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Abstract—High-entropy alloys CoCrFeNiMnV, (x =0.25, 0.5, 0.75, 1) were prepared by vacuum arc melting.
The structure and microhardness of the alloys have been studied in the cast state and after annealing at tem-
peratures of 700—1100°C. It has been found that the alloys consist of the fcc () solid solution and interme-
tallic sigma (o) phase. The volume fraction of the ¢ phase increases with increasing vanadium content. As a
result of annealing, phase transformations occur, including the precipitation of ¢ particles from the y phase
and, vice versa, the precipitation of y particles from the ¢ phase. It has been shown that the change in the vol-
ume fraction of the ¢ phase upon annealing occurs due to the changes in the total content of G-forming ele-
ments, chromium and vanadium, in accordance with the lever rule. With increasing temperature, the volume
fraction of the ¢ phase varies nonmonotonically; first, it increases, then it decreases. The microhardness of
the alloys correlates well with the change in the volume fraction of the ¢ phase. The mechanisms of the phase
transformations and quantitative relationships between chemical and phase compositions of the alloys and

their hardness are discussed.
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INTRODUCTION

High-entropy alloys (HEAs) are usually defined as
alloys that consist of five or more elements with
approximately equiatomic concentrations [1]. A large
number of elements taken in equal proportions should
increase the entropy of mixing of the disordered sub-
stitutional solid solution, thereby presumably making
their formation thermodynamically more preferred
than the formation of intermetallic phases [1]. How-
ever, further studies have shown that the high entropy
of mixing is not a determining factor in the phase for-
mation of multicomponent alloys [2]. In many HEAs,
complicated multiphase structures with a large volume
fraction of ordered and/or intermetallic phases are
formed [3—6]. From the viewpoint of possible practi-
cal applications, the presence of strengthening second
phases is attractive in order to provide a desired level of
mechanical properties. However, this requires con-
trolling the volume fraction, morphology, and disper-
sion of second phases using alloying, heat, and ther-
momechanical treatments. In particular, the lack of
data on the regularities of phase transformations in
these multicomponent alloys makes it difficult to
develop practically important compositions and
regimes of their treatment.

One of the commonly occurring intermetallic
phases detected in HEAs is the 6 phase [7]. In partic-
ular, the ¢ phase is detected in some multicompo-
nent alloys that contain chromium and vanadium,
including AL CrFe, sMnNi,s [8], CoCrFeNiV [9],
CoCrFeNiMnV, [10], Al,sCoCrCuFeNiV, [11], and
others [12]. The ¢ phase is a topologically close-
packed phase with a tetragonal structure and is
known for its high hardness [ 13]. Its precipitation can
lead to the embrittlement of, e.g., stainless steels or
nickel superalloys [14]. On the other hand, the
observed strengthening of CoCrFeNiMnV, [10] or
Al ;CrFe, sMnNj, 5 [8] alloys due to the formation of
the ¢ phase shows that the ¢ phase can be used to
increase strength characteristics. In both cases, if the
G phase embrittles or strengthens the alloy, it is import-
ant to control its precipitation or dissolution upon heat
treatment. Meanwhile, for HEAs prone to the forma-
tion of the ¢ phase, the effect of the heat-treatment
conditions on the phase composition and microstruc-
ture have only been studied weakly. The authors of [15]
studied the effect of the aging conditions on the struc-
ture and properties of the Alj;CrFe, sMnNj, s alloy
and detected the precipitation of the ¢ phase at tem-
peratures of 650 and 750°C. The formation of the
o phase after annealing at 700°C was revealed also in
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Chemical composition of ingots of CoCrFeNiMnV, alloys (x = 0.25, 0.5, 0.75, 1)

Elemental composition, at %
Alloy
Co Cr Fe Ni Mn A\Y
CoCrFeNiMnV, 55 19.3 20.0 19.6 19.5 17.0 4.6
CoCrFeNiMnV, 5 18.9 18.8 18.4 18.0 17.8 9.1
CoCrFeNiMnV,, 75 17.2 17.5 18.2 17.2 16.5 13.3
CoCrFeNiMnV, 16.2 17.0 17.2 16.5 16.1 17.0

the Al,CrFe, sMnNi, s alloys [16]. However, the stud-
ies carried out do not give a complete picture of phase
equilibria in these alloys.

In the present paper, CoCrFeNiMnV, alloys with
x=10.25, 0.5, 0.75, and 1 were chosen as the material
for study. Earlier, the authors of [10] have studied the
effect of the V concentration on the structure and
mechanical properties of these alloys. The alloys con-
sisted of mixtures of ¥ solid solution and tetragonal
o phase enriched in chromium and vanadium. In the
homogenized state (after annealing at 1000°C for
24h), the CoCrFeNiMnV,,s; alloy contained 2%
o phase; in the CoCrFeNiMnV alloy, 72% & phase
was detected. Due to the pronounced effect of the
vanadium content on the phase composition of
the CoCrFeNiMnV, alloys, it can be supposed that
the study of their phase stability can give new data on
the conditions of the formation of the ¢ phase in
multi-element alloys. In the present paper, we studied
the structure and hardness of the CoCrFeNiMnV,
alloys (x = 0.25, 0.5, 0.75, 1) after heat treatments in
the temperature range of 700—1100°C.

EXPERIMENTAL

The CoCrFeNiMnV, s, CoCrFeNiMnV, s,
CoCrFeNiMnV, ;5, and CoCrFeNiMnV, alloys were
prepared by vacuum arc melting in high-pure argon
with subsequent casting in a water-cooled copper
mold. The purity of the alloying elements was above
99.9 at %. To ensure chemical homogeneity, the ingots
were remelted at least five times. The cooling rate of
the ingots to 800°C was equal to 50 K/s. The chemical
composition of the alloys is presented in the table.

Ingots of the CoCrFeNiMn and CoCrFeNiMnV;
alloys had dimensions of 6 X 15 X 60 mm, while ingots
of the CoCrFeNiMnV,,s, CoCrFeNiMnV,s, and
CoCrFeNiMnV, -5 alloys had dimensions of 6 X 8 x
45 mm. Samples with dimensions of 6 X 8 X 3 mm
were cut from ingots to use for subsequent annealing at
temperatures of 700, 800, 900, 1000, and 1100°C for
24 h. The upper temperature boundary of the heat
treatment was chosen based on the data of a differen-
tial scanning calorimetry (DSC), which showed that
the solidus temperature of the alloys is about 1200°C.
The samples were sealed in an evacuated (102 Torr)
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quartz tube filled with titanium chips to prevent oxida-
tion. The cooling of the samples from the annealing
temperature was carried out in water. The DSC was
performed using a NETZSCH device in a helium
atmosphere; the rates of heating and cooling of the
samples were 20 K/min.

The alloys were studied in the cast and heat-treated
states. The microstructure and the phase composition
of the alloys were studied using X-ray diffraction anal-
ysis, scanning electron microscopy (SEM), and trans-
mission electron microscopy (TEM). The X-ray dif-
fraction analysis was carried out using a RIGAKU dif-
fractometer in Cu Ko, radiation in the range of angles
of 25—125°. The SEM study of the microstructure was
performed using a Quanta 200 3D microscope, which
was equipped with a detector of backscattered elec-
trons and with attachments for the energy-dispersive
X-ray analysis (EDS) and for processing maps of elec-
tron backscatter diffraction (EBSD). Samples for
TEM analysis, which were mechanically prethinned
to 100 um, were prepared by electropolishing using a
TenuPol-5 device in a mixture of C,H;OH (95%) and
HCIlO, (5%). The study of the fine structure of the
alloys was carried out using a JEOL JEM-2100 elec-
tron microscope, which was equipped with an attach-
ment for EDS analysis.

RESULTS

The microstructure of the CoCrFeNiMnV, alloys
(x=10.25, 0.5, 0.75, 1) in the cast state is presented in
Fig. 1. It can be seen that the microstructure changes
significantly depending on the vanadium content. In
the CoCrFeNiMnV, ,5 alloy, a single-phase () struc-
ture (Fig. 1a) is observed, which is confirmed by the
TEM data [10]. The increase in the vanadium concen-
tration to x = 0.5 leads to the appearance of particles of
the ¢ phase that have a lighter contrast in the SEM
images (Fig. 1b). A further increase in the vanadium
content leads to an increase in the volume fraction of
particles of the ¢ phase (Fig. 1c). At the maximum
vanadium concentration, the ¢ phase becomes domi-
nating. The vy phase is in the form of (i) precipitates at
the grain boundaries of the ¢ phase, and (ii) fine platelike
and/or equiaxed precipitates within the grains of the ¢
phase (see the inset in Fig. 1d corresponding to a higher
magnification) [10]. The TEM method allowed us to
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Fig. 1. Microstructure of the CoCrFeNiMnV, alloys in the cast state. SEM images: (a) x = 0.25; (b) x = 0.5; (c) x = 0.75; and

(d) x = 1. TEM image: (e) x = 1. (1, 3) Y phase; (2) ¢ phase.

found that for the platelike y precipitates in coarse G par-
ticles, the following orientation relationships are fulfilled:
(111), ]| (301); and [224], || [256],. Note that, as a rule, the
particles of the ¢ phase in the CoCrFeNiMnV, 5 and
CoCrFeNiMnV,, ;5 alloys have an irregular shape with
wavy branched interfaces with the y phase and contain
particles of an equiaxed or platelike shape depending
on the vanadium concentration in the other phase.

The microstructure of the CoCrFeNiMnV, ,5 alloy
after heat treatment at different temperatures is pre-
sented in Fig. 2. Annealing at a temperature of 700°C
leads to the formation of particles at the grain bound-
aries (denoted by 2 in Fig. 2a). The increase in the
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amount and size of particles with increasing tempera-
ture to 900°C is observed (Figs. 2b, 2c). However, after
annealing at 1000 and 1100°C, no particles are
detected. Because of the low volume fraction of these
particles, they cannot be identified using the X-ray
diffraction method, but the use of the local EDS and
EBSD analysis [10] made it possible to reliably iden-
tify these particles as the tetragonal chromium- and
vanadium-rich ¢ phase.

Figure 3 shows the changes in the microstructure
of the CoCrFeNiMnV, 5 alloy upon an increase in the
annealing temperature. It should be noted that the
study of the phase composition of the alloy using X-ray
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Fig. 2. Microstructure of the CoCrFeNiMnV,) ,5 alloy after heating at different temperatures and subsequent holding for 24 h.
SEM images: (a) 700, (b) 800, (c) 900, (d) 1000, (e) 1100°C. The yand ¢ phases are denoted 7 and 2, respectively.

diffraction analysis did not reveal its change compared to
the cast state. Similar changes were observed for the
CoCrFeNiMnV, ;s and CoCrFeNiMnV, alloys. After
annealing the CoCrFeNiMnV,, 5 alloy at 700°C, fine
particles of the ¢ phase precipitate at the grain bound-
aries of the y phase (Fig. 3a, 2 in the inset at a higher
magnification). The initial coarse particles (Fig. 3a, 2
in the main field) do not change compared to the cast
state. After annealing the CoCrFeNiMnV, 5 alloy at tem-
peratures in the range of 800—1000°C (Figs. 3b—3d),
the precipitation of particles of a lenticular shape is
observed in the y phase. The chemical composition of
the lenticular particles corresponds to the composition
of coarse particles of the ¢ phase. With increasing
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annealing temperature, the Ienticular particles
become coarser, their amount varies nonmonotoni-
cally, and the maximum amount corresponds to
900°C (Fig. 3c). The plates are connected with the
matrix by the orientation relationships (220), || (110),,

[220], [ [113]g, (002), ]| (332)5, and [220], || [1 13],
and are oriented predominantly along three directions
inclined at angles of 60° relative to each other [10].
The presence of precipitates of the ¢ phase at the
boundaries of y grains should also be noted. After
annealing at 1100°C, no plate-shaped particles are
observed (Fig. 3e). With increasing annealing tem-
perature of the CoCrFeNiMnVj 5 alloy, there is a sta-
ble tendency of the shape of particles of the ¢ phase to
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Fig. 3. Microstructure of the CoCrFeNiMnV,, 5 alloy after heating at different temperatures and subsequent holding for 24 h.
SEM images: (a) 700, (b) 800, (c) 900, (d) 1000, (e) 1100°C. (1, 3) Y phase; (2) ¢ phase.

simplify and particles of the y phase to form inside the
o phase. It should be noted that, at all annealing tem-
peratures, regions of the y phase are retained within
the particles of the G phase.

Figure 4 shows the microstructure of the
CoCrFeNiMnV, 5 alloy after heat treatment. Anneal-
ing at 700°C (Fig. 4a) leads to significant changes in
the microstructure of the alloy. In the coarse particles
of the o phase, fine plate-shaped particles of the
v phase precipitate, forming a microstructure resem-
bling pearlite. The precipitation of the 7y particles is
observed predominantly in the center of the ¢ parti-
cles; the perimeter remains free of the precipitates. A
similar microstructure is observed after annealing at
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800°C (Fig. 4b). However, the shape of particles of the
v phase within the ¢ phase changes and approaches an
equiaxed shape, apparently due to the occurrence of
the process of spheroidization. In the matrix y phase,
lenticular particles of the ¢ phase are formed. Similar
lenticular particles are seen after annealing at 900°C
(Fig. 4¢). In the coarse particles of the ¢ phase, the
almost equiaxed y particles are observed. After anneal-
ing at 1000°C (Fig. 4d) and 1100°C (Fig. 4¢), no len-
ticular particles are observed. As a result, a micro-
structure with strongly curved interphase boundaries
is formed due to the coalescence of particles of the
v phase that were present in the matrix ¢ phase. It is of
interest that twins are observed in particles of the
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Fig. 4. Microstructure of the CoCrFeNiMnV,) 75 alloy after heating at different temperatures and subsequent holding for 24 h.
SEM images: (a) 700, (b) 800, (c) 900, (d) 1000, (e) 1100°C. (1, 3) Y phase; (2) ¢ phase.

v phase (3 in Fig. 4e) located in the ¢ phase; whereas,
in the © particles, grain boundaries are formed
(Fig. 4e, inset).

The microstructure of the CoCrFeNiMnV, alloy
after annealing at different temperatures is presented
in Fig. 5. Annealing at 700°C does not lead to signifi-
cant changes in the microstructure of the alloy com-
pared to the cast state (cf. Figs. 5a and 1d). Heating to
800°C leads to a coarsening of the platelike structure
of the yparticles in the ¢ matrix and its spheroidization
(Fig. 5b). Inside the interlayers of the y phase, dark
particles of the fine-dispersed ¢ phase precipitate;
because of their small size, they were only identified
after annealing at 900°C, when they became some-
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what coarser (Fig. 5d). At T = 900°C (Fig. 5¢), the
spheroidization of the particles of the y phase is almost
completed and the microstructure represents grains of
the o phase in which spheroidized particles of the
Y phase are located. At the boundaries of grains of the
G phase, precipitates of the primary y phase are
located, in which equiaxed and platelike particles of
the ¢ phase can be seen (Fig. 5d). After annealing at a
temperature of 1000°C (Fig. 5e), equiaxed particles of
the y phase become coarser; no precipitation of the
o phase in the interlayers of the y phase occurs. Upon
a further increase in the annealing temperature to
1100°C, because of the development of the processes
of coalescence and spheroidization, the microstruc-
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Fig. 5. Microstructure of the CoCrFeNiMnV, alloy after heating at different temperatures and subsequent holding for 24 h:
(a) 700, (b) 800, (c), (d) 900, (e) 1000, (f) 1100°C. (a—c, e, f) SEM images. (d) TEM image and electron-diffraction pattern cor-
responding to the region outlined by an oval in Fig. 5c. (I, 3) Yy phase; (2) ¢ phase.

ture is transformed into a microduplex-type structure
(Fig. 5f), which morphologically does not inherit the
microstructure of the cast state.

The chemical composition of phases that arise in
the CoCrFeNiMnV, alloys (x = 0.25, 0.5, 0.75, 1) was
analyzed using the EDS method. Figure 6 shows the
dependences of the total content of chromium and
vanadium in the yand ¢ phases on the annealing tem-
perature. The ¢ phase is strongly enriched in chro-
mium and vanadium. The total concentration of chro-
mium and vanadium is approximately the same in all
alloys (except the CoCrFeNiMnV,),5 alloy) and is in
the range of 35—40 at % (Fig. 6). The total content of
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chromium and vanadium in the 7y phase also only
weakly depends on the vanadium concentration in the
alloys and is about 23—27 at % (Fig. 6). The y and
o phases contain the other elements (Co, Fe, Ni, and
Mn) in approximately equal concentrations. Heat
treatment exerts a significant effect on the chemical
composition of phases. As can be seen in Fig. 6,
annealing at 700°C does not lead to significant
changes in the composition of the phases. With an
increase in annealing temperature to 800 and 900°C,
the total content of chromium and vanadium in the
v solid solution decreases; in the ¢ phase, the content
increases. The further increase in the annealing tem-
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Fig. 6. Dependence of the total content of chromium and
vanadium in the yphase (white symbols) and ¢ phase (gray
symbols) of the CoCrFeNiMnV, alloys (x = 0.25, 0.5,
0.75, 1) on the annealing temperature. Content of chro-
mium and vanadium in the alloys is indicated by dashed
lines.

perature to 1000 and 1100°C does not lead to signifi-
cant changes in the composition of the ¢ phase, while
in the yphase, an increase in the total content of chro-
mium and vanadium is observed. It can also be noted
that the chemical composition of the ¢ phase in the
CoCrFeNiMnV, ,5 alloy differs from that in the other
alloys; the total content of chromium and vanadium in
the ¢ phase is maximum after annealing at a tempera-
ture of 700°C (44.6 at %) and gradually decreases with
increasing annealing temperature, which approaches
the amount that is typical of the ¢ phase in alloys with
higher vanadium content. The difference in the com-
position of the ¢ phase in different alloys is caused by
the fact that, in the CoCrFeNiMnV,,s alloy, the
o phase probably only precipitates upon annealing,
whereas in other alloys, the ¢ phase is already present
in the initial cast state.

The changes in the volume fraction of the ¢ phase
and the microhardness in the CoCrFeNiMnV, alloys
after annealing at different temperatures compared to
the cast state are presented in Fig. 7. The curves
demonstrate a substantial dependence of the volume
fraction of the ¢ phase (Fig. 7a) and the microhard-
ness (Fig. 7b) on the vanadium content in alloys in the
cast and annealed states. As the vanadium content
increases, the volume fraction of the ¢ phase and the
microhardness increase. The dependences of the
amount of the ¢ phase and of the microhardness on
the vanadium content are not directly proportional to
vanadium concentration, but the greater its content in
the alloy, the higher the increase. As was noted above,
the annealing at 700° of the alloy with V,, ;s leads to the
formation of the ¢ phase, but its volume fraction is
insignificant, just as the effect on the microhardness.
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Fig. 7. Dependence of (a) volume fraction of the ¢ phase
and (b) microhardness of CoCrFeNiMnV, alloys (x =
0.25, 0.5, 0.75, 1) on annealing temperature.

In the other alloys, annealing led to a significant
change in the volume fraction of the ¢ phase, the max-
imum of which was observed in the range of annealing
temperatures of 800—1000°C depending on the vana-
dium content. In alloy with Vs, the maximum was
observed after annealing at 1000°C; in alloys with V ;5
and V, the maximum was observed at somewhat lower
temperatures (800—900°C). After reaching the maxi-
mum, the volume fraction of the ¢ phase decreased in
all the alloys. The change in the microhardness of the
alloys after annealing in general correlated with the
change in the volume fraction of the ¢ phase. How-
ever, the observed maxima look clearer (especially for
the alloys with V, 5 and V, ;5) than the peaks in the
change of the volume fraction of the ¢ phase.

Additionally, a study of the CoCrFeNiMnV, alloys
(x =0, 0.25, 0.5, 0.75, 1) was performed using the
DSC method. Based on the results of this study, a
polythermal section of the phase diagram of alloys of
the CoCrFeNiMn—V system was constructed (Fig. 8)
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taking into account the results of the structural studies
of the alloys as well. For the CoCrFeNiMnV, alloys
(x= 0.5, 0.75, 1), the temperatures of the liquidus,
solidus, and solvus of the ¢ phase were determined.
The temperatures of the phase transformations in
these alloys only weakly depend on their composition.
The complete dissolution of the ¢ phase in these alloys
is possible in a narrow range of temperatures of 1200—
1250°C. In the CoCrFeNiMn and CoCrFeNiMnV, ,5
alloys, only the temperatures of liquidus and solidus
were determined upon the DSC studies, probably
because of the low volume fraction of the ¢ phase in
these alloys and possibly because of the slow kinetics
of its precipitation. Therefore, the boundary between
the v (fcc) and ¥ + © fields (of existance) in the phase
diagram was drawn tentatively (dashed line). The fact
(established in the present paper) of the presence of
the o phase in the CoCrFeNiMnV,,s; alloy after
annealing at temperatures in the range of 700—900°C
and the absence of this phase after annealing at 1000—
1100°C was also taken into account. In addition, the
known data on the precipitation of the ¢ phase in the
CoCrFeNiMn alloy after annealing at 600—700°C and
on the single-phase ystructure after annealing at 900—
1000°C were taken into account [17—19]. The phase
diagram is characterized by a wide field of the y solid
solution, which is sharply narrowed as the molar con-
centration of vanadium increases from 0 to 0.5. The
broadening of the Y + G region is assumed to be due to
an increase in the volume fraction of the ¢ phase,
which is confirmed by microstructural studies
(Fig. 7a).

DISCUSSION

The above results show that the structure of the
CoCrFeNiMnV, alloys (x = 0.25; 0.5; 0.75; 1),
namely, the volume fraction of arising phases, their
morphology, and the composition depend not only on
the vanadium content, as was shown in the previous
paper [10], but also on the annealing temperature. The
structural changes are caused by phase transforma-
tions, i.e., the reactions of the precipitation of phases
¢ —yand Y — o. The latter reaction, unlike the former
one, is well known [20] and was observed in austenitic
steels and superalloys. The formation of the ¢ phase
takes place in all of the studied alloys; its volume frac-
tion increases with increasing vanadium concentra-
tion, which is directly related to an increase in the con-
tent of the o-forming elements (Cr and V) to 34 at %
(Fig. 6). The change in its volume fraction with
increasing annealing temperature has a more compli-
cated character: first, the volume fraction increases to
the temperature of 900°C, then decreases (Fig. 7a).
The change in the volume fraction correlates well with
the change in the microhardness (Fig. 7b).

Let us consider the formation of the microstructure
of the alloys depending on the vanadium content and
annealing temperature. According to the presented
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Fig. 8. Schematic phase diagram of CoCrFeNiMn-V
alloys, which was constructed using DSC curves with tak-
ing into account the data of microstructural studies.

phase diagram of the CoCrFeNiMn—V system
(Fig. 8), all of the alloys are characterized by a narrow
region of crystallization; the temperature range
between the solidus and solvus is only wide at small
concentrations of vanadium. Beginning with the con-
centration of V, 5, the difference in the temperatures of
solidus and solvus does not exceed 70 K. Since the
cooling rate of ingots was quite high (50 K/s up to
800°C), the crystallization resulted in the formation of
a metastable structure in the alloys. Indeed, in the
CoCrFeNiMnV, ,; alloy, the ¢ phase is not detected in
the cast state (Fig. 1a) and after quenching from tem-
peratures of 1000 and 1100°C (Figs. 2d, 2e) but
appears after heating in the range of temperatures of
700—900°C, whereas in the alloys with a high vana-
dium content at lower annealing temperatures, the
precipitation of the y phase from the ¢ phase due to its
supersaturation by the y-forming elements is observed
(Fig. 6). A similar change in the microstructure was
noted in [21] upon studying the decomposition of the
supersaturated solid solutions in Ni—Cr and Cu-Ti
systems. At certain degrees of overcooling, a pearlite-
like microstructure was observed close to the micro-
structure observed in the present paper. As a result, the
arising plates of the y phase are unstable; we can
clearly see the curvature of boundaries and the appear-
ance of constrictions (Fig. 1f). The spheroidization
and coalescence are activated with increasing anneal-
ing temperature, which leads to the formation of
rounded particles.

Meanwhile, beginning with the temperature of
700°C, the opposite reaction Y — ¢ gradually occurs,
which is caused by the change in the solubility of the
o-forming elements in the y phase. Two morphologi-
cal types of particles of the ¢ phase are formed, i.e.,
equiaxed and lenticular. In this case, there is an anal-
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0.75; 1): (A) dependence predicted according to the lever
rule; (o) experimental data.

ogy with the formation of the ¢ particles in austenitic
steels [21]. According to [20], the formation of the
o phase in these steels occurs by the transformation of
0 ferrite, or the G phase directly precipitates from the
v solid solution [21]. In the present paper, apparently,
the formation of  ferrite is prevented because of a high
content of y-stabilizers (Mn, Ni, Co), which expand
the region of existence of the 7y phase. In the
CoCrFeNiMnV, 5 alloy, the ¢ phase precipitates at
grain boundaries. Such equiaxed precipitates of the ¢
phase were observed in [22] during the study of the
Fe—Cr—Ni—Mo alloy. The authors of [22] have
shown that the precipitation of particles of the ¢ phase
at the grain boundaries of the vy solid solution and in
the bulk of grains occurs at an aging temperature of
815°C for 36 h. The o phase precipitated in the bulk of
grains has a needle-like shape; the same shape was
observed in the CoCrFeNiMnV, 5 alloy after anneal-
ing at 800°C and above. An attempt to explain the
mechanism of the formation of the ¢ phase from aus-
tenite was made in [21], where it was assumed that
the nucleation of the ¢ phase is favored by the segre-
gation of chromium at grain boundaries. In our case,
after the exhaustion of the segregated chromium, the
growth of the ¢ phase is promoted by vanadium,
which comes through the grain boundaries and inter-
phase boundaries.

The specific features of diffusion in HEAs can play
a certain role in the formation of the microstructure of
investigated alloys upon annealing. It is known that
the diffusion in the high-entropy solid solutions is
slow as compared to conventional alloys [23]. We can
assume that, in the multicomponent ¢ phase of
CoCrFeNiMnV, alloys, the diffusion will also be slow.
Therefore, the mass transfer to large distances will be
difficult. In this regard, it should be noted that a max-
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imum amount of the lenticular ¢ particles precipitated
in the vy phase is observed in the CoCrFeNiMnV) 5
alloy (Figs. 3c, 3d). In this alloy, the distance between
particles of the 6 phase is significantly larger than that
in the alloys with high vanadium content. Corre-
spondingly, it is difficult to provide the leveling-off of
the chemical composition between phases because
of a large diffusion path. Similarly, the precipitation of
the v particles in the ¢ particles is observed in the
CoCrFeNiMnV, ;5 alloy (Figs. 4a, 4b). On the one
hand, in the alloy with V,, 55, the transverse size of par-
ticles of the ¢ phase is much greater than that in the
CoCrFeNiMnV, 5 alloy, which makes it difficult the
diffusion of elements from the center of a particle to
the interphase boundary. On the other hand, in the cast
structure of the alloy with V, ;5, there are no dispersed
v particles in the ¢ phase, which provide the high avail-
ability of the interphase boundaries. The presence of a
layer free of y particles along the perimeter of the parti-
cles of the ¢ phase in the CoCrFeNiMnV,; alloy
should also be noted, the formation of which is caused
by the achievement of a composition of the phase that
is close to equilibrium due to diffusion through the
interphase boundary at the thickness of this layer.

The phase transformations that occur upon heat
treatment change the volume fractions of phases in the
CoCrFeNiMnV, alloys, as is shown in Fig. 7a. The
change in the volume fractions of phases upon heat
treatment should be associated with the change in
their chemical composition, namely, in the total con-
centration of chromium and vanadium (Fig. 6). Let us
compare the volume fractions of phases, which were
obtained experimentally and were calculated using the
lever rule [10] (Fig. 9). The calculated values of the
volume fraction of the ¢ phase in different states are
indicated in Fig. 9 by triangles, while the experimental
data are indicated by circles. Obviously, there is rather
good qualitative agreement between the experimental
and predicted trends in the change of the volume frac-
tion of the ¢ phase. For example, the experimental and
predicted temperatures that correspond to the maxima
of the volume fraction of the ¢ phase for each alloy
completely coincide. Some discrepancy in the
obtained absolute values of the volume fractions can
apparently be explained by (i) the different efficiency
of chromium and vanadium in the stabilization of the
o phase [10] and (ii) by the experimental errors upon
the determination of the composition and volume
fractions of phases. However, on the whole, it can be
concluded that the change in the volume fractions of
the fcc and ¢ phases in the CoCrFeNiMnV, alloys
(x=10.5, 0.75, 1) upon heat treatment occurs due to
the changes in the total content of 6-forming elements
of chromium and vanadium in the phases according to
the lever rule.

The changes in the volume fraction of the ¢ phase
are expected to inevitably affect the hardness of the
CoCrFeNiMnV, alloys, which follows from a similar

No. 6 2017



EFFECT OF HEAT TREATMENT ON THE STRUCTURE

Microhardness, HV

800
———HV=150+ V'
700F Xo.zs D/}g’
600F ° L 0° o
s Vozs i
soof ° Vi -7
AA//
7
400 s
7 A
a7 A
300 -7
o e
0/9/
200 - %o
o —— 1 1 1
0 20 40 60 80

Volume fraction of ¢ phase, %
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0.25,0.5,0.75, 1).

character of the change in the volume fraction of the
o phase and microhardness depending on the anneal-
ing temperature (Figs. 7a and 7b, respectively). The
previous study of the CoCrFeNiMnV, alloys in the
cast state and after annealing at 1000°C with subse-
quent slow cooling revealed the presence of the power
dependence between the volume fraction of the
o phase and the microhardness [10]. An analysis of the
results obtained in the present paper confirmed the
presence of the power dependence; the experimental
data are well approximated by a power function
(Fig. 10). The exponent obtained in the present paper
is equal to 1.45, which completely coincides with the
results of the previous analysis [10]. The constants that
correspond to the hardness of the y phase are close to
150 and 142.4 HYV, respectively. It should be noted
that, in the case of alloys that consist of two phases
with significant volume fractions and different
mechanical characteristics, a linear ratio between the
volume fractions of phases and the strength, i.e.,
the so-called rule of mixture, is usually fulfilled. In the
case under consideration, there is observed a positive
deviation from this rule, i.e., the exponent in the
power dependence is significantly higher than 1.
Apparently, this deviation indicates that an increase in
the volume fraction of the ¢ phase simultaneously
leads to an additional change in the parameters of the
microstructure that provide a strengthening of the
alloys. It can be assumed that this additional strength-
ening is also caused by the observed 6 - yand y = ©
phase transformations, which significantly increase
the dispersion of the microstructure.

Thus, the results of this study show that, in the
high-entropy alloys of the CoCrFeNiMn—V system,
the structure and properties can be controlled by
changing the concentrations of alloying elements
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(vanadium) and by heat treatment. The possible struc-
tures can be quite different; from the very ductile
v solid solution to the structure with the matrix inter-
metallic ¢ phase, which is characterized by a high
hardness and brittleness. We hope that the relation-
ships established in this paper between the composi-
tion, regimes of treatment, structural parameters, and
properties of the CoCrFeNiMn—V alloy will make it
possible to produce alloys with desired characteristics
owing to the control of their composition and micro-
structure. A similar approach can also be applied to
other systems of high-entropy alloys, which are prom-
ising materials for practical applications.

CONCLUSIONS

In this paper, the structure and microhardness of
the CoCrFeNiMnV, alloys (x = 0.25, 0.5, 0.75, 1) have
been studied in the cast state and after annealing at
temperatures in the range of 700—1100°C. Based on
the studies carried out, we can draw the following con-
clusions.

(1) The structure of the alloys, i.e., the volume
fraction of phases (fcc solid solution (7y) and interme-
tallic ¢ phase), their morphology, and composition,
depends on the vanadium content and annealing tem-
perature. It has been shown that the structural changes
upon annealing are caused by phase transformations,
predominantly by the reactions of the precipitation of
phases (0 = yand Yy — 0).

(2) It has been found that the formation of the
o phase takes place in all of the alloys studied, and its
volume fraction increases with increasing vanadium
content. The volume fraction of the ¢ phase varies
nonmonotonically with increasing annealing tem-
perature; first the volume fraction increases, then it
decreases. It has been shown that these changes upon
annealing occur due to the changes in the total content
of o-forming elements (chromium and vanadium) in
accordance with the lever rule.

(3) The method of DSC analysis makes it possible
to determine the temperatures of the liquidus, solidus,
and solvus of the ¢ phase. The solvus temperature was
only determined for the CoCrFeNiMnV, alloys with
x= 0.5, 0.75, 1. It has been found that the complete
dissolution of the ¢ phase in these alloys is possible in
a narrow temperatures range of 1200—1250°C.

(4) It has been shown that the microhardness of the
studied alloys increases significantly with increasing
vanadium content, varies with annealing temperature,
and correlates with the change in the volume fraction
of the ¢ phase. The power dependence between the
microhardness and the volume fraction of the ¢ phase
with an exponent equal to 1.45 has been found.
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