process. Metall
Mater Trans A 47, 2529–2535
(2016).
https://doi.org/10.1007/s11661016-3427-5
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AM on A2 and D2 tool steel
• «A-2 tool steel is air-hardened with excellent impact resistance. We use it for punches,
dies, and form tooling on the Mark X.»
• A2 Tool Steel is a highly all-purpose air-hardening tool steel and it is often considered as a
“universal” cold-work steel.
• It offers a combination of good wear resistance and toughness.

https://www.mark3d.com/en/wp-content/uploads/sites/6/2020/09/A2-Datasheet.pdf
https://re3dtech.com/3d-composites/3d-printed-a-2-d-2-tool-steel/
https://www.mark3d.com/en/markforged-a2-tool-steel-printing-material/
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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AM on cold work tool steel – X65MoCrWV3-2
• There are not many studies on AM of coldwork tool steels.
• Feasibility of a martensitically hardenable
X65MoCrWV3-2 cold-work tool steel was
addressed by
• Baseplate preheating at 200 °C and 300 °C to
obtain dense and crack-free specimens
• At a preheating temperature of 200 °C, a high
density above 99.5% was obtained using a
point distance of 30 μm and exposure times
of 100 μs and 110 μs.
• A preheating temperature of 300 °C severely
decreased the crack density and its scatter
due to decreasing thermal stresses and
increasing ductility of martensitic steels with
increasing temperature.

200 ℃

200 ℃

Pd:point distance

a), b): Porosity and crack density, respectively, of SLM-densified X65MoCrWV3-2 steel
after SLM processing at 200 °C preheating. c): Crack density of SLM-densified
specimens as a function of preheating temperature. d): OM micrograph of the SLMdensified steel.
J. Boes, A. Röttger, C. Mutke, C. Escher, W. Theisen, Microstructure and mechanical properties of
X65MoCrWV3-2 cold-work tool steel produced by selective laser melting, Additive
Manufacturing, Volume 23, 2018, Pages 170-180.
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AM of Tools Steels – FeCrMoVC steels
• The high-strength steel Fe85Cr4Mo8V2C1 was
successfully processed by SLM with a high density of at
least 99.6%.
• Without post heat treatments, the SLM samples
exhibited superior properties compared to the as-cast
counterpart. An increased compression strength of 3796
± 163 MPa and a micro hardness of 900 ± 12 HV 0.1.
were obtained at a cost of achievable fracture strain of
14.7%.
• The SLM microstructure consist of martensite, retained
austenite and a fine network of carbides.
• The martensite content in the SLM specimens is lower
while the carbide content is higher than the as-cast
form.
• A finer microstructure in the SLM parts is observed.
• The fine carbides and the alloying elements are much
more homogeneously dispersed in the material for SLM.

Different components of the high-strength steel alloy FeCrMoVC produced by
SLM: a) large dense and crack free volume parts, b) impeller part with integrated
lattice structure and c) drill with integrated cooling channels.

a) SLM E = 89.3 J/mm3 b) SLM E = 129.6 J/mm3 c) as-cast state (etched with
Murakami solution). The boundaries of the melt pools are marked with arrows,
the martensitic needles are circled
J. Sander, J. Hufenbach, L. Giebeler, H. Wendrock, U. Kühn, J. Eckert, Microstructure and properties of FeCrMoVC
tool steel produced by selective laser melting, Materials & Design, Volume 89, 2016, Pages 335-341.
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AM of Tools Steels – FeCrMoVC steels
• The high-strength steel Fe85Cr4Mo8V2C1 was
successfully processed by SLM with a high density of at
least 99.6%.
• Without post heat treatments, the SLM samples
exhibited superior properties compared to the as-cast
counterpart. An increased compression strength of 3796
± 163 MPa and a micro hardness of 900 ± 12 HV 0.1.
were obtained at a cost of achievable fracture strain of
14.7%.
• The SLM microstructure consist of martensite, retained
austenite and a fine network of carbides.
• The martensite content in the SLM specimens is lower
while the carbide content is higher than the as-cast
form.
• A finer microstructure in the SLM parts is observed.
• The fine carbides and the alloying elements are much
more homogeneously dispersed in the material for SLM.

Engineering compressive stress–strain curves of the SLM samples prepared
with E = 89.3 and E = 129.6 J/mm3 compared to the as-cast state
J. Sander, J. Hufenbach, L. Giebeler, H. Wendrock, U. Kühn, J. Eckert, Microstructure and properties of FeCrMoVC
tool steel produced by selective laser melting, Materials & Design, Volume 89, 2016, Pages 335-341.
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AM of Tools Steels – FeCrMoVC steels
• Another version of cast ultra-high-strength steels:
FeCr4Mo1V1W8C1 alloy was successfully processed
by SLM with customized parameters to reach a high
density of 99.9%. Typical defects such as keyhole
pores, denudation, or delamination may occur if not
properly handled.
• An extremely fine dendritic microstructure consisting
of complex carbides, martensite, and retained
austenite due to high cooling rate
• Nano-sized complex carbides are located at the
dendrite boundaries.
Density of cubic SLM samples built with different laser scan speeds and corresponding SEM
images of characteristic defects.
Sander, J., Hufenbach, J., Bleckmann, M. et al. Selective laser melting of ultra-high-strength TRIP steel: processing,
microstructure, and properties. J Mater Sci 52, 4944–4956 (2017). https://doi.org/10.1007/s10853-016-0731-9

• The carbides are characterized by round or ellipsoid
inclusions of an average diameter of 50 nm.
• Around the carbides, retained austenite is found,
followed by martensite which is located in the center
of the dendrites.

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM of Tools Steels – FeCrMoVC steels
• This FeCr4Mo1V1W8C1 alloy s a
significant work hardening effect under
compressive and tensile load (see figure).

• Under compressive loading, the
transformation of retained austenite into
martensite, which is also known as TRIP
effect, occurs.

Representative engineering compressive stress–strain curve for
FeCrMoVWC, produced by SLM as well as determined martensite
content in dependence of the strain
Sander, J., Hufenbach, J., Bleckmann, M. et al. Selective laser melting of ultra-high-strength TRIP steel: processing,
microstructure, and properties. J Mater Sci 52, 4944–4956 (2017). https://doi.org/10.1007/s10853-016-0731-9

• In addition to carbide precipitation and
solid solution hardening, the austenite
transformation leads to a increased
compression strength of around 6000
MPa together with a fracture strain of
20% (see stress-strain curve).

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM of Tools Steels – FeCrMoVC steels
• In neutral and acidic sodium chloride
solutions, the corrosion behaviors of highstrength Fe85Cr4Mo8V2C1 tool steel
samples prepared by laser powder bed
fusion (L-PBF) and casting were compared.
• L-PBF is an attractive fabrication method
for Fe85Cr4Mo8V2C1 tool steel.
• In addition to freedom of design and
improved mechanical performance, the
adjustable microstructural refinement is
also beneficial for achieving enhanced
corrosion resistance in particular under
active dissolution conditions.

Corroded Fe85Cr4Mo8V2C1 surfaces after immersion for 24 h in 0.035% NaCl (pH 3): a) OM image
and b) SEM image of the as-cast state c) OM image and d) SEM image of the LPBF condition.
F.Kochta, A.Gebert, U. Kühn, S. Oswald, T.Gemming, C. Leyens, J.K.Hufenbach, Improved corrosion behavior of a novel
Fe85Cr4Mo8V2C1 tool steel processed by laser powder bed fusion, Journal of Alloys and Compounds, Volume 867, 2021,
158887, ISSN 0925-8388.
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COMPETENCE UNIT 27: Additive Manufacturing
with Steels feedstock (excluding Stainless Steel)
Behaviour in AM of High strength steels
• Introduction
• AM of C-bearing Tool Steels (H13, H11, M2, others)
Processability, microstructure, heat treatment/ mechanical
properties
• AM of HSLA
Processability, microstructure, heat treatment/ mechanical
properties
• AM of other HSS
Processability, microstructure, heat treatment/ mechanical
properties
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AM of High Strength Low Alloy (HSLA) Steels
• High-strength low-alloy steel (HSLA) is a type of alloy steel having
better mechanical properties or greater resistance to corrosion than
carbon steel.
• HSLA steels are made to meet specific mechanical properties, not
made to meet a specific chemical composition unlike other steels.
• To retain formability and weldability, they exhibit a C content
between 0.05 and 0.25%.
• For different applications such as tooling industries and defence,
HSLA steels have been successfully processed in AM processes.
https://en.wikipedia.org
Haghdadi, N., Laleh, M., Moyle, M. et al. Additive manufacturing of steels: a review of achievements and challenges. J Mater Sci 56, 64–107 (2021).

This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.

65

AM on HSLA – HY100
• Selective laser melting of HY100 steel

• HY 100 is a high yield steel with minimum yield
strength of 100 ksi. It is a high strength low alloy
steel and was originally developed in the early
1970s for the US Navy for use in surface ships, submarines and pressure vessels.
• The combination of exceptionally high impact
strength and tensile strength makes HY 100 unique
among steels.
• It is alloyed and strengthened with elements such as
Ni 2.25–3.5%, Cr 1–1.8%, Mo 0.2–0.6% and C
0.2%(max.).
• Dilip et al. reported a fully martensitic
microstructure in as-printed specimens with
alternating bands of tempered and untempered
martensite due to the thermal cycling effects of
layer by layer deposition.

https://www.wieland-diversified.com/hy-80-100-steels/hy-100-steel/

Optical micrographs of the samples (vertical cross-sections in as-polished
condition) produced using
(a) 195 W, 120 µm, 765 mm/s (b) 195 W, 100 µm, 920 mm/s
(c) 175 W, 100 µm, 750 mm/s (d) 195 W, 100 µm, 833 mm/s
(e) 195 W, 120 µm, 700 mm/s (f) 195 W, 120 µm, 625 mm/s
J.J.S. Dilip, G.D. Janaki Ram, Thomas L. Starr, Brent Stucker, Selective laser melting of
HY100 steel: Process parameters, microstructure and mechanical properties, Additive
Manufacturing, Volume 13, 2017, Pages 49-60, ISSN 2214-8604,
https://doi.org/10.1016/j.addma.2016.11.003.
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AM on HSLA – HY100
• HY100 steel powder can be successfully processed using selective laser melting with process parameters having an increasing energy
density resulted. Process parameters with a high energy density of 65 J/mm3 produce almost fully dense parts.
• The as-built SLM samples have a microstructure with alternate layers of untempered (hard) and auto-tempered (soft) martensite, with
fine prior austenite columnar grains. Such an in-homogenous microstructure is the result of the multiple thermal cycling effects during
layer-by-layer fabrication.
• Direct tempering of the samples after SLM causes over-tempering of the prior auto-tempered regions and isothermal tempering of
martensite. Such a non-uniformly tempered microstructure exhibited anisotropic mechanical properties, especially in tensile
elongation.
• Fully recrystallized grain structures of 10 µm, with uniformly tempered martensite microstructure is observed with quenched and
tempered specimens.

J.J.S. Dilip, G.D. Janaki Ram, Thomas L. Starr, Brent Stucker, Selective laser melting of HY100 steel: Process
parameters, microstructure and mechanical properties, Additive Manufacturing, Volume 13, 2017, Pages 4960, ISSN 2214-8604.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
held responsible for any use which may be made of the information contained therein.
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AM on HSLA – AWS A5.28 ER110S-G
• Rodrigues et al. Addressed WAAM DED by investigationg HSLA steel parts
fabricated with different process parameters, namely low (P2) and high
(P1) energy inputs.
• The microstructural evolution along the height of the samples was
addressed in this study based on the complex thermal cycles acting upon
the material.
• It was found that the sample with P1 exhibited less surface waviness due
to the good wettability of the layers over the previously deposited ones.
• As the height increased, the temperature gradient decreased for both
depositions (high and low heat input). Lower cooling rates were observed
and higher residence times occurred in the 800–500 °C temperature range,
when using a high heat input.
• No significant microstructural changes were observed for different heat
inputs.
• Ferrite, bainite, martensite and retained austenite were identified by
electron microscopy.
• Insignificant anisotropy due to the similar microstructures and the fact that
no preferential texture was developed
• The as-built parts presented high UTS and excellent ductility.

Aspects of produced parts: a) sample P1 (high heat input); b) sample P2
(low heat input). Corresponding transverse sections: c) sample P1; d)
sample P2.

Variation of interlayer temperature [°C] for P1 and P2 samples

T. A. Rodrigues, V. Duarte, J. A. Avila, T. G. Santos, R.M. Miranda, J.P. Oliveira, Wire and arc
additive manufacturing of HSLA steel: Effect of thermal cycles on microstructure and
mechanical properties, Additive Manufacturing, Volume 27, 2019, pp. 440-450.
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM on HSLA
• High-building multidirectional pipe joints: Four regions are observed after WAAM
including a solidification zone, complete austenitizing zone, partial austenitizing
zone, and a tempering zone.
• Under several thermal cycles, each position of the part goes through the
solidification zone, to the complete austenitizing zone, to the partial austenitizing
zone, and finally the tempering zone.
• The grains transform from typical columnar ones in the solidification zone to fine
equiaxed grains in the tempering zone.
• The tensile strength is found to be 564 MPa and the yield strength is 417 MPa while
the elongation is 26.5% and the impact toughness is 108 J at room temperatures
leading to excellent mechanical properties.
Dai, Yl., Yu, Sf., Huang, Ag. et al. Microstructure and mechanical properties of high-strength low alloy steel by
wire and arc additive manufacturing. Int J Miner Metall Mater 27, 933–942 (2020).
https://doi.org/10.1007/s12613-019-1919-1
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AM on HSLA - ER70S-6, ER90S-B3, ER120S-G
• CMT-WAAM: The metallurgical structure, the basic
mechanical properties, and the fracture toughness were
addressed by Dirisu et al.
• The cyclic heating of this WAAM steel due to oscillatory
strategy leads to peak temperature variations and thus
cooling rates of the adjacent layer in the building direction.
• The variation in peak temperature, as a result of the cooling
depends on the heat input and the oscillatory dwell time
leading to the formation of layer bands. These bands have
distinctive regions which, on subsequent cyclic heating,
cause annealing and softening of the adjacent layers.
• Ductile fracture is the dominating mechanism of failure in
the WAAM oscillated steel.
• The layer band spacing and the thickness of the hard zone
are key parameters that could control the fracture
toughness of WAAM oscillated part.

oscillatory strategy:

(a) Oscillatory deposited wall geometry with C(T) machining matrix
(b) (b) tensile cut specimen (c) tensile specimens’ machining matrix
P. Dirisu, S. Ganguly, A. Mehmanparast, F. Martina, S. Williams, Analysis of fracture
toughness properties of wire + arc additive manufactured high strength low alloy
structural steel components, Materials Science & Engineering A (2019), doi:
https://doi.org/10.1016/ j.msea.2019.138285.
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AM on HSLA - AF9628
• The research by Seede et al. conducted at
Texas A&M University and with the support
from the Army Research Office (ARO)
• SLM of a low alloy, ultra-high strength (HSLA)
martensitic steel, namely AF9628, reports a
simple methodology to determine optimal
processing parameters in order to fabricate
porosity-free parts as outlined in the figure.
• This methodology based on single track
sampling, analytical Eagar-Tsai model for
predicting melt pool dimensions and
statistical calibration of the thermal model
can serve to future investigations on the
effect of processing parameters on the
microstructure and mechanical properties of
printed parts.

A flowchart summarizing the framework of combined modeling, experiments, and fabrication to
optimize selected laser melting (SLM) additive manufacturing process parameters to achieve
porosity-free bulk parts
R. Seede, D. Shoukr, B.Zhang, A. Whitt, S. Gibbons, P. Flater, A. Elwany, R. Arroyave, I. Karaman, An ultra-high strength martensitic
steel fabricated using selective laser melting additive manufacturing: Densification, microstructure, and mechanical properties, Acta
Materialia, Volume 186, 2020, Pages 199-214, ISSN 1359-6454.
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AM on HSLA - AF9628
• Almost fully dense AF9628 steel can be successfully
processed by SLM using the developed methodology.
• Yet, the material is sensitive to high volumetric energy
density (VED) leading to severe porosity. Highly porous
specimens were observed at and above VED of 70.9
J/mm3 due to keyholing.
• As-built AF9628 exhibits an UTS of up to 1.4 GPa and
elongations to fracture of up to about 11%.
• Consistent with other HSS work, alternating layers of
various degrees of tempered microstructure were
observed after SLM, possibly leading to anisotropic
mechanical properties.
• The process for selecting printing parameters employed in
this study can be improved with better melt pool
dimension pre dictions or better single-track sampling
strategies.

Process parameter maps with different keyholing criteria (W/D ≤ 1.2, 1.5, 2.0) and a lack of fusion
criterion (D ≤ t) predicted by the calibrated Eagar - Tsai model, and a balling region fit to single
track experiments (a) Experimentally characterized and classified single-track experiments for
keyholing, lack of fusion, balling, and good tracks (b) Maximum hatch spacing contours to achieve
porosity-free printed parts calculated using the geometric hatch spacing criterion
R. Seede, D. Shoukr, B.Zhang, A. Whitt, S. Gibbons, P. Flater, A. Elwany, R. Arroyave, I. Karaman, An ultra-high strength
martensitic steel fabricated using selective laser melting additive manufacturing: Densification, microstructure, and
mechanical properties, Acta Materialia, Volume 186, 2020, Pages 199-214, ISSN 1359-6454.
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AM on HSLA – 300M
• As a low alloy ultra-high strength steel, 300M, exhibits a
practical combination of high strength, excellent fracture
toughness, low alloy elements and relatively low cost.
• It has been used to produce critical structural
components such as aircraft landing gear, airframe parts
and flap tracks for aviation and aerospace vehicles.
• By analyzing the single-track, single-layer and bulk 300M
steel specimens produced by HP-SLM, various defects and
their effects on the printability of HP-SLM were
investigated.
• Near fully-dense 300M steel parts were built by using the
flexible powder laying strategy, which is basically the use
of soft scrapers for powder recoating.
• The impacts of hatch spacing and layer thickness on
tensile properties and impact toughness of the
horizontally and vertically as-printed parts were
addressed.
Molten pool morphologies of HP-SLMed 300M steel single tracks under various scanning
velocities and layer thicknesses (P = 2000 W)
Guanyi Jing, Zemin Wang, Defects, densification mechanism and mechanical properties of 300M steel deposited
by high power selective laser melting, Additive Manufacturing, Volume 38, 2021, 101831, ISSN 2214-8604
This project has been funded with support from the European Commission. This publication reflects the views only of the author, and the Commission cannot be
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AM on HSLA – 300M
• The tensile properties of high powerSLM parts change marginally as the
layer thickness varies from 120 µm to
180 μm as shown.
• This may be due to the combined
influences of the large penetration
depth of melt pools and the uneven
thicknesses of the powders paved by
the soft scraper.
• Moreover, the average dimension of
dimples on the fracture surfaces of
vertical specimens is larger than that of
horizontal specimens.
• This indicates that the vertical
specimens have better toughness.

Tensile properties of the horizontally and vertically as-printed 300M steel specimens
fabricated at different layer thicknesses (P = 2000 W, v = 400 mm/s, h = 180 µm)
Guanyi Jing, Zemin Wang, Defects, densification mechanism and mechanical properties of 300M
steel deposited by high power selective laser melting, Additive Manufacturing, Volume 38, 2021,
101831, ISSN 2214-8604
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AM on HSLA – 300M
• Processability of 300M by investigating melt pool
behaviors
• Formation mechanism of various defects such as
humping, balling, etc. during high power-SLM is
addressed.
• Higher laser power and greater layer thickness
elaborate the humping instability.
• As shown, laser power has a great influence but
layer thickness has little effect on the shape and
mode.
• In high power-SLM, keyhole mode is dominant.
• An epitaxial growth of columnar grains
• The morphology, size and misorientation of the
microstructure are approximately the same for
different regions in the molten pool.

Influences of laser power and
scanning velocity on surface
appearances of single tracks at
a layer thickness of 80 μm
Guanyi Jing, Wenpu Huang, Piao Gao,
Liang Meng, Huihui Yang, Zemin
Wang, Formability, microstructure and
mechanical properties of 300M steel
single tracks fabricated by high power
selective laser melting, Optics & Laser
Technology, Volume 131, 2020,
106434, ISSN 0030-3992.
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AM on HSLA – HSLA 100 steel
• A novel post-heat treatment
design is applied for LBPF copperbearing high-strength low-alloy
(HSLA) steel by understanding the
processing-structure-property
relationships as shown.
• Hot isostatic pressing (HIP) is used
to reduce the porosity from 3% to
less than 1%.
• By the tailored heat treatment, a
significant increase in the tensile
yield strength and the ductility, is
accomplished in contrast to the
as-built alloy due to a tailored
microstructure obtained after the
application of the designed postheat treatment.

Systems design chart for HSLA-100 steels fabricated using additive manufacturing
Soumya Sridar, Yunhao Zhao, Kun Li, Xin Wang, Wei Xiong, Post-heat treatment design for high-strength lowalloy steels processed by laser powder bed fusion, Materials Science and Engineering: A, Volume 788, 2020,
139531, ISSN 0921-5093.
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AM on other HSS/AHSS
• High manganese steels (HMnS) are also
considered as Advanced HSS.
• In order to manipulate the microstructure,
texture and the yield strength, variation of L-PBF
process parameters was used.
• Different strengthening mechanisms were
considered as responsible of the yield strength of
all conditions such as dislocation strengthening
and grain boundary strengthening.
• High thermal gradients and cooling rates result in
lower grain sizes, solidification cell sizes, grain
aspect ratios and texture indices, and vice versa.
• Such correlations can be effectively used to tailor
the mechanical properties of additively
manufactured AHSS.

Dependence of microstructural features on the L-PBF process conditions
Patrick Köhnen, Maike Létang, Maximilian Voshage, Johannes H. Schleifenbaum, Christian Haase,
Understanding the process-microstructure correlations for tailoring the mechanical properties of L-PBF
produced austenitic advanced high strength steel, Additive Manufacturing, Volume 30, 2019, 100914,
ISSN 2214-8604.
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AM on other HSS/AHSS
• Altough a nanostructured martensitic (maraging) steel was used
in this study, it is worth to mention it here due to its layered
microstructure and obtained high-strength.
• Hierarchically structured Damascus-like metallic composites can
be directly synthesized in situ by additive manufacturing using
digital control of the IHT sequences associated with the layerwise fabrication technique. Its microstructure consists of
mesoscopic soft regions, that is, devoid of nanoprecipitates, and
hard regions containing a high volume fraction of nanoscale
precipitates.
• Using controlled pausing between alternating layers, a composite
microstructure with excellent mechanical properties (1,300 MPa
and 10% elongation) was built.
DED-produced Fe19Ni5Ti (wt%) sample.
a) A schematic of the DED process including a simple sketch of the temperature profile that
also shows the martensite start temperature Ms. After building four layers in a sequence,
the process was paused for 120 s, allowing the sample to cool.
b) A light optical micrograph showing a dark band at the position where a pause was
introduced. The overlay of the hardness curve shows a peak in hardness at each dark band.
c) An overview of the hierarchy of the microstructural features at different length scales that
are discussed throughout this paper
Kürnsteiner, P., Wilms, M.B., Weisheit, A. et al. High-strength Damascus steel by additive
manufacturing. Nature 582, 515–519 (2020). https://doi.org/10.1038/s41586-020-2409-3
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AM on other HSS/AHSS
• The precipitates form over the
course of the intrinsic heat
treatment during the process
following the martensitic
transformation, which is
triggered during the cooling
offered by the pause.

• By the design of an Fe19Ni5Ti
(wt%) alloy specifically for LAM,
it is possible to tune the start
temperature of the martensite
transformation (Ms) and hence
the precipitation during the
process.
Kürnsteiner, P., Wilms, M.B., Weisheit, A. et al. Highstrength Damascus steel by additive
manufacturing. Nature 582, 515–519 (2020).
https://doi.org/10.1038/s41586-020-2409-3

The effect of the thermal history. a) A schematic of the IHT. Only if
the temperature has dropped below Ms can precipitation be
triggered upon the IHT in the martensite phase. B) Experimental
time–temperature profiles acquired with a pyrometer on the surface
of the sample during the DED build at different pause times after
each fourth layer. It becomes apparent that without pauses, the
temperature increases during the entire fabrication and only drops
notably when a pause time is introduced. The dashed orange line
corresponds to Ms. The orange arrow points at a temperature drop
that barely drops below Ms. C) Optical micrographs of the samples
built with the corresponding pause times.
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Summary/Highlights
• LPBF can be a feasible technique to fabricate conformally cooled tooling inserts and dies from tool steels to improve productivity. It is a
suitable technique due to its high dimensional accuracy, surface quality and capablity to form intricate featues in contrast to other AM
processes.
• Yet, most of the research with LBPF of tool steels has been conducted on relatively small parts. Thus, there is a need to explore the
feasibility for larger cross sections. This is crucial for a better understanding of the translation probability of the process parameters
developed for smaller samples with simple geometries to the fabrication of larger and more complex components.
• Pre-heating of elevated temperatures are generally recommended for almost fully dense and crack-free tool steels in LPBF.
• A hierarchical structure consisting of a cellular-dendritic sub-grain segregation structure at the micro-level and a martensitic structure at
the macro-level is mainly observed.
• Mainly, the tensile properties and hardness at room temperature are the mostly addressed mechanical properties leading to a need to
focus future efforts on determining more high-temperature properties along with other almost untapped material properties such as
fracture toughness, thermal fatigue, abrasion resistance, and creep.
• Directed energy deposition (DED) is potentially a feasible technique to process tool steels. Yet, its use is generally limited by the obtained
surface finish and can be more suitably used for mold repairs or fabrication of molds without internal channels, to be finished later on.
• For different applications such as tooling industries and defence, HSLA steels have been successfully processed in AM processes
• LPBF and DED are mainly seen as the most feasible AM methods.
• A fully martensitic microstructure in as-printed specimens with alternating bands of tempered and untempered martensite due to the
thermal cycling effects of layer by layer deposition.
• Layered or band microstructures are very typical.
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