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The effect of carbon additions on the structure and mechanical properties of high-entropy
alloys Co2s5.xCrasFe2sNixsCx (x = 0, 1, 3, at. %) in two structural states, as-cast coarse-grained
(CG) samples and nanocrystalline (NC) obtained by severe plastic deformation (SPD), was
studied. The SPD was performed by high-pressure torsion at room temperature. The mechanical
properties were investigated by microindentation in the temperature range of 7' = 77-300 K. It
was found that in the as-cast state, all alloys had a dendritic microstructure and an
inhomogeneous distribution of elements. At x = 0 and x = 1, the dendrites were enriched in iron
and nickel, and the interdendrite regions were enriched in chromium. At x = 3, in the
interdendrite regions, a eutectic consisting of a multicomponent matrix and fine eutectic
dendrites of M7C3 carbide, where M is predominantly chromium, was formed. The main phase in
alloys had an fcc lattice, while the solubility of carbon in it was about 1 at. %. SPD led to
effective refinement of the microstructure (the size of the coherent scattering regions was about
30-50 nm), to an increase in the dislocation density up to (1-1.5)x10'> m and to an increase in
the concentration of stacking faults. The microhardness of CG alloys at room temperature
increased monotonically with increasing carbon concentration, while in NC alloys the maximum
microhardness Hv was achieved at 1 at. % of carbon. The reason for this anomalous behavior of
the microhardness of NC alloys is an increase in the grain size and a decrease in the dislocation
density in the alloy with x = 3 compared to the alloy with x = 1. As the temperature decreased
from room temperature to the temperature of liquid nitrogen, the microhardness of CG and NC
alloys increased by about 1.5-1.7 and 1.2-1.5 times, respectively, which indicates the thermally-
activated nature of plastic deformation under the indenter. The results obtained indicate that the
main role in the hardening of the CG alloys Co25.xCr2sFe2sNixsCx is due to solid solution and
dispersion hardening, while in NC alloys it is hardening due to a decrease in the grain size
(according to the Hall-Petch relation) and an increase in the dislocation density (according to the
Taylor relation).
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1. Introduction

Currently, there is a new actively developed class of materials named high entropy
(HEA) or, in a broader formulation, multicomponent alloys (MCA), multiprincipal alloys (MPA)
or complex concentrated alloys (CCA) [1-4], as proposed by Yeh et al. [5] and Cantor et al. [6]
in 2004. These alloys contain 4-5 and more components in equiatomic or near-equiatomic
concentration. The consequence of such composition is the absence of a “base” metal and an
increased value of the mixing entropy (configurational entropy) compared to “traditional” alloys.
A high mixing entropy value leads to a decreased Gibb’s free energy, which stabilizes a
disordered solid solution state with simple fcc or bec lattices [1, 3, 4]. The presence of dissimilar
atoms with different radii and electron shell in such solutions causes significant lattice
distortions, where these are one of the factors providing the unique mechanical properties of
HEA [7-10]. It is expected [11] that due to these properties HEA can be widely used in various
fields of technology, such as aerospace [12, 13], nuclear power [4, 14], cryogenics [15],
biomedicine [16], etc. It should be noted that HEA with bec lattices predominantly possess high
strength characteristics with medium or low plasticity [9-12], whereas HEA with fcc lattices
have outstanding plasticity at relatively low strength characteristics [7-10]. This applies to
various five- and four-component (and even three-component) fcc alloys of the Co-Cr-Fe-Mn-Ni
system. It is especially important that these alloys have a high ductility at low temperatures
(down to 0.5 K [17-19]), as well as a record fracture toughness in the cryogenic region [15].
Obviously, it is desirable to increase the strength properties, primarily the yield strength, while
maintaining good plasticity and fracture toughness for the future wide practical application of
HEA.

The equiatomic Co20Cr0Fe20Mn2oNizg alloy (the composition is in at. %), called the
Cantor alloy [6, 20], is the most studied alloy of the above-mentioned system. Various materials
science approaches were used to increase the strength characteristics of this alloy such as
deformation by rolling at 77 K [21], alloying with metals forming hard intermetallic compounds
in the alloy [8, 22-25], alloying with interstitial elements, primarily carbon, in combination with
thermomechanical treatments [26, 27] and creation of a nanostructured state by severe plastic
deformation methods (SPD) [28-30]. The implementation of these approaches has led to a
number of positive results. Thus, 1 at. % C introduction into the alloys in combination with
rolling and annealing at 800 °C [26] increased the yield strength of the Cantor alloy at room
temperature by more than 2 times while maintaining high plasticity (elongation to fracture 37
%). Severe plastic deformation of the Co-Cr-Fe-Mn-Ni alloys by high pressure torsion (HPT)

has led to a significant increase in their strength characteristics [28-30]. For instance, HPT of the
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Co020Cr26Fe20Mn2oNiy4 alloy at room temperature increased the ultimate strength by three times
(from 700 to 2100 MPa) with an elongation to fracture of 5 % [30].

Further studies of fcc HEA have shown that the mechanical properties of the four-
component equiatomic CoCrFeNi alloy are not only no worse, but they are even better than the
Cantor alloy properties, especially at cryogenic temperatures, although the yield strength does
not always satisfy the existing requirements. Therefore, as in the case of the Cantor alloy,
attempts were made to strengthen the CoCrFeNi alloy by various methods, in particular through
carbon alloying [31-33]. It was established, that carbon increases the strength characteristics of a
coarse-crystalline alloy both through solid-solution strengthening by carbon atoms and
precipitation hardening by the resulting carbides.

It is of great interest to study the combined effect of two factors, namely alloying and
severe plastic deformation, on the structure and mechanical properties of the CoCrFeNi alloy.
The aim of this work was therefore to study the effect of carbon alloying on the structure and
microhardness of Co25xCrasFexsNiasCx alloys at 7= 77 — 300 K in a cast coarse-grained and
nanostructured state obtained by SPD. The SPD was carried out by the HPT method, which
produces the large shear deformations and is the most effective way to create the nanostructured
state. A microindentation method was used to study the mechanical properties where this is the
most convenient for studying the samples with heterogeneous structure after HPT. This method
provides a large number of measurements on a small surface of the same sample and permits
data based on good statistics [28-30, 34, 35].

It must be noted that carbon was added by reducing the corresponding amount of cobalt
in Co2s5.xCra2sFe2sNixsCy, contrary to a number of studies [26, 27, 31-33], in which carbon was an
addition to the equiatomic composition, i.e., Co25Cr2sFe2sNixsCx. This was necessary because,
according to several studies [36, 37], carbon atoms dissolved in the fcc lattice of the Co-Cr-Fe-
Mn-Ni HEA system increase the stacking fault energy (SFE). A decrease in the cobalt
concentration in the alloys with fcc lattice acts in the same way [38]. The SFE increase can lead

to a change of deformation mechanism of the material and, thus, affect the properties.
2. Materials and methods
2.1. Sample processing

Metals with a purity of at least 99.9 % and spectrally pure graphite were used for the
alloy melting. Ingots weighing 20 g with various carbon content x = 0; 1; 3 (indicated in at. %)
were obtained by arc melting in a copper mold using a non-consumable tungsten electrode. To

ensure the chemical homogeneity, the ingots were flipped over and remelted at least 5 times [22,



4

26, 27]. At the final stage, the melt was poured into a massive copper cylinder with an inner
diameter of 10 mm. Disks with a diameter of 10 mm and a thickness # = 1.1 mm were obtained
from cylindrical rods by spark cutting. The disks were sanded on both sides on 400-2000 grit
abrasive paper so that the final disk thickness was 42 = 0.9 mm. SPD was performed by HPT at
room temperature to obtain a nanostructured state [35]. The plunger was rotated at a rate of 0.7
rpm under a hydrostatic pressure of 6 GPa. During torsion, the magnitude of the shear strain y

depends on the distance from the rotation axis 7 and can be calculated by the equation
vy = 2nNr/h, (1)

where N is the number of revolutions and /4 is the thickness of the disk [39].

Various degrees of plastic deformation were obtained by changing the number of
revolutions N from N =1 to N = 5. In total, 9 types of samples were studied, marked further as
CxNy, where x denotes the content of carbon in at. % for each alloy and y denotes the number of
revolutions during HPT. For example, C3N1 corresponds to the alloy containing 3 at. % of

carbon and subjected to 1 revolution (N = 1).
2.2. Structure investigations

The microstructure of as-cast samples was studied on a plane perpendicular to the axis of
the disks using a metallographic inversion microscope Olympus GX51 and a scanning electron
microscope JSM 7001F equipped with a system for energy-dispersive X-ray spectroscopy (EDS)
INCA ENERGY 350. Before the study the plane was mechanically ground and a final mirror-
smooth surface was obtained by polishing on a soft tissue using a paste based on chromium
oxide. To reveal the microstructure, a freshly prepared etchant was used, consisting of 5 parts of
CH3COOH, 3 parts of HNOs, 1 part of H2POs, 1 part of H2SO4, and 1 part of HCI.

X-ray studies of as-cast and HPT-processed specimens were carried out on thin sections
prepared by a similar method, but not subjected to etching. XRD analysis was performed using a
DRON-4-07 diffractometer in Cu-Ka radiation using a selectively absorbing filter. Standard
processing (background removing, Koz reduction, diffraction peaks fitting by pseudo-Voigt
function) was applied for all diffraction patterns to obtain the peak characteristics (diffraction
angle 20, integral intensity /, integral breadth B, interplanar spacing d) needed for further
calculations. A microstructural study was performed using the integral breadth analysis method.
Separated values of coherent-scattering domain (CSD) sizes and microstrains were obtained

using a Williamson-Hall plot. The main operational formula of this method is [40]:
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D cos(0)

p= + 4etg(0), 2)
where B is the physical peak broadening (experimentally observed broadening corrected for
instrumental broadening); A is the radiation wavelength; D is the crystallite size; € is the
microstrain value and 0 is the diffraction angle. Annealed silicon powder was used as a standard
specimen for instrumental correction. Based on the obtained size-strain characteristics, the

dislocation density was estimated from the equation [41]:

_ 3y2me
p= Db ’ (3)

where p is the dislocation density, b is the Burgers vector (b = % <110 >= %E for fcc crystals).

2.3. Microhardness measurements

The microhardness was measured in the temperature range of 77 — 300 K on the same
thin sections on which X-ray structural analysis was carried out. At room temperature a PMT-
microhardness tester was used, and at lower temperatures, a special low-temperature device with
a freely suspended Vickers pyramid was used [42]. At 7= 77 K the sample and the indenter were
in liquid nitrogen, and at higher temperatures they were in the vapor of cooled gaseous nitrogen.
The load on the indenter was varied in the range P = 0.1 - 2.2 N and the loading duration was ¢ =
10 s.

Microhardness was calculated by the relation: Hy =1,854P/(2a)?, where 2a is the length
of the indentation diagonal. In this work, the dependences of the microhardness on the
indentation load Hv(P), on the distance from the disk center Hv(r) and on the temperature Hv(T)
were investigated. With the dependences Hv(P) and Hv(T), each point corresponds to the
average value of the microhardness, calculated from 10 indentations. With the dependences Hv
each point corresponds to one indentation (local microhardness). Note that all the measuring
results Hv(T) for specimens subjected to HPT were obtained by indenting homogeneous areas

adjacent to the disk edge.
3. Experimental results and discussion
3.1. Alloy structure

Coarse-grained (CG) alloys. Based on an examination of the as-cast alloys with different
carbon contents, all alloys are coarse-grained with grain sizes of several hundred micrometers

and have dendritic structures (Fig. 1) but the degree of dendritic development differs. In the



6

absence of carbon (sample CONO), there are no first-order branches in the dendrites [Fig. 1(a)],
and the alloy has a columnar (cellular) microstructure. The reason for the formation of such
structure is the variation of the partition coefficient k£ from 1 [43]. Elements with £ < 1 at the
crystallization front are pushed into the melt, and constitutional undercooling occurs at the front
(the macroscopic crystallization front is perpendicular to the plane of Fig. 1(a)), so that the plane
front at the microscopic level loses its stability and breaks up into cells. As a result, a
nonuniform distribution of elements is observed in the crystallized alloy. EDS mapping showed
that nickel is distributed almost uniformly through the alloy, while iron and cobalt are located
mostly in dendrites (D), and chromium is predominantly in the interdendritic regions (ID) (Fig.
2). Nevertheless, the difference between their concentration in dendrites and interdendritic
regions is small and it does not exceed several atomic percent (Table 1).

Adding of 1 at. % C into the alloy (sample CINO) increases the degree of supercooling at
the crystallization front (the carbon distribution coefficient in all the metals contained in the
alloy is k£ < 1, therefore carbon accumulates in liquid ahead of the crystallization front), and the
microstructure changes from columnar to more developed dendritic [Fig. 1(b)]. According to
microanalysis, the distribution of metallic elements in the alloy does not qualitatively change
(Table 1): thus, interdendritic regions and grain boundaries are enriched with chromium and
carbon, and the carbon concentration is sufficient for the single carbide formation in some local
areas [Fig. 1(b)]. Local composition microanalysis showed that the largest carbide [Fig. 1(b),
insert] contains 41.68 % C, 35.44 % Cr, 9.28 % Fe and 5.70 % Ni. This composition
approximately corresponds to the M7C3 carbide (taking into account the overestimation of the
carbon concentration in the used technique) with chromium as the main metal component. Based
on the very small volume fraction of the detected carbides, it can be assumed that almost all
carbon is dissolved in the matrix so that its solubility is close to 1 at. %. An increase of the
carbon concentration up to 3 at. % (sample C3NO) leads to further carbon and chromium
enrichment in the interdendritic regions (Fig. 3). As a result, a eutectic is formed in the
interdendritic regions [Figs. 1(c) and 1(d)] and this was previously observed in five- and four-
component high-entropy alloys containing carbon [33, 35, 44]. Herewith, the eutectic contains a
multicomponent matrix phase and thinly branched dendrites (microdendrites) of carbide M7Cs3,
with M — chromium mainly [44, 35, 33]. The elemental concentration in the interdendritic
eutectic differs significantly from the composition of the interdendritic regions in the CONO and
CINO alloys. Thus, the eutectic is highly enriched with chromium, and depleted with cobalt,
iron, and nickel (Table 1, Fig. 3). The eutectic has a rod morphology, which is typical for a
system in which the volume fraction of the second phase (carbide, in this case) is less than 30 %

[43]. The diameter of the carbide rods is approximately 0.1 um [Fig. 1(d)].
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The diffraction patterns of all as-cast CG alloys are very close to each other and show the
presence of only one fcc phase. As an example, Figure 4 shows a diffraction pattern of the as-
cast alloy containing 3 at. % C (sample C3NO). The volume fraction of the carbide phase,
detected with microscopic studies [Figs. 1(c) and 1(d)], is apparently below the sensitivity limit
of the X-ray method and therefore it is less than 5 %. Processing of the diffraction patterns
showed that the fcc lattice parameters of the CONO, CINO and C3NO alloys are 3.577 A, 3.583 A
and 3.585 A, respectively (£0.001 A). The increase in lattice parameter of CINO in comparison
with the CONO alloy confirms the presence of carbon solubility in the alloy and the formation of
an interstitial solid solution. Moreover, the almost equality of the CINO and C3NO parameters
means that the carbon solubility limit does not exceed 1 at. % in the rapidly crystallised alloy.
This conclusion is in accordance with the metallographic results presented above and literature
data [26, 27, 33]. Note that the increase in lattice parameter of CINO in comparison with the
CONO alloy is about 0.006 A, which is close to the 0.0068 value, presented in [33]. Carbon, not
included in the solid solution in C3NO alloy, is concentrated in the eutectic and forms the

eutectic carbide M7Cs with tetragonal lattice [26, 33, 44].

Nanocrystalline (NC) alloys. The diffraction patterns of the alloys after HPT are also
similar to each other. As an example, Figure 4(b) shows the diffraction pattern of the alloy
containing 3 at. % C, subjected to one HPT revolution (sample C3N1). After SPD, the phase
compositions of the alloys does not change (according to the applied method) and all the samples
have fcc lattice and <111> texture. Nevertheless, all the diffraction patterns of the deformed
specimens show shifting of the diffraction peaks. It is known that such a shift occurs in the
presence of stacking faults (SF). In particular, the (200) peaks shift toward smaller angles, and
the (111) peaks — toward larger angles for the fcc crystals. In this regard, lattice parameters of the
fcc phase of the deformed alloys were calculated from the (311) peak, since it shifts less than
others due to the presence of SF and it is observed near the precise region of 20 angles. The
stacking fault concentration (SFC) a was estimated from the distance change between (111) and

(200) peaks according to the following equations [45]:

5
A26° = — 4;/25‘1 (tan6yq0 + %tan9111): )
A26° = (26200 = 20111)der — (20200 — 260111)ann- ®)

It can be seen from eq. (4) that the angular positions of the (111) and (200) peaks of deformed
and annealed samples are required for the calculation. Since the samples in the annealed state
were not investigated, the corresponding values were calculated based on the experimentally

determined lattice parameters. Certainly, this approach introduces some inaccuracy, but it is
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sufficient for a semi-quantitative assessment. The calculated lattice parameters and substructural
parameters are presented in Table 2.

Note that the minimum crystallite size, maximum values of the dislocation density and
the stacking fault concentration are observed in the alloy doped with 1 at. % C (CIN1). The
crystallite size increase in the alloy doped with 3 at. % C (C3N1) may be due to the presence of
relatively large and hard carbide particles that prevent grain refinement during SPD as observed

earlier in [35].
3.2. Microhardness of alloys in the temperature range of 77 — 300 K

This section presents the results of studying of the effect of indentation load, the
magnitude of shear strain during torsion and temperature on the microhardness of Coas.

xCr25FeasNizsCx (x = 0; 1; 3) alloys.

3.2.1. Effect of indentation load. A study of the Hv(P) dependence showed that the effect
of indentation load weakened with increasing carbon concentration in the CG samples (Fig. 5).
Specifically, the microhardness of the pure alloy (CONO sample) increased by 1.5 times with the
indentation load decreasing from P =2.2 N to P = 0.1 N. The Hy increase in the alloy with 1 at.
% C (CINO sample) was about 14 %, while the Hv value in the alloy with x = 3 (C3NO sample)
was almost unchanged over the entire load range. Probably, the reason for the different nature of
the Hv(P) dependences is the different ability of these materials to accumulate defects in the
near-surface layer during mechanical grinding but this requires additional study. For all the
studied alloys (x = 0, 1, 3) the microhardness weakly depended on the load value in the P > 1.5
N region (Fig. 5). The microhardness values in this region of load are called «true
microhardness» since it is believed that they reflect the microhardness not of the surface layer,
but of the sample volume. The obtained data made it possible to choose the optimal indentation
load of P > 1.5 N for further studies, since the effect of load on the microhardness could be

neglected.

3.2.2. Effect of the magnitude of shear strain during torsion. Microhardness is a structure-
sensitive value that is often used to quantify the inhomogeneity of the structural state of samples
subjected to HPT. At room temperature we measured the microhardness depending on the
distance from the disk center » (Fig. 6) for N = 1. Each point in Fig. 6 corresponds to the
microhardness value calculated from one indentation, so that Figure 6 gives information not only
about the change in Hv with an increase in the distance from the center of the disk, but also about

the absolute spread of the microhardness values relative to the average value. It is seen that
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significant changes in the microhardness with » were observed in the central part of the disk.
Closer to the periphery (at distances less than about 2 mm from the circle bounding the disk), the
microhardness remained practically unchanged (within the scatter) and this indicates a sufficient
homogeneity of the microstructure of this area. This was the area of the disk that was
subsequently used to study the effect of temperature on microhardness. From Fig. 6 it is seen that
an increase in the carbon concentration up to 1 at. % (x = 1) is accompanied by a remarkable
increase in microhardness. At the same time, a further increase in the carbon concentration to 3
at. % (x = 3) led to an unexpected drop in microhardness to the level of the sample with x = 0 or
even lower. Note that, for CG specimens of Co25xCrasFexsNixsCx alloys which were not
subjected to torsion, a monotonic increase in microhardness was observed with an increase in
carbon concentration (see Fig. 5). So, apparently, it is the torsional deformation that led to the
observed anomalous change in the microhardness. Possible reasons for this anomaly are
discussed below. One of the two branches Hv(r) in Fig. 6 with smaller scatter of points was
presented for each of the studied alloys in the coordinates Hv(y) in Fig. 7, where shear
deformation y is defined according to eq. (1). It can be seen that the Hv(y) dependences

significantly weaken as the shear strain increases to y = 25-30.

3.2.3. Effect of test temperature. The temperature dependences of mechanical
characteristics, such as yield strength and microhardness, are of particular interest to clarify the
mechanism of plastic deformation of a material [46]. The Hv(T) dependences for CG alloys of all
concentrations are shown in Fig. 8. It can be seen that a decrease in temperature from 300 K to
liquid nitrogen temperature (77 K) leads to a significant increase (approximately 1.5 times) in
microhardness for all investigated alloys. This indicates the thermally-activated nature of plastic
deformation under the indenter in these alloys. It can be seen from Fig. 8 that the microhardness
of CG alloys increases with an increase in the carbon concentration over the entire investigated
temperature range. This may be due to the effects of solid solution and dispersion hardening
caused by carbon atoms embedded in the lattice and precipitation of carbides, respectively.
Interstitial atoms and carbide particles, being obstacles for moving dislocations, cause an
increase in the yield strength [26, 27] and the microhardness at all temperatures. For
nanocrystalline (NC) samples obtained by torsion under high pressure, an increase in
microhardness (by a factor of 1.2—1.5) is also observed with temperature decrease (Fig. 9), which
indicates the retention of the thermally-activated nature of plastic deformation for the
nanocrystalline state of alloys. However, a qualitative difference between the data shown in Fig.
8 and Fig. 9 should be noted. A nontrivial behaviour of the microhardness was observed with a

change in the carbon concentration for NC alloys in the entire temperature range, namely, lower
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values of the microhardness for x = 3 in comparison with the microhardness of the alloy with x =
1. We have already noted a similar anomaly when considering the dependences of the
microhardness on the distance from the center of the disk subjected to HPT (Fig. 6), when the
microhardness of the alloy with x = 3 was lower than of the alloy with x = 1 for all values of r.
To explain the anomalous effect of the carbon content on Hvy, it should be noted that the
microhardness of NC samples is several times higher than the microhardness of CG samples
where this is a consequence of a significant refinement of grains and an increase in the
dislocation density during HPT (see Table 2). The contribution of these two factors exceeds the
contribution of solid solution and dispersion hardening and is decisive in the value of the yield
stress and microhardness [29, 30]. As can be seen from Table 2, the alloy with 1 at. % C has a
minimum crystallite size (averaged over the disk area) and a maximum dislocation density. Note
that in NC materials with crystallite sizes less than 50-60 nm, the crystallite sizes practically
coincide with the grain size [47]. In addition, a certain contribution to the value of the yield
strength is made by the concentration of stacking faults [48], which is also a maximum for the
alloy with 1 at. % C (Table 2). Thus, the maximum value of the microhardness in the C1N1 alloy
at room temperature (Fig. 6 and Fig. 9) is understandable, as is the approximate equality of the
microhardness of the CON1 and C3N1 samples (Fig. 6), due to the almost identical structural
parameters (Table 2). Moreover, the crystallite size in the C3N1 sample turned out to be the
largest. A possible reason for the larger crystallite size in the samples with the highest carbon
concentration is the presence of solid eutectic carbides in the alloy with x = 3, which prevent
grain refinement during torsional deformation [35].

An anomaly associated with the temperature dependence of the microhardness of the
CON1 sample is more difficult to explain, since the microhardness increases more sharply for
this alloy than for the others with the temperature decreasing (Fig. 9). The microhardness curves
for samples with x = 0 and x = 1 intersect at a temperature of 7= 190 K, and the NC alloy with x
= 0 becomes harder than the other alloys at lower temperatures. The reason for this anomalous
behaviour of the alloy with x = 0 is probably a “switching on” of an additional deformation
mechanism (in addition to dislocation slip) with a decrease in temperature, as with a twinning or
phase transformation. It is known [37] that in fcc alloys certain deformation mechanisms depend
on the stacking faults energy (SFE): for SFE > 40 mJ/m? dislocation slip is characteristic, for 40
mJ/m? > SFE > 20 mJ/m? there is dislocation slip plus twinning and for 20 mJ/m? > SFE there is
dislocation slip plus a martensitic transformation. It is known from the literature that the
experimental values of the SFE for the CoCrFeNi alloy have a significant scatter and, according
to a recent study [48], are 18.3 —40.9 mJ/m? at 293 K and 5.3 — 19.8 mJ/m? at 140 K, depending

on the magnitude of deformation. As can be seen, the SFE strongly decreases with the
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temperature decrease and falls into the range of possible deformation by twinning or a phase
transformation. Thus, taking into account the high microstrain level in the NC alloy (Table 2),
the superposition of internal microstrains and deformation under the indenter may lead to the
appearance of nanotwins [49] and this will strengthen the alloy with a decrease in the
temperature (the dynamic Hall-Petch effect).

A martensitic transformation can be an alternative since it “turns on” as a result of a
decrease in the SFE with a further decrease in the test temperature. At the same time, the SFE is
noticeably higher in the studied alloys doped with carbon [36-38], and the "activation" of
deformation mechanisms, additional to dislocation slip, may not occur in this temperature range.
To confirm these explanations, further experiments are needed on the deformation of alloys at
different temperatures under conditions of quasi-static loading and a study of the resultant

microstructures using high-resolution electron microscopy.
4. Conclusions

Microstructure, phase composition, substructure parameters and micromechanical
properties were studied for CoasxCrasFeasNiasCx (x=0; 1; 3) alloys in the as-cast state and after
severe plastic deformation by high-pressure torsion (HPT). It was established that:

1. As-cast alloys have a coarse-grained dendritic microstructure with grain sizes of ~ 100
um. In the absence of carbon (x = 0), the dendritic shape is close to columnar, with the dendrites
enriched with chromium and interdendritic regions — with cobalt and iron. Adding of 1 at. % C
(x = 1) to the alloy leads to more brunched dendrites without a significant change in the element
distribution. With 3 at. % C in the alloy, a eutectic is formed containing a multicomponent
matrix enriched with chromium and eutectic microdendrites M3C7 (M — chromium, mainly) in
the interdendritic regions.

2. Microstructural and X-ray studies showed that the carbon solubility in the as-cast
alloys was close to 1 at. %.

3. HPT of the alloys leads to the formation of a nanocrystalline state in the alloys
characterized by a small size of coherent scattering regions, high values of microstrains, high
values of dislocation density and stacking fault concentrations. Here, the smallest size of
crystallites and the largest values of other specified parameters were observed for the alloy
doped with 1 at. % C.

4. The microhardness of Co2sxCrasFe2sNizsCx (x = 0, 1, 3) high-entropy alloys in two
structural states (as-cast coarse-grained and nanocrystalline after HPT processing at room

temperature) was measured in the temperature range of 77-300 K.
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5. It is shown that with the temperature decreasing from 7' = 300 K to 7 = 77 K, the
microhardness of CG and NC alloys increases by approximately 1.5 and 1.3 times, respectively,
thereby indicating the thermally-activated nature of plastic deformation under the indenter,
regardless of the structural state of the alloys.

6. A nontrivial behaviour of the microhardness of NC alloys was found with an increase
in the carbon content. At room temperature, a change in x from 0 to 1 leads to a noticeable
increase in Hy (by about 14 %). At the same time, a change in x from 1 to 3 is not accompanied
with a further increase in microhardness as observed in CG alloys but leads to a decrease in
microhardness approximately to the Hy level of samples with x = 0.

7. The results indicate that solid solution and dispersion hardening play the main role in
the strengthening of CG Co25xCrasFexsNixsCx (x = 0, 1, 3) alloys. In NC alloys hardening is
caused by a decrease in the grain size (according to the Hall-Petch relationship) and increase in

the dislocation density (according to the Taylor relationship).
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Figures and tables

Fig. 1. Structure of the as-cast alloys with different carbon content, at. %:a—0,b—1, ¢, d - 3.
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Fig. 2. The EDS elemental maps of the alloy without carbon (CONO).
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Fig. 3. The EDS elemental maps of the alloy with 3 at. % carbon (C3NO).
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Fig. 4. Diffractograms of the alloy with 3 at. % carbon (C3NO0): a — as-cast state, b — after HPT
by one revolution (C3N1).
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Fig. 5. Microhardness Hv depending on the indentation load P of the CG Co25.xCr25Fe2sNizsCx (x

= 0; 1; 3) alloys; T = 295 K, loading time ¢ = 10 s. Each point — 10 marks-average

microhardness. Error bar size — mean square deviation for the average value of microhardness.
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Fig. 6. Microhardness Hv depending on the distance from the disk center r of the samples with
different carbon concentration, subjected to torsion for N=1; P=15H,r=10c¢c, T=295 K,
spacing of indents is 200 um. Each point corresponds to the microhardness value calculated from

one indentation.
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Fig. 7. Microhardness Hv depending on the shear strain y (calculated from the data in Figure 6).



22

w
o
T

—

(@]
T T
I

50 100 150 200 250 300
T, K
Fig. 8 Temperature dependence of microhardness of as-cast CG samples. Each point on the

graph is the average of 10 indents. t=10s, P=2.2 N.
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Fig. 9. Temperature dependence of microhardness of NC samples. Each point on the graph is the

average of 10 indents. 1 =10s, P=2.2 N.



Table 1. Concentration of the metallic elements in the dendrites (D) and interdendritic

23

regions (ID)

Alloy /

Element Co Cr Fe Ni
concentration, at.%

Co0

D 25.96+0.07 24.56+0.06 25.06+0.07 24.434+0.07
ID 23.18+0.70 28.10+1.34 24.21+1.01 24.51+0.14
Cl

D 25.86+0.01 23.91+0,06 25.86+0.01 23.784+0.15
ID 23.91+0,06 28.53 +0.13 24.60+0.10 26.914+0.08
C3

D 23.61+0.05 23.03+0.03 25.60+0.09 26.91+0.08
ID (eutectic) 15.254+0.44 50.77£1.20 19.20+0.20 14.76+£0.57

Table 2. Lattice parameters and substructural parameters of fcc phase in the HPT sample

Sample Lattice SFC a Crystallite  Microstrains  Dislocation density
parameter size level & p, m™
a, A D, nm
CONO 3.580 0.0344 40.9 1.47x107 1.07x10"
CINI1 3.588 0.0423 32.6 1.66x107 1.5x10"
C3N1 3.585 0.0354 49.4 1.62x1073 9.8x10™
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CTpyKTypa Ta HU3bKOTEMIIEPATYPHI MiKpOMeXaHi4YHi BJACTHBOCTI JIUTHX TA

nignanux IT1/] BucokoenTponiiiHux crmiaBiB Co25.xCrasFezsNixsCy

A. B. JleBenenp, I'. B. Pycakoga, JI. C. ®omenko, Yi Huang, 1. B. Komnogiii,
P. JI. Bacunenko, O. JI. TabaunukoBa, M. A. TuxonoBcekuii, T.G. Langdon

JlocmikeHo BIUITMB JOMIIIOK BYTJICIIO HAa CTPYKTYpPY Ta MEXaHIYHI BIIACTUBOCTI
BucokoeHTponiiHuX craBiB CozsxCrasFeasNizsCx (x = 0, 1, 3, at. %) B JIBOX CTPYKTYpHHUX
craHax, JjutoMy KpynHo3epHuctomy (K3) 1 manokpuctamiunomy (HK), orpumanomy
iHTeHCUBHOW TacThuuHoro nedopmamiero (IITJ]). I/l 3milicHOBanacs METOIOM KpPYTiHHS ITiJT
BUCOKMM THCKOM TpHU KIMHATHIM Temmeparypi. MexaHI4HI BIJIaCTUBOCTI JIOCIHIKYBaJIUCS
METOZOM MIKpOIHJIEHTYBaHHs B iHTepBaii Temmeparyp 1 = 77-300 K. Ycranomieno, mo B
JUTOMY CTaHi BCl CIUIABH MalOTh JCHAPUTHY MIKPOCTPYKTYPY Ta HEOAHOPITHUU PO3MOIILIT
enemeHTiB. [Ipu x = 0 1 x = 1 geHaputu 30aradeHi 3ami30M i HiKeIeM, a MUKICHIPUTHI 30HU —
xpomoM. [lpn x = 3 y MDKASHOPUTHUX 30HAX (OPMYETbCA EBTEKTHKA, SIKA CKJIAJA€ThCS 3
0araTOKOMITOHEHTHOI MAaTPUIli Ta TOHKOAUCIIEPCHUX EBTEKTUYHHUX NEHAPUTIB KapOinmy M;Cs, ne
M — nepeBaxxno xpom. OcHoBHa ¢aza B cmaBax Mae I'IIK rparky, mpu 110My pO34MHHICTH
ByIJIeli0 B Hill ckmamae 6mu3pko 1 ar. %. IIIJI mpuBoauTh A0 edEeKTUBHOTO MOAPiOHEHHS
MIKPOCTPYKTYpH (pO3Mip 30H KOT€PEHTHOTO PO3CisiHHA cKianae 6m3bko 30-50 HM), 301TbIIEHHS
TYCTUHU JHWCIOKAIli 10 1-1,5-10" M2 Ta 3pOCTaHHs KOHIIEHTpamii nedeKTiB maKyBaHHS.
MikpotBepaicte K3 crumaBiB mpu KIMHATHIM Temmeparypi 31 301IbIIEHHSM KOHIICHTpAIlii
BYIJICLI0 MOHOTOHHO 3pocTae, Toii sk B HK crmaBax makcumym MmikporBepaocti Hy
nocsaraetbest mpu 1 ar. % Byriemto. [IpuunHoro Takoi aHOMaNbHOT MOBEAIHKH MIKPOTBEPIOCTI
HK cnnagiB € 30ibIeHHs] pO3Mipy 3epHa Ta 3MEHIIEHHS I'YCTHMHHU JUCIIOKAIii B cIiaBi 3 X = 3
MOPIBHSAHO 31 ciuiaBoM 3 X = 1. Ilpu 3HMXKEHHI TemmepaTypu BiJl KIMHATHOI JO TeMIiepaTypi
piakoro a3zory mikporBepaicte K3 i HK cmnaBiB 3pocrae mpubnuzno B 1,5-1,7 Ta 1,2-1,5 pasu
BIJIMOBIIHO, IO CBIMYUTh MPO TEPMOAKTUBOBAHUHN XapakTep IUIACTUYHOI aedopmarii mia
iraenTopoM. OTpuMaHi pe3yabTaT BKa3yloTh Ha TE, 1110 OCHOBHY poiib y 3MminHeHH1 K3 cruiaBis
Co25.xCr25Fe2sNipsCx  TparoTh TBEpAOpPO3YMHHE Ta AWcCHepciiiHe 3wminHeHHs, Toai sk B HK
CIUIaBaX — 3MiIIHEHHS, OOYMOBJIEHE 3MEHILIEHHIM pO3Mipy 3epHa (3TiAHO i3 CIiBBIIHOIIECHHIM
Xomna-Ilerya) Ta 301IBIICHHSIM TYCTUHHU JUCIIOKAIlIH (3T1AHO 13 CIiBBiAHOIIEHHAM Teiopa).

KnrogoBi  cioBa: BHCOKOEHTPOMIiWHI CIUIaBW, JIETYBaHHS BYIJIELIEM, MIKPOCTPYKTYpa,
MIKpPOTBEpIICTh,  IHTGHCHMBHA  IUIACTHYHA  Jaedopmariis, MeXaHi3MHU
nedopmMartii.
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