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Abstract

We investigate the impact of cooling rate on a CoCrCuFeNi ¢ high-entropy alloy with a predicted metastable miscibility gap.
Rapid solidification via drop-tube processing simulates a containerless, low-gravity solidification environment. Droplets were
produced with diameters ranging from 850+ um to 38 um, with calculated liquid phase cooling rates of between 600 and
60,000 K s~!. Contrary to studies on similar alloys with a reported metastable miscibility gap and similar investigations on
binary alloys known to undergo metastable liquid phase separation, almost no core—shell microstructures were observed in
the droplets, likely due to a heavily unbalanced volume fraction ratio between the two phases formed from the parent liquid.
Instead, drop-tube processing yielded myriad structures, the occurrences of which vary heavily with cooling rate. At cooling
rates of 600 K s, a solid-state decomposition reaction begins to become noticeable, populating dendrites with copper-rich
dispersions after solidification. The prevalence of these structures increases with increasing cooling rate, occurring in above
95% of droplets once cooling rate exceeds 20,000 K s™!. Occurrence rate of dispersions attributed to liquid phase separation
peaks at 8% of droplets at intermediate cooling rates between 5000 and 12,000 K s~!. Spontaneous grain refinement has a
maximum prevalence between 1000 and 5000 K s~'. This study begins to show how cooling rate and undercooling can be
used to tailor microstructures in HEAs and highlights drastic differences in obtainable microstructures compared to those

found in binary and ternary immiscible alloys.
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Introduction

Rapid solidification of crystalline materials is generally
defined as the use of high cooling rate or deep undercooling
of a melt to increase the rate of crystallisation [1]. Such deep
undercooling can yield microstructures otherwise inacces-
sible by conventional near-equilibrium solidification. Mor-
phologically, increasing departure from equilibrium tends
to yield a continuous refinement of microstructural features
[2, 3]. However, above a specified undercooling, spontane-
ous grain refinement has also been observed, whereby grain
size decreases suddenly by up to an order of magnitude [4,
5]. In some cases, rapid cooling causes retention of phases
in their metastable state down to room temperature, or the
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formation of new phases not predicted by the equilibrium
phase diagram [6, 7]. Extended solid solubility can be
observed when solidifying far from equilibrium [8] and sol-
ute trapping can occur when the velocity of the solidification
front approaches the speed of diffusion of solute across the
solid-liquid interface [9]. Moreover, in some cases, full par-
titionless solidification can be achieved, where the solidified
structure has the same composition as the liquid from which
it grows [10, 11]. Often, a combination of these effects is
responsible for changes in mechanical properties brought
about by rapid solidification such as martensitic transfor-
mations in quenched steels and titanium alloys [12] or the
suppression of soft FCC phases in favour of harder BCC
phases [13]. In high-entropy alloys, Al,CoCrFeNi alloys
gain strength during rapid cooling due to microstructural
refinement and retainment of stronger BCC phases down
to room temperature [14, 15]. However, a similar effect
is not observed when refining lamellar spacing in eutec-
tic AlICoCrFeNi, ;, where retention of a softer FCC phase
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counteracts any strengthening structural refinement would
cause [16].

In alloys with a positive enthalpy of mixing and a mis-
cibility gap in the phase diagram, liquid phase separation
(LPS) can occur. On cooling, the parent liquid L separates
into two liquids with differing compositions, L; and L,, to
minimise free energy. Here, L, refers to the phase occupying
the minority volume fraction. In the case of binodal LPS,
the L, phase will initially nucleate in the form of minority
phase droplets (MPD) in the parent liquid, which can then
grow, move throughout the melt, and possibly coalesce into
various microstructures. The most useful LPS behaviour,
occurring in the metastable regime (where critical tem-
perature for LPS initiation falls below the liquidus), is still
sparsely treated [17, 18]. The first alloys shown to exhibit
this behaviour were Co—Cu and Cu-Fe, investigated by Nak-
agawa et al. [19]. Since then, immiscible alloys have been
studied based on their potential to form valuable composite
materials. The most sought after obtainable structures are
core—shell structures (where a core of one phase migrates
to the centre of the droplet under the action of Marangoni
convection to be surrounded by a shell of the other phase),
and finely dispersed structures [17]. Core—shell structures
have found potential application in electronic packaging,
where the core of a highly electrically conductive phase can
be surrounded by the shell of an easily melting solder. This
possibility has been explored in systems such as Al-Bi—-Sn
[20-22]. Fine dispersions, for example, of a soft phase in
a harder phase, yield a combination of properties useful in
machine bearings. The soft phase allows debris to embed
and reduce damage to other components while the hard
phase maintains structural integrity under load [23].

Jegede et al. [24] investigated the impact of rapid solidi-
fication in a drop-tube on metastable Co—Cu binary alloys.
They found that dendritic structures prevailed at lower cool-
ing rates (larger droplets), where critical undercooling is less
likely to be achieved. Incidence of core—shell structures
peaked at intermediate cooling rates. At the highest cool-
ing rates, finely dispersed structures became more prevalent.
Intermediate cooling rates are thought to provide the perfect
conditions for core—shell formation, where cooling rate is
sufficiently rapid to provide the undercooling required for
nucleation of the L, phase, but the time between nuclea-
tion and solidification remains sufficient to allow significant
Ostwald ripening and coalescence through movement of the
L, phase MPDs via Marangoni convection. This sequence
of transformations was echoed in a study of drop-tube-pro-
cessed ternary Al-Sn—Cu alloys by Yan et al. [25].

Among HEAs exhibiting exclusively solid solution phases
upon solidification, the CoCrCuFeNi compositional family
of alloys is the only extensively studied alloy group known
to undergo LPS in the metastable regime [18]. At near-
equilibrium conditions, equiatomic CoCrCuFeNi solidifies

dendritically to a copper-rich and copper-lean phase [26].
However, it has been shown that the alloy exhibits behav-
iour associated with metastable LPS upon undercooling in a
similar fashion to binary alloys. High undercooling experi-
ments on CoCrCu,Fe Ni, alloys also suggest that composi-
tion affects the critical undercooling required to initiate LPS.
Liu et al. [27] studied CoCrCuFe,Ni alloys, where x=1,
1.5 and 2 via flux undercooling. Metastable LPS occurred
in all alloys studied, with critical undercooling increasing
with increasing iron content. The authors observe copper-
rich spheres embedded in a copper-lean matrix, with an
“egg-type” microstructure forming at higher undercoolings,
this presumably constitutes a core—shell structure, where a
denser core has migrated to the bottom of the sample under
the effect of gravity. Conversely, Wu et al. [28] found that
CoCrCuFe sNi and CoCrCuFeNi, 5 undergo stable LPS.
Wang et al. [29] glass fluxed the equiatomic alloy and
achieved LPS at 223 K. The single-phase liquid separated
into an FCC high-entropy phase and a copper-rich phase,
which occupied a minor but increasing volume fraction of
the final microstructure as undercooling was increased. Guo
et al. [30], after glass fluxing the equiatomic alloy, deter-
mined a much lower critical undercooling of 100 K. Like
Liu et al. initial LPS of the minor phase on a small scale
gives way to noticeable “egg-type” microstructures at higher
undercoolings. CoCrCu, FeNi alloys were glass fluxed by
Wang and Kong [31], with metastable LPS initiated at a crit-
ical undercooling of 180 K. LPS in the interdendritic regions
of the alloy at lower undercoolings gives way to copper-rich
globules present at the bottom of the sample with increasing
undercooling. A full layer of copper-rich phase forms at the
bottom of the sample at the highest undercoolings, which
is attributed to Stokes motion. The lowest undercooling
required for LPS in these alloys was achieved by Lin et al.
[32] who observed a core—shell structure after undercooling
CoCrCuFe, sNi 5 alloy by 43 K through glass fluxing. A
summary of studies involving critical undercooling required
for LPS in variations of CoCrCu,Fe Ni, is shown in Table 1.

Given the useful structures achievable when initiating
LPS in binary and ternary alloys, as well as the notable mate-
rials properties potentially obtainable through exploration of
HEAs, we believe it is promising to study the response of
immiscible HEAs to a rapid solidification environment. It
is also important to compare this behaviour to established
research on more compositionally simple immiscible alloys.
To study LPS, we use drop-tube processing to subject alloys
to rapid solidification, achieve high undercooling and simu-
late a low-gravity environment [17].

The aims of this study are as follows:

1. Catalogue and investigate the microstructures achievable

during rapid solidification of a high-entropy alloy with
a metastable miscibility gap
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Table 1 Liquid phase separation behaviour of CoCrCu,Fe Ni, alloys

Alloy Critical Cooling method Study
undercooling/K
CoCrCuFeNi 100 Glass fluxing [30]
160 Glass fluxing [27]
223 Glass fluxing [29]
180 Glass fluxing [31]
No LPS Crucible casting [33]
CoCrCuFeNij 5 Stable LPS Crucible casting [33]
CoCrCuFe, sNi Stable LPS Crucible casting [33]
CoCrCuFe, sNi 190 Glass fluxing [27]
CoCrCuFe,Ni 293 Glass fluxing [27]
CoCrCu,FeNi 217 Glass fluxing [31]
1

CoCrCuFe, 5Nij 5 43 Glass fluxing [32

2. Compare the phase formation behaviour in drop-tube-
processed HEAs to similar binary alloys with a metasta-
ble miscibility gap in their phase diagrams

To our knowledge, no previous studies of the CoCr-
CuFeNi system have been conducted where the alloy has
been solidified via drop-tube processing. Within the CoCr-
CuFeNi composition space, we select an alloy for study
with the goal of increasing the likelihood of LPS. From the
equiatomic alloy, CoCrCuFeNi, we have lowered nickel con-
tent to form CoCrCuFeNi 4. Data from Table 1 show that
CoCrCuFeNij, 5 liquid phase separates in the stable regime,
without need for undercooling. Conversely, the equiatomic
alloy exhibits LPS in the metastable regime with an aver-
age required undercooling of 165 K. Nickel addition has
also been shown to raise critical undercooling in other high-
entropy alloys [18, 34]. Therefore, it is hypothesised that, at
a composition of CoCrCuFeNi, where 0.5 <z <1, critical
undercooling will be lower than the equiatomic alloy, but
not so low as to induce stable LPS.

Experimental Method

Pure cobalt, chromium, copper, iron and nickel, of
purity > 99%, were arc melted together in the correct ratio
to form a master alloy of CoCrCuFeNi,, ¢. Each alloy formed
as part of this process (CoFe, CuNi,4, CoCuFeNi, 4 and
CoCrCuFeNi, ) was remelted at least three times to ensure
full mixing. An 8.1 g sample of the alloy was drop-tube
processed. Drop-tube processing entails pressurised ejec-
tion of liquid alloy through small orifices to form a large
number of droplets of varying sizes. These droplets solidify
in freefall through a tube containing a low-pressure inert gas
atmosphere. Specific experimental details regarding use of
the drop-tube apparatus at the University of Leeds can be
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found in [13]. The resultant solidified droplets were col-
lected and sieved into nine size fractions: 850+, 850-500,
500-300, 300-212, 212-150, 150-106, 10675, 75-53 and
53-38 um. The CoCrCuFeNij, ¢ ingot and powders from
each size fraction were cold-mounted separately in resin.
The samples were ground with P400 and P1200 SiC paper
and subsequently with 3 pm and 1 pm diamond paste polish.
0.05 um colloidal silica was used as the final polishing step.

A Carl Zeiss LSM800 Mat CLSM confocal microscope
with automatic montage facility was used to collect qualita-
tive structural data on samples. A laser acts as the micro-
scope light source allowing greater resolution than a con-
ventional optical microscope of similar aperture, thereby
allowing sufficient delineation between structures for clas-
sification. Multiple photographs, each consisting of four
stitched tiles, were taken at varying locations across the
sample, with no overlap allowed between photographs to
avoid counting the same droplet(s) twice. Photographs were
taken in this manner until a sufficient number was available
from which to view, analyse and classify at least 250 drop-
lets. Over 500 droplets were counted for the 75-53 um size
fraction to conduct a deeper statistical analysis, which is
detailed in Appendix 1. We demonstrate that a sample size
of n>250 is sufficient to ensure the sample is descriptive of
the whole droplet population within a given sieve fraction.
We also discuss an approach to uncertainty quantification
for the occurrence of each treated structure to determine the
statistical significance of observed trends.

Detailed analysis of microstructures was undertaken
using a Hitachi SU8230 SEM. Composition data were
obtained using the attached EDX apparatus on the SEM. The
melting point of the ingot sample was determined through
DSC analysis.

A fully experimental measurement of cooling rate dur-
ing drop-tube processing is not possible for small droplets
in flight. Instead, we utilise a theoretical model of heat flux
over spherical droplets of different sizes when in free fall
through an atmosphere. The heat balance is treated in [13,
24, 35] and, for the sake of brevity, is not repeated here.

Analysis of relative volume fraction of phases was under-
taken using binarisation of relevant SEM micrographs with
Image]® software.

Results
Composition in the Ingot and Droplets

Atomic percentages of each constituent element in the arc-
melted ingot sample and the drop-tube-processed 75-53 um
droplets are shown in Table 2 based on EDX analysis.
Composition values alter the element ratios slightly
but are largely in the required range for use in this study.
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Table 2 _Atomic p ercent.age Co/at.% Cr/at.% Cu/at.% Fe/at.% Ni/at.%

of constituent elements in arc-

melted and drop-tube-processed  [pgot 20.72+0.08 22.12+0.03 20.70+£0.18 20.43 +£0.06 16.03+0.06

(7553 pm) CoCrCuFeNiyg 75-53um  20.56+0.02 21.74+0.07 20.55+0.04 20874006  16.29+0.03
droplets

Fig.1 SEM micrograph of CoCrCuFeNi,q regular dendrites near
dome top. The darker phase is CoCrFeNi-rich while the lighter
minority phase is Cu-rich

Therefore, from this point forward, we use CoCrCuFeNij 4
to nominally describe the composition of the alloy on which
this work is based.

Arc-Melted CoCrCuFeNi, ¢

The sectioned arc-melted ingot is largely composed of a
CoCrFeNi-rich high-entropy (HEA) phase and a copper-rich
phase that occupies a much lower volume fraction. The two-
phase morphology in the bulk of the ingot microstructure
is consistent with past work on the equiatomic alloy and
other compositional variants, wherein both phases have been
confirmed to have a FCC structure. Morphology changes
from purely dendritic at the top of the ingot (furthest from
the copper hearth and encountering the lowest cooling rate)
to a dispersion of the copper-rich phase in the high-entropy
phase closer to the hearth (Figs. 1 and 2, respectively).
Finally, a large deposit of copper-rich phase is observed in
the ingot closest to the hearth (the area with the highest cool-
ing rate). We assume this consolidation of copper-rich phase
near the hearth is due to gravity-aided macrosegregation,
where the denser copper-rich liquid migrates to the bottom
of the sample after separation. The composition of the den-
dritic (D) and interdendritic (IDP) phases does not change
extensively across the sample. This is shown in Table 3.
The copper-rich interdendritic phase contains between
81 and 84 at.% copper, with the remaining four elements

Fig.2 SEM micrograph of CoCrCuFeNijs dispersions and mac-
rosegregation near copper hearth. The darker phase is CoCrFeNi-rich
while the lighter minority phase is Cu-rich

making up the difference. Of the minority elements, chro-
mium is present in the lowest quantity (between 2 and 4
at.%), while nickel is the most prevalent (at around 6-7
at.%). In the dendritic HEA phase, the copper that has not
partitioned to the interdendritic phase makes up about 10
at%. The percentage of nickel at between 16 and 17 at%
reflects the reduction in nickel content compared to the equi-
atomic. Iron, chromium and cobalt are present in quantities
exceeding 20 at.%.

Drop-Tube-Processed CoCrCuFeNi, ¢

Drop-tube processing yielded powders from all size frac-
tions apart from the < 38 um size fraction, where not enough
powder was gathered for analysis.

Cooling Rate Determination

Figure 3 shows that droplet liquid phase cooling rate d7, /d¢
varies with droplet size d following a power-law relation-
ship dT,/dt = 1.3 % 107d"*, Average cooling rates vary
between 600 K s! for the largest droplets and 60,000 K s
for the smallest with even higher maximum cooling rates
possible with the smallest droplets in the 53—-38 um size
fraction. Thermophysical properties for CoCrCuFeNi, ¢
were either estimated based on the mixture rule or gathered
experimentally using DSC analysis in the case of the alloy
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Table 3 Normalised EDX-

. i Location (phase) Co/at.% Cr/at.% Cu/at.% Fe/at.% Ni/at.%
derived compositions for
dendritic and interdendritic Hearth (D) 24194032 25.05+0.17 9.97+025 23934021  16.85+0.38
phases in varying parts of the Hearth (IDP) 411£097 4314166 81294492  417+131 6124132
arc-melted CoCrCuFeNi, g ingot
Centre (D) 25.54+0.21 25.40+0.16 9.79+0.22 23.95+0.30 16.32+£0.35
Centre (IDP) 3.26+0.12 2.71+£0.17 83.83+0.73 3.27+0.20 6.93+0.35
Top (D) 24.40+0.64 25.15+0.19 9.79+0.11 24.06+0.23 16.61£0.94
Top (IDP) 3.30+0.34 2.92+0.49 83.20+£2.25 3.39+0.52 7.19+1.36

Liquid Phase Cooling Rate

(dT/dt),, = 1.30*107g""44

R? =0.996 4

—

(=]
S
T

o,

-

o
w
T

Cooling Rate /Ks™

102 : :
102 10°
Droplet size /um

Fig.3 Theoretical cooling rate variation with droplet diameter in
drop-tube-processed CoCrCuFeNj ¢ alloy

melting point. The thermophysical properties of each con-
stituent element were determined using data from [36-38].
The output of the DSC analysis (Online Resource 1) and a
summary of data used to determine cooling rate from droplet
size (Online Resource 2) are both available in the supple-
mentary information.

Structural Classification and Analysis

In similar studies involving rapid solidification-induced
LPS in binary alloys, the categorisation is not binary, even
when searching for the presence of a single structure such as
core—shell. Rather, authors often note a wide range of struc-
tures including evolving core—shell structures and multi-
layer core—shell structures. This is not to mention dendritic
structures and fine dispersions, which also occur in various
configurations [24]. A wide range of structural occurrence
is what we also, predictably, find in this work. Findings in
this experiment include single- and multi-crystalline den-
dritic droplets, droplets in various stages of grain refinement
and dispersions occurring in large scales within droplets
or localised within dendrite arms. A classification system
was developed to better differentiate repeatedly occurring
structures and their relative frequency of occurrence in each
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size fraction. During tallying, a total of 18 categories was
used, but for simplicity, these are then amalgamated into five
broad categories as follows:

1. Regular dendritic—including single-crystal (SC) and
multi-crystal (MC) structures.

2. Dendrite dispersions—dendritic structures featuring dis-
persions within dendrite arms or within refined grains.
This includes single-crystal (SCDD) multi-crystal
(MCDD) dendritic structures, partially (PGRDD and
PGRDD + Cell) and fully (FGRDD and FGRDD + Cell)
grain-refined structures and also includes rarer structures
such as extra fine (ExFDD) and highly globular (HGDD)
dendrites with dispersions present.

3. Large dispersions—including large dispersions not
attributed to dendrite arms or the centres of refined
grains. This includes large dispersions present at the
droplet periphery which are either cellular (CDOP) or
continuous (LDOP).

4. Grain-refined structures—including partially (PGR)
or fully (FGR) grain-refined structures without dis-
persions, including those with cell-like structures
(FGR + Cell and PGR + Cell, respectively) as well as
partially (PGRDD and PGRDD + Cell) or fully (FGRDD
and FGRDD + Cell) grain-refined structures (with and
without a cellular structure) featuring dispersions in the
refined grains.

5. Rare structures—including any structures not covered
by the previous categories, including conventional liquid
phase separation structures such as core—shell (CS) and
evolving core—shell (ECS) structures.

Given that there are many instances of droplets featuring
a microstructure including more than one of these categories
(a droplet may be partially grain refined, for example, and
still feature dispersions in the fragmented dendrites), these
categories feature a substantial amount of overlap. However,
accounting for this overlap allows the true extent of occur-
rence of a certain structure to be better catalogued as we
decrease droplet size. Examples of droplets displaying these
structures are shown in Fig. 4.

Figure 4a and b show examples of category 1 single- and
multi-crystal dendritic structures. Figures 4c and d show
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Fig.4 SEM backscattered
images showing examples of
categorised microstructures
discovered in drop-tube-pro-
cessed CoCrCuFeNi . In all
micrographs, the darker phase is
CoCrFeNi-rich while the lighter
minority phase is Cu-rich. a, b
Category 1—single and multi-
crystal dendritic structures with
no dendrite dispersions. ¢, d
Category 2—examples of dis-
persions that may be present in
dendritic, partially grain-refined
and fully grain-refined micro-
structures. e, f Category 3—
large continuous and cellular
dispersions of the copper-rich
phase in the copper-lean phase.
g, h Category 4—examples of
partially and fully grain-refined
structures with or without
dispersions in the refined grains.
i, j Category 5—rare conven-
tional liquid phase separation
structures including evolving
and fully formed core—shell
structures, respectively
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examples of category 2 dispersions within dendrite arms.
These can be present to a lesser (Fig. 4c) or greater (Fig. 4d)
extent throughout the droplet microstructure. Figures 4e and
f show examples of category 3 large continuous (LDOP)
and cellular (CDOP) dispersions. These are distinct from
category 2 dispersion-based structures as these large dis-
persions are not confined to dendrite arms. Figure 4g and
h show droplets in category 4 in different stages of grain
refinement (partial and full, respectively). As shown in
Fig. 4h, dispersions can also be present within the refined
grains. Figure 4i and j show some examples of unusual, rare
category 5 structures including partially and fully formed
core—shell structures. Further specific examples of category
2 structures with fine dispersoids present in dendrite trunks
are shown in Figs. 5, 6 and 7. Figure 5 displays the extent to
which dispersoids can be present within primary, secondary
and tertiary dendrite trunks. Figures 6 and 7 compare the
relative size of dendrite dispersoids across larger and smaller
droplet sizes, respectively.

In this study, we focus primarily on the prevalence of
categories 2, 3 and 4 that isdendritic dispersions, large dis-
persions and grain-refined structures, respectively. Droplets
including satellites (one droplet colliding with another) were
removed from the overall statistical analysis given that these
impacts do not represent the containerless solidification
being studied. Because a slightly different number of total
droplets were counted in each size fraction during the clas-
sification, we divide the number of each structure present
by the total droplets analysed in the relevant size fraction to
yield a percentage value for better comparison across size
fractions. The percentage occurrence of structures in catego-
ries 2, 3 and 4 across different droplet sizes and cooling rates
is shown in Figs. 8, 9 and 10, respectively.

Fig.5 Extent of copper-rich dendritic dispersions (category 2) pre-
sent in solidified CoCrCuFeNi, g droplets. The darker phase is CoCr-
FeNi-rich while the lighter minority phase is Cu-rich

@ Springer

Fig.6 Dendritic dispersions (category 2) in the 212-150 pm size
fraction of drop-tube-processed CoCrCuFeNi,q particles. Some of
the regions featuring dispersions in the dendrite arms are defined by
the yellow rectangles. The darker phase is CoCrFeNi-rich while the
lighter minority phase is Cu-rich

Structural Trend Analysis—Dispersions in Dendrite Arms

Figure 8 shows that at large droplet sizes, there are very
few droplets which display solid-state dispersions of the
copper-rich phase within the dendrite arms. Their preva-
lence increases as droplet size decreases (and cooling rate
increases) until the point where, in the smallest size frac-
tions, nearly all analysed droplets display dispersions in
the dendrite arms, provided there are dendrites present
in the microstructure, whether they have undergone grain
refinement or not. Uncertainty in the percentage occur-
rence of these dispersions is the low due to the ease of
identification of the presence or absence of these struc-
tures compared to large dispersions and grain refinement.

Fig. 7 Dendritic dispersions (category 2) in the 53-38 um size frac-
tion of drop-tube-processed CoCrCuFeNiyg; The darker phase is
CoCrFeNi-rich while the lighter minority phase is Cu-rich



High Entropy Alloys & Materials (2024) 2:258-276 265
Droplet cooling rate /K s™ Droplet cooling rate /K s™
L P L L
9,00,?,0@@00 (9005 ’LQQQ Y < % o&@Q@DQ %@Q w@“ \9@ o
100 F _ | - Total Grain Refined
R 80 O Fully Grain Refined
5 « 70} O Partially Grain Refined| |
= 80f - s
7 c 60} :
@ ©
g 60 - . (0 o0f
9 g 40 |
C 40 5 -
g = 30+
() [}
o ©20r
20 [ 7 Q
o 10+t
O 1 1 1 1 1 0
Q Q Q Q \) \)
P w & & & &

Droplet size /um

Fig.8 Percentage occurrence of solid-state dispersions (SSD) as
a function of droplet size and cooling rate in drop-tube-processed
CoCrCuFeNij g

Droplet cooling rate /K s

L
S & & s ol
15— T T T
X
~
o
]
(@]
210
[
—
©
—
5]
S
- 5 I 1
c
@
O
—
o
- ]
0 f f Py :
O O S O S S
® w & & & P

Droplet size /um

Fig.9 Percentage occurrence of large dispersion structures as a
function of droplet size and cooling rate in drop-tube-processed
CoCrCuFeNi, ¢

These dispersions are overwhelmingly located in primary
dendrite arms, but may occasionally be found in second-
ary and tertiary arms as well. For example, the presence of
solid-state dispersions in primary, secondary and tertiary
arms is easily recognisable in droplet in Fig. 5. However,
only the primary arms are populated in the droplets in
Figs. 6 and 7.

Droplet size /um

Fig. 10 Percentage occurrence of Grain Refinement (Grain Ref.) as
a function of droplet size and cooling rate in drop-tube-processed
CoCrCuFeNij g

Structural Trend Analysis—Large Dispersions

Figure 9 shows that large dispersion structures, where dis-
persions make up a large proportion of the droplet and are
not able to be linked to the arms of specific dendrites, only
ever make up a maximum of about 8% of droplets in any
given size fraction. Trends found in the percentage occur-
rence of these structures in the droplets are therefore more
uncertain, but still worth discussing. Large dispersions are
most common at intermediate droplet sizes of 300—150 um
and corresponding cooling rates of 5000-12,000 K s~!.
Given the high uncertainty in these results, we cannot rule
out that the decrease in occurrence in the 106—75 pm size
fraction is an artefact, and that a single maximum of occur-
rence rate of these dispersions exists at intermediate cooling
rates. Within all individual droplet size fractions, the major-
ity of these large dispersions are continuous (LDOP), with
cellular variants (CDOP) making up the remaining minority.
In addition, the prevalence of both types of large dispersions
appears to increase and decrease in a similar fashion as drop-
let size is decreased and cooling rate increased.

Given the large dispersions occur seemingly independ-
ent of solidifying dendrites (as opposed to the dispersoids
in the dendrite arms), they were likely formed before den-
drite formation, i.e. when the droplet was in the liquid state.
This, and the globular and/or spherical morphology of the
dispersoids, means we therefore attribute these large disper-
sion structures to liquid phase separation in the droplet. The
copper-rich phase is therefore the L, minority phase in the
scenario, with the CoCrFeNi-rich phase being the L; phase.
Any LPS which occurs seems to result in fine dispersions
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of copper-rich MPDs or globules in drop-tube solidified
CoCrCuFeNi .

Structural Trend Analysis—Spontaneous Grain Refinement

From Fig. 10, we see that incidence of grain refinement
(partial or full) peaks at about 50% in droplets with diam-
eters of between 600 and 800 pm and cooling rates of below
5000 K s~!. This value dips to a low of below 10% at the
second smallest size fraction of 75-53 pm before a small
but statistically significant rise in the smallest size fraction
of 53-38 um. This is a notable trend as two separate peaks
may indicate multiple mechanisms are responsible for grain
refinement in the droplets at different prevailing cooling
rates, which is consistent with some of the previous literature
[4]. Fully grain-refined structures, with a droplet cross sec-
tion being almost entirely made up of equiaxed grains small
compared to droplet diameter, are only observed to occur at
lower cooling rates, with their prevalence decreasing from
a maximum of nearly 20% at cooling rates of 1000 K s™! to
nearly 0% once cooling rates reach just above 10,000 K s™".
Incidence of partial grain refinement, highly prevalent at
lower cooling rates of 1000 K s™! also become less com-
mon as cooling rates rise above 1000 K s~! with a minimum
in smaller droplets subject to cooling rates of 10,000 K s
to 35,000 K s~!. The noticeable rise in occurrence of par-
tially grain-refined structures at high cooling rates of around
60,000 K s~! in the smallest size fraction is not observed to
occur in the incidence of fully grain-refined droplets.

Discussion

General Trends in Phase Composition
and Morphology

Possible reasons for the trends in the element partition-
ing across the phases are well discussed in the previous
literature. Derimow and Abbaschian [18] analysed the as-
cast microstructures of an extensive array of multiprinci-
ple element alloys based on the additions to the CoCrCu
base group. Their results show that on solidification, alloys
containing copper usually separate into a copper-rich and
copper-lean phase. A copper-rich liquid forms in the event
of LPS, while if dendritic solidification occurs, the relatively
copper-lean dendrites will typically grow into a copper-rich
interdendritic phase. From there, the preferential segrega-
tion of elements into the copper-rich or copper-lean phases
during solidification seems to depend on the enthalpy of
mixing between the introduced species and the other ele-
ments already present in the alloy [26, 28, 30-34, 39-44]. Of
the alloying elements, nickel possesses the lowest positive
enthalpy of mixing with copper [45]. It is understandable,
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therefore, that nickel forms the largest minority element in
the copper-rich interdendritic phase in the arc-melted and
drop-tube-processed alloy. However, while nickel mixes well
(or rather, the least badly) with copper, it still has a negative
enthalpy of mixing with chromium, cobalt and iron, which
explains why the bulk of the nickel still occupies the cop-
per-lean dendrites. As another example, chromium, with the
most positive enthalpy of mixing with copper of the other
four elements, is predictably present in the lowest quantities
in the copper-rich phase.

Arc-Melted CoCrCuFeNi, ¢

Analysis of the alloy ingot sample indicates potential for
this alloy to undergo LPS in the metastable regime given
the drastic change in structure with increasing cooling rate.
The dendritic, two-phase structure present in the regions of
the arc-melted button further from the water-cooled copper
hearth (Fig. 1) resembles those found in separate studies
where equiatomic CoCrCuFeNi was solidified via near-equi-
librium solidification methods [26, 46, 47]. This dendritic
structure does not, however, occupy the full cross section of
the sample. Instead, the fine copper-rich dispersions appar-
ent in the narrow region nearest to the hearth, as well thin
layers of fully separated copper-rich phase in this area, sug-
gest that LPS is occurring near the hearth where cooling rate
is highest. After LPS, Stokes sedimentation due to gravity
would likely cause the denser copper-rich phase to settle at
the bottom of the sample and cause the stratification shown
in Fig. 2. The composition of the dendritic and interdendritic
phase in the arc-melted CoCrCuFeNj, ¢ is generally similar
to that found by Derimow et al. [47] for the equiatomic alloy
in terms of the ratio of elements in each of the phases.

Microstructures Formed in Drop-Tube-Processed
CoCrCuFeNij g

Dispersions in Dendrite Arms

Dispersions in dendrite arms first occur at least occasion-
ally in the largest 850+ um size fraction but are present in
above 80% of droplets once droplet diameter drops below
around 200 um. Given that primary dendrite arms are so
called because they form first during dendritic solidifica-
tion, we reassert that the dispersions described in “Structural
Trend Analysis—Dispersions in Dendrite Arms” section are
a separate phenomenon to the LPS discussed in “Structural
Trend Analysis—Large Dispersions” section. It is, to us,
impossible to explain how a morphology with such consist-
ent placement of dispersoids in the primary dendrite arms
could form without simultaneously accepting that disper-
sions form preferentially in these areas after the dendrites
themselves have formed. We therefore postulate that these
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dispersoids are likely the result of decomposition in the solid
state.

Thermodynamic instability in HEAs in the solid state is
not unheard of. The Cantor alloy, for example, becomes ther-
modynamically unstable at low-to-intermediate temperatures
where prolonged annealing was seen to cause the formation
of L1,, B2 and BCC phases at the grain boundaries [48,
49]. However, we believe it quite unusual for micro-scale
dendritic dispersions to be formed in primary dendrite arms
directly after the initial solidification reaction and which
cannot be suppressed by cooling rates up to 60,000 K s~!.

The relatively consistent increase shown in Fig. 8 indi-
cates a strong positive correlation between cooling rate and
incidence rate of solid-state dispersions. Because very few
droplets with dispersions are found in larger size fractions,
we reason that a minimum undercooling is required to cause
the HEA solid solution to become sufficiently supersaturated
with copper. The supersaturated solid solution then decom-
poses into copper-rich dispersoids in a copper-lean phase.
What causes the supersaturation?

The solidifying dendrites are formed compositionally of
the CoCrFeNi-rich (HEA) phase, which has a higher melting
point than the copper-rich interdendritic phase, meaning the
dendrites nucleate, likely heterogeneously and grow within a
copper-rich melt. As the dendrites of the HEA phase grow,
they reject solute (in this case, mostly copper) into the
remaining liquid, enriching it with copper. Increased pre-
vailing cooling rates will also generally increase the under-
cooling of the droplet. This will, in turn, increase dendrite
growth velocity. In line with the model of solute trapping
proposed by Aziz [50], the increase in growth velocity can
enhance solute trapping and resultant supersaturation of the
growing solid phase. At a critical undercooling, the dendrite
growth velocity of the nucleated HEA solid in the liquid will
become larger than the speed at which copper solute atoms
rejected by the HEA phase can diffuse into the remaining
liquid [50], resulting in supersaturation of the HEA phase
with copper. Indeed, the presence of copper-rich dispersions
within the dendrites seems to confirm that the dendrites were
previously supersaturated with copper before such a trans-
formation occurred. We therefore propose that the composi-
tional and thermal gradients present provide adequate driv-
ing force for either nucleation of a solid copper-rich phase
within the solid HEA dendrites or the crossing of a spinode
causing spinodal decomposition in selected areas within
the dendrite cores. A diffusion-controlled transformation
would then slow and cease once the temperature dropped
too low to continue providing the energy needed to facili-
tate long range substitutional diffusion of copper through
the lattice. In the case of spinodal decomposition, coarsen-
ing of the dispersoids would also be rendered impossible as
temperature decreases. The solid-state dispersions in this
alloy, qualitatively, appear to become finer and decrease in

size at a similar rate to the dendrites in which they nucleate
and thus, the droplets in which they are found. This is likely
due to the decrease in time available for coarsening of the
copper-rich dispersoids in smaller droplets due to the higher
cooling rates to which they are subjected. This trend can be
observed by comparing Figs. 6 and 7. Figure 6 shows a drop-
let in the 212—-150 pum, with the largest dendritic dispersions
nearing a diameter of 1 pm. Figure 7 shows a droplet in the
53-38 um size fraction, with dispersoids being noticeably
smaller than 1 um.

Notably, the size distribution of dispersoids in any cho-
sen dendrite arm appears relatively uniform, without a mas-
sive variation where one dispersoids grows at the expense
of others nearest to it. Furthermore, we do not observe a
significant reduction in occurrence rate of solid-state disper-
sions at very high cooling rates in CoCrCuFeNi, ¢ droplets.
Solid-state dispersions in dendrites are instead almost ubiq-
uitous in the smallest size fraction produced (53-38 um). We
hypothesise therefore, that even at the highest cooling rates
encountered in this experiment, where solid-state decom-
position is kinetically greatly hindered, the driving force for
the decomposition created by the undercooling of the alloy
is high enough that solid-state dispersions will still form. If,
indeed, there exists a cooling rate at which formation of the
copper-rich solid can be supressed, it is likely in excess of
60,000 K s™".

Given this inability to supress the decomposition reaction,
and the relatively uniform size distribution of dispersoids
within any specific dendrite arm, we suggest that the disper-
soids formed in the dendrite cores are more likely the result
of a spinodal decomposition reaction than one requiring
nucleation and growth. However, more experimental work
is required to define the reaction mechanism with certainty.

The inset in Fig. 7 shows a magnified view of solid-state
dispersions of copper-rich phase within the HEA den-
drite trunk. We attribute the presence of darker spots on
the periphery of most of these dispersoids to voids being
formed in the material. Given the heavy presence of shrink-
age porosity in the copper-rich interdendritic phase, we
assume that a similar process has occurred within many of
the copper-rich dispersoids.

Large Dispersions—Liquid Phase Separation

As discussed in “Structural Trend Analysis—Large Dis-
persions” section, we hypothesise that the large dispersion
structures form as a result of LPS in the alloy melt before
solidification.

We see these structures primarily in droplets with diam-
eters between 300 and 100 pm and corresponding cooling
rates between 5000 and 15,000 K s~!. This higher prevalence
at intermediate cooling rates mimics the peak in core—shell
incidence in binary alloys, although in this study, these
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dispersions appear much less often in general, occurring in
less than 10% of the droplets even in size fractions where
they are most common.

Contrary to work with binary alloys, where at the highest
cooling rates, LPS presents in the form of fine dispersions of
MPDs across the whole droplet diameter, the large disper-
sions we observe never occupy the entire droplet, even at the
smallest size fractions. Instead, dispersions usually seem to
originate from the edge of the droplet and occupy between
10 and 40% of the final microstructure cross section. Exam-
ples of continuous and cellular large dispersion structures
are shown in Fig. 4e and f, respectively.

This dispersion pattern is not unlike that found in the
highest cooling rate areas of the arc-melted ingot. Disper-
sions primarily occur at the edge of the droplet with the
solidification direction appearing to be inwards from these
points. In contrast to continuous dispersions, cellular disper-
sions are surrounded by a web-like structure of copper-rich
phase.

We suggest that the occurrence of large dispersion struc-
tures as the only form of LPS in the alloy is due, in part, to
the low volume fraction of the copper-rich phase present in
the alloy. Because there is so little copper-rich phase, and so
little time for coarsening and movement due to Marangoni
convection due to high prevailing cooling rates, it becomes
impossible for dispersions of MPDs to consolidate and form
more conventional LPS structures observed in binary and
ternary alloys. This phenomenon is discussed further in
“Drop-Tube-Processed CoCrCuFeNi0.8—Comparison with
Binary Co—Cu” section.

Spontaneous Grain Refinement

Another notable solidification trend in CoCrCuFeNi g is the
presence in all size fractions of what appear to be partially
and fully grain-refined microstructures.

Spontaneous grain refinement is an observed transforma-
tion in undercooled metallic melts, whereby the final solidi-
fied microstructure changes from exhibiting larger and/or
columnar grains to much finer equiaxed grains [51]. The
behaviour has been consistently reported in the literature
since it was first described and studied by Walker [52]. It has
been observed repeatedly in work on rapid solidification in
pure elements [53], binary systems including Cu—Ni, Cu-O,
Cu-Sn, Nis—Al and Ag-O [4, 54-57] as well as high-entropy
alloys such as Al ;CoCrFeNi [58] and CoFeNiPd [59].

Many mechanisms have been put forward in the last few
years to describe the occurrence of spontaneous grain refine-
ment during solidification of metallic melts. One of the most
recent and commonly accepted theories from Schwarz et al.
revolves around dendrite fragmentation of already-solid-
ified dendrites after recalescence due to melt disturbance
caused by stirring or melt flow [60, 61]. Other work points
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to fragmentation occurring during (rather than after) recales-
cence, and preferential remelting of unstable intermediate
“dendritic seaweed” structures to form the grain-refined
morphology [4, 53, 54, 56, 62]. Of great importance is a
critical undercooling to facilitate this change in structure
during solidification. While pure metal melts tend to exhibit
one transition from columnar grains to finer scale equiaxed
grains at a specific undercooling AT™ [53], it has been found
that many alloy systems show two transitions, where sponta-
neous grain refinement occurs at a lower undercooling AT,
followed by a return to regular columnar dendritic morphol-
ogy. Once a higher critical undercooling AT, is reached,
another independent transition to fine equiaxed grains is
observed, a second episode of spontaneous grain refinement
[54,57, 63, 64].

We note the extensive presence of grain refinement in
either an intermediate or more complete form in all size
fractions of solidified CoCrCuFeNi, ¢. Percentage inci-
dence of any grain refinement in these droplets peaks at the
second largest size fraction (droplets between 500 pm and
850 um in diameter) at about 50% of analysed droplets. Par-
tial grain refinement is present in all droplet size fractions.
Fully grain-refined structures are found only in the largest
five size fractions down to the 212—-150 um size fraction,
meaning that the fully grain-refined structures fail to form at
prevailing cooling rates above some 10,000 K s~!. The sto-
chastic nature of undercooling, however, means that droplets
of any size fraction may achieve the required undercooling
to undergo at least partial grain refinement. Additionally,
grain refinement is also generally less prevalent in drop-
tube samples than it is in electromagnetic levitation (EML)
or refluxing experiments. This can be because of compara-
tively higher cooling rates occurring in the drop tube which
inhibit the process, as well as the absence of an induced
magnetic field, which removes the effect of forced convec-
tion during the solidification process. We use these concepts
to understand why partial grain refinement persists, albeit at
lower occurrence rates, throughout the droplet size fractions
and cooling rates, rather than in only very specific discrete
droplet sizes.

Notably, after the initial peak in occurrence rate of grain-
refined structures at relatively low cooling rates below
5000 K s~!, there is also an uptick in the incidence of par-
tially grain-refined structures in the smallest size fraction
and highest cooling rates (~ 60,000 K s™!). This phenomenon
suggests two different mechanisms being responsible for
grain refinement at low and high cooling rates (and, respec-
tively, low and high undercoolings), in line with the obser-
vation of AT and AT, critical undercoolings in other alloy
systems. Due to uncertainty in identification at small size
fractions and the low sample size compared to the whole,
this trend should only be seen as tentative, and more droplets
should be evaluated before this relationship is conclusively
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proven or disproven. However, even without this definitive
data, the fact that the prevalence of spontaneous grain refine-
ment decreases after peaking at intermediate droplet sizes
indicates that we are observing an alloy AT, refinement tran-
sition. In pure element systems, a decrease in occurrence
does not occur. Fine equiaxed grains persist after a single
transition from columnar to equiaxed grains at one critical
undercooling AT".

We suggest, whatever mechanism is responsible for grain
refinement in this cooling regime and/or material, that fully
grain-refined structures are not observed below a certain
droplet size due to a decrease in time during which prevail-
ing droplet temperature is high enough for the diffusion of
solute to facilitate the refinement process (i.e. when the solid
and liquid co-exist) or for the remelting process.

Summary of Solidification Structures and Timeline
of Occurrence

The relationship between the four primary structures cre-
ated during drop-tube processing of the CoCrCuFeNi, g
alloy (conventional dendritic solidification, LPS, solid-state
decomposition, and spontaneous grain refinement) is worth
discussing given the presence of many droplets featuring
more than one of these microstructures and the impact of
one microstructure on the other. The occurrence percent-
age of the primary categories of microstructure is shown
in Fig. 11 to indicate the cooling rate at which particular
structures are most likely to form. This represents the begin-
ning of a map from which a desired microstructure can be
selected during rapid solidification processing using meth-
ods such as drop-tube processing or industrial methods such
as gas atomisation. A schematic of the process of structural
formation in various solidification scenarios is represented

100 ,
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Liquid phase separation 1
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Fig. 11 Summary of likelihood of obtaining specific droplet micro-
structures through alteration of cooling rate in drop-tube-processed
rapidly solidified CoCrCuFeNi, ¢

in Fig. 12. Here, the liquidus and solidus are marked to
begin to hypothesise when each structure begins to form.
For instance, LPS would naturally occur before the onset of
solidification, but temperature would be below the liquidus
given that LPS is likely metastable in this alloy. Conversely,
formation of solid-state dispersions would likely occur after
temperature falls below the solidus temperature and solidi-
fication is complete.

Any LPS would occur, obviously, in the liquid state in
lieu of conventional dendritic solidification. When under-
cooling is raised above a critical value AT pg under the lig-
uidus, a new copper-rich phase nucleates in the parent liquid
in the form of MPDs. In this alloy, MPDs do not occupy the
entire microstructure, largely due to the low volume frac-
tion of copper-rich phase. Instead, they are limited to one
region in the microstructure. Most droplets suggested to have
undergone LPS share the microstructure with dendrites. The
structures seem to mostly consist of a region of liquid sepa-
ration from which dendrites originate and radiate outwards.
This can be seen in Fig. 4e and f. The directional solidifica-
tion points to LPS occurring before dendritic solidification,
supporting the idea that these dispersions are formed in the
liquid state. As undercooling decreases back below AT pg
the remaining liquid present in the droplet solidifies in a
dendritic manner, with copper-lean dendrites growing into
the remaining liquid. This liquid gradually becomes enriched
with copper. Given that LPS occurs most readily at cool-
ing rates above some 5000 K s~ it is likely that this cool-
ing rate begins to allow undercooling to reach AT pg at an
appreciable occurrence rate. If no LPS occurs, the droplet
solidifies dendritically, with copper-lean dendrites growing
into a liquid that subsequently becomes enriched in copper.

Given that spontaneous grain refinement is likely caused
by dendrite fragmentation and/or remelting during or just
after recalescence, it is assumed that this occurs just after
the onset of dendritic solidification. When prevailing cooling
rates rise to above 1000 K s~!, critical undercooling required
for the first instance of spontaneous grain refinement, AT,
is reached. From here, grain refinement occurs and solidify-
ing dendrites fragment or re-melt into an equiaxed structure.
This structure solidifies into place once temperature dips
below the solidus.

Solid-state decomposition, occurring entirely in the solid
state, likely occurs after initiation of grain refinement or
LPS, or after the initiation of dendritic solidification in the
droplet. This is assumed to be caused by supersaturation of
copper caused by high undercooling of the sample. Because
rapid cooling causes a high prevailing undercooling, dendrite
growth velocity is increased. Solute trapping is enhanced
when the velocity of the growth front approaches the diffu-
sion velocity of solute (in this case, mostly copper) across
the interface. Therefore, dendrites that grow, and refine, are
likely supersaturated with copper. Once temperature drops
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Fig. 12 Schematic of struc-
tural formation of solid-state
dispersions (SSD), liquid phase
separation (LPS) dispersions
and spontaneous grain refine-
ment (Grain Ref.) in drop-tube-
processed CoCrCuFeNi

SSD

below a certain value below the solidus, a decomposition
reaction is initiated and the copper-rich dispersoids form
within the solidified dendrite arms. Importantly, solid-state
dispersions are not only present in primary dendrites, but
also in grain-refined equiaxed grains or intermediate struc-
tures seen in droplets classified as partially or fully grain
refined. Because a grain-refined structure likely consists of
fragmented or partially remelted dendrites, the supersatura-
tion is likely also present within these grains, leading to
decomposition in the grain centres.

Grain refinement and solid-state dispersions have been
observed occurring separately or together in droplets across
size fractions. They may also both not occur at all in certain
droplets. We suggest, therefore, that the occurrence of each
structure is independent of the occurrence of the other.

Drop-Tube-Processed CoCrCuFeNi, ;—Comparison
with Binary Co—Cu

Although drop-tube experiments do not allow for the

direct measurement of undercooling prior to solidifica-
tion, the high obtainable cooling rates have been proven
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to undercool alloys far enough below the liquidus to facili-
tate metastable LPS. Mullis et al. [17] have formulated a
method through which to calculate undercooling at the
point of LPS and the point of solidification in Co—Cu
alloys. These alloys are similar to CoCrCuFeNi g in melt-
ing point and other thermophysical properties such as den-
sity and heat capacity [24]. Therefore, we conjecture that
undercooling reached in droplets of CoCrCuFeNi, g upon
solidification is similar to that of the drop-tube-processed
binary Co—Cu. This suggests undercoolings of below 50 K
in the largest droplets and up to some 300 K in the small-
est droplets. However, despite a thermophysical similar-
ity, solidification and phase separation have not proceeded
in CoCrCuFeNi, ¢ in the same way as binary alloys like
Co—Cu. In addition, while common in binary alloy stud-
ies, core—shell structures have only rarely been observed
at all during rapid solidification of HEAs. In a study by
Zhang et al. [65], for example, inoculant Y,0; particles
were required to facilitate nucleation of LPS in laser-clad-
ded AlCoCrCuFeNiSi, 5 and produce core—shell struc-
tures. A comparison between microstructural evolution in
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drop-tube-processed CoCrCuFeNj,, 3 and binary Co—Cu, as
well as reasons for key differences, is therefore explored
here.

Like Co—Cu, dendritic solidification predominates at high
size fractions. The reason for this behaviour in both alloys is
likely the same. Cooling rates are too low to facilitate under-
cooling required for binodal LPS. The near-equilibrium con-
ditions therefore facilitate dendritic solidification.

At intermediate size fractions, however, core—shell micro-
structures which form a significant fraction of microstruc-
tures present in Co—Cu droplets [24], are almost never pre-
sent in the CoCrCuFeNi, g droplets solidified in this study,
other than 3 or 4 isolated cases among thousands of droplets.
Any LPS in CoCrCuFeNi, 4 is present as fine dispersions of
copper-rich L, droplets.

For core—shell structures to form, multiple requirements
must be satisfied. First, LPS must occur initially, in that
the metastable miscibility gap must be accessed to begin
with. The fact that there are droplets exhibiting unorthodox
structures, particularly the large continuous and cellular
dispersions, indicates that sufficient undercooling has been
achieved to facilitate LPS. Furthermore, the driving force for
Marangoni convection must be high enough to cause appre-
ciable movement of MPDs, facilitating core—shell formation
through coalescence. This driving force is provided by the
interfacial energy between the phases. Owing to the large
melting point difference between the copper-rich and HEA
phase in this alloy, it is assumed that this condition is satis-
fied. Finally, time for nucleation, growth and coalescence
of L, MPDs into core—shell structures is constrained by the
interval between initial LPS and the onset of solidification.
To enhance formation ability, we can either increase the rate
at which these processes occur, or increase the time interval
within which they proceed. We must therefore discuss vari-
ables which may impact nucleation, growth and coalescence
of the copper-rich minority L, phase in CoCrCuFeNi 3 com-
pared to Co—Cu binary alloys.

The first possible limiting factor for core—shell forma-
tion lies in the volume ratio of the liquid phases. Studies
on equiatomic CoCrCuFeNi show that the majority of cop-
per segregates into the interdendritic phase upon solidifi-
cation [18, 26, 27, 29-31, 33]. Importantly, however, the
copper-rich phase only typically occupies an extremely
small volume fraction in the microstructure. This is only
slightly impacted by undercooling. For example, Wang
et al. observe a volume fraction of the HEA dendritic
phase at 92.5% at 0 K of undercooling, leaving only a
maximum volume fraction of 7.5% for the copper-rich
interdendritic phase. At the maximum undercooling of
381 K, the total volume fraction of the copper-rich phase
increases only to a maximum of 12—-13% [29]. The volume
fraction ratio of the dendritic HEA phase to the copper-
rich interdendritic phase in the CoCrCuFeNi, ¢ produced

in this study is only about 88:12 in the ingot sample and a
very similar 86:14 in droplet samples, very different from
those observed binary alloys similar binary alloys (e.g.
Co—Cu). This likely poses a problem for coalescence of
nucleated MPDs. In Co—Cu, Jegede et al. [24] produced
the best conditions for core—shell formation when copper-
rich and cobalt-rich phases formed with volume fraction
ratios closer to 50:50. Robinson et al. [66] have also stud-
ied undercooled Co—Cu alloys, and note that core—shell
structures only appear when the volume fraction of the
minority phase is over 20%. The largest forming MPDs
form only at compositions, where the volume fraction each
of the phases is similar. At the extremes, fine dispersions
result. The authors attribute this to composition as well as
undercooling. While higher undercooling naturally refines
the microstructure, composition deviating too far from that
at which the volume fractions of the two phases are near-
equal raises the time required for the MPDs to coalesce
into core—shell structures. Wang et al. [39] observe similar
behaviour in stable LPS binary alloys, where the MPD
sizes increased when composition was near the critical
point and more time was available between LPS and solidi-
fication for forces such as Marangoni convection to form
core—shell structures.

The velocity of Marangoni motion may also be important
to discuss. Working on a drop-tube-processed Fe—Cu—Sn
ternary alloy, Wang et al. [67] developed a phase field
model, which predicts that Marangoni movement velocities
of MPDs increase with increasing size of the said droplet/
globule. This occurs regardless of the overall diameter of the
drop-tube-processed alloy droplet. A reduction in effective-
ness of Marangoni convection on smaller MPDs could also
be an explanation for a lack of core—shell formation.

Even more fundamentally, given that LPS in the binodal
form proceeds via a nucleation and growth mechanism, we
conjecture that the addition of more elements to a binary
alloy may also actually inhibit nucleation of MPDs. Cop-
per, as discussed, is the primary de-mixing element in
CoCrCuFeNi, 4. Therefore, in binodal LPS, MPDs of cop-
per-rich liquid must nucleate in the parent liquid. Relating
this to classical nucleation theory, the precursor to nuclea-
tion would comprise of small clusters of atoms of new phase
within the original. During binodal LPS, a copper-rich clus-
ter would therefore need to form in the parent liquid, requir-
ing a specific number of copper atoms in close proximity to
form a cluster of sufficient size [68]. We therefore reason
that a lower atomic percent of copper in the alloy would
lower the probability that an adequately large minority phase
embryo of copper-rich liquid would occur stochastically in
the parent liquid for nucleation to proceed. Hence, both
nucleation and coalescence of MPDs could be impacted by a
lower prevalence of copper-rich L, phase in CoCrCuFeNi,
compared to a binary alloy such as equiatomic Co—Cu.
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Another possible explanation for lack of core—shell for-
mation is the sluggish diffusion phenomenon in HEAs. This
could particularly affect the growth of MPDs after nuclea-
tion. In their study of laser-cladded AICoCrCuFeNiSi, s,
Zhang et al. [65] suggest this as one of the causes of “low
sphericity” or incomplete core—shell formation in their alloy.

Sluggish diffusion is one of the theorised core effects
in HEAs that distinguishes them from more conventional
binary alloys. With an increasing number of constituent
elements, variable bond energies cause drastic differences
in lattice potential energy across the material, lowering the
efficacy with which solute diffusion can occur [69]. This is
more readily accepted in solid alloys but has been suggested
to occur in metallic melts due to the presence of short-range
order within the liquid.

Kurtuldu et al. [70] have studied the impact of short-range
order on the diffusion of elements in alloy melts, finding
that the addition of Cr to an Al-Zn melt slows diffusion
of Zn atoms through the liquid. They attribute this slow-
ing to the formation of icosahedral short-range order in the
melt due to the addition of Cr. To our knowledge however,
similar work has yet to be done on HEAs. We note, there-
fore, that the argument for sluggish diffusion in HEAs is
ongoing, somewhat controversial, and, to our knowledge,
has only been readily investigated experimentally in the
solid state [71]. More experimentation must be done before
lack of core—shell morphology in drop-tube-processed
CoCrCuFeNi ¢ can be attributed to such a phenomenon.

Finally, another area of similarity between CoCrCuFeNi, ¢
and Co—Cu is the presence of fine dispersion LPS struc-
tures and hybrid structures consisting of fine dispersions and
dendrites. These structures are formed most often at higher
cooling rates in Co—Cu. In the examined CoCrCuFeNi g
droplets, LPS dispersions become prevalent at a minimum
cooling rate of 1000 K s~ (although statistical analysis of
their prevalence in CoCrCuFeNi, 3 shows a slight decrease
in occurrence at the very highest cooling rates). Their for-
mation at high cooling rates likely reflects a prohibitively
small-time interval between LPS and solidification as men-
tioned in “Large dispersions—Iliquid phase separation” sec-
tion. Indeed, even in equiatomic Co—Cu, the droplet simply
cools too quickly to allow for the formation of a core—shell
structure via the coalescence, no matter how optimal volume
fraction of the co-existing liquid phases is for such coales-
cence [24].

Conclusion

Almost 2500 droplets have been analysed during this inves-
tigation on drop-tube-processed CoCrCuFeNi, ¢. A test of
only one composition solidified at varying cooling rates
yields a striking number of structural morphologies as well
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as hybrid structures. Occurrence of LPS is very uncom-
mon compared to drop-tube-processed binary immiscible
alloys, with incidence of peaking at only 8% at intermediate
cooling rates between 5000 and 12,000 K s~!. Other than
two cases of core—shell formation, only large fine disper-
sions are observed. At lower cooling rates below 5000 K s~!
the alloy solidifies largely dendritically. In some of these
droplets, spontaneous grain refinement also occurs, with
a dendritic microstructure transforming into fine equiaxed
grains. As cooling rate increases, higher undercooling
leads to enhanced supersaturation of solidifying dendrites.
After solidification, a solid-state decomposition reaction
is initiated with copper-rich dispersoids forming through-
out the cores of dendrite arms and the centres of equiaxed
grain-refined grains in grain-refined droplets. Occurrence
of these dispersions increases monotonically, and they fea-
ture in almost all droplets solidified at cooling rates above
20,000 K s~'. The fact that multiple different microstructures
can all be present in one droplet indicates that the occurrence
of one structure is likely independent of the others.
Comparison with similar rapid cooling experiments on
binary immiscible alloys reveals a similarity in some obtain-
able structures, particularly dendritic structures at lower
cooling rates and finely dispersed liquid phase separated
structures at higher cooling rates. However, the core—shell
structures that are highly prevalent in alloys such as Co—Cu
are all but absent in similarly processed CoCrCuFeNi, 3. We
attribute this difference to the extremely low volume fraction
of the minority phase formed in CoCrCuFeNj, ¢ after liquid
phase separation. This, along with the high cooling rates in
drop-tube processing, means nucleated MPDs do not have
enough time to coalesce into core—shell structures before
solidification, and instead remain as fine dispersions.

Outlook

This initial investigation into microstructures yielded in
drop-tube-processed CoCrCuFeNij ¢ reveals numerous ave-
nues for future exploration. The solid-state decomposition
that has occurred in the primary dendrite arms is worthy of
further analysis to decisively confirm formation mechanisms
and to explore potential impacts on mechanical properties of
the alloy. Such a localised dispersion structure has seldom
been observed in HEAs. The same can be said for the sponta-
neous grain refinement we have catalogued. CoCrCuFeNi, 4
can thus also provide a good candidate for further investiga-
tions into mechanisms for grain refinement in HEAs, which
have not been as extensively studied as in binary alloys.
In terms of comparison to behaviour of immiscible binary
alloys, we may begin to use this study to understand why
desirable core—shell structures might be harder to achieve
in HEAs. From the discussion surrounding the reasons for a
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lack of core—shell formation, we can therefore begin to tailor
the composition, phase volume fraction and experimental
conditions to increase the likelihood of core—shell forma-
tion in rapidly solidified HEAs should such structures be
desirable for industrial use. Additionally, exploration into
the controversial sluggish diffusion phenomenon in HEAs,
particularly in the liquid state, would further elucidate the
impact that the addition of elements has on the behaviour of
immiscible alloys.

Appendix 1: Minimum Sample Size
Determination and Uncertainty
Quantification for Statistical Analysis
of Microstructure Prevalence

Minimum Sample Size Determination

Viewable, and therefore classifiable droplets, particularly in
the case of smaller size fractions, often number in the hun-
dreds or even thousands. Statistically, a large sample size is
favourable for determining trends across samples with any
degree of certainty. Therefore, we establish a minimum sam-
ple size (n) for droplet sieve fractions in situations, where it
was deemed unfeasible to count all exposed droplets (i.e. all
droplet sieve fractions other than the two largest). To deter-
mine a minimum sample size, one sieve fraction was chosen
at random (53-75 pm) and the structures of 514 droplets
were catalogued.

From the sample, of size n =514, we construct two sub-
samples of size g, where 15 < g < 257. We then compare the
numeric incidence of each of the 18 original classification
types listed in “Structural classification and analysis” sec-
tion, calculating the absolute value of the difference between
the incidence of each structure within the two subsets. From
this, a percentage similarity between the two subsets may be
constructed. This procedure is then repeated for 100 different
randomisations for each value of g so as to smooth out sam-
pling noise and provide an average similarity between sam-
ples as a function of sample size. This is shown in Fig. 13,
with sample sizes under n = 30 (g = 15) being omitted due
to the tendency for drastically different results between tri-
als (i.e. sample sizes of n = 2 would either produce a 100%
or 0% difference). Also shown is a logarithmic fitting curve
which, as can be seen, is a good model for the data. Based
on the trend, increasing the sample size n from 250 to 500
is likely to result only in a 5-10% increase in similarity. We
conclude that, for the other size fractions, a count above
n = 250 is unnecessary given the time required to gather
such data.

Other size fractions, which present a different spread
of structures than that observed in the 53-75 pm sieve
fraction, can also be treated with this analysis method.
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Fig. 14 Percent similarity as a function of sample size for droplet size
fractions of CoCrCuFeNi, g

However, as we have only analysed around 250 droplets in
each of the other sieve fraction, a logarithmic fit was used
to extrapolate to a sample size n = 500. Results are shown
in Fig. 14. Importantly, the 850+ um and 500-850 um size
fractions had a total of less than 250 countable droplets,
meaning that this extrapolation was not necessary for these
two size fractions, as the whole exposed population could
be classified. The final similarity values are an average cal-
culated after simulating the randomisation of the samples
five times. The maximum increase in similarity yielded
when doubling the sample size is lower than 10% in all
sieve fractions. With a percent similarity of already > 70%
across all size fractions, we conclude that increasing the
sample size beyond n = 250 is unnecessary.
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Uncertainty Quantification

To estimate the measurement uncertainty in the incidence
of structures across the different sieve fractions, we assume
the sample can be modelled by a binomial distribution with
a95% confidence interval. That is in a sample of size n, what
is the chance of getting k droplets of a particular type, given
the probability of such a droplet being selected at random
is p.

The key assumption of the binomial distribution is that
each selection must be indepon is that each selection must be
independent. Here, however, we estimate the probability of
a given structure occurring in the sample based on its actual
measured occurrence during categorisation i.e. p = k. /n,
where k, is the observed incidence of that structure. This
approach is an approximation because the probability of suc-
cess (i.e. the chance of picking a droplet with the desired
structure) is informed by the nature of the sample and thus,
not strictly independent of the sample itself. However, we
contend that its use gives sufficient indication of the likely
error in the sample. The modified version of the binomial
equation is shown in Eq. 1.

_(n kobs ¢ kobs "
B”(k)_(k>< n ) <1_ n ) ' M

To find a confidence range, and thus delineate uncertainty
in the incidence of certain structures in a sample, we ask “in
a sample of n droplets, where &, droplets possess the struc-
ture we desire, what are the values of k above and below k&
where, if it were guessed that the structure chosen was that
which was desired, we would be right 95% of the time?”.
Setting the value of B, (k) to 0.95 and solving for the two
possible values of k for each structure type and each sieve
fraction gives the confidence intervals on the incidence of
the desired structure. For example, if 100 droplets from a
sample of 250 are found to possess the selected structure,
using 250 for n and 10/25 for p, assuming B, (k) = 0.95,
yields 94 and 107. These then form the upper and lower
uncertainty bounds on the incidence of that structure. This
method is used to generate the error bars in Figs. 8,9 and 10.
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