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Abstract

Supply chain challenges and health concerns have prompted the development of new cobalt-
free, chromium-containing maraging steels, with several new alloys already commercialized.
These alloys offer a more economical alternative to the currently used cobalt-containing
maraging steels, identified as C300 and C350. However, cobalt-free, chromium-containing
maraging steels exhibit lower strengths after heat treatment compared to the existing cobalt-
containing alloys. To enable their replacement with maintainable alternatives, new processing
pathways are necessary to create microstructures that can match the performance of current
cobalt-containing or titanium-strengthened maraging steels. This study investigates the effects
of varying the laser beam powder bed fusion (PBF-LB) build parameters on the cobalt-free,
chromium-containing maraging steel M789 to modify the as-built microstructure. The goal is to
find new ways to achieve equivalence with the existing cobalt-containing maraging steels.
Modeling the PBF-LB build process indicates significant changes in thermal history, which could
lead to unique developments in solidification and solid-state microstructures. However,
characterization of the as-built material revealed little to no influence of the build parameters on
the solid-state or solidification microstructures. This suggests that M789 and similar alloys
undergo phase transformations that are resilient to variations in build parameters. Additionally,
further research is warranted to better understand the solid-state transformations of M789,
particularly regarding its resistance to changes in build parameters and the development of other
additive manufacturing-resilient alloys.

Keywords

Additive Manufacturing; Cobalt-free Maraging Steels; Laser Powder Bed Fusion; Microstructure;
Tensile Properties
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1. Introduction

Maraging steels are a class of high-performance iron-based (Fe) alloys used extensively in
applications requiring high strength-to-weight ratios, thin structural cross-sections, or high
toughness [1-5]. Example uses include rocket motor casings, load cells, torsion-bar suspensions,
aircraft landing gear, manufacturing tooling (dies and molds), and bearings. Most applications
stem from the combination of strength and toughness maraging steels exhibit [2,4,5].

These desirable properties originate from the two-step processing route of these alloys.
Maraging steels are first solutionized and quenched to form a martensitic matrix [6,7]. This “soft”
martensite is subsequently hardened via precipitation heat treatment to create dispersed, fine
precipitate phases and establish short and/or long-range atomic ordering [8,9]. This two-step
process of “martensite aging” creates microstructures with high strength, high ductility (relative
to the strength of the alloy), and thereby high toughness. Achieving these performance
characteristics require a series of specific alloying elements. High nickel (Ni) contents, often
greater than 10 wt. % to 15 wt. %, are required to readily form a martensitic matrix in traditional
processing routes. For example, the widely used C300 maraging steel (also identified as M300)
uses 18 wt. % Ni. Ni is also a core component in several precipitates in maraging steels, commonly
with a Ni3X stoichiometry [10,11].

Traditional maraging steels also require ~ 10 wt. % cobalt (Co) and ~ 5 wt. % molybdenum (Mo)
to achieve maximum precipitation strengthening. Co and Mo exhibit a synergistic effect with each
other, drastically increasing the precipitation strengthening of Mo-based precipitates in
martensite [12,13]. Individually adding Co or Mo does not produce nearly the same strengthening
effect. Ti and Al are often added as supplemental precipitate forming elements, but in quantities
far smaller than Ni, Co, or Mo. Ti is known to have a weaker, secondary effect in improving Mo
precipitation, but still establish considerable strengthening comparable to Co-additions. Because
of this, Ti is the primary precipitate element in the Co-free T-series maraging steels [13].

This combination of core alloying elements creates challenges for using maraging steels. Co and
Mo are costly, with market prices ranging from $24,300 to $82,000 and $44,300 to $83,770 per
metric ton, respectively, over the last 2 years at the time of writing in late 2024 (according to the
London Metal Exchange). These two elements are the most expensive alloying additions in
maraging steels, dwarfing the cost of $15,800 to $43,000 per metric ton for Ni. Such prices
economically restrict maraging steels to only the most-critical applications and prevent many
industries from cost-effectively utilizing the engineering potential of these alloys. Reliably
sourcing Co is also problematic. Nearly 75% of the Co mined in 2023 originated from the
Democratic Republic of Congo, making Co effectively sourced from a single country [14].
Geopolitical and supply chain risks mean the loss of Co from Congo would prevent critical
industries from functioning across the globe. This is further compounded by the increased use of
Cobalt in electric vehicles and energy storage applications, putting additional strain on this fragile
supply chain.
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In recognition of these risks, the United States Geological Survey (USGS) has designated Co as a
critical mineral to incentivize contingencies for economic resilience in the case of restricted Co
access [15]. In response to growing concerns about occupational exposure to hazardous
substances, the European Union adopted Directive (EU) 2022/431, which amends Directive
2004/37/EC on the protection of workers from the risks related to exposure to carcinogens or
mutagens at work. Among its provisions, the Directive mandates that the European Commission
propose, where appropriate, occupational exposure limits for cobalt and inorganic cobalt
compounds. These proposed limits are to be grounded in the latest scientific evidence and
developed in consultation with relevant stakeholders [16].

These challenges are not exclusive to the present day. Prior work in the 1980’s evaluated the
metallurgical impact of removing Co from maraging steels in response to supply chain shocks.
Sha et al. analyzed the commercial Co-free, Ti-precipitation strengthened alloy T300 and
observed a considerable reduction in Fe-Mo based precipitation [10]. Hickey et al. found this
change had negligible impacts on the mechanical properties of T300 when compared to C300
series alloys [12,17]. This finding was attributed to Ti creating sufficient Ni3Ti and Fe-Mo
precipitates to generate equivalent strengthening. However, the Co-free alloys had reduced
corrosion resistance with respect to the Co-containing alloys, potentially limiting their
applications. T-series maraging steels have lagged C-series alloys in application for unclear
reasons, meaning the economic resiliency provided by their metallurgical constituency has not
been realized yet.

Additionally, recent supply chain disruptions combined with the European Chemicals Agency’s
(ECHA) classification of cobalt (Co) as a carcinogenic substance have intensified regulatory
pressure to eliminate cobalt from alloy formulations [18]. This has, in turn, driven the
development of a second generation of cobalt-free maraging steels, which differ from alloys like
T300 in that they contain appreciable amounts of chromium (Cr), making them more corrosion
resistant than existing maraging steels [19,20]. Example alloys in this space include M789 and
Mar-50. However, Cr additions restrict the formation of the Fe-Mo precipitates seen in C300 and
T300 alloys, forming instead G-phase precipitates (Ni16Ti6Si7) [21-24]. The G-phase provides less
strengthening compared to Fe-Mo precipitates, leading to reduced strengths but increased
ductility for the second generation of Co-free maraging steels.

Existing engineering designs using maraging steels expect the high strength of Co-containing
maraging steels. Thus, the strength debit from adding Cr prevents the immediate adoption of
new Co-free maraging steels despite the cost and safety benefits. New metallurgical processing
routes are needed to increase the strength of Co-free, Cr-containing maraging steels. Additive
manufacturing (AM) is one such route. The rapid solidification, non-equilibrium partitioning,
unique phase transformations, and thermal cycling of AM builds are new processing avenues to
create novel microstructures able to boost the performance of Co-free, Cr-containing maraging
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steels. Many second-generation Co-free maraging steels were made to create custom tooling via
metal AM, implying that a robust commercial supply already exists for these materials.

This study lays the groundwork towards reaching performance parity between both Co-free, Cr-
containing alloys, and their Co-containing, Cr-free counterparts. Here, AM builds of the new Co-
free maraging steel, M789, are manufactured to identify the most desirable processing
parameters towards this goal. Changes in solidification conditions and solid-state microstructure,
were experimentally measured. Mechanical properties of as-built material for each tested
parameter set were also measured. This research focuses on identifying the unique attributes of
each as-built microstructure that could potentially provide a pathway to improve the
performance of Co-free, Cr-containing alloys, or prime the alloy for improved properties via post-
build heat treatments.
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2. Experimental Methods

2.1. Sample Preparation

One laser beam powder bed fusion (PBF-LB) build of the Co-free, Cr-containing M789 maraging
steel was manufactured on an EOS M290. The powder batch composition and as-built
compositions are included in Table 1 from inductively coupled plasma mass spectrometry
(ICPMS) measurements. Phosphorous and sulfur content was less than 0.005 wt. % and 0.001 wt.
%, respectively, in both measurements. M789 powder consisted of particles nominally 15-45 um
in diameter, with a D90 of 45 um.

Table 1: ICPMS determined compositions for the M789 powder and as-built material.

- Fe (wt. o Ni (wt. Ti (wt. Al (wt. Si (wt. o
Condition %) Cr (wt. %) %) %) %) %) C (wt. %)
Powder 75.68 12.28 10.06 1.00 0.55 0.42 0.013
As-Built 75.64 12.31 10.23 0.97 0.52 0.32 0.010

Five different parameter sets were selected to modify the as-built microstructural evolution and
identify pathways to improved material properties (Table 2). Large changes in thermal history
were desired to maximize the difference in phase transformations and solute partitioning, both
in solidification and the solid state. Parameter sets A & E are identical to recommended M789
build parameters apart from a scan rotation of 67° and 90° respectively. The 67° scan rotation is
meant to reduce crystallographic texture, and the 90° scan rotation was chosen to promote a
more crystallographically textured solidification microstructure. Here, we note the
recommended scan rotation is 47°, and the recommended hatch spacing is 95 um using
EOSPRINT 2.9 software. An older version of printing preparation software (EOSPRINT 1.9) was
used in this study. This older version has less rules and parameters for scan rotation angle so the
most common scan rotation for older material parameter sets was chosen (67°), and this version
only allows hatch spacing to the nearest tens of micrometers so the value was rounded up to 100
um.

Table 2: Build parameters used in this study.

Parameter Laser Velocity S::::(i::g Scan Volumetric Energy
Set Power (W) | (mm/sec) (um) Rotation (°) Density (J/mm3)
A 370 800 100 67 81
B 370 500 100 67 112
C 370 1200 100 67 64
D 295 960 100 67 86
E 370 800 100 90 81

Specimen manufacturing employed a 1045 steel build plate, an 80 °C build plate heating, 60 um
layer thickness, ceramic recoating blade, grid nozzle, and an argon gas environment. Build
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specimens consisted of cubes measuring 20 mm X 20 mm X 20 mm and were removed from
the build plate by wire electrical discharge machining (wire-EDM). An illustration of build
position and specimen geometry are included in Figure 1A & B for specimens from each build
parameter set. 15 mm of each cube was reserved to extract 10X mini-tensile specimens via
wire-EDM with the geometry shown in Figure 1C. The majority of A specimens were printed for
a future study focused on post-process heat treatments.

© T~ A

Figure 1. A) M789 build layout employed in this work. Specimens manufactured using different parameter sets
are labelled according to Table 2. Thin-walled structures are included in this graphic but not the focus of this
work. B) Sectioning plan for both characterization witness samples and mini-tensile mechanical testing
specimens from each block. C) Mini-tensile geometry used to evaluate as-built mechanical properties
(dimensions in mm).

2.2. Thermophysical modeling

Thermophysical simulations of each build parameter set were completed using data from the
Thermo-Calc TCFE10 + MOBFES databases and imported into the Additive Manufacturing
module to simulate steady state build conditions. A multicomponent simulation using the
theory from Gaumann [25] and modifications by Kurz, Giovanola, and Trivedi (KGT) [26] was
also completed to predict the solidification pathway for M789 as a function of solidification
velocity using data from the TCFE10 + MOBFES5 databases.
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2.3. Characterization

The A1, B1, C1, D1, and E1 specimens from Figure 1A were selected for characterization and
mechanical properties measurements in this work. All characterization witness samples were
ground using 600, 800, and 1200 grit (CAMI scale), rough polished using 9 um diamond solution,
and final polished with 0.05 um colloidal silica on a vibratory polisher for 24 hours.

Scanning electron imaging (SEM) using secondary electron (SE) and backscatter electron (BSE)
detectors was completed using 5 keV and 0.8-6.4 nA. Exploratory scanning transmission electron
microscopy (STEM) was completed on focused ion beam (FIB) liftouts using 30 keV and 0.8 nA
currents to better understand small-scale features in as-built microstructures. Energy dispersive
spectroscopy (EDS) was used to check for partitioning in as-built microstructures and completed
using 30 keV and 6.4 nA.

Electron backscattered diffraction (EBSD) mapping of as-built microstructures was completed
over areas larger than 2 x 2 mm to obtain close-to-representative orientation data and grain
structure. EBSD data processing and parent grain reconstruction was completed using TSL OIM
version 9 and the MATLAB plugin MTEX version 5.11.2 in MATLAB 2023b. EBSD step sizes ranged
from 30 nm to 100 nm. A 5° grain misorientation threshold and removal of data points with less
than 0.1 confidence index (Cl) was applied to all data sets. Parent phase reconstructions were
completed using TSL OIM V9 and iterative orientation relationships with a 5° tolerance angle,
minimum probably ratio of 1.3, variant based parent orientation assignment, 3 orientation
averaging iterations, and the removal of any parent grains less than 2 percent of the calculated
average size.

Phase identification was completed using X-ray diffraction (XRD) on a Bruker D8 Eiger area
detector with a 1 mm diameter beam, 1.5418 A wavelength, angular step size of 0.02°, 0.25 s
dwell time, and a copper (Cu) tube source with a Cu Kaz2 filter equipped. Rietveld refinement
using the General Structure and Analysis System (GSAS) Il program was completed using
established best practices to estimate phase fractions [27].

2.4. Mechanical Testing

Vickers hardness testing of as-built microstructures was completed using 1 kg of force, 15 s dwell
time, 300 um spacing, and 20 indents per parameter set on fully polished specimens.

Tensile properties of as-built microstructures were measured using an extensometer
instrumented load frame under quasi-static strain rates (103 s!) and a custom tensile geometry
based closely on ASTM standard designs depicted in Figure 1C [28]. The load frame employed
here was validated in prior testing and used a 3 mm physical extensometer gauge length in
ambient conditions. Post-uniform elongation is artificially inflated due to the reduced specimen
conditions compared to those employed in ASTM-E8. Nine tensile specimens were run per
parameter set, and any specimens which failed outside the extensometer gauge length or near
the extensometer pins were excluded. Work hardening rates and exponents were calculated
using the process outlined in [29].
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3. Results and Discussion

3.1. Solidification simulations

The addition of Cr to M789 may result in a solidification pathway like conventional stainless
steels. To better understand these potential changes and identify desirable phenomena for
improved performance of M789, rapid solidification simulations of the AM build process were
completed. This consisted of two parts: simulations of dendrite solidification temperature as a
function of solidification velocity, and thermophysical melt pool simulations of each parameter
set to elucidate changes in thermal history.

3.1.1. Dendrite solidification

Theoretical solidification temperatures for the primary solidification phases in M789 (6-ferrite
and y-austenite) are presented in Figure 2 across a range of solidification velocities. Both phases
are expected to have similar liquidus and solidus temperatures irrespective of how fast
solidification is occurring. Dendrite tip temperature predictions also show both phases solidify at
nearly the same temperature, suggesting M789 solidifies as both &-ferrite and y-austenite,
irrespective of solidification velocity.

These predictions also suggest the Ni and Cr content of M789 produces a complex, multi-phase
solidification process which could be modified by changing build parameters. In many regards,
M789’s composition is predicted to be an inflection point between &-ferrite and y-austenite
solidification, analogous to the way stainless steel alloys can also change the primary
solidification phase depending on local thermal conditions [30,31]. Local heterogeneities may
preferentially promote the solidification of one phase over the other and suggests significant
differences in as-built M789 microstructures should be observed across the parameter sets
employed here.



NIST IR 8582

July 2025

] -
i 6Tliquidus

17204 :: /, \ YTliquidus
1] :
n -
n -
1] E

1700 i I :
1] -
1] -
L] b=
i :

< 1680 - I .
— 1 :

n -
1] -
1] E

1660 - 1 ) 1

- ii B A § ............ 1 ..... YTSOliduS

i !

1640 - u ' OTsolidus
1] -
n -
I |:| 6-Ferrite

—Au . ; ; ~ -Austenite
1078 10°° 1074 1072 10° - Y
v (m/s)

Figure 2: KGT simulation predicting the dendrite solidification temperatures for 6-ferrite and y-austenite over a
range of solidification velocities. Liquidus and solidus temperature variability with solidification velocity is also
included for both phases.

3.1.2. Single raster tracks

Single raster track simulations of each parameter set in Table 2 are presented in Figure 3. The
same simulation was used for parameter sets A & E due to only the scan rotation changing
between each set. Figure 3 shows each parameter set has a significant impact on the thermal
history during the PBF-LB build process. Parameter sets A & E are predicted to produce melt pools
~2X larger than C & D and ~4X smaller in depth than parameter set B. Parameter set B also
exhibits the largest mixed liquid-solid volume due to its reduced scanning velocity, enabling the
greatest elemental partitioning during solidification of all five conditions. Melt pools for
parameter sets C & D are nearly identical despite the different laser power and scan velocities,
suggesting these builds should exhibit limited solute partitioning and have similar solidification
microstructures. Melt pool geometries are estimates used only for highlighting qualitative trends
between each parameter set.

These predictions show changing M789 build parameters is likely to produce significantly
different solidification microstructures. Though solidification velocity is predicted to have a
negligible effect on the as-solidified microstructure (Figure 2), large changes in thermal gradients
within the melt pools are expected to lead to changes in the as-solidified, and likely, solid-state
microstructures [30].
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Characterization of the as-built microstructures is thus needed to elucidate exactly how each
parameter affects microstructural evolution. It should be stressed these simulations were
completed only to assess how different the as-built microstructures are, and not quantifiably
track or explain observed phenomena. Processes of interest are highlighted in this section, but
only to highlight avenues for microstructural control. Future work in phase field simulations
would complement these findings greatly and provides rich potential for future work.

-~
=
o
=
32
S
[
Q
£
2

Figure 3: Thermo-Calc AM module simulations of single raster tracks for each parameter set.
3.2. As-built microstructure

3.2.1. Characterization of as-built microstructures

In contrast to modelling predictions, SEM BSE imaging shows the as-built microstructure did not
change between parameter sets. Fine-grained o’ martensite dominated the as-built material,
with no discernable difference in lath size or phase content between parameter sets (Figure 4A).
As-built material of all parameter sets also contained low-Z, nanoscale particles throughout the
martensitic microstructure (Figure 4A). EDS mapping in Figure 5 shows these low Z-particles are
enriched in Al and O, suggesting they are Al,O3 or similar compound. The origin of these particles
is unknown. Atomic clustering during material deposition could explain the formation of these
Al- and O-rich particles, though the size of these particles makes this somewhat unlikely. Al,O3
particles could also originate from contamination at some point in the manufacturing process
(e.g., remelted chunks from a ceramic recoater blade powder coating), although this is also
unlikely due to how dispersed these particles are throughout all specimens. No obvious
partitioning of other solute elements was observed in the as-built microstructure, suggesting
minimal partitioning during solid state transformations.

Martensitic laths and low Z-particles are housed within as-solidified columnar parent grains
contained within larger melt pool geometries (Figure 4A). Evidence of a cellular solidification
structure is periodically observed in all parameter sets, with an example highlighted in Figure 4B.
Here, Ni has partitioned into austenite surrounding an a-ferrite core during cooling in the build
process [32—35]. Local Ni enrichment increases the stability of the nano-scale austenite cell-walls,
retaining the phase to lower temperatures. Interestingly, no clear evidence of &-ferrite
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solidification is observed in the as-built microstructure. A lack of skeletal structures or local Cr-
enrichment suggests &-ferrite microstructures are quickly consumed by austenite in the solid
state, or M789 does not appreciably solidify as &-ferrite in contrast to the simulations in Figure
2. A massive &-ferrite to y-austenite transformation may also occur as suggested by prior work in
Fe-Ni-Cr alloys, with interesting implications on the inheritance of crystallographic orientations
[36]. This and the a’ martensitic transformation may also explain the limited partitioning
observed in the as-built microstructure outside of the low Z-particles (Figure 5) or give new
mechanistic reasons for the appearance of the low Z-particles.

Figure 4: Representative BSE micrographs of as-built microstructures for all parameter sets. A) Fine-grained o’
martensite containing dispersed low-Z particles. B) Ni-enriched cellular structures left-over from the
solidification process. Both micrographs are taken from the A parameter set with the build direction parallel to
the vertical direction.

10
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Figure 5: BSE SEM and EDS map of the as-built low Z-particles showing Al and O enrichment. Build direction in
these images is parallel to the vertical direction

3.2.2. Melt pool geometries and crystallographic orientation

The consistency of as-built microstructures across parameter sets suggests M789 is resistant to
changes in build parameters. Both solidification and traces of the solid-state microstructures
were consistent across the varying thermal conditions manifested by the different parameter
sets. This makes M789 a potentially useful alloy system for metal AM, capable of obtaining the
same as-built microstructure from phase transformations relatively insensitive to thermal
history. This is in stark contrast to most other metallic alloys (e.g., Ti-6Al-4V) which are highly
sensitive to changes in build parameters and build process [37,38]. It's important to note defect

11
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structures are not considered here and are discussed later in this work. It’s also important to note
that only the primary variables of laser power and scan speed were altered. Changes to laser spot
size or more drastic changes to scan strategy (e.g. [39]) were not explored in this work.

Though the solidification and solid-state microstructures did not change between parameter
sets, clear variation in melt pool geometry can be seen in Figure 6. Parameter sets A & E exhibit
comparable melt pool sizes given their similar melt pools during steady state deposition. The
effect of changing scan rotation angle is evident between A & E however, with the melt pools in
parameter set E stacking on-top of each other and creating clearer columnar morphologies. This
morphology did not have an observable impact on the solid-state microstructure. Melt pool sizes
in parameter sets B, C, and D are less obvious in BSE imaging, though the orientation of parent
columnar grains suggests they are in line with those predicted in Figure 3. Although the overall
microstructure remains the same, different fatigue and impact resistance properties would be
expected between parameter sets due to the change in macrostructure seen in Figure 6. Thus
far, the only clear difference resulting from altering build parameters are the macrostructural
changes in melt pool geometry observed in Figure 6. Though Ni-partitioning into cellular
austenite structures could be leveraged as Ni-sources for non-equilibrium precipitation, this was
not unique to any parameter set.

Crystallographic orientation was next analyzed to observe any local impact of build parameters
on the as-built M789 material. Crystallographic orientations also showcase an influence of
solidification microstructures on the as-built microstructure, elucidating information hidden
from non-crystallographically based characterization.

Figure 7 illustrates large area EBSD inverse pole figure (IPF) maps of all five parameter sets. Each
map shows a randomly textured material with no preferential orientations, again suggesting
M789’s microstructural evolution is largely insensitive to changes in thermal history from
different build parameters. This was especially true with parameter set E where a
crystallographically textured material was expected from the stacked melt pools. The lack of any
crystallographic texture suggests the martensitic transformation protects as-built M789 from
preferential orientations manifesting. It is also possible this phase transformation hides
differences in the solidification microstructure, but characterization results so far suggest this is
not the case. No detected y-austenite survived the data cleaning process, confirming retained
volumes of this phase are less than 30 nm to 50 nm in size.
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Figure 6: BSE imaging of as-built melt pool geometries for all parameter sets. Variable melt pool geometries are
observed between parameter sets as expected from Figure 3. All images are contrast boosted to highlight melt
pool geometries. Build direction in all images is parallel to the vertical direction.
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Figure 7: EBSD IPF maps of as-built M789 for all parameter sets. Consistent orientations can be seen across all
parameters, suggesting the same microstructural evolution during deposition. All orientations are colored with
respect to the build direction (vertical direction).

Further confirming the non-textured condition of the as-built microstructure are the pole figures
in Figure 8. Here, a’ martensite is shown to have an effectively random texture at 1x - 1.5%X
multiples of uniform random distribution (m.u.r.d.). Despite these low intensities, the pole
figures also exhibited weak (001) and (111) fiber textures around the build direction. Such fiber
textures stem from the OR’s between the parent y-austenite and a’-martensite (likely the
Kurdjumov-Sachs (KS) or Nishiyama-Wasserman (NW) OR’s) and a large number of y-austenite
parent grains with a (110) texture oriented along the build direction. This confirms that the
solidification process of M789 is mostly unchanged in the parameter space tested here, and that
a finer y-austenite grain size had to exist for the fiber textures to form. Pole figure orientations
also suggest the parent y-austenite was the same for all parameter sets, again suggesting minimal
influence of build parameters on the solidification microstructure.
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Figure 8: o’ martensite pole figures for all as-built microstructures. The low intensity fiber textures confirm there
is no preferential orientation in the solid-state microstructure and that many finer y-austenite grains had to
exist with a common (110) texture along the build direction.

B

Reconstruction of the parent y-austenite phase in parameter set A was completed to
complement Figure 7 and Figure 8. Reconstructed IPF maps are presented in Figure 9

for the KS, NW, and Pitsch-Petch (PP) OR’s. As predicted from Figure 10, reconstructing the
microstructures in Figure 11A & B produces a weakly textured parent y-austenite microstructure
consisting of columnar grains contained within prior melt pool geometries (Figure 11C-E). As
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suggested by the IPF coloration, pole figures of the reconstruction reveal a (110) texture along
the build direction. Whether this orientation is inherited from (001) oriented &-ferrite
solidification or during direct y-austenite solidification is unknown. How &-ferrite transfers its
solidification orientation into y-austenite via martensitic or massive transformations is also
unknown.

' Image quality

Figure 9: Reconstruction of parent y-austenite in parameter set A. A) As-built IPF map of o’ martensite. B) As-
built image quality map. C-E) Reconstructed y-austenite microstructures using the KS, NW, and PP OR’s
respectively. F) Pole figures for the KS OR reconstruction showing a (110) texture along the build direction as
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suggested by the textures in Figure 10. All orientations are colored with respect to the build direction (vertical
direction).

It remains unclear from Figure 9 which of the possible OR’s dominates the y-austenite to o’
martensite transformation. Nearly equivalent parent microstructures were produced from
different OR’s, suggesting multiple OR’s may be operating depending on local conditions.
Small-scale EBSD of parameter set A in Figure 10A was able to detect trace amounts of y-
austenite with sufficient signal to survive data processing (Figure 10B). These clusters of retained
austenite were used to spot check the y-austenite reconstructions and ascertain if one specific
OR was most effective. The reconstructed microstructures in Figure 10C-E suggest there is no
obviously dominant OR, with reasonable reconstructions of the local y-austenite grain structure
generated by all three tested OR’s. Further work is recommended in this area.

111

[001] [101]

4
N L SN

Figure 10: Small-scale, high-resolution EBSD of the as-built microstructure from parameter set A. A) Combined o’
martensite and y-austenite IPF map. B) y-austenite orientations from A). C-E) Reconstructed y-austenite
orientations using the KS, NW, and PP OR’s respectively. All orientations are colored with respect to the build
direction (vertical direction).

3.2.3. X-ray diffraction

To further understand how tolerant the M789 microstructure is to the different build parameters
tested here, XRD was employed to measure phase fractions in the as-built specimens. The results
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of this analysis are included in Figure 11 and show the as-built phases are consistent between
parameter sets. As expected from SEM imaging, the majority of the as-built microstructure
consists of a’ martensite. An unexpectedly high percentage of retained y-austenite (10 % - 20 %
estimated from Rietveld refinement) was also detected, suggesting the cellular structures in
Figure 4B are more prevalent than observed in SEM/EBSD. Regardless, the presence of retained
y-austenite likely contributes to the large post-uniform ductility observed in prior M789 studies
[19,32].
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Figure 11: XRD peak profiles of as-built material. Only o’ martensite and y-austenite peaks were observed, with
comparable intensities between all parameter sets. Crystal structures were generated via the program Vesta.

3.2.4. As-built hardness

Vickers hardness tests were conducted to ascertain if any one build parameter set created as-
built material with an inherent improvement in hardness. Vickers hardness testing results
showed the near-nominal parameter sets A & E produced the highest as-built hardness in the
340-350 HV range (Figure 12). The parameter sets B, C, and D all had statistically lower
hardnesses than A & E. The differences between parameter sets also suggests that parameter
sets A and E are best for future studies given the desire for higher and consistent hardness in
maraging steel applications.
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Figure 12: Vickers hardness values for each parameter set.

3.2.5. Uniaxial tensile behavior via true-stress true strain measurements

Strengths of approximately 1 GPa are consistently achieved with parameter sets A and E (Table
3). Itis worth noting comparable ultimate tensile strengths, shown in Table 3, to AM as-built C300
maraging steel (966 MPa to 1058 MPa) are achieved [40]. Thus, demonstrating Co-free, Cr-
containing alloys can reach performance parity with some existing maraging steels in the as-built
condition. The mechanical properties reported here are similar to other M789 studies, showing
the alloy’s as-built mechanical response is consistent across build processes [19,41,42]. This
finding is again attributed to the characteristics of the solid-state phase transformations in M789,
underscoring the importance of more research in this area. The dominance of as-built defects on
tensile properties makes deducing any mechanical benefits from the different parameter sets
difficult. No significant tensile property differences are expected given the consistent solid-state
microstructures and phase fractions. However, analysis of the work hardening behavior was
completed to elucidate any hidden benefits of each parameter set prior to necking of the tensile
specimen. These calculated results are presented in Figure 13 with the true-stress true-strain
curves of the tested material for each parameter set.

Table 3: Summary of ultimate tensile strengths (UTS). 10 is standard deviation.

|Parameter SetHUTS (MPa) £ 1o|
| A | 10414114
| B | 997.7+14.6]
| C | 942+53.7
| D | 926.2+73.4
| E | 1033791
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Figure 13: Work hardening exponent and rate calculations for each parameter set. Note the significant
difference in true stress-strain curves due to the greater defect density in parameter sets B, C, and D.
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4. Summary

Future work such involving hot isostatic pressing (HIP), a commonly applied post-build processing
strategy in modern metal-based AM, will be pursued. M789 already has established heat
treatments for achieving industrially desirable hardness and tensile strengths [24,43]. However
novel heat treatments may expand the use of Co-free, Cr-containing maraging steels by
leveraging the phase transformation behavior in the non-equilibrium solidified as-built material.

A strong case can also be made for further studying why M789 is so microstructurally resilient to
significant changes in thermal history. Specifically, understanding the transformation between 6-
ferrite and y-austenite and this processes influence on the formation of a’ martensite is needed
to identify if build parameters can at all be used to tweak as-built microstructures. Such
knowledge can also be useful for designing other build parameter tolerant alloys and developing
new alloys for widespread AM applications.

The Co-free, Cr-containing maraging steel M789 proved resilient to microstructural changes
induced by altering PBF-LB build parameters. As-built microstructure, phase fractions, and
crystallographic orientations were similar between parameter sets. As-built M789 hardness and
tensile properties did reach equivalence with as-built C300, demonstrating that Co-free, Cr-
containing alloys can already achieve similar performance to Co-containing maraging steels in
the as-built condition. Future work is also recommended aimed at understanding the solid-state
transformations in M789 via different heat treatment strategies.
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Appendix A. Scanning kelvin probe force microscopy (SKPFM)

Scanning kelvin probe force microscopy (SKPFM) measurements were completed to qualitatively
assess local corrosion differences in as-built material for parameter set A. SKPFM was performed
with a nominal 2.8 N/m cantilever with Pt/Ir coating for conductivity and a resonance frequency
of 75 kHz. SKPFM measurements were performed in double-pass, amplitude-modulation mode
with a typical lift height of 5 nm compared to the tapping mode first pass. The small lift height
ensured the tip was held close to the sample surface for enhanced spatial resolution and reduced
long range electrostatic forces acting on the cantilever body. SKPFM data was leveled by aligning
rows through a first order polynomial fitting.

SKPFM analysis and STEM imaging were both completed on build parameter set A to better
understand the as-built microstructure and identify any unique characteristics useful to
improving the performance of these alloys. Spatially correlated SKPFM was completed on a
microstructural region previously identified by SEM BSE imaging. The two high contrast features
(increased height in Figure 14B) are surface contamination whose shape and position are
readily identifiable in Figure 14. The use of these fiducials (the larger of which is indicated with
an arrow) show that the height maps generated from SKPFM contained cellular-like features
thought to be similar to those observed in Figure 4B, lending confidence to the presence of
retained y-austenite cells throughout the microstructure.

8.4 nm 11.2mV

113 nm = 1.1 mV

1] pm
Figure 14: SKPFM map of the as-built microstructure from build parameter set A. A) BSE SEM image of the
analyzed area with low Z-particles and fiduciary features present. B) Height map from the scanned area,
showing cellular-like structures not visible in BSE imaging. C) Surface potential map showing minimal-to-no
change in expected corrosion behavior in the surveyed region.
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Appendix B. X-ray computed tomography (XCT)

As-built porosity defects were characterized for Parameter sets A and C using X-ray computed
tomography (XCT) with 140 kV and 80 pA on a North Star Imaging X50 machine here with 6.60
um/pixel £ 0.33 um/pixel spatial resolution. All XCT data was post-processed using eFX1 Software
Suite Version 2.3.4 to quantify defect volume fractions and spatial distribution. Defect
characterization was completed only for parameter sets A and C where defect density was
expected to be the lowest and highest, respectively. Data visualization was completed using
ParaView [44].

The shape of the external surfaces, as well as the internal pores, along the gauge sections of the
Specimens A and C were characterized using X-ray computed tomography (XCT). The XCT
measurements were performed using a North Star Imaging X50 machine. A resolution of 6.60
um/pixel £ 0.33 um/pixel was chosen, and the entire gauge section was imaged within a single
field-of-view (FOV). Specimens A and C were measured simultaneously (in the same FOV) to
reduce the acquisition time of the X-ray radiographs. X-ray transparent material (i.e., folded
paper) was sandwiched between the specimens to ensure that the individual specimens could be
easily separated and identified during post-processing of the reconstructed images.
Reconstruction of the radiographs was also completed using North Star Imaging (proprietary)
software: efX Software Suite Version 2.3.4. Additional settings used during the acquisition of the
XCT radiographs can be found in Table Al.

The reconstructed images were further post-processed using IMPPY3D [45], which is an open-
source Python library developed at NIST. First, the ring artifacts were removed from the grayscale
images, followed by non-local means denoising [46]. Then, the images were segmented using a
global threshold value, resulting in a binarized image stack where white pixels correspond to
solid, metallic material. A before-and-after example of segmenting a reconstructed image is
illustrated in Figure 15.

After segmentation, the image stack was converted into a three-dimensional (3D) voxel model.
Each voxel represents an extruded pixel implying an equal width, height, and length of 6.60 um.
Fully enclosed pores were identified by inverting the values of the segmented image stack. Due
to the memory demand required to store so many voxels, the 3D models of Specimens A and C
were transformed into surface meshes using the marching cubes algorithm [47]. Individual pores
were left as voxels however. Quantitative metrics were also calculated from the segmented
images, such as equivalent spherical volumes of the pores and the overall porosity of the
specimens.

Table Al: Summary of nominal XCT parameters

Accelerating voltage 140 kV
Accelerating amperage 80 pA
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Radiograph exposure time 25s
Voxel edge length 6.60 um
Radiographs taken about 360° 2400
Num. radiographs averaged 4
Image bit depth 14-bit
Thickness of copper filter 1.27 mm

Specimen C

|

!

Specimen A

Figure 15: Before a) and after b) images of X-ray computed tomography data processing of as-built defects.

As-built defects were characterized in the parameter sets with the hypothesized smallest and
largest defect volumes (A & C, respectively). Example as-built defects in parameter sets A (0.001
% porosity by volume) and C (0.071 % porosity by volume) are presented in Figure 16 of the
gauge region of mini-tensile specimens from XCT. The effect of increased scanning speed is
immediately clear between the two scans, with parameter set C having considerably larger and
more frequent defects than parameter set A. These findings highlight how the mechanical
performance of the as-built M789 will vary significantly between parameter sets A and C despite
the as-built microstructure remaining largely the same. Parameter sets B and D also exhibited
larger and more frequent defects than A or E, also likely leading to reduced mechanical
performance compared to the closer-to-ideal parameter sets. Given the small sampling volume,
only qualitative trends between parameter sets are discussed here.

These findings suggest that build parameter selection to minimize defects in AM builds can be

prioritized when using M789. The as-built microstructure is remarkably consistent despite the
large change in thermal history, potentially due to M789’s low martensite start temperature and
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aspects of the &-ferrite to y-austenite phase transformation. This finding means defect
minimization can be prioritized without risking the formation of detrimental microstructures,
enabling the easy manufacture of parts from this alloy across build processes and machine
variants. Further work is planned to validate this idea.

1 mm
1 mm

Figure 16: XCT illustrations of defects in build parameter set A and build parameter set C. Note the build
direction is parallel to the tensile direction.

29



	1. Introduction
	2. Experimental Methods
	2.1. Sample Preparation
	2.2. Thermophysical modeling
	2.3. Characterization
	2.4. Mechanical Testing

	3. Results and Discussion
	3.1. Solidification simulations
	3.1.1. Dendrite solidification
	3.1.2. Single raster tracks

	3.2. As-built microstructure
	3.2.1. Characterization of as-built microstructures
	3.2.2. Melt pool geometries and crystallographic orientation
	3.2.3. X-ray diffraction
	3.2.4. As-built hardness
	3.2.5. Uniaxial tensile behavior via true-stress true strain measurements


	4. Summary
	5. References
	Appendix A. Scanning kelvin probe force microscopy (SKPFM)
	Appendix B. X-ray computed tomography (XCT)



