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Abstract

The effect of cold rolling to 80% thickness reduction and annealing at 973-1373 K for 1 hour on the
microstructure and mechanical properties of a C-containing CoCrFeNiMn high-entropy alloy was
studied. Cold rolling significantly strengthened the alloy to the yield strength of 1310 MPa.
Annealing at 973 K or 1073 K resulted in incomplete recrystallization of an fcc matrix and M3Ce-
type carbide precipitations aligned with highly elongated grains/subgrains. Complete
recrystallization occurred during annealing at 1173 - 1373 K. The ordered arrangement of the
carbides was not observed after annealing at 1273 K or 1373 K. The volume fraction of carbides
decreased with increasing the annealing temperature that can be reasonably described by a Thermo-
Calc prediction. The coarsening behavior of the microstructure constituents was studied during
isothermal annealing at 1173 K for 1-50 hours. It was found that the grain growth and the particle
coarsening can be expressed by power law functions of annealing time with grain/particle size
exponents of about 2 and 3, respectively. An increase in the annealing temperature from 973 K to
1373 K led to a gradual softening of the alloy; the yield strength decreased from 870 MPa to 320
MPa, whereas total elongation increased from 24% to 47%, respectively. Contributions of various
strengthening mechanisms into the overall strength of the alloy were discussed.

Keywords: High-entropy alloys; phase transformation; grains and interfaces; electron microscopy;
stress/strain measurements.

1. Introduction

High-entropy alloys (HEASs), which are considered as a subclass of so-called complex,
concentrated alloys (CCAS), have recently attracted a great deal of attention from the materials
scientists worldwide [1-3]. The main idea behind HEAS/CCA:s is the development of alloys with a
complex chemical composition, containing multiple (generally 5 and more) principal elements, in
contrast to conventional alloys, which are mostly based on a single principal element. It is believed
that HEAS can possess unique structures and properties that cannot be obtained in conventional
materials [3-5]. The available results confirm ample opportunities for the development of
HEAsS/CCAs with attractive properties, such as high specific strength at elevated temperatures, a
combination of high strength and ductility at room temperature, and record-breaking toughness at
low temperatures [5-14].

The most studied class of HEAs is late 3d transition element alloys [3]. One of typical
examples is the equiatomic CoCrFeNiMn alloy, also known as the Cantor alloy [15.16]. This alloy
has a single face centered cubic (fcc) structure stable at T>900°C[17-20], and possess promising
mechanical properties, namely high ductility and toughness at room temperature, which increases
even further at cryogenic temperatures [12,21,22]. The attractive properties of the alloy at cryogenic
temperatures were ascribed to a synergy of different deformation mechanisms, including



nanotwinning [12,13,22]. Meanwhile the:contribution of nanotwinning to plastic deformation of the
alloy at room temperature remains debatable [22-25].

However, the yield strength of the CoCrFeNiMn alloy at room temperature is rather low
[21,22]. This problem is typical of single fcc phase HEAs based on 3d transition metals [3,26]. A
proper tailoring of the chemical composition along with microstructure modification using
thermal/thermomechanical treatment resulted in alloys, which showed a significant increment in
strength without sacrifice in ductility due to the formation of fine fcc grains and/or nanoscale
precipitates of second phase(s) [10,14,27-34]. The most significant strengthening was found to be
induced by nanoscale precipitates (e.g. Al, Ni-rich L1,/B2 type phases) [10,14,27-30].

Meanwhile, interstitial alloying with elements like carbon can efficiently increase the
strength of 3d transition metal fcc HEAs without considerable loss in ductility; mostly due to a
strong solid-solution strengthening effect [9,35-45]. In addition, carbon can change the
contributions of operating deformation mechanisms due to stacking-fault energy (SFE) changing. It
should be noted, however, that different sources claim both increase [44-46] and decrease [9,38,39]
of the twinning intensity with the change of SFE. Much smaller attention has been paid so far to
precipitation hardening of HEAs by fine carbide particles. For example, Cr-rich My3Ce/M7C3
carbides can be found in Co-Cr-Fe-Ni-Mn system HEAs in as-cast, heat treated, and thermo-
mechanically processed conditions [9,35,42]; yet in most cases the reported carbide particles were
coarse and did not result in noticeable strengthening [36,42,46].

Therefore, in the present work we have studied the evolution of microstructure and
mechanical properties during annealing of a CoCrFeNiMn-type HEA containing interstitial carbon.
The program alloy was produced by the self-propagating high-temperature synthesis method (SHS)
[14,32,47]. Annealing of the cold-rolled alloy was carried in a temperature range of 973-1373K,
which, according to previous results [20,22,35,36,38,42,48], could lead to recrystallization of the
fcc matrix and/or precipitation of carbide particles. Detailed microstructural investigations and
tensile testing of the annealed alloy were performed, and links between the microstructure
parameters and mechanical properties of the alloy were established.

2. Materials and methods

The program material, i.e., a C-containing CoCrFeNiMn-type high-entropy alloy, was
produced by self-propagating high-temperature synthesis (SHS). Powders including oxides of the
target elements of NiO, Cr,03, Co304, Fe203, MnO; and pure C, and Al with a total weight of 1200
g were mixed and combusted in a graphite mould of 80 mm in diameter. A centrifugal SHS setup
was used since previous studies have demonstrated that the SHS process carried out under high
gravity conditions allows the best separation of the target product (ingot) from the slag (Al,O3) and
convective mixing of all alloy components; the latter is particularly important in CCAs with an
increased number of components[47]. The SHS-produced alloy was re-melted using induction
furnace and cast into an ingot measuring 40 mm diameter and 80 mm length. The measured
chemical composition of the resulting ingot is shown in Table 1.

Table 1. Experimentally measured chemical composition of the C-containing CoCrFeNiMn-type

alloy.

Element Co Cr Fe Ni Mn Al C
At.% 22.35 19.67 22.85 22.44 8.62 3.37 0.69
Wt.% 23.92 18.57 23.17 23.92 8.64 1.65 0.15

Slabs with a thickness of 5 mm were cut from the ingot by an electric discharge machine and
then rolled in few passes at room temperature with a total rolling reduction of 80%. The reductions
per pass were 5-10%. After rolling to the final thickness, the samples were annealed in a muffle
furnace in air atmosphere at temperatures of 973 K, 1073 K, 1273 K or 1373 K for 1 hour and at
1173 K for 1 to 50 hours followed by air cooling.



Microstructure was studied using X-ray diffraction-(XRD) analysis, transmission (TEM) and
scanning (SEM) electron microscopy. XRD analysis was performed using a RIGAKU
diffractometer with Cu K- irradiation. Microstructural investigations were carried out on sample
sections perpendicular to the transverse direction. Samples for SEM observations were
mechanically polished in water with different SiC papers and a colloidal silica suspension; the final
size of the Al,O3 abrasive was 0.04 um. SEM back-scattered electron (BSE) images were obtained
using a FEI Quanta 200 3D microscope. TEM investigations were carried out using a JEOL JEM-
2100 microscope with an accelerating voltage of 200 kV. Samples for TEM analysis were prepared
by conventional twin-jet electro-polishing in a mixture of 90% CH3;COOH and 10% HCIO, at room
temperature.

Tensile tests were carried out at room temperature using dog-bone-shaped flat specimens
with gauge dimensions of 6 mm length x 3 mm width x 1 mm thickness. The specimens were
tensioned at an initial strain rate of 10° s using an Instron 5882 test machine. At least two
specimens were tested for each condition. The elongation to fracture was determined by measuring
spacing between marks designating the gauge length before and after the test. The structural
changes during the tensile test of the alloy after annealing at 1173K for 1 hour were studied by
TEM using the specimens, which were tensioned to 5% or 22% elongation. The microhardness of
the specimens was examined using Vickers microhardness testing with a load of 0.3 kg. The
hardness values were averaged over at least 20 individual measurements per each data point.

Equilibrium phase diagram was constructed using a Thermo-Calc (version 2017a) software
employing a TCHEAZ2 (high-entropy alloys) database.

3. Results
3.1. Cold rolled microstructures

Deformation microstructure of the carbon-containing CoCrFeNiMn-type high-entropy alloy
obtained by cold rolling (80% reduction) is shown in Fig. 1. The large strain cold rolling resulted in
the development of a lamellar-type microstructure consisting highly flattened grains/subgrains with
the transverse size of about 250 nm. High dislocation density and closely spaced grain/subgrain
boundaries in the cold rolled microstructure resulted in significant strengthening of the alloy; the
hardness was found to be 3850 MPa. It is worth noting that the microstructure after cold rolling
looks like a single-phase fcc-solid solution without the presence of any second phase(s) particles.

3.2. Annealed microstructures

3.2.1. Isochronal annealing



The effect of annealing temperature’on’the hardness 'of cold rolled samples is shown in Fig.
2. Annealing at 973 K for 1 hour did not soften the alloy considerably; the hardness decreased from
3850 MPa to 3470 MPa. However, further increase in the annealing temperature to 1073 K resulted
in a remarkable decrease in the hardness to 2590 MPa. Then, the hardness almost linearly decreased
with an increase in the temperature, approaching 1910 MPa after annealing at 1373 K. The drastic
softening at 973-1073 K was most likely associated with primary static recrystallization, which
could readily develop in the cold rolled samples.
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Figure 2. Effect of annealing temperature on the microhardness of the C-containing CoCrFeNiMn-

type alloy.

Typical microstructures, which formed in the cold rolled alloy during annealing for an hour
at temperatures of 973-1373 K, are shown in Fig. 3. As it was suggested above, annealing at 973-
1073 K induced the onset of recrystallization, which was found to be incomplete at these
temperatures, however. The corresponding microstructures consisted of deformed areas and
equiaxed recrystallized grains containing a high density of annealing twins (Figs. 3a and 3b). An
increase in the annealing temperature to 1173-1373 K gave rise to complete recrystallization (Figs.
3c to 3e). The average grain size in the recrystallized microstructures increased with an increase in
the annealing temperature.




Figure 3. Microstructure of the C-containing CoCrFeNiMn-type alloy after annealing at 973 K (a);
1073 K (b); 1173 K (c); 1273 K (d) or 1373 K (e) for 1 hour.

Temperature dependencies of the recrystallized fraction and recrystallized grain size are
shown in Fig. 4. The recrystallized fraction increased from 0.6 to 1.0 with an increase in the
annealing temperature from 973 K to 1173 K. The size of recrystallized grains was 2.8 um after
annealing at 973 K. An increase in the annealing temperature to 1273 K gradually increased the
recrystallized grain size to 5.1 um. Then, the recrystallized grain size considerably increased to 10.5
um upon further increase in temperature to 1373 K.
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Figure 4. Dependence of the recrystallized volume fraction and recrystallized grain size of the C-
containing CoCrFeNiMn-type alloy on annealing temperature.

Features of the annealed microstructures were supplementary studied using TEM. The
partially recrystallized microstructure that developed during annealing at 973 K is shown in Fig. 5a.
The upper portion of the TEM image in Fig. 5a shows a typical work hardened microstructure
(compare with Fig. 1), whereas the lower portion corresponds to a recrystallized grain. It is worth
noting that numerous dispersed particles are clearly seen in the recrystallized microstructure (Fig.
5a). These particles formed a kind of chains aligned with highly elongated grains/subgrains. The
distance between these particle chains was ~220 nm almost coinciding with the transverse
grain/subgrain size in the cold rolled microstructure. The particle size increased and the number of
particles decreased with an increase in the annealing temperature (Figs. 5b to 5e). However, this
chain-like arrangement of the particles was not observed anymore after annealing at 1273 K or 1373
K (Figs. 5d and 5e).




Figure 5. TEM microstructure of the C-containing CoCrFeNiMn-type alloy after annealing at 973
K (a); 1073 K (b); 1173 K (c); 1273 K (d) or 1373 K (e) for 1 hour.

A series of X-ray diffraction curves (Fig. 6) suggested that the alloy after annealing
consisted of an fcc matrix phase with a lattice parameter of 0.358 nm and M,3Cs-type carbides with
a lattice parameter of 1.059 nm. The selected area electron diffraction in TEM confirmed that the
dispersed particles were M3Cs-type carbides (Fig. 7). Local TEM-EDS analysis has revealed that
the M3Cg carbides were mostly composed of Cr (~60 at.%), and also contained a large amount of
Fe and Ni (~11-16 at.% each). Because the energy resolution of the TEM-EDS system used in the
current study was insufficient to quantify the concentration of carbon reliably, only metallic
elements were analyzed. The measured percentage of metallic elements in fcc matrix did not differ
from the nominal composition of the alloy by more than +2at.%.
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Figure 6. XRD patterns of the cold-rolled C-containing CoCrFeNiMn-type alloy after annealing at
973-1373 K for 1 hour.
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Figure 7. TEM image of a M,3Cs-type 'carbide (a) and corresponding selected area electron
diffraction pattern with the zone axis of [220] (b) after annealing of the C-containing CoCrFeNiMn-
type alloy at 1073 K for 1 hour.

The carbide particle size and the volume fraction as functions of the annealing temperature
are shown in Fig. 8. Carbide particle coarsening with increasing the annealing temperature
correlated with the recrystallized grain growth. Namely, the particle size gradually increased from
34 nm to 80 nm with an increase in the temperature from 973 K to 1173 K followed by an
accelerated growth to 320 nm as the temperature increased to 1373 K. An increase in the annealing
temperature was accompanied by a decrease in the volume fraction of carbide particles. Similar to
the temperature dependency of the particle size, a weak temperature dependence of the particle
volume fraction in the range of 973 K to 1173 K, where the particle fraction decreased from 0.042
to 0.031, becomes rather strong at higher temperatures leading to a remarkable decrease in the
particle fraction to 0.014 after annealing at 1373 K.
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Figure 8. Dependence of the size and volume fraction of carbide particles of the C-containing
CoCrFeNiMn-type alloy on annealing temperature.

3.2.2. Isothermal annealing

Typical microstructures formed in the cold rolled alloy after annealing at 1173 K for 2 hours
to 50 hours are shown in Fig. 9. Annealing was accompanied by a pronounced grain growth. The
mean grain size increased almost tenfold from 4.2 um to 41.5 um with an increase in the annealing
time from 1 to 50 hours. A number of equilibrium triple junctions of grain boundaries in Fig. 9
(120° between boundaries in triple junctions) are indicative of normal grain growth as the main
mechanism of microstructure evolution. The growing grains in Fig. 9 are characterized by
numerous annealing twins, which are typical of low SFE metals and alloys during recrystallization
followed by normal grain growth [49]. The grain growth takes place concurrently with the carbide
particle coarsening (Fig. 10). An increase in the annealing time from 1 to 50 hours increased the
particle size from 80 nm to 465 nm, but noticeable changes in the volume fraction of carbides were
not found.




Figure 9. Microstructure of the C-containing CoCrFeNiMn-type alloy alloys after annealing at
1173 K during: 2 hours (a); 5 hours (b); 10 hours (c); 50 hours (d).

a b
Figure 10. TEM microstructure of the C-containing CoCrFeNiMn-type alloy alloys after annealing
at 1173 K during: 5 hours (a); 50 hours (b).

A power law function of annealing time, d ~ t*, is commonly used to express the
grain/particle size [50]. The kinetics of fcc grain growth and carbide particle coarsening during
annealing at 1173 K are represented in Fig. 11 in double logarithmic scale. It is clearly seen in Fig.
11 that the grain size and the carbide particle size can be related to annealing time with
grain/particle growth exponents of about 2 and 3, respectively.
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Figure 11. Dependence of the fcc grain and carbide particle size on annealing time during
annealing at 1173 K.

3.3. Tensile tests

3.3.1. Stress-strain curves



A series of tensile stress-strain-curves for the program alloy subjected to cold rolling and
annealing at various temperatures for 1 hour is shown in Fig. 12; representative mechanical
properties, i.e., yield strength (op2), ultimate tensile strength (UTS), total elongation (3), and
uniform elongation (g,), are summarized in Table 2. After cold rolling, the alloy demonstrated high
values of oy, and UTS (1310 MPa and 1500 MPa, respectively), however, the hardening capacity
was quite limited. The flow stress rapidly increased to its maximum at quite small strain followed
by necking and failure at total elongation of 6.5%.

Annealing promoted the hardening ability and the tensile test behavior was characterized by
a pronounced strain hardening stage, which expanded with an increase in the annealing temperature.
The uniform elongation increased to 40% as the annealing temperature rose to 1373 K. The
enhancement of ductility after annealing was achieved at expense of strength. The yield strength of
870 MPa and the ultimate tensile strength of 1060 MPa were obtained after annealing at 973 K. An
increase in the annealing temperature resulted in further softening of the alloy. After annealing at
1373 K, the yield strength and ultimate tensile strength were 320 MPa and 760 MPa, respectively.
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Figure 12. Tensile stress-strain curves of the C-containing CoCrFeNiMn-type alloy after cold
rolling and 1 hour annealing at different temperatures.

Table 2. Tensile properties of the C-containing CoCrFeNiMn-type alloy in different conditions.

terﬁgg&?&'?g «  ©02MPa . ours, MPa €% 5 %
cold rolled 1310 1500 3 6.5
973 870 1060 13 24

1073 610 925 25 38
1173 530 875 27 41
1273 435 820 36 44
1373 320 760 40 47

3.3.2. Deformation substructures

The tensile tests of the samples annealed at 1173 K for 1 hour were interrupted at
elongations of 5% and 22% to clarify operating deformation mechanisms. Dislocation
substructures, which formed in the samples at different tensile strains, are shown in Fig. 13. A
uniform dislocation distribution was observed at 5% strain (Fig. 13a). Dislocation tangles and
pileups were seen in the vicinity of dispersed particles (indicated by arrows in Fig. 13a) inside
grains and at grain boundaries. Further plastic deformation caused the formation of a microstructure
with a high dislocation density, dense dislocation walls and deformation twins (Fig. 13b).



Figure 13. Microstructure of the C-containing CoCrFeNiMn-type alloy after 1 hour annealing at
1173K and room temperature tension to 5% (a) and 22% (b)

4. Discussion

The present work has demonstrated that the annealing at 973-1373 K of the cold-worked
CoCrFeNiMn-type high-entropy alloy resulted in (i) recrystallization of the deformed fcc matrix
and (ii) precipitation of the fine Cr-rich M23Cs-type carbides (Figs. 3-8). Recrystallization of the fcc
solid solution after annealing in the examined temperature range can be readily anticipated taking
into account available information on alloys with similar compositions [20,38,42,51-53]. However,
some features of the carbide particles precipitation required additional consideration.

An equilibrium phase diagram for the present interstitial CoCrFeNiMn-type high-entropy
alloy calculated by Thermo-Calc using the composition given in Table 1 is shown in Fig. 14a. After
the solidification, the alloy is expected to have an fcc single phase structure, that is consistent with
an experimentally obtained as-cast microstructure [39] and the program alloy structure after cold
rolling (Fig. 1). The My3Cg carbides precipitation at temperatures below ~1400 K, predicted by
simulation is also in excellent agreement with the obtained experimental data (Fig. 6). Therefore,
the precipitation of carbides after annealing of the program alloy can be attributed to
thermodynamic instability of the interstitial solid solution in the given temperature range.

The equilibrium phase diagram also suggested the precipitation of a Ni, Al - rich B2 phase
after annealing at temperatures below ~1200 K and a Cr, Fe — rich sigma-phase below 1000 K (Fig.
14a). But the experimental observations have not detected any signs of these phases (Fig. 6). It
might be hypothesized that the annealing time (1 h) at temperatures below ~1200 K was insufficient
to reach the equilibrium phase composition due to slow kinetics of the phase transformations. For
instance, sigma phase precipitation kinetics in austenitic steels is known to be slow [54]. However,
the B2 phase was not observed in the alloy even after annealing at 1173 K for 50 hours (Fig. 10b). It
is highly possible that the actual solvus temperature of the B2 phase is lower than the Termo-Calc
predictions. The inaccuracy of the Termo-Calc calculations can be attributed to limitations of the
available commercial databases [5].
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Figure 14. Thermo-Calc predictions of the-equilibrium phase composition of the program alloy:
dependence of the fraction of equilibrium phases on temperature (a) and dependence of the
equilibrium fraction of M,3Cg carbides in comparison with the experimental data (b).

The experimental values of M,3Ce-type carbide volume fractions, which were obtained by
TEM investigations (Fig. 8), are compared with the equilibrium fractions by Thermo-Calc software
in Fig. 14b. It is clearly seen that the experimental carbide volume fractions are close to the
equilibrium ones and the same trend is observed for both dependencies; although the experimental
values are somewhat higher. The latter can be attributed to some differences in the predicted
(equilibrium) and experimental chemical compositions of the carbides. According to the Thermo-
Calc prediction, the chemical composition of carbides is very close to Cr,3Cs, While TEM-EDS
measurements have revealed the presence of a significant amount of other metallic elements such as
Co and Fe.

It is worth noting a non-random distribution of the carbides in the microstructure annealed at
relatively low temperatures (973-1173 K). The particles formed a kind of chains along the lamellar-
like grains and subgrains (Figs. 5a to 5¢). Such an arrangement implies that the particles nucleated
primarily at boundaries of the deformation-induced grains/subgrains concurrently with
recrystallization during annealing. At higher temperatures (1273 K or 1373 K) this chain-like
arrangement of the particles was not observed. Therefore, the particle distribution became random
that can be associated with faster recrystallization kinetics in comparison with the kinetics of
precipitating. In this case moving boundaries do not exist in the same place long enough for
nucleation of a chain of the carbides. Similar character of the second-phase particles distribution
was recently observed during annealing at different temperatures of a cold-worked HfNbTaTiZr
alloy [55].

Dispersed particle coarsening is accepted to be controlled by volume diffusion if n = 3 [56],
or by diffusion along grain boundaries if n = 4 [57]. The obtained results in Fig. 11 for the particle
coarsening in the present alloy obey a power law function with an exponent of 3, indicating on the
volume diffusion as a coarsening controlling mechanism.

An interesting finding is associated with the fast kinetics of grain growth with a size
exponent of n = 2 (Fig. 11). Although a grain growth exponent of n = 2 has been suggested in an
original theoretical analysis by Burke and Turnbull [58], such a relatively small value of the size
exponent has been experimentally obtained for pure metals subjected to annealing at temperatures
close to the melting point mainly [59]. The majority of experimental results have suggested much
larger n of 3 to 10 for conventional structural alloys [60].

In case of high-entropy alloys, Wu et al. obtained n ~ 4 for various equiatomic alloys of Fe-
Ni-Co-Cr-Mn system annealed at 1173 K [48]. A similar result (n ~ 3.5) was obtained by Juan et al.
[61] during annealing of the HfNbTaTiZr alloy at temperatures between 1473 K and 1623 K.
However, in [55] [55] the value of n was found to be 2 or 3 (both values describe the experimental
data equally well) for the same HfNbTaTiZr alloy during annealing at 1373 K. A more-commonly
observed value of n = 3 is generally associated with the drag of second-phase precipitates or the
segregation of low-solubility alloying elements/impurities to grain boundaries. However, the
absence of any second phases in HfNbTaTiZr above 1273 K caused the occurrence of normal grain
growth with n = 2, which is generally related to normal grain growth in pure systems or solid
solutions with high mutual solubility of alloying elements [55]. The grain growth faster than the
particle coarsening has been reported for ultrafine grained oxide-bearing iron at elevated
temperatures [62]. The faster grain growth kinetics may result from some kind of thermally
activated unpinning of grain boundaries that has been found to become significant at high
temperatures [63], although this interesting phenomena deserves further detailed investigation.

Analysis of mechanical properties of the program alloy after cold rolling and subsequent
annealing shows that a proper thermo-mechanical treatment can provide quite an attractive
strength/ductility balance (Fig. 12, Table 2). Commonly, the yield strength of particle-bearing alloys
is evaluated by a summation of the grain size strengthening and the particle strengthening. The
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grain size strengthening (op) can.be expressed by the second term of Hall-Petch-type relationship,
which reads as follows [64].

onp=0p+Kk D-O'5 (1)

where oy is the Pieirls stress, D is the mean grain size (Fig. 4), and k is a numerical factor. The
values of oo = 125 MPa and k = 0.494 MPa m®® have been reported for the yield strength
calculation of a similar single phase CoCrFeNiMn high-entropy alloy [22]. Note here that the
relatively large value of oo obtained in previous experiments can be attributed to several
unconsidered strengthening contributions, such as solid solution, impurities, annealed dislocation
density, etc. Strengthening by relatively large non-shearable particles is usually related to the
Orowan mechanism of dislocation looping [65]:

Sor = (0.538 G b 2/ d) In (d/2b) @)

Here, G=80 GPa is the shear modulus [26], b=2.58x10""° m™® is the Burgers vector [23], f and d are
the fraction and size of the precipitates (Fig. 8), respectively.

A comparison between the experimental yield strength obtained by tensile tests (Table 2)
and that calculated by Eqgs. 1 and 2 is presented in Fig. 15. It is clearly seen that the calculated
values match well the experimental ones for all annealed samples except those annealed at 973 K.
These samples exhibit the yield strength, which is remarkably higher than the calculated one. It
should be noted that these samples with the highest yield strength among all annealed samples were
annealed at the lowest temperature. Besides the finer recrystallized grains, the samples annealed at a
relatively low temperature of 973 K were characterized by a rather large non-recrystallized fraction
of about 0.4 (Fig. 4). The difference of about 150 MPa hetween the experimental and calculated
yield strengths, therefore, can be attributed to an additional contribution of the remnants of work
hardened grains to the overall strength.
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Figure 15. Yield strength of the C-containing CoCrFeNiMn-type alloy with different grain size and
particle dispersion depending on annealing temperature.

Among all strengthening contributions shown in Fig. 15 for the present alloy subjected to
cold rolling followed by annealing at 973-1373 K, the highest strength increment is provided by the
grain refinement (op). Even in the case of the coarse grain microstructure evolved after annealing at
high temperatures, the grain size strengthening is higher than o,. A decrease in the annealing
temperature results in a decrease in both the grain size and the particle size. Therefore, the
strengthening from the grain refinement is accompanied by the dispersion strengthening (cor). The
latter is quite small after annealing at temperatures above 1273 K, however, oo increases
remarkably and exceeds oy after annealing at temperatures below 1173 K. After annealing at
relatively low temperature of 973 K, the finely dispersed carbides provide significant strengthening,
which is comparable with that from the grain refinement.
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Note that some individual twins were-observed in the tensile tested specimen after straining
to 22% (Fig. 13b). This finding is in agreement with the available information on the evolution of
microstructure of the program alloy during rolling [39], when twinning initiated after 20% thickness
reduction. However, one must keep in mind that the alloy was subjected to cold rolling in a single
phase as-cast condition, i.e. all available carbon (0.69 at.%) was in solid solution. In turn, after
annealing carbon strongly partitioned to carbide particles. Although corresponding experimental
data is unavailable, Thermo-Calc calculations suggest the equilibrium carbon content in fcc matrix
of ~0.14 at.% at 1173K. Further studies are required to evaluate precisely the effect of the solute
carbon amount on deformation mechanisms of the fcc-structured HEAS; nevertheless it can be
supposed that deformation twinning is responsible for a homogeneous increase in the dislocation
density, resulting in large strain hardening stage, which suppresses necking and promotes uniform
elongation during tensile tests of the annealed alloy (Fig. 12, Table 2), similar to twinning-induced
plasticity steels [66].

5. Conclusions

The microstructure and mechanical properties of a C-containing CoCrFeNiMn high-entropy
alloy subjected to cold rolling followed by annealing at 973-1373 K were studied. The main results
can be summarized as follows:

1. Annealing was accompanied by (i) recrystallization of an fcc matrix and (i) an My3Ce-type
carbide precipitation. Fully recrystallized microstructures evolved after 1 hour annealing at
temperatures above 1073 K. The fcc grain size increased from 2.8 um to 10.5 um with an increase
in the annealing temperature from 973 K to 1373 K. The size of the carbides increased from 34 nm
to 320 nm, and their volume fraction decreased from about 0.04 to 0.015 with an increase in the
annealing temperature from 973 K to 1373 K. The carbide fraction was in reasonable agreement
with the equilibrium fraction predicted by Thermo-Calc.

2. Following primary recrystallization, normal grain was accompanied by a rapid coarsening of
the carbide particles. An increase in the annealing time from 1 hour to 50 hours at 1173K resulted in
an increase of the fcc grain size from 4.2 um to 41.5 um and in an increase of the size of carbides
from 80 nm to 465 nm. The fraction of carbides did not change noticeably. The grain growth and
particle coarsening can be expressed by power law functions of annealing time with grain/particle
size exponents of about 2 and 3, respectively.

3. Cold rolling significantly strengthened the alloy, resulting in the yield strength as high as
1310 MPa. An increase in the annealing temperature from 973 K to 1373 K led to a gradual
softening; the yield strength correspondingly decreased from 870 MPa to 320 MPa, whereas the
total elongation increased from 24% to 47%.

4. The grain size strengthening is a major contributor to the overall strength. A decrease in the
grain and particle sizes with a decrease in the annealing temperature enhanced both the grain size
strengthening and the dispersion strengthening, which was quite small after annealing at
temperatures above 1273 K but became comparable with the grain size strengthening after
annealing at 973 K.
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