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The work is devoted to a study of the structure and mechanical properties of two nonequiatomic medium-entropy
nanocrystalline alloys, in which in a coarse state additional mechanisms act during plastic deformation — twinning
(TWIP) in the Fe,,Mn,,Co,(Cr, alloy and phase transformations (TRIP) in the Fes,Mn,,Co,,Cr, alloy. The
nanocrystalline state in these alloys is achieved by high-pressure torsion (HPT) at 300 K and 77 K after different
numbers of revolutions » =0.25 and 5. In the nanostructural state in the TWIP Fe, Mn,,Co,,Cr;, and the TRIP
FesyMn,,Co,,Cr,, alloys, a basically complete phase transition from the fcc lattice to hep is observed, the content
of which does not depend very strongly on the HPT temperature and deformation. For both alloys in the
nanostructured state, there is a significant decrease in differences in the phase composition and microhardness Hv
by comparison with the coarse-grained state. A decrease in the HPT temperature and an increase in HPT defor-
mation for all the cases studied lead to an increase in the value of /y. The Fe, Mn,Co,,Cr;, TWIP alloy remains
ductile under active compression deformation at 300 and 77 K, while there is no macroscopic plasticity in the
Fes,Mn;,Co,Cr, TRIP alloy under similar conditions. For the Fe, Mn,,Co,,Cr;, TWIP the thermally-activated
character of plastic deformation is retained during the transition from the coarse-grained to the nanostructured state.

Keywords: high entropy alloys, microstructure, cryogenic temperatures, mechanical properties.

1. Introduction

In recent decades, the physical and mechanical properties
of a new class of materials, multicomponent high-entropy
alloys (HEA) [1-10], have been actively studied and these
have a number of advantages over traditional alloys. The
improvement in the physico-mechanical properties of HEAs
is usually associated with the features of their structure

due, in particular, to higher values of the entropy of mixing
compared to traditional multicomponent alloys [11]. Ac-
cording to classical thermodynamics, the entropy of mixing
between soluble components is maximum when these com-
ponents are in equiatomic concentrations [11]. The value of
the entropy of mixing in single-phase equiatomic multi-
component alloys increases with an increase in the number
of components included in such a system. The HEA crystal
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lattice, which consists of atoms of heterogeneous elements
with different electronic structures and different sizes, is
significantly distorted compared to the ideal lattice out of
homogeneous atoms. This approach is confirmed in the
well-studied equiatomic HEA CoCrFeMnNi [5, 12-16],
which exhibits enhanced mechanical properties compared
to traditional alloys: high strength, high ductility, and high
fracture toughness, especially at cryogenic temperatures.
The high cryogenic strength (= 1280 MPa) and plasticity
(= 70%) of this HEA are associated with the simultaneous
action of two mechanisms, slip and twinning, whose sig-
nificant contribution is especially pronounced at low tem-
peratures [12]. As shown by the results of the mechanical
properties studies of HEAs in recent years [5-10, 17-31],
the maximum entropy of mixing is not a necessary factor
for achieving high mechanical properties. These studies
show that in many nonequiatomic HEAs, as well as in
medium entropy equiatomic alloys (MEAs) with less than
5 components such as CoNiCr, FesMnsoCoioCrio,
FesoMn30Co1¢Crio, and a number of others, high physical
and mechanical properties are observed. During defor-
mation, especially at low temperatures, several deformation
mechanisms operate in these alloys, such as twinning and
phase transformations, known as the TWIP and TRIP mecha-
nisms [32-34]. The effect of TWIP and TRIP mechanisms
in coarse-grained HEAs Fe4yMnuyCo;oCryo, FesoMn3zoCo;oCrig
in a wide temperature range (300-0.5 K) was first studied
in our early work [35-37]. It was shown that in these
HEAs in the coarse-grained state under uniaxial tension in
the temperature range of 0.5—4.2 K, due to the action of the
TWIP and TRIP mechanisms, strength of = 1.5-1.8 GPa
and plasticity of ~ 65-85% were achieved and this far
exceeds similar values in traditional alloys. It is obvious
that the use of the TRIP and TWIP mechanisms in HEA
opens up many potential possibilities for creating cryogenic
high-strength materials. However, despite intensive studies
of these alloys, many aspects of the deformation of these
materials remain insufficiently studied. In particular, it is
of great interest to study the processes of grain structure
refinement of TWIP and TRIP alloys under severe plastic
deformation (SPD) and the possibility of increasing their
strength by creating a nanostructured state. In this respect,
the present work is devoted to a study of the structure and
mechanical properties of TWIP FesMnsCo1oCrio alloy
and TRIP FesoMn3Co;oCry alloy after SPD at 300 K and
77 K by high-pressure torsion (HPT). The HPT method has
been widely used in many works to obtain a nanostructured
state in a number of HEAs [16, 38—43] and can be effec-
tively used to study microstructure evolution and phase
transformations caused by deformations [44, 45]. In addition,
one of the tasks of the work is to study the stability of the
microstructure formed after HPT deformation at 300 and
77 K, depending on long-term storage under ambient con-
ditions (atmospheric pressure, in air at room temperature).
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2. Materials and methods of research

Nonequiatomic high-entropy alloys FesMnsoCo19Crio
(TWIP) and FesoMnj3pCo;9Crip (TRIP) were obtained by
arc melting of elements at low pressure in a high-purity
argon atmosphere inside a cooled water copper plate. The
purity of the alloying elements was above 99.9 at. %. In
order to ensure chemical homogeneity, the ingots were
remelted at least 5 times. After casting, homogenization
annealing was carried out in an argon atmosphere at 1000 °C
for 24 h. The blanks were then rolled at room temperature
into a tape 1 mm thick with a reduction of 10-15% per pass
with intermediate annealing at a temperature of 1000 °C for
1 h after 50-60% reduction. Disks with 10 mm in diameter
were cut from the tape, and then mechanically ground to a
thickness of 0.9 mm and annealed at a temperature of
1000 °C for 1 h. The HPT method was used to obtain the
nanostructural state. The applied HPT deformation technique
at 300 (RT-HTP) and 77 K (cryo-HTP) was similar to that
described in detail in [41]. The temperature of 77 K was
obtained by immersion of the sample and the HPT-plungers
in liquid nitrogen. Straight radial lines were attached to the
upper and lower surfaces of the samples, which could also
be identified after the HPT processing, and the rotation
angle fully coincided with the monitored rotations of the
plunger. This indicated that no slip occurred during HPT
processing; moreover, such a slip event would have led to
a sudden decrease in the torque curves, but such decreases
were never observed (Fig. 6). The in situ torques during
the HPT process were measured by two V-shaped strain
gauges connected as full bridges. These strain gauges were
diagonally arranged on a hollow cylinder made of steel
supporting the nonrotating, fixed HPT anvil, being part of
the HPT facility used. After appropriate calibration, the
nominal electronic torque resolution was 0.01 nm, whereas
the electronic measuring noise was about a factor of 10
higher. For the shear stress derived, this means a measuring
resolution of distinctly below 1 MPa. Values of shear strain
were calculated by using the equation [41]

vy =2mnr/h, (1

where n is the number of rotations, r is the distance from
the rotation axis, and # is the sample thickness achieved
after HPT processing (2 =0.8 mm). The plungers were
rotated at a rate of 0.2 rpm, which corresponds to the maxi-
mum shear strain rate during torsion dy/dt=0.11s"'. The
number of rotations n was 0.25 and 5. For the measurement
of microhardness H,, the HPT discs were mechanically
polished. Using a PAAR MHD and PMT microhardness
tester equipped with a Vickers indenter, a load of 1.5 N
was applied for 15 s, and indentations were achieved in
distances of 0.5 mm along four different radial directions of
the disc from the center to the edge. The microhardness
values obtained at the same distance from the center were
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averaged over four values and plotted on the corresponding
graphs. Microhardness measurements were carried out two
hours after HPT and one year under ambient conditions
(atmospheric pressure, in air at room temperature). Speci-
mens for mechanical testing with a size of 0.6x0.6x1.2 mm
were cut out from the edge part of the disks (in the uniform
deformation area), which were subjected to five revolutions
(n=15). Samples were deformed by uniaxial compression
with a relative loading rate of 10 s at room temperature
(300 K) and liquid nitrogen temperature (77 K).

Overall structural characteristics of the alloys were
studied using synchrotron radiation. Diffraction patterns
were collected at a distance of 4.5 mm from the center of
the disk in the region of a homogeneous structure. The size
of the diffraction area was 0.5x0.5 mm. Diffraction patterns
are presented as / = f{Q), where [ is intensity, O = 4 sin O/A
is the scattering vector, A is the radiation wavelength, 0 is
the diffraction angle. The phase composition and structural
characteristics of the samples were determined by the Rietveld
method (Maud software). The study of microstructural
parameters: < g > is average microstrain, D is the size of
the coherent scattering domains (CSD), or crystallite size is
based on the line profile analysis (LPA). These parameters
have different contributions to the broadening of diffraction
peaks:

A
P " Dcos®’

where B, B¢ are the Lorentzian and Gaussian components
of the Voightian profile, respectively. The instrumental
broadening correction was done by a polycrystalline CeO,
powder sample. From the FWHM (full width at half maxi-
mum) values an instrumental resolution function was ob-
tained, with the help of which the true physical broadening
B was determined from the total peaks broadening of the
studied samples.

Bg=4<e>tanB, 2)

3. Results and discussion

3.1. Structural characteristics of nanostructured alloys

In the initial state, the Fe4sMnsCo1oCrip TWIP alloy
contained one fcc phase, while the TRIP FesoMn3oCo10Crio
alloy was two-phase and contained 59 vol.% fcc phase and
41 vol % hcp phase [36, 37]. The diffraction patterns of
both alloys subjected to RT-HTP and cryo-HPT tempera-
tures are shown in Fig. 1.

As seen in Fig. 1, after HPT deformation in the TWIP
Fe4oMn40C010CI'10 and TRIP Fes()Mnj,oCO]()Cl‘]() alloys, two
phases are observed: fcc and hcp, and only in one case
(after RT-HTP at n =5) the FesyMn3¢Co,0Cry¢ alloy contains
100% hcp phases [Fig. 1(g)]. An analysis of the intensity
distribution of diffraction peaks indicates the presence of
texture in all samples. Grains of the hcp phase are preferably
oriented along the {10.0} crystallographic planes parallel
to the sample surface, and for the fcc phase along the {100}
planes. An analysis of the broadening and profile shape of
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the hcp phase peaks showed that (10.2), (10.3), (10.4)
peaks are more broadened and have long tails, which may
indicate the presence of twins in the structure. Therefore, for
the hep phase, we estimated the twin faults probability (tfp)
using the Warren model [46]. Note that peak broadening
after HPT deformation may be associated with lattice defor-
mation due to the formation of new lattice defects and a
decrease in grain size [47]. All results on the phase compo-
sition and microstructural characteristics of the studied
TWIP Fe40Mn40C010Cr10 and TRIP FesoMIl30C01oCI'10 alloys
are given in Table 1.

From the data presented in Table 1, it follows that in the
studied alloys, as a result of HPT deformation, complex
structural changes occur, depending on the HPT temperature
and the number of revolutions n. Note the main features
of the structure evolution in the FesoMn3yCo;oCrjo and
Fe4oMIl40C010CI'10 alloys.

Feature 1. HPT deformation leads to an increase in the
microhardness H, , i.e., to a significant hardening of the
investigated alloys. For the TWIP FesMn4oCo;oCrg alloy,
the microhardness ratio for the coarse-grained and
nanostructured states (for RT-HTP , n=15) is approximately
3.7, and for the TRIP FesoMn3yCo;oCr)o alloy, this ratio is 2.1,
i.e., the effect of hardening in the TWIP FesoMn4oCo19Crio
alloy is even more pronounced. It can be seen from Fig. 2
that for samples in the nanostructured state, there is a de-
crease in the HPT temperature and an increase in n for all
the cases studied, leading to an increase in the value of H, .

Feature 2. HPT deformation leads to significant changes
in the phase composition. The composition of the hcp and
fcc phases in the TRIP FesoMn3Co1oCrip and TWIP
FesoMn4oCo1¢Cro alloys after RT-HTP and cryo-HPT at
n=0.25 and n =5 is graphically shown in Fig. 3.

For TWIP FesoMnyoCooCryo it was found that the
single-phase fcc alloy in the initial state becomes a two-phase
one after HPT deformation. As can be seen from Fig. 2, the
content of the hcp phase after RT-HTP at n =0.25, i.e., at
low shear strain (y = 8.84) reaches 83.4% and noticeably
more (almost 96%) after cryo-HPT. With a further increase
in the number of revolutions to n =5 (y =177), however,
an insignificant decrease in the hcp phase (by 1.6-2%) is
observed at both HPT temperatures. Note that the content
of the fcc phase after cryo-HPT is three times less than
after RT-HTP for both » =0.25 and 5 (Fig. 3). The TRIP
FesoMn3oCo,0Cryo alloy in the initial state contains two
phases. For n=0.25 the content of the hcp phase increases
after RT-HTP to 89.7% and after cryo-HPT to 96.5%.
With an increase in the number of revolutions to n =5, the
samples become practically single-phase — the content of
the hep phase is 100% for RT-HTP and 98.5% for cryo-HPT,
respectively.

Feature 3. The microstructure parameters (D, <g >, tfp
for hep and fec phases) depend on the HPT temperature and
the number of revolutions #. Moreover, as can be seen from
Fig. 4, the crystallite size D in fcc and hep phase are different.

1425



E. D. Tabachnikova, T. V. Hryhorova, S. N. Smirnov et al.

27000 - 120000 —
= (a) ofcc s (b) ofcc
ohcp .hcp
= 18000F 2 80000F
2 2
=] =]
£ £
< <
= 9000 S 40000 -
o, . OJE
3 5 6 7 3
0. A
] () o fce 800001 s (d) . flcc
20000 +hep *hep
E E
£ 10000 g 400008
~ == | g g ) ~ jja
OJH 0 1
3 3
150000 — 180000
g (e) ofcc
+hep
= 100000F @ 1200001
g 5
£ s £ =
< L = < =
S 50000F T _ = - S 60000 <
0_ | | | OM
3 5 7 3
0, A
80000 — 150000 —
18 (®) +hep S (h) «fec
+hcp
2 = 100000}
.E 'a
S 40000F - =
= g = '
= . - _ S 50000 _
0 1

Fig. 1. (Color online) Diffraction patterns. For the Fe,,Mn,,Co,,Cr, alloy: RT-HTP, n =0.25 (a), cryo-HPT, n =0.25 (b), RT-HTP,
n=>5 (c), cryo-HPT, n =5 (d). For the Fe;,Mn,,Co,,Cr, alloy: RT-HTP, n =0.25 (e), cryo-HPT, n = 0.25 (f), RT-HTP, n =5 (g),
cryo-HPT, n =15 (h).
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Table 1. Phase composition and structural characteristics of the studied TRIP Fe;,Mn,,Co,,Cr, and TWIP Fe,,Mn,,Co,,Cr,
alloys, after RT-HTP and cryo-HPT for the number of revolutions » = 0.25 and 5. The H, and vy values are given at » =4.5 mm from
the center of the samples. Dashes correspond to the cases, where the microstructural characteristics could not be determined. The
structural characteristics for alloys in the initial state (n = 0) are taken from [36, 37]

S ) Temperature Ph Fraction, Lattice parameters, Microstructural parameters H,,
m
ample " Y HPT, K B ol% A D,nm | 103<e> | 103tfp | GPa
he 0
TWIP initial 0 0 P
fee 100 3.624 1.31
TRIP initial 0 0 hcp 41.0 a=2.542,c=4.104 248
fee 59.0 3.604 215.0 <0.5 '
100 hcp 834 a=2.546,c=4.114 48.7 2.24 4.1 4.15
fee 16.6 3.608 87.2 1.95 —
0.25 | 8.84
- hep 95.9 a=2.546,c=4.113 42.4 34 6.9 426
TWIP-HPT fce 4.1 3611 - — —
300 hep 81.8 a=2.546,c=4.113 54.0 2.24 43 4.78
5 177 fce 18.2 3.609 74.7 1.66 —
77 hcp 939 a=2.547,c=4.122 424 2.96 6.8 541
fee 6.1 3.613 34.1 1.64 -
300 hep 89.7 a=2.544,c=4.103 53.5 2.99 5.2 4.37
fee 10.3 3.601 42.6 1.78 —
025 | 8.84
77 hep 96.5 a=2.543,¢c=4.099 442 3.64 6.4 4.85
TRIP-HPT fce 35 3.598 — — —
300 hep 100 a=2.543,c=4.106 42.7 4.03 4.1 5.15
fce 0 - - - -
5 177
7 hep 98.5 a=2.543,c=4.106 59.6 345 5.4 5.59
fee 1.5 3.605 - - -
RT-HPT P77 cryo-HPT RT-HPT, mm RT-HPT, & cryo-HPT, B cryo-HPT,
6| TWIP 7 =0.25] TWIPn=5 [TRIP# =025 TRIPn=S5 hep fee hep fee
| TWIPn=0.25| TWIPn=5 |TRIPn=0.25| TRIPn=35
5 100
< L
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Fig. 2. (Color online) The value of microhardness A, in the TRIP
Fey,Mn,;,Co,(Cr,, and the TWIP Fe,,Mn,,Co,,Cr, alloys after
RT-HTP and cryo-HPT at n =0.25 and 5.

RT-HTP, gy RT-HTP, cryo-HTP, g cryo-HTP,
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Fig. 3. (Color online) Composition of hcp and fcc phases in the
TRIP FesyMn,;,Co,,Cr, and the TWIP Fe, Mn,,Co,,Cr, alloys
after RT-HTP and cryo-HPT at n =0.25 and 5.
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fce hc fce hep fee hep fec hep fee hep fee hc fce hep fee

Fig. 4. (Color online) The value of crystallite sizes D in the TRIP
FesyMn,,Co,,Cr,, and the TWIP Fe,,Mn,,Co,,Cr,, alloys after
RT-HTP and cryo-HPT at n=0.25 and 5. Dashes correspond to
cases when it was not possible to determine the D values due to
the low content of the fcc phase.

The greatest difference is observed in the structure of
the TWIP FesoMnsoCo,0Cr)o alloy after RT-HTP: the value
of D in the fcc phase is 87.2 nm and thus 1.8 times greater
than in the hcp phase (48.7 nm). It is found for both alloys
that for the hcp phase with decreasing HPT temperature the
values of D tend to decrease. This trend, however, does not
hold for the TRIP FesoMn3yCo1¢Crjo alloy subjected to 5
turns of torsion (D is 42.7 and 59.6 nm for deformation at
300 and 77 K temperatures, respectively). In the TWIP
FesoMn49Co10Cryp alloy, a decrease in the parameter D for
the fcc phase is also observed with a decrease in the
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TWIP n=0.25| TWIPn=35 |TRIPn=0.25| TRIPn=35

N W B W

<g>10

Fig. 5. (Color online) Microstrain <& > for hcp and fce phases in
the TRIP Fey,Mn,,Co,,Cr, and the TWIP Fe,,Mn,,Co,,Cy,
alloys after RT-HTP and cryo-HPT at n=0.25 and 5. Dashes
correspond to the cases when due to the low content of the fcc
phase, the <& > values could not be determined.

deformation temperature, and this parameter has the smallest
value 34.1 nm for the case of n =15, cryo-HPT. For the hcp
phase, an explicit dependence of D on the number of revo-
lutions has not been established. Apparently, for the hcp
phase already at y > 8.84, this parameter changes slightly
and is close to saturation (D = 42—54 nm).

As can be seen in Fig.5, the value <&> in the hep
phase in the TRIP FesoMn3yCo0Crio alloy is higher than
that in the TWIP FesMn4Co,oCrjo alloy. For the case
n=0.25 in both alloys, <& > increases with a decrease in
the HPT temperature. At n =25 such growth is observed
only in the TWIP FesMngCooCrio. Note also that tfp
increases with decreasing HPT temperature. In addition,
for n =135 for both HPT temperatures, the tfp values for the
Fe4oMnyoCo1oCrig TWIP are higher than those for the
FesoMn3oCoi¢Crio TRIP alloy, as shown in Table 1.

Feature 4. Lattice parameters.

It should be noted that the lattice parameters of both phases
for TWIP Fe4Mn4Co1oCrio samples are slightly larger
than the corresponding values for TRIP FesoMn3oCo10Crig
samples, which may be due to the high content of Mn
where the metallic radius of which » = 1.27 A is larger than
that of Fe (r = 1.26 A).

3.2. Mechanical characteristics of nanostructured
Fe40Mn4oC010Cr10 and FCsoMIl3oCO10CI‘10 alloys

3.2.1. Torsional shear stress

Figure 6 shows plots of shear stress t versus strain y ob-
tained from torque data measured in situ during the RT-HTP
and cryo-HPT processes. Such in situ measurements, as
noted in Sec. 2, indicate the magnitude of the deforming
stress during shear deformation, and make it possible to
control the absence of slippage occurring between the sample
and plungers during the torsion of the sample. It can be seen
that during the deformation of TWIP Fe4MnsyCo,oCrio and
TRIP FesoMn3¢Co19Crip TWIP alloys, the value of T for all
v in the cryo-HPT process is greater than the value of T in
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Fig. 6. (Color online) Torsional shear stress as derived from the
torque data measured in situ during 300 K and 77 K HPT-
processing for nanostructured: the Fe, Mn,,Co,,Cr, alloy (a),
the FesyMn;,Co,,Cr;, alloy (b).

the RT-HTP process. At y > 20 in the TWIP alloy, the
dependencies t(y) reach a plateau. In the TRIP
FesoMn3oCo,0Cryo alloy, with increasing v, the value of T at
cryo-HPT, on average, slightly increases, and, on average,
decreases at RT-HTP. The value of 7 is larger for the TRIP
FesoMn3gCo1oCrjp  deformation than  for TWIP
FesoMnyoCo1oCryg, both for Cl’yO-HPT and RT-HTP.

3.2.2. Dependencies of microhardness on different
parameters for nanostructured the FesMnsoCo19Crig
and the FesoMn3¢Co0,0Cro alloys

Figure 7 shows the H, values for TRIP
FesoMn30C010Cr10 and TWIP Fe40Mn40C010Cr10 alloys in
the initial state, measured along the sample diameter. The
practical absence of the dependence H,, (1) indicates the
homogeneity of the structure in the initial coarse-grained
samples of these alloys. It can be seen that the TRIP
FesoMn3oCo,oCrjo alloy is stronger than the TWIP
FesoMn4oCo1¢Crio alloy. The ratio of the microhardness
values of these alloys ( H, -TRIP/ H, -TWIP) is 1.89. For
comparison, Fig. 7 also shows the dependence H (1) for
the Cantor alloy studied in detail in the literature [5, 12—16].
For the convenience of comparing the microstructural
parameters of TRIP FesoMn3oCo1oCrip and TWIP
Fe4oMnyCo,0Cryo alloys, Figs. 8 and 9 show the depend-
encies H,(r) and H,(y), respectively, for the range r > 2.
Here, the value of H,, is practically independent of » (or y),
which corresponds to a region with a homogeneous micro-
structure in the sample. Note that, according to relation (1),
due to the gradient distribution of the shear strain from the
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Fig. 7. (Color online) Microhardness H, depending on the dis-
tance / along the disk diameter for the samples in the initial state,
for different alloys: TRIP Fes,Mn;,Co,,Cr, (O), TWIP
Fe,oMn 4,Co,,Cr,, (O), Cantor CoCrFeMnNi (A) [48].

6
(a)
5
< 4
% =0~ 5 turns
2 -O— 1/4 turns
T 3+
2: """"""""""""""" TRIP
RT-HPT
1t | |
2 3 4 5
7, mm
6
(©)

<
[
&)
2 - 5 turns
T 3- -O— 1/4 turns
2k TRIP
RT-HPT
1 _I 1 1
2 3 4 5
7, mm

center of the samples to its edges, a gradient microstructure
is formed in the samples which arises due to the inhomo-
geneous dynamic crushing of grains [49, 50]. Therefore, in
the region of small radii » < 2, an increase in the value of
H,, is observed, and for the region r > 2, the value of H,

reaches a plateau. This form of the dependence H (r) and
H ,(y) has been experimentally confirmed for many mate-
rials [38—43, 48]. Figure 8 for TRIP FesoMn3oCo1oCrio and
TWIP FeyMnuCo¢Cryg alloys for a region of homogeneous
microstructure presents the dependencies of the value of
H,(r) for n=0.25 and 5. It can be seen that, in TRIP
FesoMn3gCooCrio [Figs. 8(a) and 8(b)] and TWIP
FesoMnsoCo1oCrig [Figs. 8(c) and 8(d)] alloys, an increase
in n leads to an increase in the value of H, .

Figure 9 shows the dependencies H (y) for n=35. It
can be seen that in the FesoMn30Co10oCrio TRIP alloy, in the
region of a homogeneous microstructure, a decrease in the
HPT temperature from 300 to 77 K leads to an increase in
the microhardness by an average of 10%. In contrast to this,
for the Fe4oMn4oCo;oCro TWIP alloy, a similar decrease in
the HPT temperature leads to a slight (within the spread of
experimental data) increase in the microhardness value for
the region v > 150.

6
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Fig. 8. (Color online) Microhardness H,, depending on the distance from the disk center . For the Fe;,Mn,,Co,,Cr,, alloy: RT-HTP (a),
cryo-HPT (b); for the Fe, Mn,,Co,,Cr, alloy: RT-HTP (c), cryo-HPT (d); n =5 (O), n = 0.25 (O). Dotted line initial state.
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Fig. 9. (Color online) Microhardness H, depending on the shear strain y for the Fe;Mn,;Co,,Cr;, and Fe,,Mn,,Co,,Cr,, alloys for
different HPT temperatures: Fes Mn,;Co,,Cr, (a), Fe,oMn,,Co,,Cr, (b); cryo-HPT (A), RT-HTP (O), n = 5.

Figure 10 for nanograined FesoMn4Co1oCrio and
FesoMn3oCo1¢Cryo alloys (for samples after RT-HTP and
cryo-HPT, n=5) shows the dependencies of H, (y) on
different sample holding times (within 2 hours and for one
year) under ambient conditions (atmospheric pressure, in
air at room temperature). It can be seen that for the cases
shown in Fig. 10(a), (c), the H, (y) dependencies almost
coincide. For the alloy FesoMn3oCo;¢Crio (cryo-HPT), aging
for one year led to a slight decrease in the level of the micro-
hardness [Fig. 10(d)]. Such a decrease in the microhardness
values can be associated with the reverse transitions from
the hep to the fcc phase during the aging of the samples
after the HPT deformation. Note that such reverse trans-
formations from the hcp to the fcc phase after HPT defor-
mation were observed in a number of cases in the Cantor
alloy [56].
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Thus, the above results show that FesoMn3oCo;oCryo and
FesMnyCoi¢Crio nanocrystalline alloys aged at room tem-
perature for one year remain stable in most cases considered.

3.2.3. Mechanical characteristics under active loading
of nanostructured FesMnsCo19Cryo
and FesoMn30C010Cr10 alloys

Samples for deformation by uniaxial compression were cut
from the edge part of the disks (in the uniform deformation
area) being subjected to HPT deformation at 300 and 77 K.
Figure 11 shows the deformation curves for the TWIP alloy
Fe4oMnyCo,0Cryo, obtained by uniaxial compression with
a relative loading rate of 10 s™! at room temperature (300 K)
and liquid nitrogen temperature (77 K) for nanostructured
samples after RT-HTP [Fig. 11(a)] and after cryo-HPT
[Fig. 11(b)].
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Fig. 10. (Color online) Microhardness H, depending on the shear strain y for different adding time f" ambient storage. For the
Fe,yMn,,Co,,Cr, alloy: RT-HTP (a), cryo-HPT (b); for the FesMn,;Co,,Cr;, alloy: RT-HTP (c), cryo-HPT (d); 2 hours (O), 1 year (O).
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Fig. 11. (Color online) The deformation curves for nanostructured samples of the Fe, Mn,,Co,,Cr,, alloy after RT-HTP (a) and after

cryo-HPT (b), strain rate 10~* s!; compression at 300 K (), compression at 77 K (2).

The parameters of the deformation curves (yield strength
G2, ultimate strain €ma, ultimate strength o) for the
Fe4oMngCo19Crj alloy shown in Fig. 11 are given in Table 2.
For comparison, Table 2 also shows the corresponding
parameters for samples in the coarse-grained material [36].
As can be seen from the data given in Table 2, the transition
from a coarse-grained to a nanostructured state leads to a
significant increase in the yield strength and tensile strength
with a decrease in the plasticity resource. Unlike the nano-
structured TWIP FesoMnyCo1¢Cryo, the nanostructured TRIP
FesoMn3oCo,0Cryo alloys completely lose plasticity under
uniaxial compression at 300 K. The samples were destroyed
in the elastic region at stresses of = 630 MPa. The main
cracks with numerous smaller lateral cracks appear along
the loading axis in the specimens. Obviously, the observed
loss of plasticity in the nanostructured state is associated
with an increase in the fraction of grain boundaries and the
impossibility of relaying shear deformation from grain to
grain.

Table 2. Mechanical characteristics of the Fe,,Mn,,Co,,Cr,
alloy in the nanostructured state tested under uniaxial compres-
sion, and in an initial state [36] tested under uniaxial tension at a
rate of 10~ s71, for deformation temperatures of 300 K and 77 K.
The HPT temperature is 300 K (RT-HTP) and 77 K (cryo-HPT)

Samol Compression Gy2s €pmax > Sy
m
amp?e temperature, K GPa % GPa
300 0.19 46 0.75
Initial
77 0.41 46 1.71
300 1.49 5.38 1.82
RT-HTP
77 1.97 5.15 232
300 1.62 6.62 1.84
cryo-HPT
77 2.17 3.5 2.38

4. Significance of the results

We like to discuss the experimental data obtained for
nanostructured alloys TWIP FesMnysoCo1oCrio and TRIP
FesoMn3oCo,0Cry in the form of the following points:

Point 1. Comparison of data on the structure of the
samples (synchrotron X-ray studies yielding phase compo-
sition, lattice parameters, etc.) obtained after three years
after HPT deformation with structures obtained immediately
after HPT shows that the microstructure of the studied TWIP
Fe40Mn40C010CI'|0 and TRIP Fe50Mn3OC010Cr10 alloys did
basically not change during the storage at ambient tempera-
ture and atmospheric pressure. This stability of the micro-
structure is also reflected by the dependencies H, (y)
measured two hours and one year after HPT deformation
(Fig. 10).

Point 2. A decrease in the HPT temperature from 300 K
to 77 K leads to an increase in both the torsional shear
stress T (Fig. 6) and the A, values (in the region of a
homogeneous microstructure) (Fig. 8). In addition, in the
Fe4oMnyCo,oCryo alloy, with a decrease in the deformation
temperature during uniaxial compression, the yield strength
also increases (Fig. 11). This temperature dependence of
these strength values indicates the thermally activated nature
of plastic deformation in the Fe4MnsCo;oCrio TWIP alloy.
Previously, the thermally activated nature of plastic defor-
mation was established for the coarse-grained state in the
FeqMnuCo;oCryp and in the FesgMn3¢Co19Cry alloys [36, 37].

Point 3. Comparison of data on microstructural parameters
and mechanical properties of TWIP FessMngCo1oCrio and
TRIP FesoMn3¢Co,0Cryp alloys in the initial coarse-grained
and nanostructured states indicates their significant changes
as a result of HPT deformation. If for the coarse-grained
state, the values of microhardness /,, and yield stress .
differ significantly between TWIP FesMn4oCo1oCrio and
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TRIP F650M1130C010CI'10 alloys, (Hv -TRIP/ Hv -TWIP=1.89
in Fig. 7, 602-TRIP/6,-TWIP = 1.3 [36, 37]), then after HPT
deformation achieving nanostructures, these differences,
both in microhardness and in phase composition, practically
disappear, as shown in Figs. 3 and 10. In both alloys, harde-
ning is observed as a result of the increasing appearance of
the harder hcp phase, of strong grain crushing according to
the Hall-Petch relation, and of the appearance of twins in
significant density. In the structure of both alloys, the hep
phase predominates, the content of which does not depend
very strongly on the temperature 7 and the number of
revolutions n during the HPT. Note that, for the TRIP
FesoMn3oCo1¢Crio alloy in the coarse-grained state after
active tensile deformation at 7= 300 and 77 K, in regions
close to the fracture surface, a complete phase transition of
the fce lattice to hep is observed [37]. A similar result for a
TRIP FesoMnj3oCo1¢Cr9 alloy of the same composition was
also reported [28]. It is shown that active tensile deformation
at 300 K, due to the fcc-hcp phase transition, leads to an
appearance the of a 98% hcp phase [28]. In contrast to the
TRIP alloy, in the coarse-grained TWIP FessMn4oCo10Crio
alloy as a result of active tensile deformation (under similar
conditions), the volume fraction of the formed hcp phase
does not exceed 50% [36]. The corresponding data obtained
earlier [36, 37] for coarse-grained TWIP FesMngCo¢Crio
and TRIP FesoMn3¢Co;Cryp alloys are given in Table 3.
Point 4. As is known [51-54], the probability of TWIP
or TRIP processes occurring during plastic deformation in
metallic materials depends significantly on the stacking
fault energy (SFE). At SFE from 20 mJ/m? to 40 mJ/m?,
TWIP processes are activated, and at SFE values below
20 mJ/m?, TRIP processes are activated. Such a dependence
is due to the influence of the SFE value on the dissociation
of dislocations in the course of deformation. It has been
shown [55, 56] that the nucleation of a new phase occurs
by rupture of dissociated 1/2<110> dislocations, thus, the
easier it is, so the lower the SFE. In this case, the phase
transformation during the HPT occurs almost at the speed
of sound, since the partial dislocations involved in the

phase transformation have a kinetic energy much higher
than under quasi-static conditions [55]. It is assumed [57]
that in two-phase (fcc + hep) HEAs, the hep phase increases
strength, while the fcc phase increases plasticity. New
boundaries arising during the phase transition prevent the
motion of dislocations [S8—60] and lead to strain hardening of
these alloys. In the course of HPT large shear deformations
lead to the simultaneous action of several deformation
mechanisms [61, 62], as a result of which the initial dif-
ferences in the structure of alloys and their strength,
observed in coarse-grained TWIP Fe4MnyCo10oCrio and
TRIP FesoMn30Co010Cro alloys, are significantly reduced,
which was observed in this work.

One of the significant differences in the properties of
the nanostructured alloys studied in this work is the absence
of macroscopic ductility in the TRIP FesoMn3oCo19Cryo alloy
under active compression deformation, while the TWIP
FesoMn4oCo1oCrio alloy remains ductile under a similar
deformation (Fig. 11). Apparently, the reason for the
embrittlement of the TRIP FesoMn3pCo1oCryy alloy is the
high concentration in comparison with the TWIP
Fe4oMnyCo,oCryo alloy, of highly distorted local regions
with a high level of local stresses and lattice microdefor-
mations (Fig. 5). It is obvious that microcracks can appear in
such regions, which prevent the occurrence of macroscopic
plastic deformation in samples deformed by compression
and this leads to the destruction of samples before reaching
the macroscopic yield strength. Thus, a comparison of the
structure and mechanical properties of the nanostructured
TWIP FesoMnsgCo1¢Crio and TRIP FesoMn3oCo10Cryo alloys
showed that both alloys have high strength, but macroscopic
plasticity is retained only in the TWIP Fe4oMnsyCo1oCrio
alloy. For a more detailed search for the reasons leading to
the embrittlement of the TRIP FesoMn3pCo;Crj alloy during
its macroscopic deformation, it is necessary to conduct addi-
tional microstructural studies. The results obtained confirm
the importance of taking into account the TRIP or TWIP
effects and the SFE value when designing high-strength
materials based on MEA or HEA alloys.

Table 3. Phase composition of coarse-grained TRIP FesyMn,,Co,,Cr;, and TWIP Fe,,Mn,,Co,,Cr, alloys in the initial state and

after active deformation by uniaxial tension [36, 37]

Alloy State Phase Volume fraction, % Lattice parameter, A
. fec 59.0 3.607
initial
hep 41.0 a=2.552,c=4.107
fi 6.0 3.614
TRIP Fe,Mn,,Co,Criy |  deformed at 295 K =
hep 94.0 a=2.550,c=4.112
fec 2.7 3.614
deformed at 77 K
hcp 97.3 a=2.549,c=4.111
initial fec 100 3.618
fi 72 3.628
deformed at 295 K e
TWIP Fes,Mn,;,Co,,Cr, hep 28 a=2.558,c=4.123
fee 33 3.625
deformed at 77 K
hep 67 a=2.552,¢=4.119
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5. Summary and Conclusions

The results of this work can be summarized as follows:

(1) As results of HPT deformation, in the TWIP
Fe4oMn40C010CI'10 and TRIP FCsoMl’lj,oCO]()Cl‘]() alloys, a
basically complete phase transition from the fcc phase to hep
phase is observed, the content of which does not depend
very strongly on the HPT temperature and the number of
revolutions n in HPT.

(2) HPT deformation leads to a significant reduction in
differences in phase composition and in the microhardness
values for TWIP and TRIP alloys observed in the coarse-
grained state.

(3) HPT deformation leads to a significant increase in
the microhardness H |, , and in the TWIP Fe4oMn4oCo1¢Crio
alloy this effect is more pronounced than in the TRIP
Feso)Mnj3pCo¢Crig alloy. A decrease in the HPT temperature
and an increase in HPT revolution number (i.e. deformation)
for all the cases studied lead to an increase in the value of H .

(4) It was found that the microstructure of nanostruc-
tured samples of TWIP FesMnsoCoioCri9p and TRIP
FesoMn3oCo,0Crjg alloys remains stable for a long time.

(5) It has been established that the FesoMns¢Co10Crio
TWIP alloy remains ductile under active compression
deformation at 300 and 77 K, while there is no macroscopic
plasticity in the FesoMn30Co,0Crio TRIP alloy under similar
conditions.

(6) It has been established that in the FesoMns¢Co10Crio
TWIP alloy the thermally activated character of plastic
deformation is retained during the transition from the
coarse-grained to the nanostructured state.

M.A.T. and A.V.L. were supported by the National
Research Foundation of Ukraine in frame of the project
No. 2020.02/0327.
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CTpyKkTypa Ta KpioreHHO-MeXaHi4Hi BNacTUBOCTI
CUNbHO AehopMOBaHMX HEEKBIAaTOMHUX CMaBiB
cuctemn Fe—Mn—Co-Cr

E. D. Tabachnikova, T. V. Hryhorova, S. N. Smirnov,
[. V. Kolodiy, Yu. O. Shapovalov, A. V. Levenets,
S. E. Shumilin, I. V. Kashuba, M. A. Tikhonovsky,
F. Spieckermann, M. J. Zehetbauer, E. Schafler,

Y. Huang, T. G. Langdon

JocnigKxeHO CTPYKTypH Ta MEXaHi4HI BIACTHUBOCTi JABOX
HEeKBIaTOMHHMX CEPEeIHBOCHTPOMIHMX HAHOKPHCTATIYHHX
CIUIaBiB, B IKMX y KPYNHO3EPHHUCTOMY CTaHi i 4ac IUIaCTUIHOT
nedopmarii Aif0OTh I0JaTKOBI MeXaHi3MH — JBii{HUKYBaHHS
(TWIP) y Fe,yMn,,Co,,Cr, Ta da3osi nepersopenns (TRIP) B
FesyMn,,Co,,Cr,, . Hanokpucraniuuuii cTaH y HHUX CIIaBax
JoCsTaeThesl KpyTiHHAM mix BucokuM tuckoM (HPT) mpu 300 ta
77 K npu kinbkocti 06epTiB n =0.25 Ta n=15. YV HaHOKpHCTATIY-
HOMY CTaHi y JIOCIIIPKEHUX CIUIaBaX CIOCTEPIracThCs, B OCHOBHOMY,
noBHuit dazosuit nepexin Bix I'LIK no T'IIIT rpatku, BMICT SKOTO
HE 3aJIeXKUTH Bix Temmeparypu Ta gedopmanii HPT. V BuBuennx
CIUIaBaX y HAHOKPUCTATIYHOMY CTaHi CIIOCTEPIraeThCs CYTTEBE
3MEHIIEHHS BiIMIHHOCTEeH Y (ha30BOMY CKJIaJi Ta MIKpOTBEPIOCTI
H,,, AKi crocTepiraloTbcs y IUMX CIUIaBax y KPyNHO3EPHHCTOMY
cTaHi. 3H)KEHHSI TeMIIepaTypH Ta 30utbmenns nedopmanii HPT
JUTSL BCIX JOCTIMKEHHX BHUIAAKIB NPHU3BOIATH OO 30UTBIICHHS
snauenHs H,. TWIP cmnas Fe,,Mn, Co,Cr, 3anumaerscs
IUTACTUYHUM TIPH aKTHBHIN Aedopmaii ctucky npu 300 ta 77 K,
tozi six y TRIP FesyMn;(Co,,Crj, cnasi 3a aHaJIONiYHUX YMOB
MaKpOCKOTIiYHa IUIACTUYHICTh BiACyTHA. [lpm mepexoni Bix
KPYITHO3EPHHUCTOTO JI0 HaHOKpHcTaniuHoro crany y TWIP
Fe ,Mn,,Co,,Cr;, cmmaBi 36epiraeTbcst TepMOaKTHBAIliHHHI
XapakTep miacTuuHol nedopmariii.

KurouoBi crioBa: BHCOKOGHTpOTIiHI CIUIaBH, MIKPOCTPYKTYpa,
KpiOTeHHI TEMIIepaTypH, MEXaHiqHI BIIACTHBOCTI.
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