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� A Co-free stainless maraging steel for
laser-based powder bed fusion was
successfully designed using a
computation alloy design approach.

� The material showed excellent
printability with a porosity of <0.05%
and a fully martensitic microstructure
in the as-built condition.

� Aging at 500 �C was performed
directly after printing, where an
increase from 310 HV5 to 519 HV5
was noted.

� Ni, Al, Ti, Nb, Mn and Si were found to
readily form precipitates – believed
to be c0 after 3 h.

� The precipitates were also found to be
resistant to coarsening, retaining high
hardness even after 90 h at 500 �C.
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This study presents a new Co-free stainless maraging variant for laser-based powder bed fusion devel-
oped using a computational alloy design approach. The goal was to develop an easily printable material
with similar performance to 18Ni-300. After screening numerous compositions, Fe-13.2Cr-9.1Ni-1.1Al-0.
6Mo-0.5Nb-0.23Ti-0.5Mn-0.5Si (wt.%) was selected. This composition showed excellent printability with
low porosity levels. The precipitation strengthening response was evaluated by aging at 500 �C for
15 min, 3 h and 18 h, measuring hardness, tensile strength, and by characterization using atom probe
tomography. After 15 min of aging, 90% of the maximum hardness was reached, thanks to formation
of (Ni, Al, Nb, Ti, Mn, Si) clusters with a density of 1.5 � 1024 m-3. Between 15 min and 3 h, distinct pre-
cipitates formed with a radius of �1.4 nm. The precipitates underwent a splitting phenomenon after 18 h,
forming several unique Ni-rich precipitates including Ni16Si7(Ti, Nb)6 and Ni3(Al, Ti, Nb, Si). The splitting
can be a reason for the slow coarsening rate, as the average precipitate radius after 18 h was only 2 nm.
Simulations of the precipitation sequence using PRISMA indicated very rapid and dense precipitation of
L12-Ni3X precipitates with a slow coarsening rate, in agreement with experimental observations.
� 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2022.111180&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.matdes.2022.111180
http://creativecommons.org/licenses/by/4.0/
mailto:riabov@chalmers.se
https://doi.org/10.1016/j.matdes.2022.111180
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes


D. Riabov, K. Frisk, M. Thuvander et al. Materials & Design 223 (2022) 111180
1. Introduction

High-performance steels, such as the maraging steels, are a
class of materials that combine high strength and toughness.
Therefore, they are often considered paramount for lightweight
designs and future reduction in emissions [1]. These properties
are enabled by a combination of a ductile martensitic matrix and
intermetallic precipitates that form within the matrix. Due to the
combination of mentioned properties, this material group has been
shown to have excellent printability in additive manufacturing
(AM), specifically laser-based powder bed fusion (LB-PBF) [2].

Excellent printability can be a challenge to achieve, however,
several alloy specific properties can greatly improve it. These
include but are not limited to: sufficient ductility of the matrix
phase – needed to accommodate strains that are induced during
the repeated solidification; that elemental segregation is kept to a
minimum, avoiding the formation of brittle or low-melting phases,
which could cause crack formation; and finally that the alloy has a
narrow solidification range – reducing the risk of hot tearing [3].

Laser-based powder bed fusion is an AM technology where
metal powder is iteratively melted using a high-powered laser to
produce a component [4–6]. Due to the small size of the laser spot
and high laser scanning velocities, the resulting heating and cool-
ing rates are very high, up to 107 K/s [7–9]. The rapid solidification
creates very fine microstructures with specific features and, when
alloying is balanced, a supersaturated matrix [10]. Therefore, when
selecting material compositions for AM there is a benefit in adjust-
ing the composition to the process as the microstructures resulting
from LB-PBF are quite different to those obtained in conventionally
processed materials.

A common maraging steel for AM, 18Ni-300, contains high Co-
contents (�9 wt%). Because of the toxicity of Co and problematic
mining operations [11–14] there is a need to expand the number
of alloys without this alloying element. Hence, a Co-free
maraging-type steel powder was designed aiming for good print-
ability, corrosion resistance and good temperature resistance. To
obtain the desired composition a CALPHAD-based (CALculation of
PHAse Diagrams) computational alloy development procedure
was used. Calculations of equilibrium phase compositions were
combined with kinetic modeling of the phase transformations,
and a procedure of scanning over wide compositional ranges was
used. The Thermo-Calc software and databases, TCFe9 and TCNi8,
[15] were used for the calculations.

The design of the material was guided by previous work on
18Ni-300 [2,16–21]. The as-printed material has a fine cellular/-
dendritic microstructure that is martensitic with 6–11% retained
austenite. The amount of retained austenite depends on the print-
ing conditions. High amounts of retained austenite are generally
considered detrimental to the peak hardness and strength [19] as
precipitation does not take place in austenite, hence, requiring
additional heat treatments prior to aging. However, the critical
amount can vary depending on the application – where some
retained austenite can be beneficial to the overall ductility of the
alloy. The alloy 18Ni-300 is relatively soft with high ductility in
the as-printed condition, hence the good printability, and is
strengthened by aging in the temperature range 490–530 �C. For
AM processed 18Ni-300 there are two possible heat treatment
routes: conventional heat treatments (solution annealing and
aging) or directly aging the as-printed condition. Typical hardness
values in the as-printed condition are 350–400 HV and after aging
550–650 HV [2,20]. The yield stress at peak hardness is around 2
GPa with an elongation to fracture of 1.5–5% [2].

A major drawback with the 18Ni-300 grade is the poor corro-
sion resistance, which can be improved by Cr additions. However,
this necessitates further modification of the composition. Stainless
maraging steels have existed for some time and most common
2

variants, such as 13-8Mo, typically rely on Ni and Al as the primary
precipitation forming elements. The formed precipitate is NiAl
with a fully coherent B2 superlattice structure, with a cube-on-
cube orientation relationship with the matrix [22–24]. The size
of the precipitates is only around 10 nm even after prolonged
aging, with high number densities of � 1024 m3 [22,23,25]. The
composition of the precipitates was found to deviate from perfect
stoichiometry; where the fraction of Al increased from around 10at
% after aging for 0.5 h at 450 �C to nearly 40at% after 500 h [23].
Other variants, such as Custom 465� and Nanoflex�, rely instead
on Ni and Ti as the precipitate forming elements [26,27]. Here,
the dominant precipitate isg-Ni3Ti, with a hexagonal (DO24) struc-
ture and an orientational relationship to the martensitic matrix
according to: (011)M//(0001)g; [111]M//[1120]g [28,29]. In Nano-
flex�, another dominant precipitate is c’-Ni3(Ti, Al, Si) with a L12
structure [26]. g-Ni3Ti forms as rods, typically between 10 and
20 nm in length and a few nm in diameter, while c’ forms as
spheres [27,30,31]. It was also found that Al can readily substitute
Ti in g-Ni3Ti, hence the precipitates can contain both Al and Ti
[32]. Apart from the mentioned precipitates, formation of G-
phase (Ni16Si7Ti6) [26], a Mo-rich quasicrystalline phase called R’
and Cr rich a’ have also been reported in stainless maraging steels
after prolonged aging times [33,34].

Additive manufacturing of maraging steels have mostly been
focused on the 18Ni-300 grade, with few studies on stainless vari-
ants. Jägle et al. [19] compared the microstructures of convention-
ally produced, laser metal deposited and LB-PBF processed 18Ni-
300 and reported that precipitate kinetics, size and composition
remained similar despite different manufacturing routes. The
printed stainless variants have mostly been 13-8Mo derivatives,
including CX� from EOS and Corrax� from Uddeholm. The results
indicated good printability with minimal retained austenite, form-
ing B2 structured NiAl precipitates upon aging [35–39]. However,
characterization was performed mostly by transmission electron
microscopy (TEM), with an exception in the study of Corrax� by
Krakhmalev et al. where atom probe tomography (APT) was uti-
lized and precipitates with a 1:1 ratio of Ni and Al were found.
Hence, detailed precipitate descriptions were, for the most part,
not given.

The degree of strengthening that can be gained from precipi-
tates will depend on numerous factors, such as the size, volume
fraction and strength of the precipitate. Typically, hard particles
(where the strength of the particle supersedes the line tension of
the dislocation) will cause dislocations to loop around them. Soft
particles are instead sheared by the dislocations, creating an
anti-phase boundary that will provide a strengthening effect [40–
43]. Niu et al. reported that a maraging steel with mainly g-
Ni3Ti precipitates will undergo both modes of interaction depend-
ing on aging time [30]. Initially, small Ni, Ti, Mo clusters are cut
while during the later stages the precipitates are by-passed
through the looping (Orowan) mechanism. Similarly, Schnitzer
et al. [44] modelled the strengthening response of 13-8Mo
(strengthened primarily by B2-NiAl precipitates) and found that
none of the classical precipitation models accurately described
the aging response. Instead, as the findings of Niu et al., the distri-
bution of precipitate sizes gives rise to a mixed dislocation interac-
tion, where the smallest particles are sheared, and the larger
particles are by-passed by looping.
2. Materials and methods

2.1. Computational alloy design

A computational procedure was used for the alloy design, and
the computations were performed using CALPHAD-type predic-
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tions of the phase equilibria, and simulation of the precipitation
evolution. The Thermo-Calc software [15] was used to perform
the calculations of the phase equilibria. The high temperature
phase equilibria were calculated using the TCFe9 database, and
the low temperature equilibria involving the precipitating phases
were calculated using the TCNi8 database. The high temperature
equilibria involved a calculation of the Cr content of austenite
including the martensite forming temperature, and the amount
of retained austenite. The phase equilibria at 450 to 500 �C were
calculated to determine the type and amount of possible precipi-
tates. The calculations were performed for 40 000 possible alloy
compositions within a selected composition range. Analysis of
the generated dataset was used to select an optimal composition.

2.2. Experimental procedure

Powder was vacuum induction melted and argon gas atomized
by Höganäs AB and provided in the 15–45 lm sieve fraction. Cubes
of size 10 � 10 � 10 mm3 were printed using LB-PBF for evaluation
of the material properties in an EOS M290 (Electro Optical Systems,
GmbH) machine using the standard parameters for 18Ni-300
(MS1_040_PerformanceM291 2.0) using a layer thickness of
40 lm. An overview of the LB-PBF process was given by Sun
et al. [45]. The scan vector was rotated 67� after each layer expo-
sure and a stripe scanning strategy was employed. Argon was used
as the protective atmosphere and the oxygen partial pressure was
kept below 0.1% throughout the build. No build plate pre-heating
was used.

The cubes were directly aged after printing. The aging was done
at 500 �C for 15 min, 30 min, 1 h, 3 h, 9 h, 18 h, and 90 h. The short
times, 15 and 30 min were used to investigate the initial clustering.
The use of 1, 3 and 9 h were because these times are used in con-
ventional aging treatments of similar maraging steels. Finally, 18
and 90 h were used to evaluate the long-term thermal stability
of the precipitates. The procedure was performed in a lab scale
tube furnace with argon as a protective gas to minimize oxidation.
All samples were water quenched after the aging process. Subse-
quent microstructural and mechanical evaluations focused on the
15 min, 3 h, and 18 h states.

Sectioning and subsequent mounting of the cubes in conductive
resin were done to evaluate the printed density, resulting
microstructure and the aging response. The mounted specimens
were prepared according to the following procedure: initial plane
grinding using 220 grit SiC paper, followed by fine grinding using
9 lm diamond suspension and polishing using 3 lm followed by
1 lm diamond suspension. As a final polishing step, 0.05 lm col-
loidal silica was used.

Light optical microscopy (LOM) was used to evaluate the
printed density on as-built cubes, a Zeiss Axioscope 7 was used
in this process. Samples were etched using Kalling’s solution to
evaluate the printed microstructures, which were documented
using LOM. Grain morphology, orientation and phase constituents
were measured using electron backscatter diffraction (EBSD). For
the EBSD acquisitions the field-emission scanning electron micro-
scope (SEM) Hitachi SU6600 equipped with an Oxford Symmetry
1 EBSD detector with a CMOS sensor was used. The maps were
acquired using a voltage of 20 kV with a step size of 0.08 lm
and the data was analyzed using the MTEX toolbox [46]. The frac-
ture surfaces were analyzed using a LEO Gemini 1550 field-
emission SEM operating at 2 kV. Detailed microstructural charac-
terization was performed with TEM where an FEI Tecnai T20 oper-
ating at 200 kV was utilized. Thin foils were prepared from sections
parallel to the building direction by mechanically thinning samples
down to around 100 lm followed by electrolytic twin-jet polishing
at a voltage of 16 V until perforation using a 10% perchloric solu-
tion that was cooled to -30 �C.
3

For preparing samples for APT, rods of approximate dimensions
0.3 � 0.3 � 15 mm3 were made by coarse cutting, grinding and
final cutting using a low-speed diamond saw. Ultra-sharp samples
were then prepared using a two-stage electropolishing procedure.
In the first stage, a neck was created by polishing in a layer of a
strong electrolyte (10% perchloric acid in glycerol (20%) and
methanol (70%)) floating atop a heavy inert liquid (Galden). In
the second stage, the entire rod was polished in a weak electrolyte
(2% perchloric acid in 2-butoxyethanol) until the part below the
neck was separated at the position of the neck made in the first
stage. The samples were further polished using pulsed polishing
(2–10 pulses of 1–10 ms duration) in the weak electrolyte, to clean
the surface. All polishing was made at around 18 V, and Pt was
used as cathode.

The used atom probe was a LEAP 3000X HR (Imago Scientific
Instruments), which has a detection efficiency of 37%. The analyses
were made in laser pulse mode, with a laser wavelength of 532 nm
at a pulse frequency of 200 kHz, laser pulse energy 0.30 nJ, sample
temperature 50 K and evaporation rate 0.20%. The reconstructions
were made using the voltage method, with an image compression
factor of 1.65, a field factor of 3.0–4.0 and an evaporation field of
25 V/nm. Iso-concentration surfaces (isosurfaces) were obtained
using a cubic voxel size of 1.0 nm3 and with deloc alization of
3 � 3 � 1.5 nm3. The statistical tools radial distribution function
(RDF) [47] and maximum separation method (MSM) [48] were
used to study co-precipitation tendencies and early clustering,
respectively.

The use of laser pulsing, instead of voltage pulsing, has both
advantages and disadvantages. The analyses generally gets longer
(larger analysis depth) and the mass spectrum overlap between
93Nb3+ and 62Ni2+ is avoided (as Nb evaporates as Nb2+). However,
the use of laser pulsing means that Al will be evaporated as both
Al2+ and Al+, the latter overlapping at 27 Da with minor isotopes
of Fe2+ and Cr2+. The distribution of Al2+ and Al+ was not homoge-
neous, so the Al signal (13.5 Da) was clearer in some regions than
in others (depending on uneven laser heating). Furthermore, Si was
affected by surface diffusion, resulting in a partly incorrect distri-
bution. This is seen as Si-rich streaks along the analysis axis.

Tensile tests were conducted at room temperature using an
Instron 4505-5500R machine, with strain-rate control at a rate of
0.001 s-1. A miniature specimen geometry as described in [49]
was used. Samples were spark machined from a horizontally ori-
ented rectangular printed geometry. Each condition was repeated
twice. Hardness was measured on polished cross-sections using a
Vickers hardness indenter, with a load of 5 kgf. For this purpose,
a Struers DuraScan-70 G5 was used.
3. Results

3.1. Computational alloy design

The metal powder composition was designed to obtain a
martensitic matrix in the as-printed state with a maximum of
15% retained austenite. The resistance to corrosion was optimized
using the pitting resistance equivalent number (PREN = %Cr + 3.3 �
%Mo + 16� %N) [50] with a goal of 12 or higher. Precipitation hard-
ening was designed for aging at 450 to 500 �C with the goal of
achieving similar precipitation hardening as in 18Ni-300. Further,
a target was to have an alloy with a good temperature resistance
in the printed and hardened state. To achieve this goal precipita-
tion hardening phases that show slow coarsening rates were
selected.

A selection of possible composition ranges was made based on a
general knowledge of the alloy systems, and the following ranges
were selected; 0–3% Al, 10–25% Cr, 0–2% Nb, 8–25% Ni, 0–6% Mo,
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0–2% Ti (wt.%). Cr, Ni and Mo are added to produce a martensitic
and stainless steel. Al, Nb and Ti are added to form precipitates.
To investigate the influence of composition on the phase equilibria
a scan over possible composition ranges was made, where calcula-
tions of the phase equilibria were performed and saved, generating
a large dataset. The data was analyzed based on the design criteria
and through this procedure compositions that fulfilled the criteria
were selected. From this first selection a manual procedure to
check the compositions in detail by calculations followed. An
example of the data analysis procedure is shown in Fig. 1, where
the Al content of the screened alloys is related to the calculated
equilibrium amount of the L12-Ni3X intermetallic phase at low
temperatures, for which the major element in the second sublat-
tice is Al. The equilibrium fraction is a measure of the maximum
amount of this phase that can be expected during precipitation
hardening heat treatment. Several different composition-sets of
the L12-Ni3X precipitate were predicted through the calculations,
and the total amount was used for the alloy selection. Each point
in the diagram represents one of the calculated alloy compositions.

Following the analysis of the calculated data, a chemical com-
position was selected, listed in Table 1. Based on the calculations
this alloy is expected to be martensitic with a retained austenite
Fig. 1. The screened compositions during the alloy design process. Each dot in the
figure represents one alloy composition; shown as a function of the Al content and
its associated calculated mole fraction of L12-Ni3X. The red dot represents the
selected composition. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Designed and measured chemical composition of the investigated alloy (Fe is balance).

Element Cr Ni Al

Designed wt% 13.2 9.1 1.1
Designed at% 13.9 8.5 2.2
Measured wt% 13.1 8.9 0.9
Measured at% 13.9 8.4 1.8

Table 2
The calculated composition of the L12-Ni3X precipitates that can form during aging at 500

Ni Al Nb Ti

at% 72 15.2 5 4.5

Table 3
Hardness values of the investigated material, in the as-built condition and aged for variou

Condition As-built 15 min 30 min 1 h

HV 5 310 ± 3 472 ± 2 495 ± 3 506 ±

4

content of a maximum of 11%, and a maximum amount of precip-
itates on aging of 5.4 mol%. The precipitates that are expected to
form are of the L12-Ni3X type, with the predicted composition
listed in Table 2 below. The alloy has a calculated PREN number
of 15.1 and is not expected to form detrimental intermetallic
phases during LB-PBF processing. The selected alloy composition
is optimized based on a combination of criteria. Analysis based
on a single criterion will provide a large number of possible alloys,
but when the criteria are considered in combination, the selected
alloy is unique. If a higher amount of retained austenite, a lower
PREN number, or a smaller amount of precipitates is targeted,
other compositions may be selected.
3.2. Mechanical testing

The full aging response is presented below in Table 3. After heat
treating at 500 �C for 15 min the hardness increased from 310 HV
to 472 HV, suggesting that the precipitation was extremely rapid at
this temperature. After 30 min the hardness increased to 495 HV
and further aging led to only a marginal increase, reaching peak
hardness of 519 HV after 18 h. After 90 h of aging the hardness
dropped slightly, to 501 HV, suggesting that the precipitates are
stable even during pro-longed exposure to high temperatures.
Based on the aging response the following times were selected
for further investigations: 15 min, 3 h, and 18 h. 15 min repre-
sented the very early stages of cluster formation, 3 h represented
a typical aging time for maraging steels, while 18 h represented
the peak hardness condition.

Fig. 2 presents representative stress–strain curves of the studied
material in the as-built state and several aged conditions that were
also evaluated using APT. Aging for a duration of 3 h at 500 �C pro-
duced a state where ductility and strength was balanced, as com-
pared to the state that was aged for 18 h where the ductility
dropped significantly while only gaining �20 MPa in strength.
Table 4 provides a summary of the data.

Fig. 3 shows the fracture surfaces of tensile test specimens. All
fracture surfaces comprised primarily of dimples, indicative of a
ductile fracture. However, with increasing aging times the dimples
gradually became shallower, which was reflected in the lower
elongation to failure with prolonged aging. After 18 h of aging
occasional cleavage facets, to the right in Fig. 3h, could be observed
in addition to the dimples.
Mo Nb Ti Mn Si

0.6 0.5 0.23 0.5 0.5
0.3 0.3 0.25 0.5 1
0.6 0.5 0.3 0.3 0.3
0.3 0.3 0.3 0.3 0.6

�C. The content of Mo is negligible.

Fe Mn Si Cr

1.8 1.1 0.35 0.1

s times at 500 �C.

3 h 9 h 18 h 90 h

6 513 ± 4 514 ± 3 519 ± 6 501 ± 1



Fig. 2. Representative stress–strain curves of as-built and aged conditions.

Table 4
Summary of the mechanical properties.

Condition Yield Strength, MPa Ultimate Strength, MPa Elongation, %

as-built 815 ± 50 970 ± 71 13.9 ± 0.3
15 min 1408 ± 12 1478 ± 0.1 13.4 ± 1.0
3 h 1561 ± 1.5 1604 ± 2.2 9.4 ± 1.1
18 h 1585 ± 1.4 1621 ± 12 5.9 ± 2.5
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3.3. As-built microstructure

Fig. 4 presents polished cross sections, both parallel and per-
pendicular to the building direction, of as-built cubes. As can be
seen, no large pores, inclusions or cracks could be found within
the cross-sections. The residual porosity was found to be below
0.05%, as measured by LOM. This indicated that the investigated
material printed to high densities without any major issues.

The polished cross sections were etched in order to investigate
the microstructural constituents with the results presented in
Fig. 5. The etching process revealed what visually appeared to be
a fully martensitic microstructure. However, the typical LB-PBF
melt-pool structure was not clearly delineated. Despite this, very
faint melt pool borders could be seen at higher magnifications (also
highlighted in Fig. 5).

EBSD maps of the as-built condition are shown in Fig. 6. Here,
phase and orientation maps are shown with respect to two orien-
tations, parallel to the building direction and perpendicular to it. In
Fig. 3. Fracture surfaces of tensile specimens in the as-built state (a, e), aged for 15 m
magnification images in e-h.

5

both cases, the amount of retained austenite (imaged with salmon-
color) was marginal (below 0.05%). In the map oriented parallel to
the building direction a melt-pool grain morphology could be
identified.

3.4. Aged state

The microstructure was analyzed again using EBSD after aging
at 500 �C for a duration of 3 h, which can be seen below in Fig. 7.
At this point, a few micrometer-sized grains were indexed as
austenite hence indicating some austenite reversion. However,
the total volume fraction of austenite remained small, below 1%
according to the EBSD data. The austenite islands were preferen-
tially located in areas where the martensite blocks were extremely
fine.

Fig. 8 presents a bright-field TEM image of the sample aged for
3 h at 500 �C. At this relatively low magnification, individual
martensitic laths were visible. In addition to the martensite, small
spherical oxide particles were present throughout the microstruc-
ture. They appeared to be homogenously distributed and were
according to the APT data Al2O3 (not presented here).

3.5. Precipitate evaluation

3.5.1. Aging for 15 min
After 15 min aging, clustering of Ti and Nb can be discerned in

the APT atom maps in Fig. 9. Isosurfaces, constructed based on Ni +
Ti + Al + Nb (14at%), revealed a high number density of clusters, see
Fig. 9b. The clusters had an average radius of about 0.5 nm. Based
on the isosurfaces, the composition, Table 5, and number density of
the clusters were calculated, see Table 6. In addition to the clusters,
a thin region free of precipitates/cluster was observed, believed to
be a thin film (about 20 nm wide) of austenite.

3.5.2. Aging for 3 h
After 3 h, precipitation of Ni, Nb, Ti, Al, Mn and to some extent

Si, can be seen from the atom maps in Fig. 10a. Similar to the
15 min aged sample, an austenite film was present in the analysis,
see Fig. 10b. The precipitates seemed to have a slow growth rate, as
the average precipitate radius after 3 h was only around 1.4 nm.
The number density of precipitates decreased slightly relative to
the 15 min condition; however, the total volume fraction was
found to increase (see Table 6). Furthermore, precipitates enriched
in Nb together with Ti and Ni were found to form preferentially on
in (b, f), aged for 3 h (c, g), and aged for 18 h (d, h). Overview in a-d and higher



Fig. 4. Polished cross section of an as-built cube that was sectioned a) parallel and
b) perpendicular to the building direction.

Fig. 5. Etched cross-sections a) parallel and b) perpendicular to th

Fig. 6. EBSD phase (a, c) and orientation (z) maps (b, d) of the as-built state parallel (a, b)
BCC) and the salmon-colored phase is austenite (Fe-FCC). (For interpretation of the refer
article.)
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dislocations, see Fig. 10c (this could be seen clearer when the APT-
map was rotated). Similar to the 15 min aged condition, the precip-
itates seemed to be compositionally of one family. However, an
analysis of the radial distribution functions revealed that the ele-
ments tend to have clustering preferences. Nb and Al were co-
clustering to a lower degree than Nb-Nb and Al-Al, but also com-
pared to Nb-Ti and Al-Ti. Additionally, Si clustered with Nb and less
with Al, and Mn was more clustered with Al and less with Nb. The
average composition of the precipitates at this stage is presented in
Table 7.

The microstructure was further analyzed using TEM with
micrographs presented in Fig. 11. Higher magnification micro-
graphs showed diffuse circular features, shown with arrows in
Fig. 11b, with a radius between 1 and 2 nm. It is highly probable
e building direction. Some melt-pool borders are highlighted.

and perpendicular (c, d) to the building direction. The blue phase is martensite (Fe-
ences to color in this figure legend, the reader is referred to the web version of this



Fig. 7. EBSD phase (a) and orientation (z) maps (b) after aging at 500 �C for 3 h. The blue phase is martensite (Fe-BCC) and the salmon colored phase is austenite (Fe-FCC). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Bright-field TEM micrograph of sample aged for 3 h at 500 �C, arrows
indicate the location of oxide particles (<50 nm in size).

D. Riabov, K. Frisk, M. Thuvander et al. Materials & Design 223 (2022) 111180
that these were precipitates, as the size and morphology were sim-
ilar to the APT analysis. However, selective area diffraction did not
reveal additional reflections to those of martensite.
Fig. 9. a) Atom maps from a 5 nm slice after 15 min of aging. b) Isosurfaces of Ni +

7

3.5.3. Aging for 18 h
After 18 h of aging the precipitates had undergone a splitting

phenomenon where several unique precipitate families formed.
As the precipitates were often in direct contact with each other,
precipitate splitting was the most probable mechanism of forma-
tion as opposed to co-nucleation. Fig. 12a shows some of the split-
ting where Nb and Al formed unique precipitates (see Nb and Al
atom maps). Also, Mn and Si were segregating to different precip-
itate types. Fig. 12c shows an elemental profile through one of the
split precipitates, highlighting the strong splitting of Al and Nb.
One of the split variants had grown into large (radius >10 nm) pre-
cipitates rich in Ni, Al, Ti and Nb while being depleted of Fe, Cr, Si
and Mn, believed to be g-phase. Another precipitate variant that
had rapidly grown was rich in Ni, Si, Nb and Ti with low levels of
Al and Mn. Examples of this precipitate can be seen in the right
and left top corners of the atom maps in Fig. 12, believed to be
G-phase. Finally, despite some precipitates splitting and growing
into clearly differentiated compositions, i.e., g or G-phase, many
precipitates remain small and compositionally complex. Further
analysis of these precipitates reveals that they can be separated
into two composition families. One where the precipitates are
enriched in Nb, Ti and Si while the other is enriched in Al and
Mn – suggesting that they are possibly transforming into G-
phase and B2-NiAl, respectively. All of the split precipitate variants
are still Ni-rich.

The compositions of the split variants together with assumed
phases are presented in Table 8. The phase assumed to be c’, or
L12-Ni3X, was divided further into an Al-rich type with a relatively
high Mn content (c’1), and a Nb, Si-rich precipitate with a compo-
sition resembling G-phase (c’2). The high Al content of c’1 in com-
Ti + Al + Nb (14at%). The Ni atoms are drawn smaller than the other for clarity.



Table 5
Average chemical composition of the clusters after 15 min of aging (at%), calculated
from the isosurfaces. Fe and Cr were excluded.

Ni Al Nb Ti Mn Si

62.1 20.2 5.3 5.1 1.8 5.4

Table 6
Measured (APT) and calculated precipitate data. For 15 min the maximum separation me

Aging Time Number Density (m�3) Average Ra

Measured Simulated (Prisma) Measured

15 min 1.5 � 1024 7 � 1022 0.5
3 h 1.3 � 1024 1.0 � 1024 1.4
18 h 0.8 � 1024 1.0 � 1024 2.0
90 h – 0.7 � 1024 –

Fig. 10. a) Atommaps from a 5 nm slice after 3 h of aging. b) Isosurfaces of Ni + Ti + Al + N
Ni atoms are drawn smaller than the other for clarity.

Table 7
Average chemical composition of the precipitates after 3 h of aging (at%), calculated from

Ni Al Nb

61.2 23.6 4.0

Fig. 11. Bright-field TEM micrographs (a, b), with arrows highlighting the precipi
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bination with the lower Ni content suggests that it could be B2-
NiAl.

After 18 h the precipitates became more visible in TEM, as seen
in Fig. 13b. However, the selected area diffraction pattern did not
show any additional reflections to those of martensite. Fig. 14
thod was used, whereas isosurfaces were used for 3 and 18 h.

dius (nm) Volume Fraction (%)

Simulated (Prisma) Measured Simulated (Prisma)

0.3 0.10 0.0006
1.1 2.3 0.5
2.0 5.2 3.2
2.5 – 4.6

b (18at%). c) Isosurfaces of Nb (1.5at%), showing precipitation along dislocations. The

the isosurfaces. Fe and Cr were excluded.

Ti Mn Si

4.3 2.1 4.7

tates. A selected area diffraction pattern (c) of sample aged for 3 h at 500 �C.



Fig. 12. a) Atom maps from a 5 nm slice after 18 h of aging. b) Isosurfaces of Ni + Ti + Al + Nb (22at%). c) 1D elemental profile of one of the split precipitates, diameter of the
cylinder was 5 nm.

Table 8
Composition of individual precipitates measured with APT (at%) in the material aged for 18 h. The precipitates were defined by isosurfaces. Peak decomposition was used, Fe and
Cr were excluded.

Assumed phase Ni Al Nb Ti Mn Si

G 57.9 1.8 12.4 7.1 0.3 20.5
g 72.2 17.9 4.6 4.2 0.2 0.7
c’1* 55.5 32.7 1.3 2.4 6.0 2.0
c’2* 59.9 6.4 12.8 7.5 1.0 12.3

* The assumed c’-phase is divided into two different variants.

Fig. 13. Bright-field TEM micrographs (a,b) and a selected area diffraction (c) of sample aged for 18 h at 500 �C.
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shows a high-resolution TEM image of a precipitate together with a
fast-Fourier transform (FFT). The FFT revealed additional reflec-
tions, which were identified to originate from G-phase. The follow-
ing orientational relationship was found: (440)G//(110)M, (080)G//
(020)M and [001] G//[001]M. Meaning that there is a cube-on-cube
orientational relationship.
9

3.6. Matrix

The matrix composition was measured by APT throughout the
different aging times and is presented in Table 9. After 18 h many
of the precipitate forming elements are close to depletion, espe-
cially Nb and Ti. Hence, these elements cannot form new precipi-



Fig. 14. High-resolution TEM image of a precipitate with an inset of an FFT that
shows additional reflections to those of martensite, identified to originate from G-
phase.
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tates by prolonged aging, while Al, Mn and Si can still theoretically
form new precipitates. Additionally, Ni is also being co-depleted as
it is a constituent in all precipitates.
3.7. Results of precipitation simulations

As a tool for better understanding the precipitate evolution in
the material, a simulation of precipitation at 500 �C was performed
using the PRISMA module in the Thermo-Calc software package.
The precipitation of L12-Ni3X was simulated to test the validity
of the designed microstructure, as predicted by the equilibrium
calculation, see Table 2.

The general model in the PRISMA module was used. The exper-
imental results from the APT study as summarized in Table 6 were
used to calibrate the calculations. Any two of the three quantities;
number density, average precipitate radius, and volume fraction,
can be used for the calibration. In this work the number density
and the average radius were used for practical reasons. Bulk nucle-
ation was selected, and the number of nucleation sites was
adjusted in a manual procedure to obtain the measured number
density of precipitates in the calculations. To calibrate the calcu-
lated precipitate size to the measured size of the precipitates, a
mobility enhancement factor of 4 was introduced. The agreement
of calculations with measurements is then acceptable. This
enhancement factor can be motivated by the highly dislocated
martensitic microstructure in the as-printed material in which dif-
fusion is accelerated. The interfacial energy was also adjusted to
the measured mean radius, by a manual procedure. The finally
selected simulation parameters are shown in Table 10.
Table 9
Matrix composition at various aging times, given in at%. Fe is balance.

Cr Ni Al Mo

15 min 14.3 5.7 1.15 0.32
3 h 14.6 5.1 0.65 0.38
18 h 14.9 3.8 0.36 0.34
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The simulations show results that are in line with the observa-
tions by APT, see Table 6. The main features of a high nucleation
rate, a high number density of precipitates, and very good temper-
ature resistance, with low coarsening rates are captured by the
PRISMA simulations. The volume fraction increases slower than
indicated by measurements.

The matrix composition at equilibrium with the FCC L12 phase
at 500 �C is listed in Table 11. The solubility of Nb and Ti in the
matrix is very low and in agreement with the measurements
(Table 9), however, the calculated Al-content is higher than the
measured matrix composition in Table 9. This can be the reason
for the deviation between the measured and calculated volume
fractions and originates from the thermodynamic description of
the L12 phase.

In spite the deviation of the Al content in the matrix, it is clear
that the thermodynamic description predicted an alloy composi-
tion that enables very stable precipitates. Fig. 15 shows how the
amount of Al, Nb and Ti in the matrix affects the driving force for
precipitation of the FCC L12 phase. High Nb contents give a large
driving force, however high Nb contents can cause precipitation
of unwanted phases. Ti increases the driving force up to a maxi-
mum at 0.3wt%. Increasing the Al content has a less pronounced
effect on the driving force.
4. Discussion

This study had as a goal to develop a new stainless maraging
steel variant for AM, more specifically LB-PBF. To accomplish this,
many composition sets were screened using the CALPHAD
methodology to reach a composition that is balanced with regard
to corrosion resistance, precipitated phases and amount of retained
austenite. The results confirm that the alloy design methodology
successfully predicted printability of the alloy as well as its
microstructure. The obtained microstructure was fully martensitic
and directly hardenable, resulting in a rapid precipitation process
with a high number density of precipitates. These properties led
to mechanical properties that closely matched other stainless
maraging grades.

The printing trials showed excellent printability requiring lim-
ited process optimization, meaning further process optimization
is possible for increased process robustness. When printing using
EOS parameters developed for 18Ni-300, the resulting residual
porosity was below 0.05% and no cracks or other defects were
detected. Indicating that this composition is robust to non-
optimal printing parameters and in extension possesses good pro-
cessability. As laser-based AM processes induce an intrinsic heat-
treatment, early precipitation can be detrimental to the ductility
of the matrix and can require additional heat-treatments prior to
the aging heat treatment to bring the precipitated elements back
in solution. However, the mechanical testing and microstructure
evaluation showed that the formation of strengthening phases
and detrimental phases (including austenite) were suppressed or
held at sufficiently low levels during the printing. Thus, the calcu-
lations showing that precipitation of secondary phases would be
suppressed during the LB-PBF process were found to be valid.

When aged, the material demonstrated rapid precipitation with
a high number density of clusters forming already after 15 min.
Nb Ti Mn Si

0.21 0.22 0.21 0.84
0.11 0.09 0.18 0.53
0.04 0.04 0.14 0.20



Table 10
Parameters for the PRISMA simulation.

Nucleation Sites
(m-3)

Interfacial Energy (J/
m2)

Mobility Enhancement
Factor

1 � 1025 0.12 4
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Again, neither detrimental phases nor excessive amounts of
austenite had formed during the aging process, confirming the
validity of the simulations. Such cluster formation during the early
stages of aging has previously been reported by Niu et al. [30] and
Schober et al. [32] where the precipitate forming elements form
coherent clusters that are homogenously distributed within the
matrix. Comparing the early precipitation rate to the works of
Schober et al. [32] and Thuvander et al. [33], where conventionally
manufactured stainless maraging variants were investigated,
shows similar precipitate sizes and number densities as found in
this study. Therefore, it seems as if the LB-PBF processing does
not introduce additional nucleation and diffusional paths to those
that already exist within the highly dislocated martensitic struc-
ture [51,52]. When comparing to 18Ni-300, both conventionally
processed and laser metal deposited, the number density was
nearly a magnitude higher in the composition investigated here
[19]. Hence, the design goal of having similar or greater precipitate
densities to 18Ni-300 was fulfilled. Despite the small size of the
clusters, the mechanical properties significantly increased relative
to the as-built state, from 815 MPa to 1408 MPa in yield strength
with nearly negligible loss in ductility.

Further aging, total duration of 3 h, led to the formation of dis-
tinct precipitates that compositionally were very similar to the
previously mentioned clusters. The precipitate composition fits
well with the simulated L12-Ni3X precipitate. Crystallographic
Fig. 15. Driving force for the precipitation of FCC L12 as a f

Table 11
Calculated composition of the matrix in equilibrium with L12-Ni3X precipitates at 500 �C.

Cr Ni Al Si

at% 12 4.8 1.6 1.0
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determination by TEM proved difficult due to the small size and
relatively small volume fraction of these precipitates. Typically,
steels of similar compositions are strengthened either by g-Ni3Ti
[18,30,32] or B2-NiAl [22,32,53], yet this material exhibits precip-
itates that resemble a type of c’-Ni3X precipitate that has previ-
ously been reported in the material Nanoflex [26]. The presence
of c’-Ni3X can be supported by the following findings: the rela-
tively high (1:2) Ni to Al, Ti, Nb, Si ratio, the high Si-content, and
finally it was predicted in the Thermo-Calc simulations in the form
of L12-Ni3X. Forg-phase to form, Si has to first be rejected from the
pre-cursor precipitate [26,32]. For these reasons it seems unlikely
that g-phase is forming at 3 h. This was also shown at longer aging
times by APT, where there is a division between larger and smaller
L12-Ni3X precipitates where the larger were devoid of Si as
opposed to the smaller - indicating that g-phase forms from c’-
Ni3X.

The splitting of Al and Nb in the precipitates after 18 h resulted
in at least three different types of precipitates according to the APT
analysis. Through high-resolution TEM it was possible to identify
that one of these is G-phase, with a cube-on-cube orientational
relationship that previously has been reported in a ferritic stainless
steel [54,55]. The formation of G-phase probably occurs after the
initial splitting, where Al is rejected from the precipitates, hence
allowing for Si to diffuse into the precipitate and form G-phase.
Another precipitate type is believed to be g-Ni3Ti due to its low
concentration of both Mn and Si, as mentioned earlier. Finally,
the c’ found after 3 h of aging is de-composing into two separate
precipitate types, one that appears to be a pre-cursor to G-phase
(c’2) and one that is rich in Al with enrichments in Mn and Si
(c’1). The latter is hypothesized to still be c’, however, it may also
be B2-NiAl due to the high Al content and the decreasing Ni-
content. g-Ni3Ti and c’ (or B2-NiAl) were, however, not confirmed
unction of the a) Ti and Nb content and b) Al content.

Mn Mo Nb Ti

0.2 0.05 0 0
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by either high-resolution TEM or selected area diffraction. In addi-
tion, the Nb-rich precipitates that were preferentially situated at
dislocations might be a unique precipitate.

Similar precipitate splitting has been reported [32,56] where a
pre-cursor phase separates into more thermodynamically favored
variants. Significant elemental partitioning was reported through-
out the splitting process to accommodate the solubility limits of
each precipitate type. This splitting phenomenon is most probably
responsible for the sluggish coarsening response within this mate-
rial, where transformation to more thermodynamically stable vari-
ants is favored as opposed to classical coarsening. It is also likely
that the precipitates will continue transforming until thermody-
namic equilibrium is reached. Yet, based on the matrix composi-
tion, it is also possible that the precipitates have now reached
the coarsening stage – as most of the precipitate forming elements
are now depleted. From a mechanical performance perspective,
despite reaching peak hardness the division resulted in a signifi-
cant decrease in ductility, hence, shorter aging times are preferred
for balanced static properties.

The alloy studied in the present work was designed to obtain a
high fraction and density of L12-Ni3X type precipitates to achieve a
good hardening response. The experimental work shows that this
was successful for the designed composition, and a high density
of extremely small precipitates were formed after short heat treat-
ment times. The rapid and dense precipitation can be understood
to be a result of the high stability of the precipitates, which also
gives a slow growth and coarsening. For a further optimization of
properties, a lower total fraction of precipitates, and larger sizes
could possibly have advantages. However, the effect of the
microstructural evolution in LB-PBF materials on the precipitation
can be difficult to predict. Based on the results of this study in com-
parison with earlier studies of stainless maraging variants [32,33],
it seems as if there is a minor influence of the LB-PBF induced
microstructure. Although identical compositions were not com-
pared. Therefore, it is possible that the novel microstructure cre-
ated from LB-PBF processing affects precipitation kinetics, but its
extent needs to be researched further.

The as-calculated composition of the precipitates (Table 2) is in
good agreement with the measured composition of the precipi-
tates after 3 h aging (Table 7), which supports the validity of the
designed matrix composition. The amount of retained austenite
is difficult to quantify since it is only present in very thin layers
as visualized by APT. The APT measurements of the matrix compo-
sition confirm a high Cr content, as aimed for. The PRISMA calcula-
tion was used to simulate precipitation, and the experimental data
was used for calibration. It was possible to fairly well reproduce
the very rapid and dense precipitation process, with a good fit of
the size evolution. This supports the phase identifications,
although there is not an exact fit of the compositions. As this type
of detailed information on precipitate and matrix compositions in
this type of steel is scarce, it is not surprising that the thermody-
namic databases do not provide the exact information. Higher
order information on phase compositions, like those obtained in
the present work, could be implemented in the databases for
future versions, however, that was outside the scope of this study.
5. Conclusions

In this work, a Co-free stainless maraging steel with excellent
printability by LB-PBF was designed using a computational alloy
design strategy based on the CALPHAD methodology. Its printabil-
ity, microstructure, aging response at 500 �C together with the
mechanical properties were evaluated by dedicated microstruc-
tural analysis and APT. The results showed that the application of
a CALPHAD approach to alloy design was successful. The main find-
12
ings to why the designed alloy composition was proven a success
are concluded below:

� The designed alloyed composition showed good printability
despite using non-optimized parameters, reaching densities
of >99.5% with no defects.

� The as-printed state shows good ductility of 14%, making it
robust for LB-PBF processing.

� In the as-printed state, the material has a martensitic matrix
with negligible amount of austenite and no deleterious sec-
ondary phases.

� The precipitation process is suggested to be: (Ni, Al, Nb, Ti, Mn,
Si) clusters (15 min) ? c’-Ni3(Al, Ti, Nb, Si, Mn) (3 h) ? c’-Ni3(
Al, Ti, Nb, Si, Mn) + G-Ni16Si7(Ti, Nb)6 + g-Ni3(Al, Ti, Nb) (18 h).
Alternatively, at 18 h the c’ decomposes into two Ni-rich precip-
itate types, one that appears to be a pre-cursor to G-phase and
one that resembles B2-NiAl.

� The coarsening rate was found to be very low, with the precip-
itates reaching an average radius of only 2 nm after 18 h with
the splitting phenomenon believed to be the reason behind this.

� The mechanical response associated with the splitting observed
after 18 h resulted in negligible increase in tensile strength,
1590 MPa compared with 1560 MPa, but at the cost of a signif-
icant decrease in ductility.

6. Data availability

The raw/processed data required to reproduce these findings
cannot be shared at this time as the data also forms part of an
ongoing study.
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