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Alloys from the CoCrFeMnNi family remain the most studied austenitic high-
entropy alloys. In this study, four alloys, i.e., Cantor alloy, A3S (modified
nonequiatomic Cantor composition), both ‘‘pure’’ or doped with carbon (200 wt.
ppm) and niobium (1.3 wt.%), were investigated. Firstly, alloys were induction
cast using a cold-crucible method. The obtained ingots were molten, and ra-
pidly solidified by melt-spinning at two cooling rates to obtain ‘‘ribbons’’,
typical of such processing. The effects of the solidification rate and the pres-
ence of carbon and niobium on the microstructure and hardness were studied.
All the studied alloys show an fcc structure. The lattice parameter of the fcc
phase increases with the increasing cooling rate, and with the addition of
niobium and carbon, which confirms at least a partial presence of these ele-
ments in solid solution. Yet, TEM observations revealed the formation of
nanometric NbC precipitates. The microstructure of melt-spun ribbons con-
sists of equiaxed grains of a few micrometers in size. The higher cooling rate
led to a small decrease in the grain size and a slight increase in hardness.
Moreover, the hardness of doped alloys can be further improved by annealing
(500�C for 24 h) through NbC precipitation.

INTRODUCTION

High-entropy alloys (HEAs) are a quite new group
of materials that have attracted high scientific and
applicative interest since the first two publications
by Cantor et al.1 and Yeh et al.2 In opposition to
traditional alloys (steels, aluminum alloys, etc.),
which contain only one or two main elements, HEAs
are multicomponent alloys with at least five major
components in concentrations, ideally, close to
equiatomic ratios. Yeh et al.2,3 proposed the name
high-entropy alloys, based on the high mixing
entropy due to the multielement composition, and
introduced the four core effects (high entropy effect,
sluggish diffusion, severe lattice distortion effect,

and cocktail effect) to explain their properties. Since
then, the real importance of these effects on the
behavior of HEAs has been frequently questioned.4,5

The interesting debate on the four core effects and
origins of HEA properties seems to be far from
over.6 Nevertheless, the large family of HEAs have
attracted attention due to their outstanding prop-
erties: good mechanical properties at low7 and high
temperatures,8 high creep resistance,9 good weld-
ability,10 irradiation resistance,11 and resistance to
hydrogen embrittlement12 and corrosion.13

The first discovered HEA, equiatomic CoCr-
FeMnNi alloy, usually called Cantor alloy, is still
the most studied. This alloy crystallizes in a single
fcc phase; however, the decomposition of the fcc
matrix and formation of the topologically close-
packed r phase and other complex phases occur
after prolonged annealing between 500�C and
700�C.14,15 The most characteristic properties of(Received May 15, 2022; accepted September 20, 2022;
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the Cantor alloy are an increase in yield strength
and ductility with decreasing temperature, from
room down to liquid nitrogen temperature, while
the fracture toughness remains almost unchanged.7

This behavior is attributed to the transition of the
deformation mode from planar-slip dislocation to
mechanical nanotwinning with decreasing temper-
ature. The significant weakness of the Cantor alloy
is its relatively poor mechanical resistance at room
temperature.16 In recent studies, some routes to
strengthen the Cantor alloy have been presented,
e.g., the doping by boron,17 and the addition of
carbon18,19 or nitrogen.20 Many articles have dealt
with a strengthening by carbide precipitates, such
as M7C3, M23C6, etc.21,22 NbC carbide seems to be
particularly interesting, especially due to its high
resistance to coarsening.23 Studies of NbC strength-
ening of the Cantor alloy were published by Gao
et al.24 and Abbasi et al. in a series of articles.25–28

NbC carbide is a very promising strengthening
precipitate because it presents an fcc structure
similar to the fcc phase in the Cantor HEA.24 Yet,
due to the low mobility of niobium atoms, strong
segregation on Nb is currently observed in as-cast
alloys. This phenomenon can lead to the presence of
an NbC-containing eutectic mixture that solidifies
at a temperature lower than the nominal melting
temperature of the alloy, and consumes the major
part of the niobium in an inefficient (from the point
of view of precipitation hardening) way. However,
the addition of niobium and carbon leads to a
significant increase in hardness and tensile
strength at room and higher temperatures, while
the elongation is still relatively high.24,28 Moreover,
the presence of carbon and niobium can signifi-
cantly reduce grain growth during homogenization
annealing.25 Besides strengthening, many papers
have dealt with non-equiatomic compositions of the
Cantor alloy29,30 with an addition of other elements,
such as aluminum31 or molybdenum.32 One of the
non-equiatomic, so-called A3S, with the composition
Co20Cr15Fe26Mn17Ni22, was developed in the
authors’ laboratory.33,34 It conserves the main
assets of the Cantor alloy (low-temperature
mechanical resistance) associated with improved
stability of the fcc matrix at intermediate temper-
atures. For instance, after annealing at 500�C, no
decomposition was observed for up to 300 days,
while, for the equiatomic alloy, the decomposition
takes place after only 100 days.34

Melt-spinning is a rapid solidification technique
in which a material is solidified from a liquid state
by pouring it onto a moving refrigerated wheel; the
obtained temperature gradient enables the reaching
of a cooling rate of 105–107 K s�1.35 The precise
cooling rate measurement during melt-spinning is
very challenging; however, for a constant wheel
diameter, it was found that the cooling rate
increases linearly with increasing wheel speed.36

To some extent, the structures produced by melt-
spinning are similar to those obtained by additive

manufacturing processes; especially, fine grain size
and limited solidification segregations can be
expected.

Many HEAs have been prepared previously by
melt-spinning.37–42 The equiatomic CoCrFeMnNi
was fabricated in the first paper published by
Cantor et al.1 by rapid solidification. The completely
crystalline alloy presents a single fcc phase with a
lattice parameter close to the fcc iron. Another
example of the melt-spun HEA is TiZrVCrNi, which
consists of a single nanocrystalline Laves phase.39

Some papers havce discussed the magnetic proper-
ties38,40 and corrosion resistance40 of rapidly solid-
ified alloys. Despite many articles dealing with
HEAs prepared by melt-spinning, there is a lack of
papers discussing the effects of the cooling rate and
the addition of carbon on the microstructure and
mechanical properties of materials elaborated by
this technique.

In this study, the elaboration of HEAs from the
CoCrFeMnNi family by rapid solidification via melt-
spinning was investigated. The effects of the cooling
rate and the addition of niobium and carbon on the
microstructure and hardness of equiatomic and non-
equiatomic Cantor alloys were studied. The solidi-
fication segregations and the possibility of the
formation of nanometric NbC carbides and their
role in the hardness evolution were also analyzed.

EXPERIMENTAL

Materials

In this study, four alloys have been analyzed:
equiatomic CoCrFeMnNi (Cantor alloy, internal
reference: ‘‘E’’ from equiatomic), a modified compo-
sition from the Co-Cr-Fe-Mn-Ni system (referenced
as ‘‘N’’ from nonequiatomic33), and both alloys with
the addition of niobium and carbon (referenced by
‘‘D’’ letter following the alloy denomination). The
chemical composition of the alloys is shown in
Table I. Firstly, the alloys were cast by induction
melting in a cold crucible, starting from high-purity
raw materials (C, N, O level below 20 wt. ppm each).
The obtained ingots (250 g each) were molten and
rapidly solidified by melt-spinning (Melt Spinner
HV; Edmund Bühler) at 200 mbar argon pressure at
two cooling rates: 20 and 70 rotations of the copper
wheel per second, which is equivalent to a linear
wheel speed of 16 m/s and 55 m/s, respectively.
Selected melt-spun ribbons were annealed at 500�C
and 600�C for 24 h under vacuum-sealed tubes, and
then cooled slowly in tubes outside the furnace.

Materials Characterization

The structure, microstructure, and microhard-
ness of the melt-spun ribbons were investigated in
this study. The crystal structure of the ribbons was
examined by x-ray diffraction (XRD) using a Bruker
D8 Advance x-ray diffractometer with a Cu Ka
radiation source (k = 1.5418 Å). The scanning step
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was 0.02� from 2h = 10� to 100� with a time step of
5 s. For scanning electron microscopy (SEM) and
electron backscatter diffraction (EBSD) analyses,
the samples were cold-mounted, then manually
polished with SiC grinding papers (P320–P4000),
and finally polished by Struers LectroPol-5, using
an electropolishing bath of 6% perchloric acid
(HClO4) and ethanol (C2H5OH) with an applied
voltage between 18 V and 25 V for a few seconds.
Besides the preparation of the appropriate surface
for the microscopic investigations, the polishing led
to the removal of a considerable thickness, and thus
allowed the observation of the microstructure
between the air and the wheel side of the ribbons.
The SEM observations were performed using a Zeiss
Supra 55 VP SEM operated at 20 kV equipped with
energy-dispersive x-ray spectroscopy (EDX) and
EBSD detectors. The grain size measurements were
carried out using the linear intercept method based
on the SEM-BSE images of at least 200 grains for
each sample. The EBSD data were obtained with a
step size between 40 nm and 80 nm, and analyzed
by HKL Channel5 software. Transmission electron
microscope (TEM) observations were carried out
using a Philips CM200 TEM equipped with an EDX
detector operated at 200 kV. The TEM samples
were prepared by conventional twinjet electropol-
ishing. Discs with a diameter of about 3 mm were
cut from the ribbons, slightly polished on both sides,
and then electropolished using a Struers TenuPol-5
with a solution of 10% perchloric acid in ethanol at a
15 V potential at temperatures between � 2�C and
� 5�C. The samples for microhardness analysis
were prepared similarly to those for the SEM
investigation except for the electropolishing. Micro-
hardness was measured using a Matsuzawa Micro-
hardness Tester MX T70 under a load of 10 g with a
dwell time of 10 s. For each sample, at least ten
indents were made.

RESULTS AND DISCUSSION

Macroscopic Observations

The alloys prepared by melt-spinning were in the
form of ribbons, which is common for non-brittle
metallic materials produced by this technique.35,36

The macroscopic observations of the samples

showed that the cooling rate (20 R or 70 R) signif-
icantly affects the size of the ribbons (Fig. 1). The
length, thickness, and width of the ribbons decrease
with an increasing cooling rate. The width
decreases from about 3 mm at 20 R to about
1.5 mm at 70 R. The length varies significantly
between each ribbon; however, a general decrease
with an increasing cooling rate can be observed. The
most important feature seems to be a decrease in
thickness from 90 lm at 20 R to 70 lm at 70 R.
Tkatch et al.43 and Gheiratmand et al.44 found a
reduction in the thickness of melt-spun ribbons with
an increasing cooling rate (wheel velocity). A higher
wheel velocity also enhances the heat transfer
(ribbon–wheel interface), which increases the cool-
ing rate.36,43 The size of the ribbons produced in this
study seemed to be independent of the chemical
composition of the alloys and comparable to other
HEAs produced by melt-spinning.37 The roughness
(not quantified) seems higher on the free-side than
on the wheel-side of the ribbons. Roughness can be
caused by the gaseous atmosphere in the chamber.45

Crystal Structure

The XRD results (refer to online supplementary
material, Fig. S-1) revealed that all the samples
presented an austenitic crystal structure (fcc,
a = 3.59–3.60 Å). This is in good agreement with
other experimental and theoretical studies that the
Cantor alloy could not be vitrified via melt-spinning
and presents a single fcc structure after preparation
by this technique.1,46 No other phases, e.g., NbC
precipitates, were present in the doped samples as
examined by XRD, which will be related to the low
volume fractions of possible phases. The effect of
cooling rate on lattice parameters was observed, i.e.,
the samples prepared at 70 R presented a slightly
larger lattice parameter than samples prepared at
20 R (Fig. 2a). Similar to other studies,26,28 the
addition of niobium and carbon causes an increase
in lattice parameters in both alloys. The fcc lattice
could accommodate alloying elements, which results
in an increase in the lattice parameter.27,28 This is
consistent with other studies evaluating the addi-
tion of carbon to the Cantor alloy. Stepanov et al.18

found that the lattice parameter of the Cantor alloy
increases by 0.0065 Å per 1 at.% (or 0.2 wt.%) of

Table I. Chemical composition (wt.%) of the investigated alloys

Alloy/element Fe Cr Ni Mn Co C Nb

E-D 19.18 18.40 20.80 19.50 20.80 0.02 1.30
E 19.90 18.50 21.00 19.60 21.00 – –
N-D 24.98 13.70 22.70 16.40 20.90 0.02 1.30
N 25.80 13.80 22.90 16.60 20.90 – –

E, N denomination of the alloys; see text for details. D doped (containing Nb and C) alloys, in contrast to the pure alloys.
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carbon. The addition of carbon in this study was
0.02 wt.% (0.1 at.%); however, the increase of the
lattice parameter is about 0.0025 Å for E and
0.0042 Å for N alloy. Therefore, the increase of the
lattice parameter should also be related to the
niobium addition and its dissolution in the fcc
phase. It should also be noted that the lattice
parameter of N alloy is slightly lower than that of

E alloy, which was also confirmed in an as-forged
state in a previous study in the authors’ labora-
tory.35 This could be a result of a smaller atomic
radius difference in N than in E. The calculation of
the lattice parameters by Vegard’s law, using
similar lattice constants of pure elements as in a
study by Laurent–Brocq et al.,47 confirms a smaller
lattice parameter for N alloy than for the equiatomic

Fig. 1. Images of selected ribbons obtained by melt-spinning.

Fig. 2. Lattice parameters of studied alloys (a) and the full width of half-maximum (FWHM) of two first peaks ((111) and (200)) of melt-spun
ribbons prepared at 20 R (b).
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alloy. The analyses of the full width of half-maxi-
mum (FWHM) of the two first peaks ((111) and
(200)) showed the effects of chemical composition (E
versus N) and the addition of carbon and niobium on
this parameter (Fig. 2b). The N and N-D present
smaller FWHMs than E and E-D, respectively.
Moreover, alloys doped with niobium and carbon
present slightly larger FWHMs than pure alloys,
which could result from a smaller crystallite size
and higher lattice strain in alloys with the addition
of niobium and carbon.

Microstructure

The SEM observations showed that the
microstructure of all the examined melt-spun sam-
ples consisted of equiaxed grains without any twin
boundaries (Fig. 3, and Supplementary material,
Fig. S-2). This is in opposition to the as-cast alloys,
which present a dendritic structure (overall chem-
ical composition is close to the initial one), i.e., the
segregation of manganese and nickel to interden-
dritic areas and regions rich in niobium (Supple-
mentary material, Fig. S-3). This is consistent with
the literature that an alloy can present a dendritic
microstructure after casting (slow cooling rate) and
equiaxed, fine grains after melt-spinning.40 The
average grain size in the melt-spun samples was
from about 2.1 up to 5.7 lm (Fig. 4). However,
Chattopadhyay et al.46 found a slightly smaller

grain size (about 1 lm) in the melt-spun ribbons
(40 m/s linear wheel speed) of the Cantor alloy.
Nevertheless, the results in this study are in
reasonable agreement with the findings by Chat-
topadhyay et al.46 The ribbons prepared at 20 R
present roughly a similar grain size regardless of
chemical composition. The samples cooled at 70 R
consist of smaller grains, which is related to a faster
cooling rate at a higher rotation speed. Moreover,
ribbons cooled at 70 R doped with niobium and
carbon (especially E-D) present a significantly
smaller grain size than pure alloys. The pores
visible in all the SEM-BSE images in Fig. 3 are
related to the preparation of samples for microscopic
observations using electropolishing. The chemical
composition of the melt-spun ribbons is similar to
the initial compositions listed in Table I. The
distribution of the metallic elements is rather
homogeneous at the SEM scale (Supplementary
material, Fig. S-4) in all the melt-spun ribbons,
except for the presence of micrometric niobium-rich
precipitates in the doped alloys (Supplementary
material, Fig. S-5) and very small segregations. It
should be noted that small segregations (manganese
and nickel to interdendritic regions and other main
elements to dendritic areas) barely visible at the
SEM–EDX scale were observed inside the equiaxed
grains, mainly in the melt-spun samples without
the addition of niobium and carbon (Fig. 3a and b).
The size of the segregations is much smaller than in

Fig. 3. SEM-BSE images of the microstructure of selected melt-spun ribbons: (a) E-20 R, (b) E-70 R, (c) E-D-20 R, and (d) E-D-70 R.
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the dendritic as-cast structure, so it could not even
be compared with the as-cast structure.

EBSD analyses (Fig. 5) confirmed a similar grain
size as measured by the linear intercept method
from the SEM-BSE images. EBSD inverse pole
figure maps showed uniform orientation inside the

grains, i.e., no subgrain formation, in all the studied
samples. Conclusions about the differences in the
texture strengths among the produced samples
based on the EBSD results cannot be made because
of the relatively small number of grains analyzed by
the EBSD technique. However, the XRD results

Fig. 4. Grain size measured in melt-spun ribbons.

Fig. 5. EBSD inverse pole figure maps of melt-spun ribbons prepared with rotation of 20 R: (a) E-D-20 R, (b) E-20 R, (c) N-D-20 R, and (d) N-
20 R alloys.
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(Supplementary material, Fig. S-1) show that none
of the produced ribbons revealed any texture. No
twin boundaries currently observed in deformed
and annealed (recrystallized) bulk alloys from the
CoCrFeMnNi family34,48 were present in the melt-
spun ribbons.

TEM observations (Fig. 6) revealed equiaxed
grains of the size of a few micrometers, which is in
good agreement with the SEM and EBSD results.
Besides grain size, no significant differences in
terms of microstructure between the samples were
detected at low magnification. A relatively high
dislocation density (estimated to be between
1013 m�2 and 1014 m�2) was detected, which is
roughly comparable to the as-forged state,34 and
seems to be lower in the vicinity of grain boundaries
than inside the grains. The high dislocation density
(5.7 9 1013–1.3 9 1014 m�2) has been previously
reported in melt-spun alloys.49,50 Lin et al.49

explained the high dislocation density by a very
short timeframe during rapid solidification for
atoms to arrange from the completely disordered
state in liquid to form a crystal structure in the solid
state. This rapid arrangement would lead to the
creation of crystal defects, mainly in the form of
dislocations. Higher magnification TEM observa-
tions revealed precipitates in the doped alloys
(Fig. 7). These randomly distributed precipitates
were identified as NbC (fcc structure, lattice param-
eter 4.47 Å). The precipitates were nanometric with
a size between 10 nm and 20 nm. The nanoscale
NbC precipitates were found in other studies in the
Cantor alloy prepared by different methods.24 The
precipitates should have a substantial effect on the
strength of the alloy. No other types of carbides

were found. According to the study by Powell
et al.,51 when the ratio of niobium to carbon in
weight percent is below 7.7, both NbC and M23C6

could be formed in austenitic steels, while, for a
ratio greater than 7.7, the NbC formation is priv-
ileged. In the studied alloys (E-D, N-D), this ratio is
65, so the content of niobium is largely sufficient to
combine with carbon to form NbC without the
simultaneous formation of other carbides. It is
important to note that the small size of all the
NbC particles shows their formation in the solid
state during the material’s cooling. Thus, these
results show that the currently observed significant
solidification segregation and the presence of eutec-
tic carbides could be avoided, thanks to the high
solidification rate during the melt-spinning process.

Microhardness Results

The microhardness of the melt-spun ribbons
results from different strengthening mechanisms,
i.e., solid-solution hardening, grain boundary hard-
ening, dislocation (strain) hardening, and precipi-
tation hardening. It can be assumed that, despite
different compositions of the studied samples, the
contribution of solid-solution hardening is roughly
similar. The microhardness of ribbons showed that
alloys doped with carbon and niobium present
slightly higher hardnesses than their pure counter-
parts (Fig. 8a). It is the effect of the presence of
nanometric NbC precipitates which can impede
movements of dislocations in E-D and N-D alloys.
The increase of hardness and strength by the
formation of NbC precipitates in the Cantor alloy
has already been reported in the literature.24,27 The

Fig. 6. TEM bright field images of microstructure: (a) E-20 R (low magnification), (b) E-20 R (higher magnification), (c) N-D-20 R, (d) N-20 R, (e)
E-70 R, (f) N-D-70 R.
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cooling rate also plays a role in microhardness. The
alloys prepared at 70 R present higher microhard-
ness than alloys that were cooled slightly more
slowly (20 R). This is mainly the effect of smaller
grain size in faster-solidified alloys (Fig. 4), and
probably a higher dislocation density due to a
shorter timeframe for atoms to arrange from a
liquid state to a crystal structure. However, the
grain boundary strengthening is not very powerful,
because, for sample E-D, the grain size decreases by
3.6 lm between 20 R and 70 R, while the hardness
increases by only 17 HV.

The microhardness of ribbons prepared at 20 R
and 70 R was also measured after annealing for
24 h at 500�C and 600�C (Fig. 8b and c). For alloys
without the addition of niobium and carbon, the
microhardness decreases are almost constant after
annealing due to grain growth and recovery. The
microhardness of doped alloys increases after
annealing at 500�C, e.g., from 238 HV0.01 to
263 HV0.01 for the E-D-20 R alloy. After annealing
at 600�C, the hardness decreases (more significantly
for the N-D alloy) compared to the heat treatment
results at 500�C. Nevertheless, it should be noted
that the hardness is slightly higher than in the as-
spun state. The hardening of the doped alloys is the
effect of the formation of additional NbC carbides
during annealing (precipitation hardening). The

precipitation of these carbides overcomes the grain
growth and recovery occurring during heat treat-
ment (Fig. 8d). The high density of dislocations in
melt-spun ribbons could be beneficial in the forma-
tion of nanoprecipitates because defects can act as
nucleation sites.27,52 The microstructure was
observed by SEM–BSE after annealing (Fig. 9).
The grain growth in the E-D alloy seems more
important than in the N-D alloy, and is in good
agreement with previous studies.34

CONCLUSION

Alloys from the CoCrFeMnNi family were pre-
pared by melt-spinning. The effects of the solidifi-
cation rate and the addition of carbon and niobium
on the structure, microstructure, and microhard-
ness were studied.

1. All the samples prepared by rapid solidification
presented an austenitic (fcc) structure without
any presence of an amorphous phase. A higher
cooling rate caused a slight increase in the
lattice parameter. Doping with carbon and
niobium also increased the lattice parameter of
both alloys, and therefore it revealed that some
fractions of these elements are in the solid
solution. Peak width (FWHM) was larger for a
higher cooling rate, which confirms that alloys

Fig. 7. TEM images of NbC carbide precipitates: (a) and (b) bright and dark (taken with [200] spot of NbC) field images, respectively, showing
nanometric NbC precipitates in E-D-70 R; (c) selected area diffraction of the zone shown in (a) and (b), zone axis (fcc) near<011> ; (d) bright
field image with selected area diffraction revealing nanometric NbC precipitates in N-D-70 R, zone axis (fcc)<001> ; (e) and (f) higher
magnification bright and dark (taken with [020] spot of NbC) field images, respectively, showing nanometric precipitates.
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are better crystalized at a lower solidification
rate.

2. Melt-spun ribbons consist of a fine-grained
microstructure of equiaxed grains. The grain
size is about a few micrometers and is decreases

slightly with an increasing cooling rate. The
grains present a relatively high dislocation
density (estimated between 1013 m�2 and
1014 m�2). The orientation inside the grains is
almost homogenous; no presence of subgrains

Fig. 8. Hardness and grain size measurements: (a) hardness of melt-spun ribbons, (b) hardness of annealed melt-spun ribbons prepared with
rotation of 20 R, (c) hardness of annealed melt-spun ribbons prepared with rotation of 70 R, (d) comparison of grain size of melt-spun ribbons
before and after annealing. The temperature values correspond to the annealing temperature.

Fig. 9. SEM-BSE images of melt-spun ribbons after annealing at 500�C for 24 h: (a) E-D-20 R and (b) N-D-20 R.
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was detected. Nanometric NbC precipitates (10–
20 nm) were detected in doped alloys.

3. The microhardness slightly increases for the
higher cooling rate, which could be mainly
related to the smaller grain size. As-spun
ribbons with the addition of carbon and niobium
presented a slightly higher microhardness than
the pure alloy, which is the effect of the nano-
metric NbC precipitates. Further increases of
microhardness of the doped alloys could be
achieved through annealing at 500�C for 24 h.
Such heat treatment causes precipitation from
the solid solution of more NbC precipitates.

4. No harmful NbC-containing eutectic mixture
solidifying at low temperatures at the end of
solidification was observed. It was shown that
the cooling rates obtained in the melt-spinning
process are high enough to retain niobium
atoms in solid solution in the matrix, and make
them available for precipitation hardening in
selected thermal conditions of annealing.
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