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The columnar-to-equiaxed transition (CET) is critical for mitigating microstructural anisotropy and intergranular
cracking associated with columnar grains in laser-processed alloys. Here, a complete CET was achieved in an
AlCoCrFeNi high-entropy alloy using mechanically mixed powders, resulting in more than an order-of-magnitude
grain refinement compared with that prepared from pre-alloyed powder. The CET is attributed to liquid-phase
undercooling induced by constitutional fluctuations. In this framework, a local inversion of the chemical pro-
file (relative to the normal segregation pattern) ahead of the solid-liquid interface reduces the local liquidus
temperature, favoring nucleation over growth, even under the steep thermal gradients inherent to laser pro-
cessing. While direct observation of liquid compositional fluctuations is not feasible, the proposed mechanism
provides a physically consistent explanation for the experimental observations. These findings suggest a new
pathway for microstructural control in laser processing, where engineered compositional fluctuations may be
exploited to tailor grain structures in multicomponent alloys.

Laser processing of high-entropy alloys (HEAs) represents a promi-
nent research area owing to its potential to optimize microstructural
characteristics and enhance overall performance [1]. For example, Ren
et al. fabricated a nano-lamellar AlCoCrFeNi; ; HEA using laser additive
manufacturing (LAM), achieving a synergy of strength and ductility,
with a yield strength of 1.3 GPa and 14 % elongation [2]. Similarly,
Shittu et al. found that the tribo-corrosion rate of LAM-fabricated
CoCrFeMnNi in 3.5 wt. % NaCl was six times lower than that of the
same alloy prepared by arc melting [3]. However, columnar grains are
typically unavoidable in laser melt pools due to large temperature gra-
dients (G), leading to anisotropic properties and increased susceptibility
to intergranular cracking [4].

Therefore, many researchers have focused on achieving a complete
columnar-to-equiaxed transition (CET) by tailoring the solidification
rate (R) and G through laser parameters control, as well as by optimizing
alloy composition to enhance constitutional undercooling [5,6]. As early
as 40 years ago, Hunt developed the classical CET model, demonstrating
that constitutional undercooling ahead of the columnar front increases
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nucleation and promotes CET as the G/R ratio decreases with solidifi-
cation [7]. This theoretical framework provides a basis for under-
standing the transition observed in laser melt pools under specific
conditions, where columnar grains at the bottom evolve into equiaxed
grains toward the top [8].

Alloys with higher solute contents are generally more prone to
equiaxed solidification [9]. Recent studies suggest that interactions
among multiple solutes can produce synergistic effects on CET. To
describe microstructural formation and guide alloy design, empirical
and semi-empirical parameters are widely employed, particularly the
constitutional supercooling parameter (P = mCo(k — 1)/k) and the
growth restriction factor (Q = mCo(k — 1)), where m is the liquidus
slope, Cy the alloy composition, and k the partition coefficient [10-13].
Higher values of these parameters indicate a greater capacity for
constitutional undercooling. Chang et al. observed fully equiaxed grains
in a Ti-3Al-6Fe-6V-2Zr (wt. %) alloy, attributing this behavior to Fe
addition, which exhibits the highest Q value per unit mass among the
available p-eutectoid solutes [14]. Wang et al. utilized a combination of
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growth-restricting solutes (Ni and B) to refine prior-p grains in
as-printed Ti alloys, promoting an equiaxed o-Ti microstructure with
reduced mechanical anisotropy and good tensile properties [15].
Nonetheless, the extremely high G in laser melt pools (10°-107 K/m)
[16,17] remains a major obstacle to CET, making it even more difficult
to obtain fully equiaxed grains. This remains true even for alloys whose
compositions would otherwise favor CET based on their elevated Q
values, thus necessitating the use of inoculants for effective micro-
structural refinement [18,19].

This work demonstrates that laser-processed AlCoCrFeNi can exhibit
either columnar or fully equiaxed microstructures, depending on the
compositional uniformity of the starting powders. Liquid constitutional
fluctuation may serve as a critical factor triggering the CET mechanism,
providing a simple yet effective strategy for microstructural refinement.
Importantly, this approach can overcome the limitations imposed by the
elevated G inherent to laser processing, offering a promising route to
enhanced mechanical properties in HEAs.

The AlCoCrFeNi HEA was prepared using two powder types: a me-
chanically mixed elemental powder blend (in-situ alloying) and a gas-
atomized pre-alloyed powder. Powder details are provided in the Sup-
plementary Information. Both powders were laser cladded on low-
carbon Q235 steel using identical parameters: 2.4 kW laser power, 4
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mm spot size, and 8 mm/s scanning speed. Hereafter, the clad derived
from the pre-alloyed powder is referred to GP-HEA, and that from the
mechanically mixed powder as MP-HEA. Samples were characterized by
optical microscope (Zeiss Axio Vert.Al), X-ray diffractometer (XRD,
Bruker D8 Advance) with Cu-Ka radiation, and field-emission gun
scanning electron microscope (FEG-SEM, Quanta-450) equipped with
electron backscatter diffraction (EBSD) and energy dispersive spectros-
copy (EDS) detectors. Scheil curves were obtained using Thermo-Calc®
with the TCFE12 database.

Figures 1(a-b) compare the two powder types. The pre-alloyed
powder (Fig. 1a) displays high compositional uniformity, with spher-
ical particles of 50-110 pm. In contrast, the mechanically mixed powder
contains spherical and near-spherical particles of different elements
with notable size differences: larger particles are distinctly visible, while
smaller particles form a densely packed, interconnected structure in
which individual shapes are hardly discernible. The overall composi-
tions of the laser-processed HEAs are presented in Table 1. While the
clads exhibit similar compositions, the Fe content is higher than the
nominal value due to substrate dilution. The XRD patterns (Fig. 1c)
indicate identical phases in both conditions, consisting of a mixture of
BCC and ordered B2 structures. The (100) superlattice reflection con-
firms B2 ordering, consistent with reports that Al, Co, and Ni occupy
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Fig. 1. Morphology and compositional distribution of (a) gas-atomized and (b) mechanically mixed powders. (c) XRD patterns of AlCoCrFeNi HEAs after laser
cladding. Cross-sectional EBSD and SEM microstructures of the as-solidified (d, f, h) GP-HEA and (e, g, i) MP-HEA: (d-e) inverse pole figure maps; (f-g) grain
boundary maps (black and green lines indicate high- and low-angle boundaries, respectively); (h-i) secondary-electron SEM images.
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Table 1
Overall chemical compositions of the as-solidified GP-HEA and MP-HEA deter-
mined by SEM-EDS.

Sample Composition (at. %)

Al Co Cr Fe Ni
GP-HEA 16.21 16.45 16.60 34.59 16.15
MP-HEA 15.37 15.61 16.00 37.71 15.30
Nominal 20 20 20 20 20

specific lattice sites within the BCC lattice [20,21].

Figures 1(d-e) show cross-sectional EBSD microstructures of the as-
solidified samples. The GP-HEA predominantly exhibits coarse
columnar grains aligned with the heat dissipation direction, with an
average width of ~100 pm and length of ~500 pm. In contrast, the MP-
HEA consists entirely of refined equiaxed grains, with a characteristic
grain size roughly one-tenth that of the GP-HEA. As shown in Fig. 1f,
numerous low-angle boundaries (misorientation <15°, green) are
distributed within the columnar grains of the GP-HEA, while Fig. 1g
reveals that equiaxed grains in the MP-HEA are primarily bounded by
high-angle boundaries (>15°, black), confirming independent nucle-
ation. A slight grain-size reduction is observed in the MP-HEA from top
to bottom (Fig. 1e), with the average equivalent diameter decreasing
from ~22 pm to ~18 pm (Fig. S2 in the Supplementary Information).
SEM images (Figs. 1(h-i)) further confirm a grain refinement in the MP-
HEA exceeding one order of magnitude when benchmarked with the GP-
HEA.

The observed microstructure challenges the conventional under-
standing that CET is primarily governed by bulk composition or laser
parameters. It could be argued that oxide particles acted as heteroge-
neous nucleation sites. However, both powders exhibited similar initial
oxygen contents (see Supplementary Information). Although oxide for-
mation has been reported in AlICoCrFeNi-based HEAs, such oxides were
not found to induce grain refinement during in-situ solidification ex-
periments [22]. Moreover, if oxides played a dominant role in nucle-
ation, some grain refinement would also be expected in the GP-HEA,
which was not observed.

In this study, liquid constitutional fluctuations caused by incomplete
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powder mixing within the transient laser melt pool are inferred to
trigger a full CET. Spatial variations in liquid composition (Cr) shift the
local liquidus temperature (Tp), generating irregular constitutional
undercooling. Consequently, the advancing S/L interface may encounter
locally undercooled regions that favor solid growth, or locally over-
heated regions due to solute profile inversions that momentarily impede
its advancement.

For simplicity, consider a liquid with compositional fluctuations
schematically shown in Fig. 2a, where two regions with different so-
lidification temperatures are uniformly distributed. These regions,
termed higher-temperature liquid (Cyr.1) and lower-temperature liquid
(Crr.1), coexist prior to solidification. Solidification initiates within Cyr
1, with grains growing parallel and opposite to the heat flow direction.
As the S/L interface advances, it eventually encounters Cpr regions
with lower solidification temperatures, reducing the growth rate, which
is proportional to local undercooling [23], and potentially arresting
growth if the local T drops below the actual temperature (TacuqD)-
Fig. 2a also depicts this behavior, showing compositional variations and
corresponding T; along line a-a’, together with the steep thermal
gradient inherent to laser processing [18].

Although the S/L interface is slowed or temporarily suppressed, heat
extraction continues, creating a lag between the actual interface position
and that predicted by the laser scanning speed, analogous to the
discrepancy between growth and pull rates in directional solidification
(Bridgman) experiments [19,24]. This lag induces substantial thermal
undercooling (ATy in a Cyr.;, region located beyond the Cy1. zone ahead
of the interface. Such undercooling promotes nucleation when the local
undercooling (AT) exceeds the critical nucleation undercooling (ATp), as
illustrated in Fig. 2b In other words, nucleation is facilitated by a local
inversion of the chemical profile. Normally, T increases with distance
from the interface; however, compositional inhomogeneities can locally
disturb this behavior, causing T; to decrease ahead of the interface
before increasing again farther into the liquid. This inversion favors the
nucleation of new grains over growth of the existing solid, suppressing
existing grains and enabling a fully equiaxed microstructure. In fact,
columnar grains are completely absent at the bottom of the clad
(Fig. 1g), where G is highest.

The proposed mechanism strongly depends on the solidification
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Fig. 2. Schematic illustration of the mechanism leading to complete CET in the MP-HEA: (a) spatial compositional fluctuations with higher-temperature (Cyr.1) and
lower-temperature (Cyr.1) liquid regions, resulting in variations in the local liquidus temperature (T;); (b) enhanced thermal undercooling ahead of the S/L interface
caused by interface lag due to solute profile inversion, promoting nucleation in Cpr.;, regions.
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temperature difference between the Cyry and Cpr regions (Fig. 3a).
This difference (AT.), arising from compositional variations, can be
expressed as AT, = my(Crr—1 — Cur-1), where m, denotes the apparent
liquidus slope, reflecting the non-equilibrium conditions. Consequently,
the mechanism is highly sensitive to the magnitude of m,. In the
AlCoCrFeNi system, Al significantly influences m, due to its low melting
point, strongly negative enthalpies of mixing with transition metals
[25], and low partition coefficient [26]. Higher Al content also increases
local compositional differences, as melt mixing and homogenization
become more difficult. Fig. 3b presents interfacial microstructures of
CoCrFeNi, Aly 3CoCrFeNi, and Aly;CoCrFeNi fabricated from mechani-
cally mixed powders under identical laser conditions. While CoCrFeNi
and Aly3CoCrFeNi still exhibit columnar grains, only a few fine
columnar grains appear near the substrate in Al 7CoCrFeNi, confirming
that Al increases AT, via enhanced m, and local compositional varia-
tions, enabling full CET in the AlCoCrFeNi MP-HEA.

Microstructural features within the melt pool are strongly affected by
the combined effects of G and R, which vary throughout the melt pool
due to different solidification conditions. As well established [27],
higher cooling rates (i.e., higher GR) produce finer dendritic structures
and smaller grains because the liquid undergoes greater AT, dominated
by AT:. This enhanced undercooling promotes nucleation while limiting
grain coarsening. Near the substrate interface (bottom of the clad),
intensified cooling increases nucleation, refining grains in this region of
the MP-HEA. Accordingly, the size of the equiaxed grains grows with
distance from the interface. Another contributing factor may be the
varying extent of constitutional fluctuations. The upper melt pool, first
to melt and last to solidify (except for the very top layer), experiences
higher heat input and temperatures. Longer exposure to elevated
liquid-state temperatures favors greater chemical homogenization,
reducing AT, and combined with a lower AT; from slower cooling, re-
sults in slightly coarser grains.

In the GP-HEA, on the other hand, with a homogeneous liquid

(a) CurL
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composition, solidification is primarily determined by G and R. CET can
thus be characterized by a critical G/R ratio, below which equiaxed
grains are favored [17]. In this case, columnar grains dominate near the
bottom of the clad, where G/R is high, while toward the top, decreasing
G/R expands the constitutionally undercooled zone and triggers nucle-
ation, transitioning from columnar to equiaxed morphology (Fig. 3c).

According to the Interdependence Theory [28], alloys with high Q
values can rapidly develop substantial constitutional undercooling,
activating many nucleant particles and thereby refining the grain
structure [19,28]. For multicomponent alloys, Q = (0ATcs/df;) Javy
where AT¢s = T, — Tacua @and f; is the solid fraction [29]. Scheil solid-
ification curves for AlICoCrFe,Ni and CoCrFe;,Ni, calculated using com-
positions adjusted to the measured values (Table 1), are presented in
Fig. 4a. As shown, Al addition significantly broadens the solidification
range. From these curves and the equation above, the resulting Q values
are ~101 °C for AlICoCrFe,Ni and ~3 °C for CoCrFesNi (Fig. 4b). Despite
the high Q of AlCoCrFe,Ni, equiaxed grains form only after the G/R ratio
decreases in the GP-HEA. Moreover, these equiaxed grains are consid-
erably coarser than those in the MP-HEA, highlighting the crucial role of
constitutional fluctuations in enhancing AT and the nucleation rate
compared with classical segregation-induced undercooling.

Notably, the observed grain-refining effect is comparable to that
achieved with potent inoculants, suggesting that liquid constitutional
fluctuations may serve as an intrinsic, self-generated inoculation
mechanism. In conventional grain refinement, externally introduced
particles act as preferential nucleation sites by reducing the local energy
barrier (AT,). Here, local compositional inhomogeneities perform a
similar role by creating undercooled zones that serve as nucleation sites.
Thus, even without foreign particles, the system internally generates
conditions analogous to heterogeneous nucleation on inoculants, effec-
tively refining the grain structure.

Direct observation of liquid constitutional fluctuations is extremely
difficult, if not impractical. Nevertheless, indirect evidence is provided

~Al_CoCrFeNi

‘e

Al _CoCrFeNi

Co—(:rFi}Il— — — — — 47

Substrate

Fig. 3. Schematic and experimental evidence supporting the proposed CET mechanism in the MP-HEA: (a) difference in the liquidus temperature (AT,) caused by
liquid constitutional fluctuations; (b) optical images showing interfacial microstructures of laser-processed HEAs with varying Al content; (c) comparative repre-
sentation of the MP-HEA and GP-HEA solidification behaviors. The arrow direction indicates how G (or R) decreases (or increases) from the bottom to the top of the

clad, while the different colors in the melt pool correspond to distinct regions.
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Fig. 4. (a) Scheil solidification curves and (b) constitutional undercooling as a function of solid fraction, derived from Scheil calculations and used to determine the
growth restriction factor (Q) for the AlCoCrFe;Ni and CoCrFe,Ni HEAs (compositions adjusted to the measured values, as shown in Table 1).

by Fig. 5 and Table 2. The SEM image (Fig. 5a) and EDS maps (Fig. 5b)
show that grain boundaries in the MP-HEA are decorated with Cr-rich
precipitates. EDS point analyses at grain boundaries (region A) and
grain interior (region B) (Table 2) further confirm significant composi-
tional differences. In contrast, the GP-HEA exhibits markedly different
behavior (Fig. 5(c-d)), with limited solute partitioning during solidifi-
cation. Grain boundaries appear well defined due to metallographic
preparation, but no precipitates are observed at the analyzed scale, and
typical EDS point analyses (Table 2) corroborate the limited partitioning
between regions C and D. Although anomalous segregation behavior has
been previously reported in rapidly solidified alloys [30], both the MP-
and GP-HEA samples in this study were processed under comparable
solidification conditions. Under such circumstances, if the liquid in the
MP-HEA was compositionally homogeneous prior to solidification,
similar partitioning would be expected. While in-situ alloying may
slightly influence thermal parameters, this alone is unlikely to account
for the pronounced differences in solute partitioning. Furthermore, Fe
contents in regions A and B of the MP-HEA (Table 2) are much lower

Table 2
Typical chemical compositions of different regions (Figs. 5a and 5c) in the as-
solidified MP-HEA and GP-HEA determined by SEM-EDS.

Sample/Position Composition (at. %)
Al Co Cr Fe Ni
MP-HEA A 5.46 16.59 36.09 25.82 16.03
B 19.18 19.00 12.29 29.90 19.63
GP-HEA C 17.05 15.14 15.65 38.05 14.12
D 17.01 15.45 15.81 36.41 15.32

than the average Fe content measured over a larger area (Table 1),
which can only be rationalized by compositional heterogeneities in the
liquid. Together, these observations consistently indicate a lack of
chemical homogeneity in the liquid during solidification of the MP-HEA.

Based on the proposed mechanism, controlling liquid constitutional
fluctuations is essential for effective grain refinement without in-
oculants. The refined and nearly uniform microstructure in the MP-HEA

Fig. 5. Secondary-electron SEM images and EDS elemental maps of the as-solidified (a, b) MP-HEA and (c, d) GP-HEA.
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is believed to originate from fine and well-distributed compositional
variation fields (schematically shown in Fig. 2a). In this context, laser
parameters, as well as powder size, morphology, and distribution, are
expected to strongly influence the formation and evolution of these
fields. Conditions that promote highly homogeneous liquids within the
melt pool, such as very high energy densities, tend to suppress the
mechanism. Conversely, excessively heterogeneous liquids produced
under low energy conditions may generate coarse compositional gra-
dients that also prevent uniform refinement. This latter behavior is
commonly observed during in-situ alloying via LAM, where stratified
compositional patterns lead to non-uniform nucleation and complex
grain morphologies [31,32].

Powder feedstock variations have recently been explored as a means
of deliberately introducing heterogeneities to tailor microstructural
development in LAM [33,34]. For instance, Li et al [33] employed
mixtures of powders with different compositions to generate controlled
mesoscale chemical heterogeneities, promoting the formation of multi-
phase microstructures accompanied by pronounced variations in grain
size and morphology. In-situ alloying studies demonstrate that grain
morphology is highly sensitive to local chemical variations; however,
the resulting compositional heterogeneities reported to date are typi-
cally coarse, leading to irregular microstructures [32,35]. In the present
work, the results suggest that very fine and uniform grain structures can
also originate from chemical heterogeneities in the liquid, provided that
their magnitude and spatial distribution are favorable, as proposed here.
Therefore, achieving suitable compositional fluctuations appears to be
critical. These observations emphasize the need for systematic studies to
elucidate the influence of raw materials characteristics and processing
parameters on solidification and microstructural refinement.

In summary, this study reveals that a complete CET in laser-
processed AlCoCrFeNi is governed not solely by thermal parameters
and bulk composition but also by local chemical heterogeneities arising
from powder composition. The use of mechanically mixed elemental
powders may induce liquid constitutional fluctuations during solidifi-
cation, locally inverting the solute profile and depressing the effective
liquidus temperature ahead of the solid-liquid interface. This promotes
intense undercooling and nucleation of new grains, suppressing the
columnar front and producing a fully equiaxed microstructure. In
contrast, pre-alloyed powders lead to conventional columnar growth
dictated by the G/R ratio. Although direct observation of liquid-state
compositional fluctuations was not feasible, the proposed mechanism
consistently explains the experimental observations. These findings
suggest that liquid constitutional fluctuations can act as an intrinsic, self-
generated inoculation mechanism, enabling microstructural refinement
without external additives. This concept provides a new pathway to
tailor grain structure in laser-processed HEAs and other compositionally
complex alloys, expanding the fundamental understanding of solidifi-
cation under non-equilibrium conditions.
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