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a b s t r a c t

The effect of carbon content (x ¼ 0, 0.5, and 2.0 at.%) on the phase composition, microstructure, and
mechanical properties of thermomechanically processed CoCrFeMnNi system high-entropy alloys was
studied. The molar fraction of Cr in the program Co1Cr0.25Fe1Mn1Ni1 alloy was reduced to 0.25 compared
with the equiatomic alloy to increase the solubility of carbon in the face-centred cubic solid solution. The
as-cast alloys were cold rolled to 80% thickness reduction and then annealed at 600e1000 �C for 1 h. The
addition of carbon to the CoCrFeMnNi alloys resulted in an increase in the temperature at which
recrystallisation starts and in the precipitation of the Cr-rich M23C6 carbide particles. The volume fraction
of the second phase increased with an increase in the carbon content and decreased with increasing
annealing temperature. The formation of precipitates in the carbon-doped alloys strongly limited the
matrix grain growth owing to the pinning effect. The thermomechanical processing of the alloys resulted
in a reasonable work-hardening capacity and, therefore, in rather high ultimate tensile strength and
ductility. Increasing the carbon content led to a pronounced increase in strength and a weak decrease in
the ductility of the CoCrFeMnNi alloys. After annealing at 800 �C, the yield strength of the alloys
increased from 313 MPa to 636 MPa, whereas the total elongation decreased from 56% to 43% with an
increase in the carbon percentage from 0 at.% to 2.0 at.%. Decreasing the testing temperature to 77 K led
to a simultaneous increase in both strength and ductility of the alloys. The alloy with 2.0 at.% of carbon
demonstrated an attractive combination of mechanical properties at cryogenic temperature, presenting a
yield and ultimate tensile strength of 786 MPa and 1218 MPa, respectively, along with a ductility of 52%.
The effect of the carbon content on the microstructure development and strengthening mechanisms was
discussed.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The so-called high-entropy alloys (HEAs) have become a topic of
great interest in materials science over the past few years [1,2]. It is
believed that HEAs containing multiple principal elements (usually
more than five) in close to equiatomic concentrations (5e35 at.%)
may be preferable to conventional alloys based on a single element
as the former present opportunities for attaining unique metal
structures and properties [3e6]. Many of the introduced such alloys
have demonstrated attractive properties, for example, capability of
withstanding high temperatures [7e9].

High-entropy alloys based on 3d transition elements are the
ructured Materials, Belgorod
.
ova).
most studied among the HEA classes [2,10]. One representative
example is the Cantor equiatomic CoCrFeMnNi alloy with a face-
centred cubic (fcc) structure [11] that has high ductility and
extremely high toughness at room temperature, which increases
even further at cryogenic temperatures [12e15]. The properties of
the alloy can be further improved by the proper selection of the
alloying elements, for example, in the case of the CoCrNi equia-
tomic alloy, which has improved cryogenic strength and fracture
toughness compared with the Cantor alloy [16e18]. However,
CoCrFeMnNi-based alloys generally have rather low yield strength
at room temperature [10,12,13,19].

One of the most effective ways to increase the strength of 3d
transition metal-based HEAs involves the addition of interstitial
elements [20e32]. A variety of elements can be used, for example,
nitrogen or boron [33e37], but the most explored option is the
addition of carbon. It is already well established that interstitial
alloying can provide a significant increase in strength without
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compromising ductility. The carbon-doped HEAs can benefit from
both solid solution strengthening due to the dissolved carbon
atoms and precipitation strengthening due to the carbide forma-
tion [20,22,27e31,38e40]. The solid solution strengthening effect is
quite straightforwarddthe strength increment is proportional to
the content of the dissolved element(s). In the case of carbon in fcc
HEAs, most studies have reported direct proportionality (or a linear
relationship) [20,27,41]. The exact values of the carbon-caused solid
solution strengthening effect, described in different sources, vary
significantly, most probably due to differences in the matrix
chemistry and the resulting lattice distortions by carbon atoms
[24]. Note that solid solution strengthening can be particularly
effective at cryogenic temperatures [41].

However, solid solution strengthening has obvious limitations
owing to the limited solubility of carbon in the fcc matrix. Thus,
special alloy designing and/or processing are required to obtain a
sufficiently high amount of carbon in the solid solution. Meanwhile,
another effective strengthening mechanism is associated with
grain-boundary hardening due to the high HallePetch coefficient
characteristic of fcc HEAs [12]. Conventional thermomechanical
processing comprising cold working and subsequent annealing can
be effectively used for this purpose. In addition to recrystallisation
of the fcc matrix, such processing of carbon-doped HEAs can most
probably result in the precipitation of carbide particles, as shown in
numerous publications [21,25,28,31,38,40,42e44]. However,
despite the many studies regarding the thermomechanical pro-
cessing of carbon-doped alloys, a complete understanding of the
microstructure and mechanical properties of these alloys remains
deficient. It was recently demonstrated that second-phase pre-
cipitates could strongly impede grain growth, resulting in the for-
mation of an ultrafine-grained recrystallised fcc microstructure
[38,45]. Such dual-phase precipitation-hardened structures can be
expected to possess enhanced mechanical properties. However, the
optimal chemical compositions of the alloys and processing con-
ditions for obtaining proper microstructures are unclear. In addi-
tion, very limited information regarding the cryogenic mechanical
behaviour of such alloys is, as yet, available in the literature [46,47].

Therefore, CoCrFeMnNi high-entropy alloys with different car-
bon contents (x ¼ 0, 0.5, and 2.0 at.%), introduced in a previous
work [41], were cold rolled and annealed at different temperatures
in the range of 600e1000 �C to study the structure and mechanical
properties at room and cryogenic temperatures. Links between
chemistry, processing conditions, microstructure, and mechanical
properties were established.
2. Materials and methods

Carbon-containing high-entropy alloys with non-equiatomic
concentrations of the principal elements (Co1Cr0.25Fe1Mn1Ni1 in
the molar ratio) and different amounts of carbon (the nominal
concentrations were 0, 0.5, and 2.0 at.%) were produced by vacuum
induction melting. The measured chemical composition of alloys
was close to the nominal composition (see Table 1 and [41]). The as-
cast alloy samples were cold rolled at room temperature to a
Table 1
Chemical composition of the program alloys depending on the carbon concentra-
tion, in at.%.

Nominal carbon content, at.% Concentration of the elements, at.%

Co Cr Fe Mn Ni C

x ¼ 0 23.29 6.22 23.90 23.09 23.46 0.03
x ¼ 0.5 23.17 6.42 23.97 23.67 22.24 0.53
x ¼ 2.0 23.42 6.23 22.41 22.02 23.82 2.11
thickness reduction ratio of 80% (from 8.0 to 1.6 mm). Then, the
samples were annealed in a muffle furnace in an air atmosphere at
temperatures of 600e1000 �C for 1 h followed by air cooling.

The structure of the alloy was studied using X-ray diffraction
(XRD) analysis, scanning (SEM), and transmission (TEM) electron
microscopy in the RDeND plane (perpendicular to the transversal
direction). XRD analysis was performed using a RIGAKU diffrac-
tometer with Cu Ka irradiation. SEM studies were carried out using
an FEI Quanta 600 FEG microscope equipped with a backscattered
electron (BSE) detector. Samples for SEM observations were me-
chanically polished with different SiC papers and a colloidal silica
suspension. TEM investigations were conducted using a JEOL JEM-
2100 microscope with an accelerating voltage of 200 kV equipped
with an energy dispersive spectrometry (EDS) detector. Selected
area electron diffraction (SAED) patterns were used for the phase
identification and results of EDS for chemical analysis. Samples for
TEM analysis were prepared by conventional twin-jet electro-pol-
ishing of mechanically pre-thinned 100 mm foils in a mixture of 90%
CH3COOH and 10% HClO4 at a potential of 30 V at room tempera-
ture. The size/fractions of recrystallised grains and the size/number
of precipitates were quantified using at least 10 SEM or TEM images
at low magnification.

An equilibrium phase diagram was constructed using Thermo-
Calc (version 2020a) software with a high-entropy alloy TCHEA3
database.

Vickers microhardness tests were conducted at room tempera-
ture using a 300 g load. At least 20 measurements per data point
were made. Tensile tests at room (293 K) and cryogenic (77 K)
temperatures of dog-bone flat specimens (gauge measured
6 � 3 � 1.5 mm3) were conducted using an Instron 5882 universal
testingmachine at a constant crosshead velocity corresponding to a
nominal strain rate of 10�3 s�1. For cryogenic testing, the test
specimen and both grips were held in an open-top vessel filledwith
liquid nitrogen before the test started to equilibrate the tempera-
ture. Elongation to fracture was determined by measuring the
spacing between marks designating the gauge length before and
after the test. Some tests were repeated using the VIC-3D system;
the obtained results were consistent with the data obtained during
testing without the extensometer. At least three specimens of each
composition and temperature were tested.
3. Results

3.1. Microhardness

The dependence of the microhardness of the program alloys on
the annealing temperature is shown in Fig. 1. The annealing time
Fig. 1. Effect of annealing temperature on the microhardness of the СoCrFeMnNi alloys
with different carbon contents (x): x ¼ 0, 0.5, 2.0 at.%.
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was 1 h. In the cold-rolled condition, the hardness gradually
increased with an increase in the carbon content. Annealing at
600 �C resulted in a decrease in the hardness of the alloy with
x ¼ 0 at.%, while the two other alloys (with x ¼ 0.5 at.% and
x ¼ 2.0 at.%) did not show noticeable changes in hardness. An in-
crease in the annealing temperature to 700 �C resulted in a
decrease in the hardness of all the carbon-doped alloys. At higher
temperatures, the hardness decreased in the alloys at a lower rate.
The microhardness of the alloys after annealing at 600e900 �C
increased with increasing carbon content; however, annealing at
1000 �C resulted in similar microhardness values. A drastic soft-
ening in the temperature range of 600e800 �C was most probably
associated with primary recrystallisation, which could readily
develop in the cold-rolled samples.
3.2. Microstructure

All the СoCrFeMnNi alloys with different carbon contents after
cold rolling to 80% thickness reduction had a lamellar-type micro-
structure mostly aligned with the rolling direction, consisting of
twinned and (sub)grained areas (Fig. 2). It is worth noting that
noticeable qualitative differences in the structures of alloys with
different amounts of carbon were not observed. The presence of
second-phase particles was not detected. The high density of twins
and dislocations after rolling obviously resulted in the high hard-
ness of the alloys (Fig. 1), while the observed difference in the
hardness can be mostly attributed to the solid solution hardening,
similar to that in the as-cast condition [41].

The effect of annealing at 700e1000 �C for 1 h on the micro-
structures of the cold-rolled СoCrFeMnNi alloys is illustrated in
Fig. 3. Neither of the carbon-doped alloys annealed at 600 �C (not
shown) showed any noticeable signs of recrystallisation. However,
in the carbon-free alloy (x ¼ 0 at.%), a partially recrystallised
structure with the recrystallised fraction of 0.36 and a recrystallised
grain size of 2.7 mmwas observed (Fig. 3a). A higher magnification
insert in Fig. 3a illustrates the absence of any secondary phases in
recrystallised areas. A completely recrystallised structure was
formed in the carbon-free CoCrFeMnNi alloy after annealing at
700 �C (Fig. 3b). Further increases in the annealing temperature led
to the development of recrystallisation via the normal grain growth
mechanism (Fig. 3e,h,k). Numerous annealing twins were observed
inside the recrystallised grains.

The addition of carbon noticeably increased the temperature at
which recrystallisation began. Only partial recrystallisation was
observed in the carbon-doped alloys after annealing at 700 �C
(Fig. 3c and d). The recrystallised fraction was approximately 0.93
Fig. 2. Microstructure of the СoCrFeMnNi alloys with different carbon contents (x): x ¼ 0 at
field images.
and 0.68 in alloys containing 0.5 at.% and 2.0 at.% of carbon,
respectively. The corresponding microstructures consisted of
deformed areas and equiaxed recrystallised grains with a high
density of annealing twins. Full recrystallisation of the carbon-
doped alloys occurred only after annealing at 800�С (Fig. 3f and
g). The presence of numerous dark dots in the recrystallised
carbon-doped alloys is most likely associated with carbide particles
(see below). An increase in the annealing temperature to 900�С and
1000�С resulted in the coarsening of the recrystallised grains
(Fig. 3i,j,l,m). Carbides were not found after annealing at 1000 �C
(Fig. 3kem).

The temperature dependence of the recrystallised grain size of
the program alloys is shown in Fig. 4 and Table 2. The average
recrystallised grain size of the carbon-free СoСrFeNiMn alloy
gradually increased from 3.6 mm to 32.2 mmwith an increase in the
annealing temperature from 700�С to 1000�С. Addition of a small
amount of carbon (0.5 at.%) resulted in only a moderate decrease in
the recrystallised grain size. In turn, an increase in the carbon
concentration to 2.0 at.% restricted the coarsening of the fcc grains
considerably until 900�С. However, the average grain size increased
rapidly from 2.5 mm after annealing at 900�С to approximately
25 mm after annealing at 1000�С.

To obtain more details regarding the structure of the carbon-
doped alloys, and in particular, to obtain more information
regarding the precipitated particles, XRD analysis and TEM in-
vestigations of the annealed alloys were performed. Typical XRD
curves (Fig. 5) of the carbon-doped alloys revealed that the crystal
structures of the particles were M23C6-type carbides. At the same
time, the annealed structures of the carbon-free alloy consisted of
the fcc matrix phase, without any secondary phases.

TEM images of alloys with 0.5 at.% and 2.0 at.% carbon are pre-
sented in Figs. 6 and 7, respectively. The SAED patterns (inserts in
Figs. 6 and 7) and EDS chemical analysis (Fig. 7i) also confirmed that
the particles were M23C6-type carbides, which are mostly
composed of Cr. The typical chemical compositions of the matrix
and particles are given in Table 2. Because of the insufficient energy
resolution of the TEM-EDS system used, only metallic elements
were analysed. The sizes of the carbide particles and their volume
fractions are summarised in Table 3. Note that no precipitates were
detected in the carbon-free alloy after annealing at 600e1000 �C or
in the carbon-doped alloys after annealing at 1000 �C.

Even a small amount of carbon (0.5 at.%) resulted in the pre-
cipitation of carbide particles at temperatures of 600e900 �С
(Fig. 6). However, the amount of carbides was rather low (Fig. 6;
Table 3). As shown in Fig. 6a, annealing at 600 �Сwas accompanied
by recovery of the fcc matrix. In addition, some fine particles were
.% (a); 0.5 at.% (b); 2.0 at.% (c) after cold rolling to 80% thickness reduction; TEM bright-



Fig. 3. SEM-BSE images of the microstructure of the СoСrFeNiMn alloys with different carbon contents (x): x ¼ 0 at.% (a,b,e,h,k); 0.5 at.% (c,f,i,l); 2.0 at.% (d,g,j,m) after annealing at
600 �C (a); 700 �C (bed); 800 �C (eeg); 900 �C (hej); 1000 �C (kem).
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Fig. 4. Dependence of the recrystallised grain size on annealing temperature in the
СoCrFeMnNi alloys with different carbon contents (x): x ¼ 0, 0.5, 2.0 at.%.

Table 2
Chemical composition of the constitutive phases in the СoCrFeMnNi alloy with
different carbon contents (x): x ¼ 0.5, 2,0 at.% after cold rolling and annealing at
800 �C.

Elements, at.% Co Cr Fe Mn Ni

x ¼ 0.5 at.%

Fcc matrix 23.4 ± 1 6.5 ± 1 26.3 ± 1 21.8 ± 2 22.0 ± 1
M23C6 particles 14.3 ± 3 34.3 ± 10 19.9 ± 2 18.8 ± 2 12.7 ± 4

x ¼ 2.0 at.%

Fcc matrix 23.4 ± 1 6.0 ± 1 25.3 ± 1 24.1 ± 1 21.2 ± 1
M23C6 particles 9.4 ± 3 47.1 ± 14 15.9 ± 3 20.9 ± 1 6.7 ± 2

Fig. 5. XRD patterns of the СoCrFeMnNi alloys with different carbon contents (x): x ¼
0, 2.0 at.% after cold rolling and annealing at 800 �C.
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found in the recovered structure (insert in Fig. 6a). The size of the
carbides gradually increased with annealing temperature; mean-
while, their fraction reached a maximum after annealing at 700 �C
and then decreased (Fig. 6b, Table 3). The spatial distribution of the
carbides was rather inhomogeneous; some grains or areas inside
individual grains had a much higher density of the particles than
the surroundings. In addition, carbides were quite often found at
the grain boundaries. The grain-boundary precipitates were
generally coarser than the intragranular precipitates.

An increase in the carbon concentration to 2.0 at.% did not result
in qualitative changes in microstructure; however, the fraction of
carbides was considerably higher (Fig. 7, Table 3). Annealing at
600�С did not lead to a noticeable development of the recrystalli-
sation process (Fig. 7a). The lower part of the TEM image in Fig. 7a
shows a typical deformed microstructure (compare with Fig. 2),
whereas the upper part most likely corresponds to recovered areas
with still noticeable dislocation density. A larger magnification
image from the same area (Fig. 7b) with the corresponding SAED
pattern (Fig. 7c) revealed that the formation of new small grains
and precipitation of tiny carbides occurred simultaneously. In
addition, SAED suggests that the orientation relationship between
the fcc matrix and the carbides was close to (111)fcc // (111)M23C6 .

A partially recrystallised structure consisting of recovered re-
gions and recrystallised (sub)grains was formed after annealing at
700 �С (Fig. 7d). It is worth noting that carbide particles were found
both in the recovered (Fig. 7e) and recrystallised areas (Fig. 7f). The
particles in the recovered areas were smaller than those observed
both inside and at the boundaries of the recrystallised grains. In
addition, the amount of the particles was much higher in the
recrystallised areas; ~9% vs. 5.6% of the carbides in the whole
volume.

An increase in the annealing temperature to 800 �С resulted in a
noticeably higher fraction of the carbides distributed rather ho-
mogeneously in a fully recrystallised fcc matrix (Fig. 7g, Table 3). A
further increase in the annealing temperature to 900 �С resulted in
a decrease in the volume fraction of the particles, while their size
continuously increased (Fig. 7h, Table 3). For example, the volume
fraction of carbides decreased from 7.4% to 3.5% after annealing at
800 �С and 900 �С, respectively. In contrast, the particles rapidly
grew from 77 nm to 200 nmwith an increase in temperature from
700 �С to 900 �С.

3.3. Tensile properties

A series of tensile stressestrain curves obtained at room tem-
perature for the СoCrFeMnNi alloys with different carbon contents
after cold rolling and annealing at various temperatures are shown
in Fig. 8. The representative mechanical properties, that is, yield
strength (YS), ultimate tensile strength (UTS), total (TE), and uni-
form (UE) elongation, are summarised in Table 4. Qualitatively, the
alloys exhibited rather similar behaviour. Cold-rolled samples
demonstrated high YS with a short strain-hardening stage and
early necking, resulting in low ductility. In addition, the strength of
the cold-rolled alloys increased in proportion to the carbon content.
For example, the YS of rolled specimens increased from 983 MPa to
1485 MPa with an increase in the carbon percentage from 0 at.% to
2.0 at.%.

Annealing after rolling resulted in softening and enhancement
of the ductility of the alloys. After annealing at 700 �C, the most
pronounced softening was observed in the undoped alloy; the YS
decreased by 2.5 times to 387 MPa (Fig. 8a). With an increase in the
annealing temperature, the strength of the alloy gradually
decreased to 207 MPa. The annealed alloy exhibited reasonable
work-hardening capacity and, therefore, a rather high UTS and
ductility. The elongation to fracture, however, increased moder-
ately from 53% to 60% as the annealing temperature changed from
700�С to 1000 �C.

The YS of the alloy doped with 0.5 at.% of carbon was
~50e70 MPa higher than that of the undoped alloy after annealing
at the same temperatures (Fig. 8b). The only exception was found
after annealing at 700 �C. In this case, the carbon-doped alloy was
~1.5 times stronger. A further increase in the annealing tempera-
ture to 800 �С resulted in a pronounced decrease in the YS to
380 MPa, most probably due to complete recrystallisation. The
softening was accompanied by an increase in ductility from 42% to
52% after annealing at 700 �С and 800 �C, respectively. Further
increases in the annealing temperature resulted in a gradual
decrease in strength and an increase in ductility.

The alloy with the highest carbon percentage (2.0 at.%) showed a
qualitatively similar response of the mechanical properties to
recrystallisation annealing; however, this alloy was considerably
stronger than the two other alloys (Fig. 8c). For example, the YS of



Fig. 6. TEM microstructure of the СoCrFeMnNi alloy with x ¼ 0.5 at.% of carbon after annealing at 600 �C (a); 700 �C (b); 800 �C (с); 900 �C (d).
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the x ¼ 2.0 alloy decreased from 860 MPa to 635 MPa after
annealing at 700 �C or 800 �С, respectively, and then decreased
gradually to 380 MPa after annealing at 1000 �C (Fig. 7c). In addi-
tion, note the sharp yield point on the stressestrain curves for the
alloy annealed at 800 �С and 900 �C. The ductility of the alloy
increased significantly from 24% to 55%, with an increase in the
annealing temperature from 700 �С to 1000 �C. An increase in the
carbon concentration from 0.5 at.% to 2.0 at.% resulted in lower
ductility under all examined conditions.

Additional tests at liquid nitrogen temperature (77 K) were
performed for the conditions that demonstrated an attractive bal-
ance of strength and ductility at room temperature (Fig. 9, Table 5).
Decreasing the test temperature to 77 K led to a simultaneous in-
crease in both strength and ductility of the alloys. Similar de-
pendencies of mechanical properties on the carbon concentration
were observed at 293 K and 77 K: the strength slightly increased as
the carbon concentration increased from 0 at.% to 0.5 at.%, and then
increased considerably when the carbon content approached
2.0 at.%. In turn, the highest ductility was obtained for the alloy
with 0.5 at.%. Finally, an increase in the annealing temperature from
800 �С to 900 �С resulted in a decrease in the YS and higher
ductility. However, the effect of annealing temperature decreased
as the concentration of carbon increased.

The strain-hardening curves of the СoCrFeMnNi alloys with
different carbon contents after annealing at 800 �C obtained during
tension at room or cryogenic temperatures are shown in Fig. 10. The
alloys demonstrated qualitatively similar behaviour irrespective of
the carbon content or testing temperature. The strain-hardening
rate of the alloys was maximum at the initial stages of deforma-
tion, and then decreased gradually until a rapid decrease occurred
in the final stages of deformation. No inflexions were observed. The
sharp decrease in the strain-hardening rate of the alloy with
2.0 at.% at the beginning of the deformation is associated with the
sharp yield point (Fig. 8c). An increase in the amount of carbon
leads to an increase in the strain hardening at the initial stages of
deformation. However, after a true strain of ~0.2, the hardening rate
became inversely proportional to the carbon content. In addition,
the strain-hardening capacity of the alloys was found to be better at
cryogenic temperatures. The strain-hardening curves for the other
conditions are not shown because they exhibit qualitatively similar
behaviour.

4. Discussion

The present study demonstrated that cold working followed by
annealing at 600e1000 �C of the CoCrFeMnNi high-entropy alloys
doped with different amounts of carbon resulted in (i) recrystalli-
sation of the cold-worked fcc matrix and (ii) the precipitation of the
M23C6-type carbides (Figs. 3, 5e7). The recrystallised alloys
demonstrated attractive mechanical properties, that is, strength



Fig. 7. TEMmicrostructure of the СoCrFeMnNi alloy with x ¼ 2.0 at.% of carbon after annealing at 600 �C (a,b,c); 700 �C (d,e,f); 800 �C (g,i); 900 �C (h); bright-field images (aeh) and
STEM image with corresponding EDX maps (i).

M. Klimova et al. / Journal of Alloys and Compounds 851 (2021) 156839 7



Table 3
Microstructure parameters of the СoСrFeMnNi alloys with different carbon contents (x): x ¼ 0, 0.5, 2.0 at.% after cold rolling and annealing at temperatures of 700e1000 �C.

Annealing temperature �С x ¼ 0 at.% x ¼ 0.5 at.% x ¼ 2.0 at.%

Grain size, mm Grain size, mm Particle size, nm Volume fraction, % Grain size, mm Particle size, nm Volume fraction, %

700 3.6 ± 1.6 3.1 ± 1.8 63 ± 23 3.4/3.8a 1.4 ± 0.5 77 ± 20 5.6/8.9a

800 6.4 ± 2.9 5.2 ± 3.0 89 ± 20 1.5 1.6 ± 0.9 117 ± 70 7.4
900 15.7 ± 7.8 12.9 ± 3.6 165 ± 112 0.6 2.5 ± 1.0 203 ± 140 3.5
1000 32.2 ± 15.4 28.3 ± 14.0 e e 25.1 ± 12.1 e e

a The nominator and denominator correspond to the total fraction of the carbides and the fraction of the carbides in the recrystallised areas, respectively.

Fig. 8. Room temperature tensile stress-strain curves of the СoCrFeMnNi alloys with different carbon contents (x): x ¼ 0 at.% (a); 0.5 at.% (b); 2.0 at.% (c) after cold rolling and
annealing at different temperatures.

M. Klimova et al. / Journal of Alloys and Compounds 851 (2021) 1568398
and ductility, both at ambient and cryogenic temperatures (Figs. 8
and 9). Moreover, it was found that the carbon content strongly
affected both the microstructure development and mechanical
properties after annealing. Several aspects of the carbon effect are
analysed further.

The carbon-free alloy was found to have a single fcc phase
microstructure in all the examined conditions (Figs. 2,3). Note that
in the equiatomic CoCrFeMnNi alloy, different types of precipitates,
including Cr-rich sigma and bcc phases, were found after cold
rolling and annealing at 600e800 �C [45,48,49]. Presumably, the
reduced Cr concentration (Table 1) could be responsible for the
absence of any secondary phases in the program carbon-free alloy.

In turn, the most apparent effect of carbon addition was asso-
ciated with the precipitation of Cr-rich M23C6 carbides. It is worth
noting that no or very limited amounts of carbides were found in
the as-cast microstructure of the same alloys [41], which is
consistent with the observations recorded under the cold-rolled
condition (Fig. 2). However, the amount of carbon solved in the
fcc matrix of the as-cast alloys, according to the observations of the
present study, appears to be much higher than the equilibrium
solubility of carbon in fcc solid solution at temperatures �900 �C.
As a result of the heat treatment, an excessive amount of carbon
partitions to the carbide particles. The formation of the dual-phase
microstructure, composed of the fcc matrix and carbide particles,
agrees with the Thermo-Calc predictions. A comparison between
the experimental fraction of carbides and the equilibrium fraction
predicted using Thermo-Calc software is shown in Fig. 11. Note that
the fraction of carbides in recrystallised areas was used in the case
of annealing at 700 �C.

The comparison in Fig. 11 shows that the experimental carbide
volume fractions are higher than the equilibrium fractions. How-
ever, the overall trend of a gradual decrease in the fraction of the
carbides with an increase in the annealing temperature in both
alloys was confirmed. This finding is associated with the higher
solubility of carbon in the fcc matrix at higher temperatures. Ac-
cording to the Thermo-Calc predictions, the solvus temperature of
the carbides varied significantly: the corresponding temperatures
were 852 �С and 1042 �С at carbon concentrations of 0.5% and 2.0%,



Table 4
Room temperature mechanical properties of the СoCrFeMnNi alloys with different
carbon contents (x): x ¼ 0, 0.5, 2.0 at.% after cold rolling (CR) and annealing at
different temperatures.

Condition YS, MPa US, MPa TE, % UE, %

x ¼ 0 at%

CR 983 1139 14
700 �C 387 696 53 38
800 �C 313 651 56 41
900 �C 251 609 57 43
1000 �C 207 572 60 45

x ¼ 0.5 at%

CR 1119 1223 9
700 �C 565 851 42 28
800 �C 381 721 52 36
900 �C 299 677 58 44
1000 �C 236 623 64 49

x ¼ 2.0 at%

CR 1485 1627 5
700 �C 859 1081 24 15
800 �C 636 933 43 29
900 �C 562 895 46 32
1000 �C 380 797 55 42
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respectively. However, the experimental data showed that in both
alloys, carbides were found at 900 �С, while a single fcc phase
structure was observed at 1000 �C. Fig. 11 suggests that the solvus
temperatures were close to 900 and 1000 �C in the alloys with
0.5 at.% and 2.0 at.% of carbon, respectively. The discrepancies be-
tween the experimental data and calculations can be attributed to
the well-known imperfections of the available databases [3].

The addition of carbon to the CoCrFeMnNi alloy led to an in-
crease in the recrystallisation temperature. This effect appears to be
associated with the presence of carbon in the solid solution rather
than the precipitation of the carbides. Because of the strong inter-
action of interstitial solutes with grain boundaries and the forma-
tion of solute atmospheres, the migration of grain boundaries is
impeded [50], which leads to a higher energy barrier for recovery
and recrystallisation during annealing. A similar suggestion was
made in Ref. [25]. Precipitation of the particles was observed to
occur simultaneously with recrystallisation (Fig. 7aec), most
probably because of the mass transfer needed for the particle
growth.

Another effect of carbon doping was associated with a lower
recrystallised grain size, especially in the alloy with 2.0 at.% of
Fig. 9. Tensile stress-strain curves of the СoCrFeMnNi alloys with different carbon content
obtained at cryogenic temperature.
carbon, after annealing at temperatures �900 �С (Fig. 4). On the
other hand, rapid grain growth in the carbon-doped alloys was
observed at T ¼ 1000 �С, that is, in the single fcc phase field. Most
likely, the precipitation of carbides restricted the fcc matrix grain
growth. This effect was obviously stronger in the alloy with higher
carbon content. The limiting grain size due to the particle pinning
effect can be expressed according to Zener’s original consideration
[50]:

DZ ¼ a
2d
3Fv

(1)

where Dz is the Zener limiting grain size, a is a scaling factor, and
d and Fv are the size and fraction of particles, respectively. The re-
lationships between the experimental fcc grain size and particle
size/fraction ratio in the alloys (Table 3) with 0.5 at.% and 2.0 at.% of
carbon after annealing at 700e900 �C are plotted in Fig. 12.

Fig. 12 shows that the relationship between the fcc grain size
and the particle size/fraction ratio for both alloys can be described
by a linear function, thereby confirming that the fcc grain growth
rate was controlled by the Zener drag mechanism. The estimated
slopes of the lines were a ¼ 0.5 and a ¼ 0.3 for the alloys doped
with 0.5 at.% and 2.0 at.%, respectively (Fig. 12). Obviously, in the
alloy with 2.0 at.% of carbon, the grain growth occurred much
slower, which is consistent with the higher fraction of carbides. The
obtained values of a are similar to those found in Ref. [51,52]
(0.25 < a < 0.5) and are likely associated with the concurrent
precipitation of particles and nucleation of grains, which is
confirmed by the microstructure observations (Fig. 7).

The amount of carbon also affected themechanical properties of
the alloys (Figs. 8 and 9, Tables 4 and 5). The contribution of
different strengthening mechanisms was further evaluated. Note
that work hardening is not considered in detail because this study
is mainly focussed on recrystallisedmicrostructures and properties.
In the carbon-free alloy after cold rolling and annealing at
700e1000 �C, the main contribution to hardening comes from the
grain boundaries. The dependence of the YS on the grain size
(HallePetch relationship) (shown in Fig. 13a) can be expressed as:

sH-P ¼ s0 þ k D�0.5 (2)

where s0 is the friction stress, D is the average grain size, and k is a
numerical factor.

Fig. 13a shows that a linear relationship has the following pa-
rameters: s0 ¼ 125 MPa and k ¼ 494 MPa/mm0.5. The same s0 and k
s (x): x ¼ 0, 0.5, 2.0 at.% after cold rolling and annealing at 800 �C (a) and 900 �C (b)



Table 5
Mechanical properties of the СoCrFeMnNi alloys with different carbon contents (x):
x¼ 0, 0.5, 2.0 at.% of after cold rolling and annealing at 800 �C and 900 �C obtained at
cryogenic temperature.

Annealing temperature YS, MPa US, MPa TE% UE%

x ¼ 0 at%

800 �C 460 970 76 57
900 �C 310 838 87 64

x ¼ 0.5 at%

800 �C 480 994 62 48
900 �C 434 944 92 66

x ¼ 2.0 at%

800 �C 786 1218 52 39
900 �C 765 1262 56 42 Fig. 11. Dependence of the equilibrium carbides fraction predicted by Thermo-Calc

software in comparison with the experimental data in the СoCrFeMnNi alloys with
different carbon contents (x): x ¼ 0.5, 2.0 at.%.
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values havebeenpreviously reported for the equiatomic single-phase
CoCrFeMnNihigh-entropyalloy [12].However, similarprocessing can
result in noticeably higher strength in the equiatomic CoCrFeMnNi
alloy. For example, the equiatomic alloy after cold rolling and subse-
quentannealingat700 �ChadaYSof585MPa [45],while theprogram
alloy with reduced Cr content had a strength of only 387 MPa
(Table 4). The lower strength of the programalloy can be attributed to
the absence of secondary phases in the microstructure.

Thus, it seems reasonable that the precipitation of carbides also
increases the strength of the carbon-doped alloys. The effect of
precipitates on the strength via the Orowan mechanism can be
considered using the following equation [53]:

sOr ¼ (0.538 G b f1/2 / d) ln (d/2b), (3)

where b¼ 2.58� 10�10 m�10 is the Burgers vector, G¼ 80 GPa is the
shear modulus [10], and f and d are the particle fraction and size
(Table 3), respectively.

The comparison between the experimental YS and calculated
values using equations (2) and (3) is presented in Fig. 13b and c, and
Table 6. Good agreement was found for the alloy with x ¼ 0.5 at.%
carbon (Fig.13b), while some discrepancies were found for the alloy
with 2.0 at.% of carbon (Fig. 13c). Some reasons for these discrep-
ancies were further analysed. Meanwhile, both alloys demon-
strated a steady decrease in both grain boundaries and
precipitation strengthening with an increase in annealing tem-
perature. Apparently, this is due to the coarsening of both grains
and carbide particles. Moreover, it should be noted that the highest
increment in strength for both alloys was provided by grain
Fig. 10. Strain hardening curves of the СoCrFeMnNi alloys with different carbon contents (x
cryogenic (b) temperature.
refinement after thermomechanical processing. However, the fine
grain size in the alloy with 2.0 at.% of carbon is also due to carbides
precipitation (Fig. 12), that is, the strength of the alloy comes from
carbides but in an indirect way [45,54,55].

The calculated and experimental YSs of the 2.0 at.% carbon alloy
are noticeably unmatched after annealing at 700 �C or 1000 �C. In
the former case, the experimental strength was remarkably higher
than the calculated value. This difference can be associated with
only partial recrystallisation of the alloy after annealing at 700 �С
and a rather high amount of non-recrystallised fraction with a high
density of defects (0.32) (Fig. 3). However, due to recovery devel-
opment in the unrecrystallised areas (Fig. 7с), it is impossible to
quantify the contribution from these areas, as in Refs. [38,45]. Note
also that in the alloy with 0.5 at.%, the amount of non-recrystallised
areas was only 0.07 and, therefore, they did not have a noticeable
influence on the mechanical properties of the alloy.

After annealing at 1000 �C, the experimental YS of the alloy was
also much higher than the predicted YS. In this case, the alloy has a
single fcc phase solid solution structure, that is, the carbon atoms
are fully solved in the matrix in contrast to the lower temperature
annealing when carbon preferably partitions to the carbide parti-
cles. Therefore, much stronger solid solution strengthening is ex-
pected. The difference between the experimental and calculated YS
of approximately 150 MPa at 1000 �С is consistent with solid so-
lution strengthening, which was previously defined in Refs. [41] as
67 MPa/at% of carbon. Again, in the alloy with 0.5 at.% of carbon,
this effect is negligible.
): x ¼ 0, 0.5, 2.0 at.% after cold rolling and annealing at 800 �C obtained at room (a) and



Fig. 12. Dependence of the fcc grain size on the particles size/fraction ratio in the
СoCrFeMnNi alloys with different carbon contents (x): x ¼ 0.5, 2.0 at.%. The dashed
lines are only guides to eyes.
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The ductility of the alloys decreased with increasing carbon
content, which is consistent with previous studies [25,28,41].
Deformation mechanisms in fcc metals and alloys are strongly
dependent on the stacking fault energy (SFE) value [56]. The TWIP
(twinning-induced plasticity) or TRIP (transformation-induced
plasticity) effects, which provide high ductility and strain-
hardening capacity, are expected in alloys with low SFE. In inter-
stitial HEAs, the addition of carbon can result in an increase in SFE
and, therefore, in the suppression of mechanical twinning
[25,26,57]. The shape of the strain-hardening curves (Fig. 10) sug-
gests dislocation-mediated microband-induced plasticity with no
or weak contribution of mechanical twinning [58]. These obser-
vations agree reasonably with the earlier results regarding the
Fig. 13. Yield strength of the СoCrFeMnNi alloys with different carbon contents (x): x ¼ 0 at.%
deformation mechanisms of the same alloys in the as-cast condi-
tion [41]. The presence of deformation twins in the heavily cold-
worked alloys (Fig. 2) can be attributed to higher plastic strain
and stresses as well as other differences in deformation conditions.

Another simple method to estimate the strain-hardening ca-
pacity is to use the difference between the UTS and YS [31,32]. The
dependence between the uniform elongation and UTS-YS values of
the СoCrFeMnNi alloys with different carbon contents is shown in
Fig. 14. The ductility of the alloys increased with an increase in the
work-hardening capacity. However, it appears that at nearly the
same UTS-YS values, the elongation was inversely proportional to
the carbon content (see dots highlighted with the oval in Fig. 14).
That is, despite similar work-hardening capacity, ductility becomes
lower in the alloys with higher carbon content. A similar behaviour
was reported in Ref. [31] with respect to the equiatomic CoCr-
FeMnNi and CoCrFeMnNi-1at.%C alloys. This effect can be poten-
tially attributed to the negative effect of hard carbide particles; the
carbide/matrix interphases can serve as preferred places for crack
initiation. However, the alloys examined in Ref. [31] had a single fcc
phase structure. Thus, additional studies are required to under-
stand the effect of carbon on the ductility of CoCrFeMnNi-based
alloys because it is beyond the scope of the current paper.

Finally, a decrease in the tensile deformation temperature from
293 K to 77 K led to the simultaneous enhancement of strength and
ductility of the alloys (Fig. 9). It is known that a decrease in tem-
perature results in lower SFE values, thereby enhancing work-
hardening capacity due to the activation of TWIP/TRIP effects
[23,56,59]. However, the program alloys in the as-cast condition did
not show any signs of mechanical twinning after tension to ε ¼ 20%
even at cryogenic temperatures [41], in contrast to the equiatomic
CoCrFeMnNi alloy where development of twinning was observed
after 7.4% strain [60]. Improvements in themechanical properties of
(a); 0.5 at.% (b); 2.0 at.% (c) depending on grain size (a) or annealing temperature (b,c).



Table 6
Contributions of different strengthening mechanisms of the СoСrFeMnNi alloys
with different carbon contents (x): x¼ 0.5, 2.0 at.% after cold rolling and annealing at
different temperatures.

Annealing temperature s0 sH.-P. sOrowan spred. sexper.

x ¼ 0.5 at%

700 �C 125 281 156 562 565
800 �C 125 217 79 421 381
900 �C 125 138 30 293 299
1000 �C 125 93 e 218 236

x ¼ 2.0 at%

700 �C 125 418 171 714 859
800 �C 125 391 140 656 636
900 �C 125 312 61 498 562
1000 �C 125 99 e 224 380

Fig. 14. The relationship between the ultimate tensile strength and yield strength
difference and uniform elongation values in the СoCrFeMnNi alloys with different
carbon contents (x): x ¼ 0, 0.5, 2.0 at.%.
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the program alloys in the as-cast condition were associated with
the intensification of planar dislocation slip [41,61]. It is likely that
similar mechanisms are also responsible for the strength and
ductility enhancement in the examined thermomechanically pro-
cessed alloys.
5. Conclusions

In this work, the phase composition, microstructure, and me-
chanical properties at ambient and cryogenic temperatures of
CoCrFeMnNi high-entropy alloys doped with different amounts of
carbon (0, 0.5, or 2.0 at.%) after cold rolling and annealing at
600e1000 �Сwere studied. The following conclusions were drawn:

1) After cold rolling, the alloys had typical cold-worked lamellar
microstructures; the carbon content did not have a noticeable
influence on the structure development. Annealing resulted in
(i) recovery and/or recrystallisation of the fcc matrix and (ii)
precipitation of Cr-rich M23C6 carbides in the carbon-doped al-
loys at 600e900 �C. The recrystallisation temperature was
higher in the carbon-doped alloys, and recrystallisation and
carbide precipitation mostly occurred concurrently. The volume
fraction of carbides increased with an increase in the carbon
content and decreased with increasing annealing temperature,
which is in reasonable agreement with the equilibrium fraction
of carbides predicted by Thermo-Calc.

2) The fcc grain growth in the carbon-doped alloys was inhibited
by the carbide particles owing to the Zener drag mechanism. For
example, the average grain size of the carbon-free СoСrFeNiMn
alloy gradually increased from 3.6 mm to 15.7 mm after annealing
at 700 �С and 900 �С, whereas in the alloy with 2 at.% of carbon,
the respective grain size varied from 1.4 mm to 2.5 mm. Rapid
grain growth was observed in the carbon-doped alloys after
annealing at 1000 �C, that is, in the single fcc phase field.

3) An increase in the carbon content resulted in a noticeably higher
strength of the CoCrFeMnNi alloys. For example, after cold
rolling and annealing at 800 �C, the yield strength at room
temperature increased from 313 MPa to 636 MPa with an in-
crease in the carbon percentage from 0 at.% to 2.0 at.%. Grain
refinement provided a substantially higher contribution to the
overall strength in comparison with carbide precipitation in the
carbon-doped alloys. The ductility of the alloys decreased
slightly with increasing carbon content. Finally, a decrease in the
testing temperature to 77 K strongly improved both the strength
and ductility of the program alloys.
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