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A B S T R A C T

This study presents an alloy design perspective guided by elemental segregation during solidification to deter-
mine the site-specific chemistry and related local thermodynamic properties of dendritic microstructures. This
was accomplished via manipulation of the microsegregation behavior by means of nominal alloy composition
and thermal conditions of the solidification processes, including modified cooling rates spanning over six orders
of magnitudes using ingot casting, directed energy deposition (DED-LB/M) additive manufacturing (AM) and
laser powder bed fusion (PBF-LB/M) AM processes. Our approach was demonstrated by computationally
designing a novel AlxCo25Fe(50-x)Ni25 multi-principal element alloy (MPEA) as a model system, employing a
combination of CALPHAD, Scheil, and multiphase-field simulations, and by experimentally validating the
resulting microstructure evolution. The lower Al content (x = 10.5) was designated to generate a supersaturated
single-phase fcc matrix suitable for heat-treatments to trigger local phase transformations. The higher Al content
(x = 14.5) was selected to define the size and morphology of dual-phase microstructures by controlling phase
nucleation and growth through segregation during solidification. Our results showcased how selective enrich-
ment of the desired elements in interdendritic regions can be employed to induce local phase transformations
during solidification or post heat-treatments, while their size can be flexibly controlled by the degree of
undercooling during solidification. The suggested segregation-guided design approach can be transferred to
other alloy systems, enabling effective tuning of local functional, structural, kinetic, and, as shown in this study,
thermodynamic properties of dendritic microstructures by predetermining the nature of the alloy matrix through
tailored solidification behavior.

1. Introduction

Segregation of alloying elements is an important metallurgical phe-
nomenon within alloys, which manifests across various length scales. In
the context of solidification, segregation arises from non-uniform dis-
tribution of alloying elements or impurities within the solidified mate-
rial. Instances may include macroscopic centerline segregation
established during solidification [1], covering distances comparable to
the size of the casting. Another example is the localized enrichment of
elements in the microscale between intra- and interdendritic regions

(referred to as microsegregation) driven by constitutional undercooling
[2], which occurs through the distances similar to the dendrite arm
spacings. Additionally, the segregation of solute atoms can be promoted
by appropriate post heat-treatments in micro- or nanoscale as a product
of solid-state diffusion [3] to facilitate phase transformations through
lattice defects, such as grain boundaries and dislocations [4].

In particular, controlling microsegregation behavior holds a signifi-
cant relevance as it can be utilized for microstructure design [5–15]. It
provides the possibility to modify the microstructure during solidifica-
tion through solute partitioning between solid and liquid, enabling local
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variations of composition, crystal structure and/or driving forces for
phase transformation between intra- and interdendritic regions in the
as-solidified microstructure. These variations can be carefully adjusted
by changing thermal conditions during solidification and nominal alloy
composition to dictate the site-specific structural and functional prop-
erties of metallic materials [7,12,16,17]. Nevertheless, understanding
the interplay between alloy composition and segregation behavior in a
wide range of thermal conditions during solidification plays a key role to
exploit these possibilities. Various casting methods offer different ther-
mal conditions; for instance, in melt spinning, cooling rates can reach up
to 106 K/s [18]. However, precise control of the microstructure is
uniquely achievable through additive manufacturing (AM) due to its
layer-wise fabrication and the potential to adjust printing parameters in
a flexible manner throughout the process [19]. In this regard, AM pre-
sents distinct opportunities to modify the microsegregation behavior
[7], as it enables to print site-specific and scalable microstructures by
exerting a significant control over the local cooling conditions [19,20].
For instance, cooling rates corresponding to the laser powder bed fusion
(PBF-LB/M) process allow for the refinement of segregation into
ultra-fine patterns, e.g., down to the nanometer scale [21]. Hence, this
can reduce the size of the interdendritic regions and, if the alloy
composition allows, the size of secondary phases formed in interden-
dritic regions. Moreover, unlike many casting methods, AM circumvents
macrosegregation phenomenon, due to the high cooling rates and small
melt pools inherent to AM processes.

Thus, through leveraging thermodynamics and solidification ki-
netics, the microsegregation behavior can be specifically modified both
quantitatively andmorphologically. These modifications can be attained
by careful selection of alloying elements and processing parameters. The
former can be used to manipulate the partitioning coefficients, e.g.,
compound forming elements can be selectively segregated to interden-
dritic regions, while the latter can determine the thermal conditions
during solidification, governing diffusion distances and the degree of
undercooling experienced by liquid at a given time [14]. Consequently,
this dual control mechanism can effectively change the local chemistry
and length scales of the intra- and interdendritic regions. This enables
the segregation-guided engineering of specific regions within the
microstructure that exhibit adjustable characteristics, such as their
tendency to phase transformation [5,21]. Hence, the heterogeneous
elemental distribution and respective length scales can also be used to
predetermine the microstructure of the metal matrix, for instance, prior
to the aging heat-treatment to induce site-specific precipitation, and the
desired effects can therefore be enhanced.

Previously, several studies explored different approaches under the
concept of segregation engineering, which predominantly involved
altering the chemical or structural state of the grain boundaries via
segregation. One subset of segregation engineering approaches provided
pathways to mitigate the hot tearing behavior by controlling solute
segregation through alloy composition, such as employing grain
boundary strengthening additives [8], changing the content of com-
pound forming alloying elements [9], and compositional modifications
to promote liquid back-filling [6]. The other, andmore traditional subset
of segregation engineering approaches mainly incorporated
heat-treatments to induce solute decoration of lattice defects, for
instance, grain boundaries, to trigger phase transformations. The goal
was to design microstructures that enhance the mechanical properties of
complex alloys, especially when grain boundaries occupy a large portion
of the microstructure [3,22]. In the current study, a key distinction is
made by not focusing on using grain boundaries as the primary domain
for designing microstructures. Instead, the “segregation-guided alloy
design” approach puts emphasis on governing the characteristics of the
alloy matrix by leveraging intrinsic segregation behavior during solidi-
fication to define its critical features. This is achieved by adjusting the
length scales and local chemical characteristics of the alloy matrix, e.g.,
between intra- and interdendritic regions, by guiding the segregation
behavior through nominal alloy composition and thermal conditions of

the solidification processes. Therefore, our approach offers a micro-
structure design concept that can be achieved solely through solidifi-
cation, for instance, without the need for thermomechanical treatments
as in the traditional concept of segregation engineering.

The concept of segregation-guided alloy design can be exploited in
highly alloyed systems [12,13], such as multi-principal element alloys
(MPEAs), where the vast compositional space offers a large degree of
freedom in their microstructure design and flexibility to activate mul-
tiple interconnected mechanisms between microstructure and final
material properties [23–25]. The hypothesis suggests that in
face-centered cubic (fcc) MPEAs, the increased stability of the
body-centered cubic (bcc/B2) phases in both low and elevated temper-
ature regimes can be provoked by a sufficient addition of Al [15,26,27].
Accordingly, the alloy design in this study was achieved through
computational alloy selection employing thermodynamic calculations
and Scheil solidification simulations. In this context, the novel Alx-
Co25Fe(50-x)Ni25 MPEAs was selected as a model system from the
Al-Co-Fe-Ni composition space, where the Al concentration was changed
at the expense of Fe. This does not only make the alloy system eligible for
the manipulation of the solidification sequence from primary fcc to
primary bcc but also for heat-treatments to induce B2-precipitates over a
wide range of temperatures, particularly towards lower Al contents.
Thus, to demonstrate these phenomena, two compositions were utilized
for investigation, namely, AlxCo25Fe(50-x)Ni25 with x = 10.5 and 14.5 at.
%. The lower Al content was designated to generate a supersaturated
single-phase fcc matrix for the design of a state suitable for aging
heat-treatments to induce precipitation strengthening. The higher Al
content was chosen to obtain dual-phase fcc-bcc microstructures in
as-solidified state. Here, the dual-phase material is designed to introduce
a network of the B2-phase according to size and morphology of the so-
lidification structure, which holds relevance for high-temperature ap-
plications [28–32]. The calculations were complemented by
multiphase-field simulations to unveil the potential for modifying the
length-scales and morphologies of the elemental segregations as well as
the fraction of B2-phase in as-solidified microstructures under different
thermal conditions corresponding to ingot casting, directed energy
deposition (DED-LB/M) additive manufacturing and laser powder bed
fusion (PBF-LB/M) additive manufacturing. The specimens were fabri-
cated by these processes and their microstructures were characterized
experimentally by employing light optical microscopy (LOM), scanning
electron microscopy (SEM), scanning transmission electron microscopy
(STEM), electron backscatter diffraction (EBSD) and energy dispersive
X-ray spectroscopy (EDS). Accordingly, the influence of the alloy
composition and solidification conditions on segregation behavior and
corresponding microstructure evolution was examined. Finally, the
presented alloy design perspective and its utilization were experimen-
tally demonstrated, with a critical discussion on its potential extension
to other applications.

2. Computational methods

A combination of CALPHAD, Scheil and multiphase-field simulations
were performed to understand the evolution of solidification micro-
structures of Al10.5Co25Fe39.5Ni25 and Al14.5Co25Fe35.5Ni25 alloys during
ingot casting, DED-LB/M and PBF-LB/M processes.

Calculations of phase-equilibria and Scheil solidification simulations
were performed using the software Thermo-Calc® [33] (2021b release,
Thermo-Calc Software, Sweden) in combination with a custom ther-
modynamic database developed for multi-principal element alloys [34].

Microstructure-resolved simulations of phase and elemental distri-
bution evolution were executed using the multiphase-field approach
[35,36]. The simulations were conducted employing the phase-field
solver MICRESS® (version 7.200, ACCESS e.V., Germany). The
multiphase-field simulations were performed to examine the quantita-
tive trends in microstructural features resulting from the influence of
characteristic thermal conditions in a typical ingot casting, DED-LB/M
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and PBF-LB/M processes. The primary focus was on understanding the
evolution of dendritic microstructures and B2-NiAl phase fractions
based on specific solidification conditions. To this end, temperature
gradients (G) and cooling rates (Ṫ) were assumed to be constant and
uniform with respect to space and time. This principle corresponds to
the so-called frozen temperature approach, resulting in a steady-state
solid-liquid interface velocity, i.e. solidification velocity, (R = Ṫ/G)
that was directed along the temperature gradient [37]. Consequently, in
the present study, multiphase-field simulations modelled the solidifi-
cation of the alloys in the region of the melt where G and Ṫ represented
the specified thermal conditions for ingot casting, DED-LB/M, and
PBF-LB/M processes. The range of G and Ṫ selected for the
multiphase-field simulations were adopted from literature [38,39] and
deliberately adjusted to achieve an increase in Ṫ by almost three orders
of magnitude, G by almost two orders of magnitude and R by an order of
magnitude between ingot casting, DED-LB/M and PBF-LB/M processes,
respectively. The thermal conditions for multiphase field simulations are
summarized in Table 1.

Multiphase-field simulations were performed in 2D with grid reso-
lutions (Δx) of 1000, 100, and 10 nm for ingot casting, DED-LB/M and
PBF-LB/M, respectively. A constant temperature gradient was uniformly
applied in the Z direction, facilitating the movement of solid-liquid
interface from bottom to the top of the simulation domain. The
boundary conditions for the phase-field and concentration field were set
to periodic from west to east and isolated at the bottom and top. For
ingot casting simulations, the initial microstructure consisted of fcc and
liquid phases, where the single fcc grain was set at the corner (co-
ordinates of X = 0, Y = 0 and Z = 0) of the simulation domain. For DED-
LB/M and PBF-LB/M simulations, an initial microstructure at t= 0 s was
set as an almost flat fcc/liquid interface, where the single-phase fcc grain
mimicked the previously deposited layer. This process facilitated the
development of dendritic microstructures from planar front instability
during both DED-LB/M and PBF-LB/M processes. Simultaneously, it
assisted in obtaining comparable and representative microstructures
suitable for primary dendrite arm spacing (PDAS) measurements. The
nominal compositions of Al10.5Co25Fe39.5Ni25 and Al14.5Co25Fe35.5Ni25
alloys were considered as input compositions. During the multiphase-
field simulations, random nucleation of B2-NiAl was allowed on the
fcc/liquid interface, whereas random nucleation of the fcc phase was
enabled on the B2-NiAl/liquid interface. The interfacial energies (σ) for
solid-liquid and fcc/B2-NiAl interfaces were set to 2E-05 J/cm2 [40] and
1.64E-5 J/cm2, respectively. The stability of the nucleated seeds at the
solid/liquid interface for the given temperature was calculated for each
simulation time increment (for casting every 10− 1 s, for DED-LB/M
every 10− 3 s, and for PBF-LB/M every 10− 5 s). The maximum

nucleation temperature for both fcc and B2-NiAl phase were selected as
the liquidus temperature (TLiquidus), namely 1684 K for the Al10.5Co25-
Fe39.5Ni25 alloy and 1652 K for the Al14.5Co25Fe35.5Ni25 alloy. Simula-
tions stopped automatically once the liquid fraction was equal to zero.
All simulations were integrated with thermodynamic and diffusion data
obtained from a custom thermodynamic database developed for
multi-principal element alloys [34] and MOBHEA2 mobility database
from Thermo-Calc®, respectively, for realistic assessment of
temperature-dependent thermodynamic driving forces and diffusion. To
correct and alleviate the numerical trapping effects of the diffuse
interface and to ensure diffusion-limited interface kinetics, redistribu-
tion of the elements at the solid-liquid interface was determined through
the utilization of anti-trapping current [41] and automatic mobility
correction embedded in MICRESS®.

3. Experimental methods

3.1. Materials and processing

The bulk samples for microstructure characterization were fabri-
cated via ingot casting, DED-LB/M and PBF-LB/M with nominal com-
positions of Al10.5Co25Fe39.5Ni25 and Al14.5Co25Fe35.5Ni25.

The master ingots (18 kg) were ingot-casted under Argon (Ar) at-
mosphere by employing elemental flakes of Al, Co, Fe and Ni (each with
> 99.8 % purity). Each master ingot was remelted 4 times to avoid
macrosegregation. Samples with dimensions of 30 × 30 × 10 mm3 were
sectioned from the central region of the master ingots to characterize the
as-solidified microstructures.

Gas-atomized elemental powders of Co, Fe, Ni (thyssenkrupp Raw
Materials GmbH, Germany) and Al (TLS Technik GmbH, Germany)
containing > 99.8 % purity and particle sizes ranging between 15 and
45 μm were blended using a tumbler mixer to achieve the specified
nominal compositions. Powder blends were then utilized for the DED-
LB/M process using a Lunovu MultiMAT DED-LB/M machine
(LUNOVU GmbH, Germany) equipped with a Laserline LDF 6000-30
diode laser with a maximum laser power of 6 kW and a focus beam
diameter of 1.5 mm. Powders were fed axially through a continuous
coaxial nozzle using an Oerlikon Metco Twin 150 Powder Feeder
(OerlikonMetco AG,Wohlen, Switzerland) and deposited on a AISI 316L
substrate. Ar (purity ≥ 99.996 %) with a flow rate of 10 L/min was used
as a shielding and carrier gas. Bulk specimens with the dimensions of 60
× 10 × 10 mm3 (transverse direction (TD), scanning direction (SD),
building direction (BD)) were manufactured by employing a nominal
laser power of 850 W, scan speed of 0.45 m/min and a powder feed rate
of 2.2 g/min. A bi-directional build strategy without a rotation between
subsequent layers was applied using a contouring path. The DED-LB/M
samples were sectioned down to 30 × 10 × 10 mm3 (SD, TD, BD) for
subsequent microstructure characterization.

The custom atomized Al10.5Co25Fe39.5Ni25 and Al14.5Co25Fe35.5Ni25
powders were utilized for the PBF-LB/M process (Fig. S1). Bulk speci-
mens with dimensions of 5 × 5 × 10 mm3 (TD, SD, BD) with the particle
size distribution ranging between 20 and 65 μmwere fabricated using an
Aconity-Mini PBF-LB/M machine (Aconity-3D GmbH, Herzogenrath,
Germany) equipped with a Yb:YAG fiber laser (400W) with a Gaussian
laser intensity profile and a focus diameter of 80 μm. The built chamber
was purged with Ar (purity ≥ 99.996 %) with a flow rate of 1 L/min to
reach a chamber pressure of 50 mbar and an average oxygen concen-
tration below 1 ppm. A rotation of 90◦ between subsequent layers and a
bi-directional scanning strategy were applied. For the Al10.5Co25-
Fe39.5Ni25 alloy, the PBF-LB/M process parameters of laser power,
powder layer thickness, hatch spacing, and laser scan speed were
selected as 200 W, 30 μm, 70 μm and 750 mm/s, respectively. For the
Al14.5Co25Fe35.5Ni25 alloy, the PBF-LB/M process parameters of laser
power, powder layer thickness, hatch spacing, and laser scan speed were
employed as 200 W, 30 μm, 70 μm and 850 mm/s, respectively.

The selected DED-LB/M and PBF-LB/M parameters enabled the

Table 1
Thermal conditions selected for multiphase-field simulations.

process Ṫ [K/s] G [K/cm] R [cm/s]

Ingot casting 5 50 0.1
DED-LB/M 2.5 × 103 2.5 × 103 1
PBF-LB/M 106 105 10

Table 2
Chemical composition (at. %) of the bulk samples and powders measured by ICP-
OES analysis.

states Al (at. %) Co (at. %) Fe (at. %) Ni (at. %)

Cast10.5 10.5 24.9 39.4 25.2
Cast14.5 14.2 25.3 35.4 25.1
DED10.5 10.3 24.0 40.3 25.4
DED14.5 14.0 26.0 35.0 25.0
PBF10.5 10.6 24.5 40.0 24.9
PBF14.5 14.5 25.0 35.0 25.5
Al10.5Co25Fe39.5Ni25 powder 10.8 24.7 39.1 25.4
Al14.5Co25Fe35.5Ni25 powder 14.6 26.0 33.6 25.8
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fabrication of dense bulk samples, achieving relative densities larger
than 99.9 %, as determined through optical porosity measurements
(Fig. S2). Micrographs for optical porosity measurements were captured
using a Keyence VHX-6000 digital microscope (Keyence GmbH, Ger-
many) and post-image processing was employed using the software
ImageJ® [42]. In the following, the as-cast, as-DED-LB/M and
as-PBF-LB/M samples with nominal compositions of Al10.5Co25-
Fe39.5Ni25 and Al14.5Co25Fe35.5Ni25 will be denoted as Cast#, DED# and
PBF#, respectively, with # representing the Al content (10.5 and 14.5
at. %). The chemical compositions of bulk specimens manufactured by
ingot casting, DED-LB/M and PBF-LB/M, as well as the compositions of
pre-alloyed powders were determined via inductively coupled plasma
optical emission spectrometry (ICP-OES) and are summarized in Table 2.

3.2. Microstructure characterization

Various microscopy techniques including light optical microscopy
(LOM), scanning electron microscopy (SEM), electron backscatter
diffraction (EBSD) and energy-dispersive X-ray spectroscopy (EDS),
were employed to characterize the microstructures across different
length scales. Sample preparation involved mechanical grinding up to
2500 SiC grit paper and mechanical polishing with 3 and 1 μm diamond
suspension. Subsequent chemical surface treatments (e.g., etching) of
the samples were tailored to suit the feature sizes (e.g., dendrite spacing,
grain size, etc.) and corresponding microscopy techniques.

Consequently, samples were color etched with Lichtenegger and Blöch
(L-B) reagent for microstructure characterization via LOM. Electro-
polishing was performed at 22 V for 10 s at room temperature using a
LectroPol-5 electrolytic polishing machine (Struers GmbH, Germany)
and an A2 electrolyte (Struers GmbH, Germany) to facilitate micro-
structure characterization using SEM and EBSD.

SEM imaging, EDS and EBSD measurements were carried out on a
Zeiss Sigma field emission gun (FEG) SEM with EDS and EBSD detectors
(Oxford Instruments plc, Great Britain). SEMmicrographs were acquired
with backscattered electron (BSE) detector at an accelerating voltage of
10 kV with a working distance of 8 mm and an aperture size of 75 μm.
EDS line scans were performed with an accelerating voltage of 15 kV at a
working distance of 10 mm and a step size between 50 and 3000 nm.
EBSD measurements were conducted with an accelerating voltage of 20
kV, a working distance between 14 and 16 mm and a step size varying
between 80 and 2000 nm on a cubic grid. For EDS and EBSD measure-
ments, step sizes were varied according to the process- and composition-
specific feature size of the microstructures. Post-processing of the EBSD
data was performed via the MATLAB®-based (Mathworks Inc., USA)
toolbox MTEX [43–45].

Specimens for scanning transmission electron microscopy (STEM)
were acquired using a Helios 5 (ThermoFisher Scientific) plasma focused
ion beam (PFIB). Lamellae were extracted in cross-section parallel to the
build direction (BD) and transferred to a STEM Cu grid using the com-
mon lift-out technique. The extracted lamellae were thinned to electron

Fig. 1. (a) Equilibrium phase diagram of AlxCo25Fe(50-x)Ni25 with varying Al content. Red and blue dashed lines indicate 10.5 and 14.5 at. % Al, respectively. (b)
Evolution of B2-NiAl phase fraction and interdendritic Al composition over a given range of nominal Al composition calculated by Scheil solidification simulations
with solute trapping for AlxCo25Fe(50-x)Ni25 system. Scheil solidification simulations with solute trapping of (c) Al10.5Co25Fe39.5Ni25. The dashed lines represent rapid
solidification conditions (R = 1 m/s), whereas straight lines demonstrate slow solidification conditions (R = 0.001 m/s). (d) Calculated composition profiles of fcc for
Al10.5Co25Fe39.5Ni25. The distance in the x-axis shows the relative distance between the dendrite core (left side, first to solidify) and the middle of the interdendritic
region (right side, last to solidify).
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transparency with a final 5 kV ion polishing step to minimize damage.
STEM imaging was performed at 200 kV with a 24.7 mrad semi-
convergence angle on an aberration-corrected Titan G2 60–200
CREWLEY microscope, equipped with a high-brightness field emission
gun and a Super-X EDS system. Bright field (BF) STEM images were
acquired with a 19 mrad semi-collection angle range.

Synchrotron X-ray diffraction (SYXRD) measurements were con-
ducted at the Deutsches Elektronen-Synchrotron (DESY) (Hamburg,
Germany), using the PETRA III beamline, station P21.2. The samples
were mechanically grinded to a thickness of approximately 1 mm before
the measurements. The beamline operated at a fixed photon energy of
82.5 keV, corresponding to an X-ray wavelength of approximately
0.1503 Å. The beam spot size was 1 mm × 1 mm, and the diffraction
patterns were obtained using Varex XRD 4343 C T detectors.

4. Results

4.1. Phase-equilibria and solidification simulations

Fig. 1a illustrates the calculated equilibrium phase diagram for Alx-
Co25Fe(50-x)Ni25 MPEA with varying Al contents. Overall, an increase in
Al content at the expense of Fe led to a transition from the fcc to the fcc-
B2-NiAl phase field, and finally to the B2-NiAl phase field. The

calculations predicted that the rise in Al content effectively stabilized
B2-NiAl at elevated temperatures. Thus, based on the phase-equilibria
demonstrated in Fig. 1a, the AlxCo25Fe(50-x)Ni25 system was suitable
for the modification of the solidification mode from single-phase fcc to
dual-phase fcc-B2-NiAl by increasing the Al content.

While the phase diagram is based on equilibrium calculations, Scheil
solidification simulations enable the prediction of microsegregation and
phase evolution during non-equilibrium solidification processes, which
are relevant for ingot casting, DED-LB/M and PBF-LB/M. The Scheil
simulations were conducted under different solidification velocities by
employing the solute trapping model to explore the effect of thermal
conditions on solidification and microsegregation behavior during non-
equilibrium solidification processes. Here, the solute trapping model
assumes that solute trapping occurs exclusively in the primary solid
phase (primary phase being the sole dendrite forming phase). Hence, the
quantity and composition of solid phases were influenced by the solute
trapping induced by the change in solidification velocity. Consequently,
the AlxCo25Fe(50-x)Ni25 compositional space is computationally screened
between x = 10.5 and 16.5 (Fig. 1b) to investigate the evolution of B2-
phase fraction and Al composition in liquid (i.e., Al is most intensively
partitioned compound forming solute) under slow and rapid solidifica-
tion velocities. Accordingly, the lower Al content (x= 10.5) was selected
to induce a supersaturated single-phase fcc matrix upon solidification

Fig. 2. Multiphase-field simulation results for the solidification of Al10.5Co25Fe39.5Ni25 alloy under thermal conditions resembling ingot casting, DED-LB/M and PBF-
LB/M processes. BD shows the building direction for DED-LB/M and PBF-LB/M processes. (a) Phase maps, (b) Al and (c) Ni distributions maps. Orange dashed boxes
indicate the close-ups sectioned for the virtual EDX line scans in Fig. 4a. PDAS measurements for each process were taken along the complete cross-section. The
values in the black boxes represent the B2-NiAl area fraction as determined from multiphase-field simulations.
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(Fig. 1b), aiming to design a state directly eligible for aging heat-
treatments to induce precipitation. In contrast, the larger Al content
(x= 14.5) was opted to achieve dual-phase fcc-bcc microstructures in as-
solidified state (Fig. 1b) to introduce a network-like B2-NiAl phase that
aligns with the morphology and the size of the solidification structure.
Here, the x= 10.5 at. % was the upper limit for obtaining a single-phase
fcc in as-solidified state, based on Scheil solidification simulations. Any
increase beyond this composition led to interdendritic B2-NiAl forma-
tion at the end of the solidification, as shown for the Scheil solidification
simulations of x = 11 at. % in the supplementary section (Fig. S3). To
visualize the effect of slow and rapid solidification, Al10.5Co25Fe39.5Ni25
alloy was selected, and results for solidification and microsegregation
behavior are represented in Fig. 1c and d. For the Al10.5Co25Fe39.5Ni25
alloy, primary fcc solidification was predicted. The dendrite core (the
first region to solidify) exhibited higher Fe and Co content, while the
remaining melt in the interdendritic regions (the last region to solidify)
was enriched with B2-NiAl stabilizing elements Ni and Al. Similar trends
are also observed for Al14.5Co25Fe35.5Ni25 alloy. However, in the case of
the Al10.5Co25Fe39.5Ni25 alloy, the Al quantity in the interdendritic re-
gions were insufficient to stabilize B2-NiAl under both slow (R = 0.001
m/s) and rapid (R = 1 m/s) solidification velocities (Fig. 1b and d).
Conversely, for the Al14.5Co25Fe35.5Ni25 alloy, there was enough

accumulation of Al in the interdendritic regions (Fig. 1b) to stabilize the
B2-NiAl phase, resulting in a predicted dual-phase solidification of fcc/
B2-NiAl. The increase in solidification velocity for both compositions led
to a decrease in the amount of Al in interdendritic regions due to
enhanced solute trapping in primary fcc dendrites. This, in turn, resulted
in a reduced quantity of B2-NiAl for the dual-phase Al14.5Co25Fe35.5Ni25
alloy (Fig. 1b).

It is essential to acknowledge that Scheil solidification simulations
only provided a qualitative output to predict the segregation behavior
and phase evolution under non-equilibrium solidification conditions,
since these calculations do not completely cover the kinetics and do not
resolve the microstructure during solidification. Consequently, while
Scheil simulations provide valuable insights into the general trends of
segregation and phase transformations, they should be complemented
with more sophisticated modeling techniques or experimental obser-
vations for a comprehensive understanding of the solidification and
microsegregation behavior. Therefore, a systematic quantitative inves-
tigation was undertaken through the complementary utilization of
microstructure-resolved multiphase-field simulations followed by
experimental characterization (Section 4.2.). These investigations aimed
at exploring the influence of thermal conditions on key microstructural
aspects, such as the evolution of dendritic microstructures and B2-NiAl

Fig. 3. Multiphase-field simulation results for the solidification of Al14.5Co25Fe35.5Ni25 alloy under thermal conditions resembling ingot casting, DED-LB/M and PBF-
LB/M processes. BD shows the building direction for DED-LB/M and PBF-LB/M processes. (a) Phase maps, (b) Al and (c) Ni distributions maps. Black dashed boxes
indicate the close-ups sectioned for the virtual EDX line scans in Fig. 4b. PDAS measurements for each process were taken along the complete cross-section. The
values in the black boxes represent the B2-NiAl area fraction as determined from multiphase-field simulations.
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phase fractions, under specific solidification conditions resembling ingot
casting, DED-LB/M, and PBF-LB/M. The multiphase-field simulation
results for Al10.5Co25Fe39.5Ni25 and Al14.5Co25Fe35.5Ni25 alloys are
depicted in Figs. 2 and 3, respectively, along with their corresponding
virtual EDX line scans obtained from the simulations in Fig. 4. Addi-
tionally, the thermal conditions selected for the multiphase-field

simulations are summarized in Table 1, and the partition coefficients (k)
calculated from the output of the multiphase-field simulations for each
alloy are presented in Table 3 to elaborate on the segregation behavior.

Upon reaching the liquidus temperature during cooling, the fcc
phase was the primary solid phase for both compositions, independent
from the experienced thermal conditions during solidification. As the fcc
dendrites continued to grow into the liquid, segregation of Ni and Al into
the liquid took place due to their lower solubility in the primary fcc
phase and lower partition coefficients (kNi = 0.94 and kAl = 0.72), while
Fe and Co (kFe= 1.18 and kCo= 1.07) were retained in the solid owing to
their higher solubility, as can be seen in Fig. 4. In the case of the
Al14.5Co25Fe35.5Ni25 alloy, the chemical gradients established between
the fcc phase and liquid (Fig. 4) modified the local thermodynamic
driving forces for phase transformations during dendritic solidification

Fig. 4. Multiphase-field simulated microsegregation profiles of (a) Al10.5Co25Fe39.5Ni25 and (b) Al14.5Co25Fe35.5Ni25 alloys extracted by virtual EDX line-scans from
the close-up sections shown in Figs. 2 and 3, respectively.

Table 3
Partition coefficients (k) calculated from the output of the multiphase-field
simulations for the Al10.5Co25Fe39.5Ni25 and Al14.5Co25Fe35.5Ni25 alloys.

alloy kCo kFe kNi kAl

Al10.5Co25Fe39.5Ni25 1.07 1.18 0.94 0.72
Al14.5Co25Fe35.5Ni25 1.07 1.14 0.93 0.72
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(Fig. S4). This phenomenon eventually stabilized the B2-NiAl phase in
the interdendritic regions at the end of the solidification (Fig. 3),
whereas the Ni and Al accumulation was insufficient to stabilize inter-
dendritic B2-NiAl in case of the Al10.5Co25Fe39.5Ni25 alloy (Fig. 2).
Hence, the Al10.5Co25Fe39.5Ni25 alloy exhibited a single-phase fcc matrix
with local compositional gradients, with the length scales being deter-
mined by the thermal conditions (Fig. 2).

The variations in thermal conditions had a significant impact on the
dendrite spacing of the primary fcc phase as well as on the size and
amount of the B2-NiAl phase. The primary dendrite arm spacing (PDAS)
for the Al10.5Co25Fe39.5Ni25 alloy was calculated as 125.4 μm for ingot
casting, 7.6 μm for DED-LB/M and 0.5 μm for PBF-LB/M simulations
(Fig. 2). For the Al14.5Co25Fe35.5Ni25 alloy, the PDAS values were
calculated as 192.9, 9.0 and 0.7 μm for ingot casting, DED-LB/M and
PBF-LB/M, respectively (Fig. 3). Multiphase-field simulations evidenced
that the dendrite spacing was reduced almost an order of magnitude as
the cooling rate (Ṫ) increases nearly three orders of magnitude during
the transition between ingot casting, DED-LB/M and PBF-LB/M pro-
cesses (Table 1). Likewise, the B2-NiAl fraction of Al14.5Co25Fe35.5Ni25
alloy also gradually decreased from 19.3 to 14.8 % between ingot
casting and PBF-LB/M processes.

Change in thermal conditions also affected the solute partitioning
during solidification. To showcase, virtual EDX line-scans of Al, e.g., the
most intensively partitioned compound forming solute during solidifi-
cation, were taken from intra- and interdendritic regions of Al14.5Co25-
Fe35.5Ni25 alloy, as shown in Fig. 5. The results indicated that the rapid
solidification, established by the increase in Ṫ and solidification velocity
(R), resulted in larger retainment of Al atoms in intradendritic fcc
(dendrite core). Compared to ~11.4 at. % Al measured for ingot casting,
the Al content increased to 11.7 at% Al for DED-LB/M process and to
12.3 at. % for PBF-LB/M process. In contrast, Al content in interdendritic
regions was higher for ingot casting process compared to DED-LB/M and
PBF-LB/M processes, with measured Al composition of 23.1, 22.6 and

22.4 at. % Al, for ingot casting, DED-LB/M and PBF-LB/M, respectively.

4.2. Experimental characterization

The microstructures of the Al10.5Co25Fe39.5Ni25 and Al14.5Co25-
Fe35.5Ni25 alloys, processed through ingot casting, DED-LB/M, and PBF-
LB/M, were characterized using EBSD, as depicted in Figs. 6 and 7, as
well as by optical microscopy (OM) and SEM-BSE (Fig. 8). The quanti-
tative representation of the dependency of microstructural features on
processing conditions was further elucidated in Fig. 9 and Table S1.

For Al10.5Co25Fe39.5Ni25 alloy, a single-phase fcc solidification was
consistently observed from the phase maps independent of the pro-
cessing conditions employed (Fig. 6a). The Al14.5Co25Fe35.5Ni25 alloy
exhibited a dual-phase microstructure consisting of both fcc and bcc
phases (Fig. 7). Notably, transitioning from ingot casting to PBF-LB/M
process led to reduction in indexed bcc area fraction, decreasing from
23 % to 2 % (Fig. 7a). Furthermore, the effect of processing conditions
on evolution of deformation related products, such as low-angle grain
boundaries (LAGBs), high angle grain boundaries (HAGBs) and grain
reference orientation deviation (GROD), was investigated in the fcc
phase (primary solidified phase) (Fig. 6b-c and Fig. 7b-c). Here, the
GROD misorientation maps demonstrated the angular deviation (in-
grain misorientation) with respect to the mean orientation of a selected
grain and characterize the degree to which a specific point within a grain
is distorted or rotated relative to the mean orientation of the grain [46].
Therefore GROD can be essentially correlated with the deformation
related local orientation gradients (orientation heterogeneities) [46].
For both compositions, the change in process-related thermal histories
yielded increased LAGB fractions and mean GROD values. As a result,
the PBF10.5 and PBF14.5 states exhibited the highest LAGB fractions
and mean GROD values. Specifically, the PBF10.5 state showed LAGB
fractions and mean GROD values of 39.8 % and 4.4◦, while the PBF14.5
state exhibited corresponding values of 23.7 % and 3.4◦, respectively
(Table S1).

Fig. 8 shows dendritic microstructures and measured dendrite size
spacings of Al10.5Co25Fe39.5Ni25 and Al14.5Co25Fe35.5Ni25 alloys pro-
cessed by ingot casting, DED-LB/M and PBF-LB/M. The imaging
methods and corresponding surface treatments of the samples were
carried out based on the feature size of the as-solidified microstructures.
The main comparison with respect to the length scale andmorphology of
the solidification structures was performed based on PDAS values for
simplification. The PDAS values for Cast10.5 and Cast14.5 states were
measured as 164.8 ± 27.6 and 142.8 ± 31.7 μm, respectively. The in-
crease in cooling rate led to an order of magnitude decrease in PDAS
values for DED10.5 and DED14.5 states compared to ingot cast states.
This resulted in PDAS values of 12.7 ± 2.2 and 10.8 ± 2.2 μm, respec-
tively. Further increase of cooling rates during PBF-LB/M process yiel-
ded the smallest PDAS values and morphologies for both alloys,
measured as 0.8± 0.2 μm for the PBF10.5 state and 0.7± 0.2 μm for the
PBF14.5 state. The experimental PDAS values and corresponding
morphological trends closely resembled those obtained from
multiphase-field simulations (Figs. 2 and 3). Specifically, the increase in
solidification velocities and cooling rates resulted in the refinement of
the final microstructure, e.g., after PBF-LB/M process, consistent with
the predictions of the phase-field simulations. Moreover, increased
cooling rates and solidification velocities due to AM-inherent confined
melt-pools yielded a combination of several notable effects, as depicted
in Fig. 9, with the corresponding data being provided in Table S1. They
did not only refine the dendrite spacings and size of the B2-NiAl phase to
submicron scales and reduce the fractions of B2-NiAl phase, but these
conditions also effectively facilitated characteristic structural modifi-
cations of the final microstructure. This was evidenced by an increase in
the fraction of LAGBs and mean GROD values. Hence, refinement of
dendrites and corresponding microsegregation patterns were accompa-
nied by an increase in structural heterogeneity of the microstructure,
particularly pronounced in the case of the PBF-LB/M process.

Fig. 5. Virtual EDX line-scans of (a) intradendritic and (b) interdendritic Al
composition of the Al14.5Co25Fe35.5Ni25 alloy obtained from multiphase-field
simulations under thermal conditions resembling ingot casting, DED-LB/M
and PBF-LB/M processes. Distance denotes the length of the virtual EDX line-
scans in the intradendritic and interdendritic regions.
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To understand the compositional characteristics and to unveil
microsegregation profiles of intra- and interdendritic regions (Fig. 8),
EDS elemental maps and quantitative line-scans were conducted, as
demonstrated in Figs. 10 and 11. For all states, a consistent trend
emerged: the Al and Ni, e.g., elements with k < 1 (Table 3), enriched in
interdendritic regions, whereas intradendritic regions were enriched in
Co and Fe. However, analogous to the predictions from Scheil solidifi-
cation and phase-field simulations (Figs. 1, 2 and 3), irrespective of the
processing method employed, the chemical gradients established be-
tween liquid and fcc phase were insufficient to induce the formation of
interdendritic B2-NiAl phase in the Al10.5Co25Fe39.5Ni25 alloy
(Fig. 10a–c and 11a). On the other hand, the Al and Ni enrichment in
liquid during the solidification of Al14.5Co25Fe35.5Ni25 alloy substan-
tially modified the local thermodynamic driving forces for phase
transformations during dendritic solidification (Fig. S4). This modifi-
cation led to the formation of interdendritic B2-NiAl phase (Fig. 10b–d
and 11b), with its morphology, size and fraction being determined by
thermal conditions.

5. Discussion

5.1. Simulation-based assessment and experimental validation of as-
solidified microstructures and their evolution

The simulations and experimental results were in a good agreement
regarding microsegregation behavior, effect of thermal conditions on
microstructural length scales and the combined influences of both
phenomena on phase evolution.

Based on the predictions from simulations, Al exhibited a strong
inclination for positive segregation, whereas Ni also enriched in the
same direction, albeit to a lesser extent. Fe and Co segregation were
predicted to take place in the opposite direction, indicating an enrich-
ment in the primary solid. The experimental results (Figs. 10 and 11)
validated the computational predictions (Figs. 1 and 4) in terms of
microsegregation behavior. The elements with k < 1, e.g., Al and Ni,
expectedly accumulated in the liquid, showing microsegregation in
interdendritic regions, whereas Fe and Co were mainly distributed in
dendrite cores (k > 1, Table 3). As suggested by simulations, Al super-
saturation occurred without forming interdendritic B2-NiAl phase in the
Al10.5Co25Fe39.5Ni25 alloy and dual-phase microstructures formed in the
Al14.5Co25Fe35.5Ni25 alloy, which satisfied the design criteria of both
alloys.

Moreover, the combination of multiphase-field simulations (Figs. 2
and 3) and experimental characterization (Fig. 8) showed that rapid
solidification associated with AM-processes led to finer dendritic struc-
tures with sub-micron scale PDAS in the case of PBF-LB/M samples. At
lower cooling rates, e.g., during ingot casting, low degrees of under-
cooling (ΔT) were generated, (ΔTmin = 0.2 K according to multiphase-
field simulations), which reduced the number of nucleation events and
promoted coarsening of the dendrites. This ultimately resulted in larger
dendrite arm spacings and a higher volume fraction of interdendritic
regions (length scale of Al and Ni microsegregation) at the end of so-
lidification [2,47]. In contrast, the increase in cooling rate, e.g., as in the
PBF-LB/M process (Figs. 2 and 3), the ΔT subjected to the liquid at a
given time was enhanced (ΔTmin = 19.6 K according to multiphase-field
simulations). Consequently, the increase in ΔT increased driving force

Fig. 6. EBSD analysis of Cast10.5, DED10.5 and PBF10.5 states. a) phase maps, b) grain boundary (GB) maps and c) grain reference orientation deviation (GROD)
maps. High-angle grain boundaries (HAGB) were defined by a misorientation angle Θ > 10◦, whereas low-angle grain boundaries (LAGB) were defined by 2 ≤ Θ ≤

10◦. The values in the blue boxes represent the measured bcc area fractions.
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for solidification, promoted formation of more solid-liquid interface per
unit volume and faster dendrite growth rates [2,47]. This, in turn,
resulted in refinement of the length scale and spacing of the intra- and
interdendritic regions as evidenced by transition from ingot casting to
DED-LB/M and PBF-LB/M processes in Figs. 2, 3 and 8 [14]. Finally,
when the liquid is confined in such fine interdendritic regions, it gave
rise to ultra-fine scale microsegregation patterns in single-phase fcc
matrix or ultra-fine B2-NiAl phase at the end of the solidification. The
width of these interdendritic regions was as thin as 76.4 ± 15.9 nm and
46.9 ± 8.8 nm for PBF10.5 and PBF14.5 states, respectively, according
to experimental characterization from SEM and STEM micrographs
(Fig. 11), respectively.

Transitioning from thermal conditions associated with ingot casting

to DED-LB/M and PBF-LB/M processes resulted in decreased fractions of
the B2-NiAl phase, as can be seen from multiphase-field simulations
(Figs. 2 and 3) and experimental characterization (Figs. 6 and 7). The
decrease in B2-NiAl content was attributed to the decrease in solute
partitioning over the fast moving solid-liquid interface (high R),
resulting in insufficient time for solute elements to diffuse and redis-
tribute into the liquid. As a consequence, the excess solute was retained
in the primary solid phase during solidification [48–51] and the primary
solid phase accumulated higher solute content during DED-LB/M (R = 1
cm/s) and PBF-LB/M (R = 10 cm/s), as compared to ingot casting (R =

0.1 cm/s). This led to a gradual reduction in Ni and Al contents in the
liquid phase (Fig. 5), which simultaneously reduced the non-equilibrium
solidification range and corresponding B2-NiAl content at the end of

Fig. 7. EBSD analysis of Cast14.5, DED14.5 and PBF14.5 states. a) phase maps, b) grain boundary (GB) maps and c) grain reference orientation deviation (GROD)
maps. High-angle grain boundaries (HAGB) were defined by a misorientation angle Θ > 10◦, whereas low-angle grain boundaries (LAGB) were defined by 2 ≤ Θ ≤

10◦.The values in the blue boxes represent the measured bcc area fractions.
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solidification (Figs. 1, 3 and 7). Therefore, the decrease in B2-NiAl
content in the DED14.5 and PBF14.5 states can be attributed to a com-
bination of factors: i) the reduction of the composition of B2-NiAl sta-
bilizing elements Ni and Al in the liquid phase (interdendritic regions)
due to solute trapping at high solidification velocities (Figs. 1 and 5),
and ii) the decrease in liquid area fraction resulting from the refinement
of the dendritic structure due to the increase in ΔT associated with high
cooling rates during rapid solidification. The results clearly demon-
strated the flexibility in tuning the size, amount, and morphology of
B2-NiAl through the adjustment of solidification conditions.

Lastly, transitioning from ingot casting to additive manufacturing
notably altered further structural characteristics of the final micro-
structure, such as the fraction of HAGBs, LAGBs and mean GROD values,
as described in Fig. 9 and Table S1. These alterations were rather
prominent in the states produced by PBF-LB/M, whereas the DED-LB/M
states underwent relatively minor modifications in comparison to the
ingot-cast states. High fractions of LAGBs are generic for metals pro-
cessed via PBF-LB/M [52–54] and higher dislocation densities are
observed in the vicinity of LAGBs [55,56]. Accordingly, the presence of
larger fractions of LAGBs and mean GROD values can be interpreted as a
degree of heterogeneity caused by deformation that evolves from com-
plex thermal histories due to iterative melting-solidification [57] and
heating-cooling cycles in combination with high cooling rates, temper-
ature gradients and solidification velocities [38,58] during AM pro-
cesses. As a result, the AM-inherent thermal conditions not only refined

the dendrite spacings and the size of the B2-phase, but also effectively
modified the structural characteristics of the final microstructures by
accommodating larger elastic and plastic strains throughout the process
[20].

5.2. Segregation-guided alloy design approach using tailored solidification
behavior

The ability to tune the size, morphology and crystal structure of
microstructural features is of utmost importance in engineering appli-
cations, e.g., for the design of structural components. Thermal condi-
tions, such as the cooling rate, play a significant role in adjusting such
specifics of the microstructure during solidification, allowing for the
formation of both finer and coarser domains in microstructures based on
the intended application case and environment. Fundamentally, various
thermal conditions can be achieved in any solidification process, how-
ever, unique processing conditions inherent to AM facilitate an un-
matched advantage in terms of site-specific microstructure design [19],
while circumventing undesired macrosegregation associated with
traditional casting methods. Accordingly, the core concept of “segre-
gation-guided alloy design” approach relies on modifying the alloy
matrix through a range of solidification conditions with cooling rates
varying over six orders of magnitude. In this context, the aim was to
achieve matrix design by manipulating the solidification behavior and
microsegregation phenomenon by means of alloy composition and

Fig. 8. Dendrite arm spacing measurements performed by LOM on color etched samples and SEM-BSE on electropolished samples. The spacings were determined by
measuring the distance between the cores of adjacent dendrites in multiple micrographs, and average values are presented. Black arrows indicate PDAS values,
whereas white ones show SDAS values. Yellow arrows show interdendritic regions and corresponding phases. The imaging methods were selected based on feature
size of as-solidified microstructures. a) LOM of Cast10.5 state, b) LOM of DED10.5 state, c) SEM-BSE of PBF10.5 state, d) LOM of Cast14.5 state, e) LOM of DED14.5
state and f) SEM-BSE of PBF14.5 state.
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control of thermal conditions during solidification processes. The cur-
rent study exemplified this concept and demonstrated how the length
scales, site-specific compositions and crystal structures of dendritic mi-
crostructures were altered by leveraging thermodynamics and solidifi-
cation kinetics. This was achieved by utilizing a novel
AlxCo25Fe(50-x)Ni25 alloy (with x = 10.5 and 14.5 at. %) as a model
system capable of forming both single- and dual-phase microstructures
during solidification. However, specific prerequisites are necessary to
effectively apply this design perspective to a broad range of alloys.

To design new microstructures by tailored solidification, a compre-
hensive understanding of the relationship between alloy composition
and processing conditions is necessary. Essentially, the interplay of alloy
composition (partition coefficients of alloying elements) and thermal
conditions (degree of undercooling and solid-liquid interface velocities)
during solidification determines both the spatial frequency of solidifi-
cation cell boundaries (e.g., PDAS) and the amplitudes of intra- and
interdendritic elemental compositions, as shown by simulations (Figs. 2
and 3) and experimental characterization (Figs. 8, 10 and 11). Modern
efforts, such as Integrated Computational Materials Engineering (ICME),
provide a powerful methodology that assists in not only the rapid
evaluation of potential compositions through thermodynamic modeling
and Scheil solidification simulations but also the prediction of corre-
sponding microstructure evolution during non-equilibrium solidifica-
tion via multiphase-field modeling. Using such tools, compositional
gradients between intradendritic (e.g., primary solid) and interdendritic
(e.g., liquid) regions can be calculated. Therefore, modeling of the ef-
fects of elemental partitioning on phase stabilities, driving forces for
phase transformations, and solidification intervals of the alloys helps to
program solidification and nucleation conditions. Consequently, selec-
tive enrichment of desired elements between solid and liquid can pro-
mote various phenomena, such as the enrichment of compound-forming
elements in interdendritic regions (Figs. 2, 10 and 11a), stabilization and

distribution of secondary phases in interdendritic regions (Figs. 3, 10
and 11b), or as reported in other studies, mitigation of cracking during
rapid solidification [6–10].

Fig. 12 summarizes the concept of segregation-guided alloy design
through tailored solidification behavior. The selection of the nominal
composition (XN) is guided by thermodynamics to design alloys suitable
for targeted criteria, such as age hardening. Shifting of the nominal
composition towards left or right corners of the representative phase
diagram changes the content of alloying elements, which are responsible
for tailoring microstructure evolution during and after solidification. For
simplicity, two sets of elements are defined: element class A and element
class B. Element class A consists more of primary phase stabilizers (in
this case, phase 1), whereas element class B includes targeted elements
for microsegreation to tailor solidification behavior, such as stabilizing
phase 2 to obtain dual-phase microstructure. Increasing the composition
towards element class B-rich side of the phase diagram enhances their
partitioning in the liquid until phase 2 becomes the primary phase to
solidify. The change in XN allows adjustable retention of element class B
in interdendritic regions after non-equilibrium solidification. Moreover,
during non-equilibrium solidification, the length scales of the dendrites
are mediated by the ΔT imposed by the thermal conditions during so-
lidification (Figs. 2, 3, 10, and 11). Thus, the XN enables modification of
the amount of B class elements within interdendritic regions, subse-
quently governing local composition and properties of the alloy,
whereas the length scales of local gradients are determined byΔT during
solidification. Consequently, this results in local property gradients,
such as chemical driving force for phase transformation, driven by the
variations in local composition within the dendritic structure of the
tailored alloy matrix, inherited from non-equilibrium solidification.

For instance, in current study, compound forming elements, such as
Al and Ni as B2-former, were incorporated into interdendritic regions of
the single-phase fcc matrix (Fig. 11a) to predetermine the microstruc-
tures prior to aging treatment, thereby, to locally control the precipi-
tation kinetics and phase-transformation pathways, as can be seen in
Fig. 13. Here, the incorporation of Al and Ni into the nanoscale inter-
dendritic regions after PBF-LB/M of Al10.5Co25Fe39.5Ni25 alloy amplified
the local driving force for B2-precipitation during aging treatments
(Fig. 13a), leading to the formation of the B2-phase (ordered bcc, B2(100)
superlattice reflection is visible) solely within the nanoscale interden-
dritic regions as evidenced morphologically and structurally in Fig. 13b
and c. Thus, the metal matrix formed by rapid solidification acted as a
template, where the B2-phase can be deliberately positioned into pre-
determined locations with higher chemical driving forces for phase
transformation. Hence, this approach can provide design and explora-
tion of composite-like microstructures through AM and post-AM heat-
treatments, where the morphology of the dendritic structures, thereby
the distribution of the secondary phases, can also be altered by AM-
processing parameters. Furthermore, by increasing the Al composition,
as in Al14.5Co25Fe35.5Ni25 alloy, interdendritic regions can be decorated
with secondary phases as showcased in multiphase-field simulations
(Fig. 3) and experiments (Figs. 10 and 11). In this case, the morphology
of the solidification structure effectively determined the size and dis-
tribution of the B2-phase, which was adjusted by the degree of under-
cooling during employed ingot casting and AM processes. Specifically,
the PBF-LB/M process rendered highest cooling rates and solidification
velocities, yielding a homogenous distribution of ultra-fine B2-NiAl
phase (thickness ~ 47 nm) across the fcc matrix. Hence, this approach is
projected to fine-tune the size and morphology of dual-phase micro-
structures through segregation-mediated phase nucleation and growth
during solidification. This capability can eliminate the need for post-
processing to control the size and distribution of the second phases in
the alloy matrix.

Fig. 9. Change in microstructural features with respect to fabrication process
and related thermal conditions. a) Al10.5Co25Fe39.5Ni25 alloy and b)
Al14.5Co25Fe35.5Ni25 alloy.
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In addition to the specific examples provided with the designed
AlxCo25Fe(50-x)Ni25 MPEA system, the presented approach holds promise
for wide variety of cases across different alloys, for instance, designing
microstructures with locally varying stacking fault energies (SFEs) [12].
By deliberately adjusting compositional fluctuations, such as Mn, Al and
C content, between dendrite cores and interdendritic regions through
thermal conditions and alloy composition, local gradients in SFEs and
austenite stability can be achieved [13]. These gradients significantly
influence local phase stabilities and the tendency to form martensite in
regions of low austenite stability. Such adjustments potentially enable
the modification of local deformation behavior, such as
transformation-induced plasticity (TRIP), twinning-induced plasticity
(TWIP), or dislocation slip, depending on the region within the micro-
structure, which can initiate their simultaneous or sequential activation,
whereas the size of these regions can be flexibly tuned by employed

thermal conditions during solidification. Moreover, the proposed
approach can be applied to design heterogeneous/heterostructured
materials with tunable mechanical properties by intentionally incorpo-
rating both soft and hard domains [59,60]. In such materials, the
deformation behavior can be adjusted through back-stress strengthening
and work hardening [59], which is significantly influenced by the size,
morphology, distribution, and volume fraction of constituent phases.
Such flexibility in design is exemplified by the Al14.5Co25Fe35.5Ni25
MPEA with soft fcc and hard B2-NiAl domains in this study, where the
size, distribution, and morphology of the hard B2-NiAl phase were
aligned with the solidification morphology of the solidification micro-
structure, while its volume fraction was controlled via the thermal
conditions. Finally, the economic importance of designing and devel-
oping materials capable of withstanding harsh environments for
extended service times is crucial, particularly concerning aspects like

Fig. 10. EDS elemental maps and line-scans performed on ingot cast and DED-LB/M states of Al10.5Co25Fe39.5Ni25 and Al14.5Co25Fe35.5Ni25 alloys. Dashed rectangles
and red lines in the SEM-BSE images show the regions selected for EDS maps and line-scans, respectively. a) Cast10.5 state, b) Cast14.5 state, c) DED10.5 state and d)
DED14.5 state.
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Fig. 11. EDS elemental maps and line-scans conducted on PBF-LB/M states of Al10.5Co25Fe39.5Ni25 and Al14.5Co25Fe35.5Ni25 alloys via SEM-EDS and STEM-EDS,
respectively. Red arrows in micrographs demonstrate EDS line-scans, while the interdendritic regions were indicated with light blue color. a) PBF10.5 and b)
PBF14.5 states.
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Fig. 12. Concept of segregation-guided alloy design by tailored solidification behavior. a) Thermodynamics guided nominal composition selection based on alloy
design criteria. b) Partitioning of targeted elements in liquid during non-equilibrium solidification. This step leads to local composition gradients after non-
equilibrium solidification, while their length scales were determined by ΔT during solidification. c) Tailored alloy matrix with local property gradients between
intra- and interdendritic regions adjusted via local composition gradients inherited from non-equilibrium solidification.
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corrosion and hydrogen embrittlement behavior. The size and properties
of the intra- and interdendritic regions can be engineered through
tailored solidification behavior, while structural gradients, such as the
fraction of LAGBS and dislocation densities amongst dendritic structures
[17,61–63] can be flexibly controlled using AM techniques. These
methods may further be utilized to achieve reduced damage, increased
corrosion and hydrogen embrittlement resistance [17], though further
investigations are required to explore these capabilities, especially in
context of AM materials [61,64].

Lastly, the scope of this study was focused on validating the in-
terdependencies between segregation behavior and the resulting
microstructure characteristics generated under different solidification
conditions, with the aim of fundamentally assessing the feasibility of the
proposed segregation-guided design concept. While it is acknowledged
that major microstructural changes were not demonstrated within the
same process -such as generating gradients in alloy chemistry or pro-
cessing conditions in situ across different sample heights- the potential
to modify microstructures across a broad range of conditions was

successfully presented. These possibilities can be further expanded by
AM techniques like high-speed directed energy deposition (HS-DED),
which can emulate a wide range of thermal conditions, e.g. covering
those of DED-LB/M and PBF-LB/M [65], and enable in situ modification
of chemical compositions and process conditions, allowing for versatile
control of dendritic microstructures.

6. Summary and conclusions

In this study, a perspective on segregation-guided alloy design via
tailored solidification was presented. Our approach focused on tailoring
the length scales of the dendritic microstructures and corresponding
site-specific, e.g., interdendritic, compositional and structural charac-
teristics of the alloy matrix formed as a product of solidification. This
was achieved by controlling the microsegregation behavior through
nominal alloy composition and thermal conditions of the solidification
processes, e.g., with modified cooling rates ranging over six orders of
magnitude. To this end, two model alloys, namely AlxCo25Fe(50-x)Ni25

Fig. 13. a) Normalized driving force for B2-NiAl formation for PBF10.5 state as a function of temperature. Calculations were performed using the software Thermo-
Calc® upon implementing the intra- and interdendritic fcc compositions of PBF10.5 state acquired from multiphase-field simulations. b) The microstructure evo-
lution after aging at 700 ◦C for 30 min revealed the initiation of nanoscale B2-precipitates at interdendritic regions, where Ni and Al enrichment provided a high
chemical driving force for B2-formation. c) SYXRD measurements of PBF10.5 in as-built and aged (700 ◦C-30 min) condition.
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multi-principal element alloys (MPEA) with x = 10.5 and 14.5 at. %,
yielding in single-phase and dual-phase microstructures were success-
fully designed from the Al-Co-Fe-Ni compositional space through
computational alloy selection by using CALPHAD and Scheil solidifica-
tion simulations. Multiphase-field simulations were utilized to elucidate
the combined influence of alloy composition and thermal conditions on
the microstructure evolution under a range of solidification conditions
corresponding to ingot casting, directed energy deposition (DED-LB/M)
additive manufacturing (AM), and laser powder bed fusion (PBF-LB/M)
AM. Lastly, the use of selective enrichment of desired elements in
interdendritic regions was experimentally displayed for PBF-LB/M
fabricated Al10.5Co25Fe39.5Ni25 alloy and its potential extension to
other applications was critically discussed. The following conclusions
can be drawn:

• The increase in nominal Al composition altered the microsegregation
behavior during solidification. In the Al10.5Co25Fe39.5Ni25 alloy,
regardless of processing technique, a single-phase fcc matrix was
observed with Al and Ni enrichment in the interdendritic regions,
providing a chemical imprint with varying local chemical driving
forces between intra- and interdendritic regions for B2-phase
nucleation and growth. Subsequent aging treatments initiated site-
specific phase transformation in ultra-fine interdendritic regions
after the PBF-LB/M process. Thus, the potential to predetermine
microstructures before post-processing, such as aging heat treat-
ments, to induce the formation of secondary phases in specific lo-
cations within as-solidified microstructures was demonstrated.

• In the Al14.5Co25Fe35.5Ni25 alloy, the enrichment of Al and Ni in the
liquid phase facilitated the stabilization of interdendritic B2-NiAl
through segregation-mediated phase nucleation and growth, result-
ing in a dual-phase fcc/B2-NiAl matrix after complete solidification.
Additionally, the thermal conditions during solidification effectively
controlled the size, morphology and distribution of the interdendritic
B2-NiAl phase.

• Multiphase-field simulations and experimental characterization
demonstrated the flexible control of dendritic spacings and B2-NiAl
-phase content through tuning the degree of undercooling driven
by the cooling rate (Ṫ) and solute trapping initiated by solidification
velocities (R). The findings revealed that utilizing the PBF-LB/M
process, e.g., increasing Ṫ, could reduce dendritic spacings to a
sub-micron scale, while almost two orders of magnitude larger
dendrite spacings were observed for the alloys processed by ingot
casting. Moreover, an increase in R and Ṫ also suppressed the area
fraction and Al concentration of interdendritic regions, resulting in
the lowest B2-NiAl-phase fraction for Al14.5Co25Fe35.5Ni25 alloy at
the end of solidification during the PBF-LB/M process.

• Additionally, thermal histories associated with AM resulted in more
pronounced structural heterogeneities. This modification was
particularly severe in the case of PBF10.5 and PBF14.5 states,
exhibiting the largest fraction of low-angle grain boundaries (LAGBs)
and more heterogeneous in-grain local misorientation distribution.
Consequently, refinement of primary dendrite arm spacings (PDAS)
and corresponding microsegregation patterns were accompanied by
an increase in structural heterogeneity of the microstructure, notably
evident in the PBF-LB/M processed states.

Our approach aims at offering a perspective on utilizing as-solidified
microstructures more effectively and can be achieved through the con-
trol of site-specific compositional and structural gradients via tailored
solidification. From our perspective, AM brings an unmatched oppor-
tunity, especially PBF-LB/M with its very high cooling rates, as it results
in fine microstructures and gives unique opportunities to locally modify
the microstructure evolution due to its fashion of layer-wise fabrication
and easily adaptable thermal conditions within confined melt-pools [5,
19]. However, coarser microstructures can also be designed depending
on requirements, for instance, via casting methods. While our findings

are applicable to alloys solidifying with one primary phase, we also
anticipate that they can be extended to more complex materials expe-
riencing solid-state phase transformations during solidification [5]. This
extension would also enable the tailoring of microstructural features and
the control of local phase transformations during or after solidification
processes.
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[65] K. Büßenschütt, P. Köhnen, F. Kies, S. Koß, J.H. Schleifenbaum, C. Haase, High-
speed direct energy deposition as a high-throughput design tool for laser-based
additive manufacturing, Additive Manufacturing Letters 8 (2024) 100188, https://
doi.org/10.1016/j.addlet.2023.100188.

A. Turnali et al.

https://doi.org/10.1103/PhysRevE.84.041143
https://doi.org/10.1103/PhysRevE.84.041143
https://doi.org/10.1088/1361-651x/aa7369
https://doi.org/10.1016/j.addma.2023.103845
https://doi.org/10.1080/21663831.2020.1751739
https://doi.org/10.1016/j.actamat.2020.09.015
https://doi.org/10.1016/j.actamat.2020.09.015
https://doi.org/10.1038/nmat5021
https://doi.org/10.1038/nmat5021
https://doi.org/10.1016/j.msea.2018.10.121
https://doi.org/10.1016/j.matdes.2021.110246
https://doi.org/10.1016/j.matdes.2021.110246
https://doi.org/10.1038/s41598-020-63281-4
https://doi.org/10.1038/s41598-020-63281-4
https://doi.org/10.1016/j.actamat.2016.02.014
https://doi.org/10.1016/j.actamat.2016.02.014
https://doi.org/10.1080/21663831.2017.1343208
https://doi.org/10.1016/j.pmatsci.2022.101019
https://doi.org/10.1038/s41529-024-00464-8
https://doi.org/10.1038/s41529-024-00464-8
https://doi.org/10.1016/j.corsci.2022.110659
https://doi.org/10.1016/j.corsci.2020.108914
https://doi.org/10.1016/j.cossms.2023.101106
https://doi.org/10.1016/j.cossms.2023.101106
https://doi.org/10.1016/j.addlet.2023.100188
https://doi.org/10.1016/j.addlet.2023.100188

	Segregation-guided alloy design via tailored solidification behavior
	1 Introduction
	2 Computational methods
	3 Experimental methods
	3.1 Materials and processing
	3.2 Microstructure characterization

	4 Results
	4.1 Phase-equilibria and solidification simulations
	4.2 Experimental characterization

	5 Discussion
	5.1 Simulation-based assessment and experimental validation of as-solidified microstructures and their evolution
	5.2 Segregation-guided alloy design approach using tailored solidification behavior

	6 Summary and conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


