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Introduction
• Types of tool steels in use in Additive Manufacturing with a final
microstructure of martensite with precipitates:
• Carbon-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.
• Carbon-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.
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Introduction
• 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.
• With a ductile martensitic microstructure, maraging steels are readily
processable in AM. Thus, research is more aimed at optimizing
microstructures, mechanical properties and post-process heat
treatments because cracks and pores do not pose a significant threat.
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.

4

Introduction
• The most widely used maraging steel in AM is
18Ni-300 (1.2709, X3NiCoMoTi 18-9-5)
• A few examples of other types of maraging steels
in AM:
• 18Ni-250 (1.6359 (~1.2706), X2NiCoMo18-8-5)
• 14Ni-200
• A Fe–Ni–Al maraging-type model alloy

• 18Ni-300: the most commonly used AM maraging
steel because
• A well balanced property relationship between
hardness, strength, toughness, and ductility
• Easy LBM-processability

SLM Powder for 18Ni-300
Król, Mariusz & Snopiński, Przemysław & Hajnys, Jiri &
Pagac, Marek & Łukowiec, Dariusz. (2020). Selective Laser
Melting of 18NI-300 Maraging Steel. Materials. 13.
10.3390/ma13194268.

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.
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Introduction
• As ultra-high-strength steels, they
possess processing advantages
(insensitivity to welding and ease
of heat-treatment).
• High specific strength and
fracture toughness for structural
applications – see Ashby chart
• Maraging steels can be a
competitive choice with titanium
alloys.
B. Mooney, K.I. Kourousis, R. Raghavendra, Plastic anisotropy of additively manufactured maraging steel:
influence of the build orientation and heat treatments, Addit. Manuf. 25 (2019) 19–31
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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Processability by Additive Manufacturing
• For all materials in AM, it is critical to define an appropriate material specification and
sufficient tolerances.
• Limits tight enough to ensure that any variations do not have an effect on the outcome
• Material processability during part manufacture, or the final mechanical properties
• Inconsistency may occur in the concentrations of individual elements between powder
batches and powder suppliers
• Due to unstable manufacturing routes or changes in raw materials

• Deviations in size, shape, flow, density,...
Typical chemical composition ranges (wt%) of 18% Ni maraging steel 300 powders used in metal L-PBF

Maraging Steel: The Effects of Alloy Chemistry on Processability, Carpenter Additive, https://f.hubspotusercontent20.net/hubfs/7407324/PDFs/MaragingSteel-The%20EffectsofAlloyChemistryonProcessability.pdf
EOS. EOS MaragingSteel MS1; Material data sheet EOSINT M280 EOSINT M270; EOS GmbH: Munich, Germany, 2011; p. 6
Renishaw. Maraging Steel M300 Powder for Additive Manufacturing; Data sheet; Renishaw: New Mills, UK, 2017; p. 2.
Concept Laser. CL 50WS Hot Work Steel 1.2709 Powder. Material Data Sheet; Concept Laser: Lichtenfels, Germany, 2016; p. 2.
3D Systems. LaserForm Maraging Steel (B) for ProX DMP 200 and 300 Direct Metal Printers; Material Product Data Sheet; 3D Systems: Rock Hill, SC, USA, 2017; p. 1.
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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Processability by Additive Manufacturing
• Alloy chemistry resulted in vertical microcracking at grain boundaries
• A variance in the residual elements of Silicon
(Si), Manganese (Mn) and Boron (B)
• While still within the levels of the
specification, B level significantly higher
than problem-free batches.
• If the limits of the three residual elements
are tightened sufficiently, no recurrence of
the micro-cracking in subsequent maraging
steel powder batches whereas batches 18
and 19 were those which resulted in
cracking in AM parts.
• Sensitivity to upstream contamination
necessiates the importance of sourcing
quality
• Narrow chemical specification requirements

SEM images of micro-cracks observed at grain boundaries of M300 AM parts. Cracks are aligned
in the vertical/build-direction
Maraging Steel: The Effects of Alloy Chemistry on Processability, Carpenter Additive,
https://f.hubspotusercontent20.net/hubfs/7407324/PDFs/MaragingSteelThe%20EffectsofAlloyChemistryonProcessability.pdf

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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Processability by Additive Manufacturing
• Crack-free samples with relative
densities above 99% can readily
be produced.
• Even before sufficiently high
power lasers were introduced,
laser re-melting was a good
remedy to achieve maximum
density with reduced lack-offusion porosity.

SEM images of micro-cracks observed at grain boundaries of M300 AM parts. Cracks are aligned
in the vertical/build-direction
Kempen, K. Expanding the Materials Palette for Selective Laser Melting of Metals. In Dissertation. KU Leuven—
Faculty of Engineering Science; Katholieke Universiteit Leuven: Leuven, Belgium, 2015.
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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Microstructure of As-Built Maraging Steels
• Low-magnification
views of the as built
structure
• The width and depth
of the distinct laser
tracks could be clearly
identified after
etching on lateral
sections

• Distinct pools
pertaining to different
layers are visible on
the same track

As-built microstructure a) Lateral and b) Top views
R. Casati, J. Lemke, A. Tuissi, M. Vedani, Aging behaviour and mechanical performance of 18-Ni 300 steel processed by selective laser
melting, Metals 6 (2016) 218, https://doi.org/10.3390/met6090218.

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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Microstructure of As-Built Maraging Steels
• Conventionally produced (wrought)
maraging steels: almost fully martensitic
• AM produced maraging steels show a
drastically different microstructure.
• They have a cellular/dendritic
solidification microstructure in L-PBF as
well as in DED with cell sizes of
approximately 0.3–2 μm in L-PBF and
around 5 μm in DED.
• The prior austenite grains are relatively
coarse with grains up to 1 mm in
diameter in DED-produced material.

SEM micrograph showing the cellular/dendritic solidification
microstructure of L-PBF produced 18Ni-300 Maraging steel
R. Casati, J. Lemke, A. Tuissi, M. Vedani, Aging behaviour and mechanical performance of 18Ni 300 steel processed by selective laser melting, Metals 6 (2016) 218,

Optical micrograps of LMD-produced
Jägle EA, Sheng Z, Kürnsteiner P, Ocylok S, Weisheit A, Raabe D. Comparison of Maraging
Steel Micro- and Nanostructure Produced Conventionally and by Laser Additive
Manufacturing. Materials (Basel). 2016;10(1):8. Published 2016 Dec 24.
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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Microstructure of As-Built Maraging Steels
• A compact arrangement of fine,
coarse, and dendrite cell formations
with sub-micron spacing
• Assisted by rapid melt-pool cooling
rates (circa 103 to 108 K/s), the meltregion thermal flux direction
• Characteristic cellular structure:
unique to AM processing method, is
believed to be a major contributor
to the strength difference between
as-built AM versus the solutionannealed CM alloy

(a) Low magnification optical and (b) high magnification Scanning Electron
Microscope (SEM) images of laterally sectioned structure fabricated with
the EOS EOSINT M280 L-PBF system using the manufacturer’s recommended
set of parameters (MS1 Performance 2.0) and EOS maraging steel 300
powder (codified by EOS as MS1)
B. Mooney, K.I. Kourousis, R. Raghavendra, Plastic anisotropy of additively manufactured
maraging steel: influence of the build orientation and heat treatments, Addit. Manuf. 25 (2019)
19–31, https://doi.org/10.1016/j. addma.2018.10.032.

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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Microstructure of As-Built Maraging Steels
• Within this solidification microstructure, the
martensitic phase transformation occurs.
• The resulting microstructure looks rather
different from conventionally-produced
maraging steels.
• The retained austenite is a consequence of the
enrichment of alloying elements in the
interdendritic (intercellular) region by
microsegregation during solidification.
• The enrichment of Ni stabilizes the austenite to
room temperature.
• Therefore, AM produced maraging steels
contain a significant amount of austenite (6–
11%, depending on processing conditions)
• Generally, no precipitates have been found in
the structure of the as-built sample, the
chemical distribution being uniform as
expected.
EBSD analysis of L-PBF produced 18Ni-300 Maraging steel (vertical cross section through the sample). (a)
depicts an inverse pole figure colored map. (b)
C. Tan, K. Zhou, M. Kuang, W. Ma, T. Kuang, Microstructural characterization and properties of selective laser melted maraging steel
with different build directions, Sci. Technol. Adv. Mater. 19 (2018) 746–758.
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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Microstructure of As-Built Maraging Steels
• In some studies, it is underlined
that almost all parts produced
through L-PBF present a blue color
in the surface indicating oxidation.
• This may be due to insufficiently
sealed build chambers.

Blue part surface in finished metal based AM parts
De Costa, J.M.M, 2016, METAL-BASED ADDITIVE MANUFACTURING
EVALUATION OF METALLIC PARTS PRODUCED WITH ADDITIVE MANUFACTURING
TECHNOLOGY AT YAZAKI EUROPE LIMITED, Dissertation submitted at Faculdade de
Engenharia da Universidade do Porto to achieve Master Degree in Metallurgy and
Materials Engineering

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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Microstructure of As-Built Maraging Steels
• During SLM of maraging steel 18Ni
(300) under technical pure N2 and
oxygen enriched nitrogen atmosphere,
an oxide layer containing TiN particles
is formed on top of the SLM part.
• This oxide layer is composed of Al2O3
and mainly Ti3O5.
• The amount of oxide layer is seen to
increase with higher oxygen content in
the atmosphere and upon layer
remelting.
• As shown, the inclusions observed in
maraging steel 18Ni(300) parts are big
typically in the range of 10 – 100 µm
and irregular of shape.
• The inclusions contain the same oxide
material as the layers that were
created on top of the melt pools.

SE image of the top surface of a Maraging steel part produced with SLM in N2 atmosphere
enriched in oxygen and with single melting of each layer. All inclusions are heavily cracked.
The lower inclusion contained a gas bubble
Thijs, L., Humbeeck, J. V., Kempen, K., Yasa, E., Kruth, J.-P., and Rombouts, M. Investigation on the inclusions in maraging steel
produced by selective laser melting. In Innovative developments in Virtual and Physical Prototyping. (2011), pp. 297–304.

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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Microstructure of As-Built Maraging Steels
• A closer look at the top surface in the side view of the sample
produced under the N2 atmosphere enriched in oxygen reveals the
presence of an oxide layer on top of the last melted layer
containing TiN particles as well.
• The figure below shows the secondary electron (SE) and
backscattered electron (BSE) image of the top surface of a single
melted part produced under N2 atmosphere.
• The pictures are taken at the intersection of 4 islands. The black
and white arrows in the SE graph indicate the direction and order
of melting the tracks of two neighbouring scanning islands.
• The direction of each single scan track can be deduced by the
direction of the crescent shaped solidification ripples. The order, in
which the tracks were scanned, can be reasoned by the part of the
crescent-shaped ripple which is covered by the neighbouring scan
track.

Right: LOM image of the top surface in side
view of a Maraging steel part produced with
SLM in N2 atmosphere enriched in oxygen
and with single melting
Below: SE (left) and BSE (right) pictures of
the top surface of a Maraging steel part
produced with SLM in N2 atmosphere and
with single melting of each layer
Thijs, L., Humbeeck, J. V., Kempen, K., Yasa, E.,
Kruth, J.-P., and Rombouts, M. Investigation on the
inclusions in maraging steel produced by selective
laser melting. In Innovative developments in Virtual
and Physical Prototyping. (2011), pp. 297–304.

• In the parts produced under the oxygen enriched N2 atmosphere, a
higher surface fraction is covered by the oxide and the colour of
the oxide material is more uniform.
• The higher oxygen level results in a higher surface coverage as well
as thicker oxide layers. Thus, more oxide material is present on top
of the parts produced in the oxygen enriched N2 atmosphere
compared to the parts under the technical pure N2 atmosphere.
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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Microstructure of As-Built Maraging Steels
SEM observation of one inclusion

Pore found in specimen surface

Costa, J., 2016, Metal-based Additive Manufacturing: Evaluation of metallic parts produced with Additive
Manufacturing Technology at YAZAKI Europe Limited, Master Degree in Metallurgy and Materials Engineering, In the
Metallurgy and Materials Engineering Department at Faculdade de Engenharia da Universidade do Porto, Portugal.

• The EDS spectrum of Z1 area revealed titanium,
aluminium, and oxygen, enabling the titanium and
aluminum combined oxides (TiO2:Al2O3).
• This is consistent with literature. Inclusions of
titanium and aluminum combined oxides and
oxides of titanium, aluminium, molybdenum, and
silicon can be present in maraging steels’
microstructure.
• Inclusions can deteriorate the mechanical
properties of components, especially on maraging
steels that were age hardened, becoming more
brittle.

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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Microstructure of As-Built Maraging Steels
• WAAM of maraging steels
• The aging temperature of maraging steel is
482 °C and thus relatively low.
• This temperature is frequently exceeded
during the WAAM process, so overaging
effects may occur.
• The influence of three different deposition
building strategies (oscillation, parallel,
and weaving) on surface waviness and
porosity of maraging steels was studied.
• Weaving deposition strategy resulted in
lower surface waviness and pores with
reduced contact angle.
• Moreover, the oscillation strategy is not
applicable to maraging steels due to the
massive local heat accumulation which
results in the small shrinkage holes.

(C)

Illustration of different building strategies. (a) oscillation, (b) parallel, (c) weaving
Xu, X., Ding, J., Ganguly, S. et al. Preliminary Investigation of Building Strategies of Maraging Steel Bulk Material Using
Wire + Arc Additive Manufacture. J. of Materi Eng and Perform 28, 594–600 (2019). https://doi.org/10.1007/s11665018-3521-5

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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Microstructure of As-Built Maraging Steels
• WAAM of maraging steels
• It is found that the oscillation strategy
cannot be applied to maraging steels due
to the massive local heat accumulation
which results in the small shrinkage holes.
• Thanks to the reduced heat accumulation,
parallel strategy removes the small hole
phenomenon. Yet, the bead shape
becomes taller and narrower. A high
contact angle leads to significant lack-offusion defects.
• Weaving is found to be an effective
strategy to improve the bead shape and
reduce the contact angle. Defect-free
overlapping of adjacent beads is possible
leading to a better surface finish.

Small hole issue occurred during
deposition with oscillation
strategy

Cross-sectional images of the WAAM maraging
steel bulk material produced using different
strategies after etching. (a) Parallel (AA section)
and (b) weaving (BB section)
Xu, X., Ding, J., Ganguly, S. et al. Preliminary Investigation of Building Strategies of Maraging Steel Bulk Material Using
Wire + Arc Additive Manufacture. J. of Materi Eng and Perform 28, 594–600 (2019). https://doi.org/10.1007/s11665018-3521-5

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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Texture of As-Built Maraging Steels
• The fabricated sample exhibit characteristic
melt pools in which the regions locally melt
and rapidly solidify.
• The retained austenite grains show a fibre
texture with the crystallographic <001>
orientation parallel to the build direction.
• As in other steels, this is attributed to the
preferential growth during solidification
along the maximum thermal gradient.
(a) SEM image depicting the microstructure of the SLM-fabricated maraging steel, (b) its
corresponding phase map for α(bcc) and γ (fcc) phases, (c) orientation color map of the α
phase, (d) orientation color map of the γ phase; and (e) stereographic projection of the
001 poles in the γ phase
N. Takata, R. Nishida, A. Suzuki, M. Kobashi, M. Kato, Crystallographic features of microstructure in maraging steel
fabricated by selective laser melting, Metals 8 (2018) 440, https://doi.org/10.3390/met8060440

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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Texture of As-Built Maraging Steels
• Unlike in e.g. austenitic stainless steels,
the solid state martensite
transformation in maraging steels leads
to a pronounced weakening of the
texture, because one austenite grain
orientation leads to a multitude of
martensite variants and hence possible
crystallographic orientations.
• Almost random grain orientation with
no specific texture noticeable in either
an EBSD mapping or in the
corresponding pole figures.

EBSD analysis of L-PBF produced 18Ni-300 Maraging steel (vertical cross section through the sample).
(a) depicts an inverse pole figure colored map. (b)
C. Tan, K. Zhou, M. Kuang, W. Ma, T. Kuang, Microstructural characterization and properties of selective laser melted
maraging steel with different build directions, Sci. Technol. Adv. Mater. 19 (2018) 746–758.

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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Heat Treatment of Maraging Steels
• The superior properties of the maraging steels, i.e. good strength and
toughness, are achieved by the age hardening of a ductile, lowcarbon body-centered cubic martensitic structure with relatively good
strength. Therefore, the aging heat treatment is almost always
standard for maraging steels.
• The hardening of maraging steels during post-AM heat treatment has
been attributed to two mechanisms, namely the short-range ordering
in the cobalt bearing solid solution and precipitation of nickel-rich
intermetallic compounds in the lath martensitic structure.

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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Heat Treatment of Maraging Steels
• The cellular microstructure is retained upon aging at common aging temperatures (490–540 ℃).
• At higher aging temperatures such as 600 ℃, substantial austenite reversion takes place.

SEM micrographs of AM maraging steel 300 aged for 6 hours at various temperatures (460, 490, 525, 540, 600 °C) showing a reversion of austenite at
solute rich cell boundaries with increased temperature.
B. Mooney, K.I. Kourousis, R. Raghavendra, Plastic anisotropy of additively manufactured maraging steel: influence of the build orientation and heat treatments, Addit. Manuf. 25 (2019) 19–31,
https://doi.org/10.1016/j.addma.2018.10.032.

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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Heat Treatment of Maraging Steels
• The cellular microstructure completely disappearing after solution treatment (usually
between 815 and 840 ℃, where the steel is fully austenitic).
• Solution annealing results in coarsening of the microstructure and the formation to a
martensitic structure. The course microstructure in the age-hardened condition is due to
to the long duration at elevated temperature.
• The AB condition has a higher hardness than SA condition, whereas the age-hardened
condition exhibits a higher hardness than even the wrought material.

Hardness values obtained prior and post heat-treatment

Micrographs of etched specimens in the as-built, SA and aged condition
T. Becker, D. Dimitrov, The achievable mechanical properties of SLM produced
Maraging Steel 300 components, Rapid Prototyp. J. 22 (2016) 487–494, https://
doi.org/10.1108/RPJ-08-2014-0096
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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Heat Treatment of Maraging Steels
Tensile curves of L-PBF produced 18Ni-300 maraging steel before and after aging at
460 C for 8h.
R. Casati, J. Lemke, A. Tuissi, M. Vedani, Aging behaviour and mechanical performance of 18-Ni
300 steel processed by selective laser melting, Metals 6 (2016) 218,
https://doi.org/10.3390/met6090218.

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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Heat Treatment of Maraging Steels
• The specimen without aging
heat treatment breaks after
substantial plastic deformation.
• In the part of the test specimen
with a large deformation, microcavities appear where
precipitates or imperfections
take place.
• For the age hardened
specimen, the fracture is very
brittle.
• There was almost no plastic
deformation before rupture.
Trans-granular and intergranular fractures are present.

a) Formation of dimples at ductile fracture for as-produced specimens b) Inter- and trans-granular fracture for
brittle age hardened specimen
K. Kempen, E. Yasa, L. Thijs, J.-P. Kruth, J. Van Humbeeck, Microstructure and mechanical properties of selective laser melted
18Ni-300 steel, Phys. Procedia. 12 (2011) 255–263, https://doi.org/10.1016/j.phpro.2011.03.033.

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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Heat Treatment of Maraging Steels
• The hardness of as-LMDproduced material is higher
than both as-SLM-produced
and conventional as-received
material.
• There are indications for early
stages of precipitation in DEDproduced material,
accompanied by an increased
hardness.
• This is shown to be the result
of repeated re-heating of the
material upon deposition of
additional tracks and layers, a
condition termed intrinsic
heat treatment (IHT).

The compositions and number densities of the various precipitates are compiled as determined by
the constant concentration in the middle of precipitates
E.A. Jaegle, Z. Sheng, P. Kürnsteiner, S. Oclok, A. Weisheit, D. Raabe, Comparison of maraging steel micro- and nanostructure produced
conventionally and by Laser Additive Manufacturing, Materials 10 (2017), https://doi.org/10.3390/ ma10010008.

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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Heat Treatment of Maraging Steels
• Hardening of the martensitic microstructure by intermetallic
precipitates during the aging heat treatment
• In the as-L-PBF-produced condition, no precipitates or small clusters
of atoms are found in 18Ni-300 indicating a cooling rate high enough
to suppress precipitation.

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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Heat Treatment of Maraging Steels
• A simple ternary Fe–Ni–Al maraging model alloy, specifically designed
to show precipitation upon Intrinsic Heat Treatment during DED
processing, shows a high number density of intermetallic NiAl
precipitates directly after AM without additional ageing post-heat
treatment.
• Without any further heat treatment, it was possible to produce a
maraging steel that is intrinsically precipitation strengthened by an
extremely high number density NiAl nanoparticles of 2-4 nm size.

P. Kürnsteiner, M.B. Wilms, A. Weisheit, P. Barriobero-Vila, E.A. Jaegle, D. Raabe, Massive nanoprecipitation in an Fe-19Ni-xAl maraging steel triggered by the intrinsic heat treatment during
laser metal deposition, Acta Mater. 129 (2017) 52–60, https://doi.org/10.1016/j.actamat.2017.02.069
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Heat Treatment of Maraging Steels
• The precipitation sequence upon post-AM-process aging heat treatment of L-PBFproduced maraging samples is comparable to conventionally produced maraging steels
• First, spherical Ni3X precipitates (η-phase) are formed with X being Ti, Al, Mo followed by
Fe7Mo6 (μ-phase) precipitates.

Atom probe tomography reconstruction showing the different types of precipitates (Ni 3Ti (η type) and Fe7Mo6 (μ phase)) occurring in a L-PBF
produced 18Ni-300 Maraging steel after aging at 510⁰C for 2h
Sabrina Bodziak, Kassim S. Al-Rubaie, Luiz Dalla Valentina, Fernando Humel Lafratta, Edson Costa Santos, André Marcon Zanatta, Yimeng Chen,
Precipitation in 300 grade maraging steel built by selective laser melting: Aging at 510 °C for 2 h, Materials Characterization, Volume 151, 2019, Pages 73-83, ISSN 1044-5803.
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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•

•

SEM images showing the microstructure of SLM-formed maraging steel under different heat
treatment: (a) as built; (b) ST; (c) ST+AT
Y. Bai, Y. Yang, D. Wang, M. Zhang, Influence mechanism of parameters process and mechanical properties
evolution mechanism of maraging steel 300 by selective laser melting, Mater. Sci. Eng. A 703 (2017) 116–
123, https://doi.org/10.1016/j.msea.2017.06.033.

SLM+SA

•

The parts manufactured by SLM have fine cellular structure and
coarse grains. The tracks can be seen obviously in (a) whereas a
cellular morphology is obtained in the middle of the track, which
is shown in (b). Fine cell-like structure can be seen clearly in (c).
The microstructure mainly insists of lots of fine cellular crystals,
but some coarse grains also exits due to the effects of complex
thermal conduction and thermal gradients.
Obvious microscopic segregation occurs at high cooling rate. After
Solution Annealing Treatment, the reverse transformation
of martensite to austenite takes place and cellular structure
disappears.
Because of short holding time, the broken and spheroidized
particles do not decompose completely and still retain in the form
of approximate sphere. After ST+AT, the grain boundaries of the
lath martensite become very blurry, and Ni, Mo and Ti dissolved in
the matrix in the ST separate out again forming tiny Ni3Mo, Fe2Mo
and Ni3Ti particles.

SLM+SA+AT

•

SLM- AS BUILT

Heat Treatment of Maraging Steels
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Mechanical Properties of Maraging Steels
• Overall, the mechanical properties of AM-produced maraging steel
are comparable to conventionally produced material, but not entirely
identical.
• Material produced by L-PBF displays equal or slightly higher yield and
ultimate tensile strength compared to conventionally produced
material in the non-aged condition.
• After an aging heat treatment (both with and without prior
solutionizing), a significant increase in hardness (e.g. from 381 to 645
HV) and in tensile strength accompanied by a reduction in ductility is
observed, as expected.
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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Mechanical Properties of Maraging Steels
• Mechanical properties are very much related
to the obtained density which varies
depending on the process parameters such as
layer thickness, scan speed and laser power in
SLM.
• Macro-hardness, affected by the density,
changes significantly.

Relative density and hardness for samples with different scan speeds
and layer thicknesses
K. Kempen, E. Yasa, L. Thijs, J.-P. Kruth, J. Van Humbeeck, Microstructure and mechanical
properties of selective laser melted 18Ni-300 steel, Phys. Procedia. 12 (2011) 255–263,
https://doi.org/10.1016/j.phpro.2011.03.033.
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Mechanical Properties of Maraging Steels

Effect of volumetric laser energy (Ev) on the relative
density of SLM-produced MS
C. Tan, K. Zhou, M. Kuang, W. Ma, T. Kuang, Microstructural characterization and
properties of selective laser melted maraging steel with different build directions,
Sci. Technol. Adv. Mater. 19 (2018) 746–758.
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Mechanical Properties of Maraging Steels
• At 460°C, the hardness shows a linear relationship with aging time.
• As you keep the part longer at this temperature, the hardness continues to increase without any sign of
overaging.
• For other temperatures, at prolonged durations, the hardness starts to slightly drop indicating overaging
• Reversion of metastable martensite and coarsening of the intermetallic precipitates takes place. These two
phenomena together decrease the hardness as the part is kept at elevated temperatures for a prolonged time.

Micro-hardness for samples with identical process parameters and different aging parameters
K. Kempen, E. Yasa, L. Thijs, J.-P. Kruth, J. Van Humbeeck, Microstructure and mechanical properties of selective laser melted 18Ni-300 steel, Phys.
Procedia. 12 (2011) 255–263, https://doi.org/10.1016/j.phpro.2011.03.033.
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Mechanical Properties of Maraging Steels
• The re-melting strategies are effective in improving
the part density, where the strategy based on a
superficial melting, namely polishing (P), proved to
be the best solution. The polishing strategy provided
a smooth surface free of pits and protruded zones
inherent from the initial volume melting pass.
• Surface roughness and part density are closely linked
to each other. The results depict that surface
smoothing provided by the remelting pass is highly
beneficial for preventing the pore formation and
propagation through the layers.
Effect of re-melting
strategies on the obtained
density
Demir, A.G., Previtali, B. Investigation
of remelting and preheating in SLM of
18Ni300 maraging steel as corrective
and preventive measures for porosity
reduction. Int J Adv Manuf
Technol 93, 2697–2709 (2017).
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Mechanical Properties of Maraging Steels
• Preheating of the 18Ni300 maraging steel provided no improvement in the part density and hence fails as a
preventive measure. It induced larger dimensional error presumably due to the sintering of the powder
particles and lower microhardness expected to be due to an in-process annealing action

• The remelting strategies influence the material microstructure and induce slight grain coarsening.
Cross-sections of the specimens showing
the material microstructure as a function
of preheating and remelting conditions
Demir, A.G., Previtali, B. Investigation of remelting and
preheating in SLM of 18Ni300 maraging steel as corrective
and preventive measures for porosity reduction. Int J Adv
Manuf Technol 93, 2697–2709 (2017).
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Mechanical Properties of Maraging Steels
• The characterization of
the different kinds of the
apparent voids for the
maraging steel marage
300 subject to the
energy input and the
preheat temperature

T. Burkert, A. Fischer, 2015, THE EFFECTS OF HEAT BALANCE ON THE VOID
FORMATION WITHIN MARAGE 300 PROCESSED BY SELECTIVE LASER MELTING,
http://utw10945.utweb.utexas.edu/sites/default/files/2015/2015-61-Burkert.pdf
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Mechanical Properties of Maraging Steels
Correlation diagrams between mechanical properties, surface
roughness and the relative density

Stress–strain curves for different densities
Casalino, G. & Campanelli, S.L. & Contuzzi, Nicola & Ludovico, A.D.. (2015). Experimental investigation and statistical optimisation of the selective laser melting process of a maraging steel. Optics & Laser
Technology. 65. 151–158. 10.1016/j.optlastec.2014.07.021.
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Mechanical Properties of Maraging Steels
• In a study, laser power is found to be the
most influential parameter on tensile
property, and the following are scanning
speed and powder feeding rate for DED.
However, it should be noted that the trial
process windows are important to obtain
such relations.
• The solid solution and aging treatment
significantly enhanced the microhardness of
the forming parts, basically met the
standard hardness.
The relationship between laser energy density and relative density of the samples in Laser Metal Deposition
Y.Yao, Y.Huang, B. Chen, C. Tan, Y. Su, J. Feng, Influence of processing parameters and heat treatment on the mechanical properties of 18Ni300 manufactured by laser based directed energy deposition, Optics &
Laser Technology, Volume 105, 2018, Pages 171-179
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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Mechanical Properties of Maraging Steels

Investigation on the process and microstructure evolution during direct laser metal deposition of 18Ni300
Chen, Bo & Huang, Yuhua & Gu, Tao & Tan, Caiwang & Feng, Jicai. (2018). Investigation on the process and microstructure evolution during direct laser metal deposition of 18Ni300. Rapid
Prototyping Journal. 24. 10.1108/RPJ-01-2018-0022.
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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Mechanical Properties of Maraging Steels
• Material produced by L-PBF displays equal or slightly higher yield and
ultimate tensile strength compared to conventionally produced
material in the non-aged condition.
• After an aging heat treatment (both with and without prior
solutionizing), a significant increase in hardness (e.g. from 381 to 645
HV) and in tensile strength accompanied by a reduction in ductility is
observed, as expected.

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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Mechanical Properties of Maraging Steels
• Together with precipitation, austenite reversion is observed at the cell
boundaries around retained austenite during ageing.
• In conventional material, no austenite, neither retained nor reverted,
is observed, which is the reason for its higher hardness compared to
AM produced material in the aged condition.
• Upon aging heat treatment the toughness reduces significantly and in
the aged condition it is lower for L-PBF produced material compared
to conventionally produced one.
• Tan et al. found the mechanical properties to be isotropic.

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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Mechanical Properties of Maraging Steels
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.
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Mechanical Properties of Maraging Steels
• The build orientation influence
on the mechanical
performance of the material is
best to be examined in
conjunction with heat
treatment plans.
• Anisotropy can be drastically
reduced via an appropriate
choice of such plans, which
are generally easy to
implement for this material.

Comparison of the as-built yield strength (Rp0.2) and %elongation (At) properties by AM buildorientation for maraging steel 300 test-specimens fabricated using various geometries, processing
parameters, scan strategies, and powder feedstock types
B. Mooney, K.I. Kourousis, R. Raghavendra, Plastic anisotropy of additively manufactured maraging steel: influence
of the build orientation and heat treatments, Addit. Manuf. 25 (2019) 19–31

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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Mechanical Properties of Maraging Steels
• The built orientation changes the
configuration of the melt pool in the
as-built samples and also has a
noticeable effect on the
microstructure.
• The XY-built sample shows better
tensile performance (tensile strength
∼1123 MPa and ductility ∼12.0%)
than that of the Z-built sample
(tensile strength ∼1038 MPa and
ductility ∼10.0%).
• This could be attributed to the
differences in orientations of the
cellular dendrites, the retained γ
phase fractions, and the melt pool
configurations induced by the built
directions.

The engineering strain–stress curves of the two samples
Yao, Y., Wang, K., Wang, X., Li, L., Cai, W., Kelly, S., . . . Yan, F. (2020). Microstructural heterogeneity and
mechanical anisotropy of 18Ni-330 maraging steel fabricated by selective laser melting: The effect of build
orientation and height. Journal of Materials Research, 35(15), 2065-2076. doi:10.1557/jmr.2020.126

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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Mechanical Properties of Maraging Steels
• In some studies, it is found out that due to the layer-wise
manner building of SLM, parts build-up in different
directions (vertical and horizontal) are likely to present
anisotropies in mechanical properties only to a small
extent.
• Reasons accounting for the unimportant anisotropy in
SLM maraging steels include:
• the absence of remarkable texture along building direction,
due to the altering of heat flux direction caused by the 67°
rotations of laser scan among layers;
• strong intra-layer and interlayer bonding were fulfilled by
optimum laser parameter, which weakens layer-wise effect.

• Slight anisotropy in Charpy impact behavior of AF
specimen was reduced by heat treatment, since the
residual stress was released during heat treatment, and
the massive homogeneous precipitates may also account
for the alleviation of layer-wise effect and promotion of
isotropic microstructure and property.

Impact energies (a) and fracture morphologies (b) of as-fabricated and
heat-treated MS specimens with horizontal and vertical building
directions
C. Tan, K. Zhou, M. Kuang, W. Ma, T. Kuang, Microstructural characterization and
properties of selective laser melted maraging steel with different build directions,
Sci. Technol. Adv. Mater. 19 (2018) 746–758.
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Mechanical Properties of Maraging Steels
• The figure taken from a
study Haghdadi et al. 2021
reviews the work
conducted on 18-Ni-300
maraging steels showing
the combinations of UTS
and ductility for additively
manufactured 18Ni 300
maraging steel samples
from literature.
• A large scatter dependent
on process parameters and
applied heat treatments
• Aging leads to a significant
increase in strength and
reduction in ductility.
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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Mechanical Properties of Maraging Steels
• Croccolo et al. found the fatigue properties to be
isotropic with a fatigue limit of 600 MPa (i.e. 1/3
of the static yield strength, in line with results for
conventionally-produced maraging steel.
• Becker et al. found the fatigue crack growth rates
of peak aged material to be isotropic and equal to
conventionally-produced material.
• Isotropy is due to the weak texture in this
material as a consequence of the martensitic
phase transformation.
Comparison among the fatigue limits of the three sample types
D. Croccolo, M. De Agostinis, S. Fini, G. Olmi, A. Vranic, S. Ciric-Kostic,
Influence of the build orientation on the fatigue strength of EOS maraging
steel produced by additive metal machine, Fatigue Fract. Eng. Mater. Struct.
39 (2016) 637–647, https://doi.org/10.1111/ffe.12395.
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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Mechanical Properties of Maraging Steels
• There is a clear superiority of the wrought material both in pure
fatigue and in corrosion-fatigue, because of its dense and
homogeneous microstructure as well as its lower resulting
surface roughness.
• The AM material, due to multiple melt pools created from the
consecutive laser passes, the cellular-dendritic structure and the
inherent higher roughness they possess, has an inferior fatigue
and corrosion-fatigue performance.
• Glass-blasting improves surface integrity by imposing residual
stresses and reducing the roughness, both offering a positive
impact on the corrosion and fatigue performance.

Fatigue and corrosion-fatigue performance of all the examined specimens
at various loads. Fatigue stress ratio R=0. Fatigue frequency: 40 Hz.
Corrosion-fatigue set-up and C-ring
specimen specifications

E. Bouzakis, A. Arvanitidis, F. Kazelis, G. Maliaris, N. Michailidis, Comparison of
Additively Manufactured vs. Conventional Maraging Steel in Corrosion-Fatigue
Performance after various surface treatments, Procedia CIRP, Volume 87, 2020, pp.
469-473, ISSN 2212-8271
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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Mechanical Properties of Maraging Steels
• Casati et al. concluded that a solution treatment of L-PBF prduced
samples is not necessary and consequently the as-produced samples
can be directly aged.
• They found that the retained austenite does not play a key role in the fracture
process and that the reversion of austenite plays a minor role compared to
the strengthening effect of the intermetallic precipitants.

• In contrast, Tan et al. argue that after solution and aging heat
treatment the fracture mechanism is more favourable than directly
aging the as-produced material and suggest that solution treatment
should be performed.
• R. Casati, J. Lemke, A. Tuissi, M. Vedani, Aging behaviour and mechanical performance of 18-Ni 300 steel processed by selective laser melting, Metals 6 (2016) 218
• C. Tan, K. Zhou, W. Ma, P. Zhang, M. Liu, T. Kuang, Microstructural evolution, nanoprecipitation behavior and mechanical properties of selective laser melted high-performance grade 300 maraging
steel, Mater. Des. 134 (2017) 23–34
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.

55

Mechanical Properties of Maraging Steels
• Despite virtually defect-free
samples, the ductility and fracture
behaviour are still strongly
affected by the properties of any
defects remaining in the material,
i.e. their orientation, morphology,
arrangement, etc.
• Very high scan speeds or low laser
powers cause high percentage of
porosity and consequent drastic
reduction of the tensile strength,
stiffness and strain at failure.
Microstructure and porosity: (a) Laser scan speed 200 mm/s; (b) Laser scan speed 400 mm/s; (c)
Amplified image
L.M.S. Santos, J.A.M. Ferreira, J.S. Jesus, J.M. Costa, C. Capela, Fatigue behaviour of selective laser melting steel
components, Theoretical and Applied Fracture Mechanics, Volume 85, Part A, 2016, pp. 9-15.
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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Mechanical Properties of Maraging Steels
• Contamination has a significant negative effect on
the fatigue life of 18Ni-300 specimens, even for
percentages as small that the average chemical
composition of the powder fits the nominal ranges.
• In such cases, although the compositional anomaly is
extremely localized, it is detrimental for dynamic
material properties whereas static tensile
properties are mostly unaffected by the presence of
contaminants.
• Be careful: the common validation procedure of jobs
produced via PBF includes only static (and very
rarely fatigue) tests!
• At least for steels, and as a safety check for other
alloys, it is recommended to provide against these
risks.
• PBF specimens, produced using virgin /
uncontaminated powder, can have the same (or even
longer) fatigue life as the forged material.

EDX analysis of the inclusion reveals presence of O, Ti and Al
A. Gatto, E. Bassoli, L. Denti, Repercussions of powder contamination on the fatigue life of additive
manufactured maraging steel, Additive Manufacturing, Volume 24, 2018, Pages 13-19

Axial fatigue life. Run-outs are shown with filled markers
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Welding of Maraging Steels
• From the weldability point of view, maraging steels are
relatively soft after cooling from austenitizing temperatures.
• HAZ is softened by the heat of welding leading to reduced
stresses and less tendency for hydrogen cold cracking.
• A post-weld aging treatment raises the strength of the joint
close to the plate strength and the toughness of the HAZ
usually matches that of the plate.
• In order to obtain the best properties:

• Avoid prolonged times at elevated temperatures.
• Avoid preheat and keep interpass temperatures below 120⁰C.
• Use minimum weld energy inputs: high heat inputs should be
avoided because they are usually associated with large beads which
have a coarse, segregated structure and poor toughness.
• Avoid conditions causing slow rates.
• Every precaution should be taken to keep the welds as clean as
possible since the toughness decreases as the purity decreases.
nickelinstitute.org/media/1853/weldingofmaragingsteels_584_.pdf
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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Welding of Maraging Steels
• t8/5 is the time it takes for the weld seam and adjacent heat-affected zone to cool
from 800 °C to 500 °C. For decades this concept has been used as a guideline for
achieving desirable weld quality, as most of the microstructural changes in steel take
place in temperatures above 500 °C.
• This is the interval in which the most important structural changes occur in the steel.
• If the period is very short, ferritic, perlitic, bainitic and martensitic structures can form.

• There is also the risk of coarse grain formation, and this has negative effects on the mechanical properties.

• If the period is very long, only ferrite and perlite can form from the austenite, and this reduces
the hardness.

• In addition to the cooling time t8/5, the main factors for weldability of maraging
steels are carbon equivalent, the preheating temperature, component thickness and
the mechanical constraints.
• For this group of steels,cracking in weld metal and in the HAZ has been observed but
only rarely. Porosity has been more frequently encountered.
https://www.ewm-group.com/iframes/rechner/Abkuehlzeit_en.html
nickelinstitute.org/media/1853/weldingofmaragingsteels_584_.pdf
B Buchmayr and G. Panzl 2018 IOP Conf. Ser.: Mater. Sci. Eng. 461 012008
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AM of Other Maraging Steels
• It is important to note that the microstructure of
18Ni-300 exhibits no corrosion resistance, due to
the lack of chromium to form a surface
protecting passive layer.
• When corrosion resistance is demanded for some
engineering applications, AM designers /
engineers must focus on material selection to
austenitic or precipitation hardened corrosion
resistant maraging steels. These steels, however,
exhibit a lower strength and hardness.
• In the as-built conditions, the microstructure
show the typical layered structure. Yet, solution
annealing and aging lead to a recrystallization
and formation of the typical annealed Fe-Ni(Co)
martensitic-microstructure.
• M789 is found as a promising candidate for
applications which require the mechanical
properties of 18Ni 300 and the corrosion
resistance of 17-4Ph and above.

LOM images of the as-built and heat treated microstructures of W722, N700
and M789
C. Turk, H. Zunko,C. Aumayr, H. Leitner, M. Kapp, 2019, Advances in Maraging Steels for Additive Manufacturing, Berg
Huettenmaenn Monatsh (2019) Vol. 164 (3): 112–116 https://doi.org/10.1007/s00501-019-0835-z

BÖHLER W722: 18Ni-300 Maraging Steel
BÖHLER M789: a newly developed maraging steel, which combines the mechanical properties of
1.2709 with the corrosion resistance of 17-4PH.
BÖHLER N700: 17-4Ph
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.

62

AM of Other Maraging Steels
• For higher thermal conductivity, 14Ni (200 grade) maraging steel delivered by Metso Mineral, Finland.

• Hardness is in a similar range to 1.2709 tool steel after precipitation heat treatment and it is not depending on the
build-up direction of the part

Relative part density, density analysis of 14Ni (200 grade) maraging steel

Thermal conductivity of SLM-processed 14 Ni (200 grade) maraging steel

K.J.A., Maraging steel for additive manufacturing – Philipp Stoll’s paper at DDMC 2016

Stoll, P., A. Spierings, K. Wegener, S. Polster and M. Gebauer. “SLM Processing of 14 Ni (200 Grade) Maraging
Steel.” (2016).
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Summary and Highlights
• 18Ni-300 is the most commonly used maraging steel in AM which is readily
weldable and yield good material properties when processed via laser
based AM processes.
• A well balanced property relationship between hardness, strength,
toughness, and ductility
• With maraging steels, research is more aimed at optimizing
microstructures, mechanical properties and post-process heat treatments
because cracks and pores do not pose a significant threat.
• Overall, the mechanical properties of AM-produced maraging steel are
comparable to conventionally produced material, but not entirely identical.
• The main factor widening the use of AM maraging steels in applications
requiring high fatigue performances is the lack of inherent defects coming
from the process since they act as favourable sites for crack initiation under
cyclic loading.
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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