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Abstract: The structure and mechanical properties of as-cast and thermomechanicaly processed
(cold rolling followed by annealing at 700 °C and 900 °C) Fe4gMnyoCrjpCoqg (at.%) high-entropy
alloys doped with different amounts (0, 0.5, and 2.0 at.%) of N were examined. The as-cast
Fe49oMny(Cr1pCoyg alloy (NO) contained o-phase particles at the boundaries of the fcc grains. The
addition of 0.5 (N0.5) and 2.0 (N2) at.% of nitrogen suppressed the formation of the o-phase due to
which the alloys consisted of only the fcc phase. Annealing after rolling resulted in the development
of static recrystallization and precipitation of additional phases: the o-phase was found in the NO and
NO.5 alloys, and hexagonal M, N nitrides were found in the N2 alloy. The strength of the as-cast alloys
at room temperature increased with increasing nitrogen concentration due to interstitial solid solution
strengthening. Cold rolling and subsequent annealing resulted in considerable strengthening of the
program alloys. The strength of the alloys increased with the N content and decreased with increasing
annealing temperature. The best combination of mechanical properties at room temperature was
attained in the N2 alloy after annealing at 700 °C, and at 77 K, was demonstrated by the NO0.5 alloy
after annealing at 900 °C.

Keywords: high-entropy alloys; nitrogen; o-phase; thermomechanical processing; mechanical
properties

1. Introduction

The so-called high entropy alloys (HEAs) are multicomponent (usually, >5) alloys
in which constitutive elements occur in roughly equal atomic fractions [1,2]. Due to
their unique structures and properties, they are often considered promising materials
for industrial, aerospace, and biomedical applications [3,4]. For example, HEAs based
on refractory elements are considered to be possible next-generation high-temperature
materials beyond Ni-based superalloys [5,6].

In recent years, much attention has been paid to model single-phase alloys with
simple crystal structures, such as face-centered cubic (fcc) and body-center cubic (bcc); it
is believed that such alloys can have a good strength—ductility combination [7,8]. These
alloys also correspond nicely to the original concept of HEAs. For example, alloys of
the Co-Cr-Fe-Mn-Ni system tend to form a single fcc solid solution structure and at the
same time have promising properties [9]. For instance, equiatomic CoCrFeMnNi and
CoCrNi alloys have high ductility and fracture toughness, not only at room temperature,
but also at cryogenic temperatures [10-14]. However, one of the recent trends in the HEA
design is associated with non-equiatomic concentrations of the constitutive elements. In
this case, the composition of the alloy can be flexibly tailored to produce new alloys with
desired properties [15-17]. For example, in the Fegy ,Mn,Co19Crjg alloy family, a stable
single fcc phase structure was observed at x = 45 and x = 40, whereas a lower Mn content
(x < 35) resulted in the fcc—hcp martensitic transformation [11]. The non-equiatomic
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Fe4oMnypCo10Cryg alloy was considered one of the promising HEAs, with properties
similar to eqiuatomic CoCrFeMnNi and, simultaneously, with a significantly reduced cost
due to a lower content of expensive Co and Ni [18].

However, the formation of a single-phase solid solution structure is observed quite
rarely. A variety of different intermetallic phases can be found in HEAs depending on the
alloy composition and the processing conditions [19-23]. For example, in Co-Cr-Fe-Mn-
Ni-based alloys, the formation of a chromium-rich o-phase with a tetragonal structure is
often described [24-27]. Earlier, the o-phase was frequently found in different steels [28]
and nickel superalloys [29]. However, the o-phase is intrinsically brittle and is usually
considered an undesirable phase since the presence of the o-phase results in significant
embrittlement of the material [30]. Although in some cases the o-phase formation provided
considerable hardening without noticeable loss in ductility due to the extremely high
strain-hardening capacity of the fcc matrix (for example, in a CoCrFeNiMoy 3 alloy [31]),
an increase in the fraction of the o-phase usually results in a serious loss in ductility of
the material [12,22]. In addition, partitioning of Cr from the fcc matrix to the o-phase can
deteriorate both the oxidation resistance [32] and strength, as Cr is a strong solid-solution
hardener in fcc HEAs [33]. It is worth noting that the o-phase inhibits grain growth, thus
effectively strengthening the material [24,27]. In the FesgMnypCo1¢Cr;g alloy, the o-phase is
reported to appear after heat treatment at <700 °C [22,23].

The common approach to improve the performance of the fcc HEAs is associated
with the doping with interstitial elements such as carbon or nitrogen. Interstitials can
have multifaceted effects on the structure and performance of the alloys, including the
(i) solid solution strengthening effect [34,35]; (ii) activation of the additional deformation
mechanisms such as TWIP/MBIP [36—40]; precipitation hardening by carbides/nitrides
after proper heat treatment and/or thermomechanical processing [41,42]; refinement of
the fcc grains due to the carbide/nitride pinning effect [43,44]. As a result, simultaneous
improvement of strength and ductility can be achieved [34,39,44]. Recent efforts demon-
strate that alloying with nitrogen strengthens alloys more pronouncedly in comparison
with other interstitial elements [35,36,41-45]. However, the information on the interstitial
doping of the FeqoMny(Co19Cryg alloy is limited; a positive effect of a small amount of
boron addition on the strength—ductility combination was revealed in [46]. The effect was
associated with boron segregation to the fcc grain boundaries and limiting their mobility,
thus producing a fine-grained structure [35-37].

In this work, we examined the structure of the Fe4oMnyCo19Cryg alloy doped with dif-
ferent amounts of N (0-2 at.%) after thermomechanical processing. The amounts of added
nitrogen were selected based on a literature analysis [34,37,44,47-49]. The final goal was to
establish compositions and processing routes ensuring optimal mechanical performance at
room and cryogenic temperatures. In addition, specific attention was paid to the interaction
between the nitrogen alloying and possible o-phase precipitation, which is a novel point
in HEA research. We hope that the preformed research will benefit the development of
cost-effective interstitial HEAs with properties suitable for cryogenic applications.

2. Materials and Methods

High-entropy alloys with the nominal composition of Fe4 xMnyyCo1oCrioNx (x = 0, 0.5, 2.0)
were fabricated by vacuum induction melting. Hereafter, the alloys will be designated
according to the nominal nitrogen content, i.e., NO, N0.5, N2. The ingots were cast using
mixtures of pure (>99.9% wt.%) constitutive chemical elements. N was added in the
form of ferrochrome nitride. The produced ingots of ~4 kg had a rectangular shape that
measured 150 x 115 x 35 mm?. The actual chemical composition (measured by energy-
dispersive spectrometry (metallic elements) and inert gas fusion (nitrogen)) and density
(by Archimedes method) of the alloys is provided in Table 1.
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Table 1. Measured chemical composition of the program alloys.

Composition Density (g/sm?) Fe Mn Co Cr N
NO
Nominal (at.%) 40 40 10 10 -
Actual (at.%) 7.72 40.10 40.02 1003 985 ;
NO.5
Nominal (at.%) 767 39.5 40 10 10 0.5
Actual (at.%) : 39.55 40.14 9.97 9.9 0.44
N2.0
Nominal (at.%) 38 40 10 10 2
Actual (at.%) 7.65 385 39.73 1001 9.94 1.82

Samples with dimensions of 85 x 35 x 25 mm? were cut from the as-cast ingots by an
electric discharge machine (Sodick, Schaumburg, IL, USA). Unidirectional multipass rolling
to a total thickness strain of 80% (from 25 to 5 mm) was performed at room temperature
using a thickness reduction per pass of 3-5%. The rolling samples were then annealed in a
mulffle furnace (Nabertherm, Bahnhofstr, Germany) in air atmosphere at temperatures of
700 °C and 900 °C. The heating time was 10 min followed by air cooling.

The microstructures of the alloy were investigated in the RD-ND plane (perpendicular
to the transversal direction). Scanning (SEM), including electron backscattering diffraction
(EBSD), and transmission (TEM) electron microscopy were used for the studies. SEM and
EBSD studies were carried out using an FEI Quanta 600 FEG microscope (FEI, Hillsboro,
OR, USA) equipped with backscattered electron (BSE) and EBSD detectors. Samples
for SEM observations were mechanically polished with several SiC papers, and for the
finishing polish, we used a colloidal silica suspension. A JEOL JEM-2100 microscope
(JEOL, Akishima, Japan) set at an accelerating voltage of 200 kV equipped with an EDS
detector was used for TEM investigations. Selected area electron diffraction (SAED) (JEOL,
Akishima, Japan) patterns were used for the phase identification and results of EDS for
chemical analysis. Samples for TEM analysis were prepared by conventional twin-jet electro-
polishing of mechanically pre-thinned to 100 pum foils, in a mixture of 90% CH3COOH and
10% HClOy, at a 24 V potential at room temperature.

Tensile tests were carried out on an Instron 5882 universal electronic tensile testing
machine (Instron, Norwood, MA, USA) at a strain rate of 1 x 1073 s~1 at room (293 K) and
cryogenic (77 K) temperatures using samples with a gage that measured 16 x 3 x 1.5 mm?.
For investigation at cryogenic temperature, the test samples and both grips were held in
an open-top vessel filled with liquid nitrogen before the test was started to equilibrate the
temperature. Elongation to fracture was determined by measuring the spacing between
marks designating the gauge length before and after the test. The fracture toughness tests
were carried out at room and cryogenic temperatures on an Instron IMP460 pendulum
impact machine (Instron, Norwood, MA, USA) using Charpy V-notch specimens that
measured 55 x 8 x 2mm?. At least 3 specimens per condition were tested.

The equilibrium phase diagrams were constructed using Thermo-Calc software; a
TCFE7.0 (steel alloys) database was used since it provides more accurate results for
the N-doped alloys in comparison with a specialized database for high-entropy alloys
(TCHEAA4.0) (Thermo-Calc Software, Solna, Sweden).

3. Results
3.1. Microstructure and Mechanical Properties in the As-Cast Condition

The SEM-BSE images and EBSD phase maps of the as-cast microstructures of the
program alloys are shown in Figure 1. A dual-phase microstructure was revealed in the NO
alloy. The second phase particles were found along the grain boundaries of the fcc matrix
and inside some grains as thin films (Figure 1c). EBSD analysis and selected area electron
diffraction (SAED) patterns allowed us to identify the second phase as the tetragonal
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o-phase enriched with Cr, Fe, and Mn; the volume fraction of the o-phase was 3%. The
average fcc grain size was 42 um.

Sigma

100 wm 500 nm

100 lm

Figure 1. Microstructure of the Fegy«MnyoCr19Co19Nyx alloys in the as-cast state: NO (a—c); NO0.5 (d);
N2.0 (e); SEM-BSE images (a,d,e) TEM image (b); EBSD phase map (c).

The addition of nitrogen resulted in the disappearance of the o-phase in the N0.5
and N2 alloys. A single fcc phase structure was found in both alloys. The fcc grain size
in the N-doped alloys was considerably larger than that in the NO alloy and approached
~200-300 um. An increase in the size of the fcc grains may be associated with the absence
of the secondary o-phase in the as-cast N-doped alloys.

To evaluate the mechanical properties of the as-cast alloys, tensile tests at room and
cryogenic temperature were performed. The obtained stress—strain curves are presented
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in Figure 2, and the resulting mechanical properties (yield strength (YS), ultimate tensile
strength (UTS), uniform elongation (UE), and total elongation (TE)) are given in Table 2.
Alloying of nitrogen caused a substantial increase in the yield strength (YS) and ultimate
tensile strength (UTS) of the program alloys at room temperature. The NO alloy had a low
YS of 160 MPa. High strain-hardening capacity allowed a UTS of 470 MPa. Increasing the
nitrogen concentration resulted in significant hardening: the YS and UTS of the N0.5 alloy
were 300 MPa and 610 MPa, respectively. The YS of the N2 alloy was 380 MPa, and the
UTS was 660 MPa. The effect of the N content on the ductility was more complex. The NO
alloy had high ductility of 71%. The TE first increased to 88% in the N0.5 alloy and then
decreased to 61% in the N2 alloy (Table 2). Finally, some “straightening” of the plastic part
of the stress—strain curves with an increase in the N content was noted. Similar behavior
associated with the formation of the planar dislocation (sub)structure was earlier reported
for the carbon-doped fcc HEAs [31,44].
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Figure 2. Stress-strain curves of the as-cast Feyy.,MnyoCr;gCo19Ny alloys obtained during tensile
testing at room (a) and cryogenic (b) temperatures.

Table 2. Room and cryogenic temperature mechanical properties of the Fegy«Mn4CrjoCo;oNy alloys.

Alloy YS (MPa) UTS (MPa) UE (%) TE (%)
293 K
NO 160 £ 20 470 £ 35 63+ 6 71+9
NO0.5 300 £ 25 610 =40 708 88+ 9
N2 380 £ 30 660 £ 45 54 +5 61+7
77K
NO 320 £ 20 840 £ 40 44 +£5 44 £5
NO.5 800 £ 50 1110 £+ 60 45+5 45+ 4
N2 - 90 + 10 - -

The NO and NO.5 alloys became considerably stronger under cryogenic conditions
(Figure 2b). For example, the yield strengths of the NO and NO0.5 alloys were 320 and
800 MPa, respectively, while the ultimate tensile strengths were 840 and 1110 MPa, respec-
tively. The alloys also demonstrated reasonable ductility of 44—45%. The N2 alloy fractured
in a brittle manner after reaching a stress of 90 MPa.

3.2. Microstructure after Cold Rolling and Annealing

Cold rolling resulted in the formation of a typical lamellar structure with some shear
bands in the program alloys that have been reported for many fcc HEAs [41,44,50]; the rep-
resentative cold-worked microstructure of the N2 alloy is shown in Figure 3. No noticeable
effect of the N content on the microstructure after cold working was detected.
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Figure 3. TEM image of the microstructure of the N2 alloy after cold rolling to 80% thickness
reduction. The RD arrow indicates the rolling direction.

Further annealing resulted in the development of the static recrystallization and
precipitation of additional phases in the Feso.xMngCrigCo1oNx alloys. The resulting
microstructures heavily depended on both the nitrogen content and annealing temperature.

Annealing of the NO alloy at 700 °C resulted in the formation of a recrystallized
structure with a high amount of the o-phase (Figure 4a,c). The o-phase particles with a
volume fraction of 32% formed a discontinuous network. The o-phase particles seem to
be aligned with the lamellar boundaries and/or shear bands in the cold-rolled alloy. The
average recrystallized grain size was 1.3 pm (Table 3). It also seemed that the fcc grains were
coarser in the areas free from the o-phase particles. Increasing the annealing temperature
to 900 °C resulted in coarsening of the recrystallized grains to 5.6 ym (Figure 4b,d) while
the volume fraction of the o-phase decreased to 3.6%. The o-phase precipitated in the form
of individual particles arranged in chains. These chains can likely be traced back to the
lamellar structure of the deformed condition.

The addition of nitrogen resulted in a decrease in the volume fraction of the o-phase to
5.2% in the NO.5 alloy after annealing at 700 °C (Figure 5a). The o-phase particles formed
continuous films along grain boundaries. The films were aligned with previous lamellar
boundaries and/or shear bands. Recrystallization of the fcc phase appeared to be complete.
The average grain size was 2.4 um. The fcc grains in the vicinity of the o-particles appeared
to be finer than those in the areas free of precipitates. Annealing at a higher temperature
of 900 °C resulted in the formation of a homogeneous fully recrystallized single fcc phase
structure with the grain size of 6.6 um (Figure 5b,d). No secondary phases were found.

Table 3. Structural parameters (grain size, fraction, and size of secondary phases) of the
Fe40.xMnyoCr1pCo19Ny alloys after annealing at 700 °C and 900 °C.

Alloy Grain Size Particle Size (um) Volume Fraction (%)
(um) o-Phase Nitrides o-Phase Nitrides
Annealing at 700 °
NO 1.3 1.3 - 32 -
NO0.5 2.4 1.4 - 52 -
N2 1.3 - - 7.2
Annealing at 900 °C
NO 5.6 1.7 - 3.6 -
NO0.5 6.6 - - - -

N2 5.8 - - - -
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Figure 4. Microstructure of the NO alloy after cold rolling and annealing at 700 °C (a,c) and 900 °C
(b,d): SEM-BSE images—(a,b), EBSD phase maps—(c,d).
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Figure 5. Microstructure of the N0.5 alloy after cold rolling and annealing at 700 °C (a,c) and 900 °C
(b,d): SEM-BSE images—(a,b), EBSD phase maps—(c,d).

The N2 alloy had a distinctively different microstructure in comparison with the
previous alloys. After annealing at 700 °C, only one half (47%) of the microstructure was
recrystallized (Figure 6a). The average size of the recrystallized fcc grains was found to
be 1.3 um. More detailed investigations by TEM revealed the presence of fine (~70 nm)
Cr-rich precipitates (Figure 6¢). Most of these precipitates were found in the recrystallized
areas; selected area electron diffraction (SAED) patterns suggested that the particles were
hexagonal M, N nitrides. No signs of the o-phase particles were found. The increase in the
annealing temperature to 900 °C resulted in the formation of a fully recrystallized single
fcc phase structure with a grain size of 5.8 um (Table 3).

3.3. Mechanical Properties

Thermomechanical processing significantly affected the mechanical behavior of the
program alloys. Figure 7 shows the tensile stress—strain curves of the alloy obtained during
testing at room temperature (Table 4). Apparently, cold rolling with subsequent annealing
resulted in considerable strengthening in comparison with the as-cast state. For example,
after annealing at 700 °C, the yield strength varied from 650 MPa for the NO alloy to
900 MPa for the N2 alloy. However, low ductility of the NO alloy must be noted—the alloy
fractures immediately after yielding reached only 1% deformation. The N0.5 and N2 alloys
showed respectable ductility of 35-42%. The ultimate tensile strengths of the N0.5 and N2
alloys were 860 MPa and 1100 MPa, respectively.

Table 4. Room temperature mechanical properties of the Feyq«MnyoCri9Co19Ny alloys after annealing.

Alloy YS (MPa) UTS (MPa) UE (%) TE (%)
Annealing at 700 °C
NO 650 £ 30 720 + 40 1+1 1+1
NO.5 620 + 20 860 + 45 3243 47 + 6
N2 900 £ 35 1100 £ 55 27 +4 35+5
Annealing at 900 °C
NO 300 £ 20 670 £ 25 40+£5 47 +7
NO.5 370 £20 680 + 30 47+ 6 65+9

N2 640 + 35 940 + 40 38+5 51+7
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Figure 6. Microstructure of the N2 alloy after cold rolling and annealing at 700 °C (a,c) and 900 °C
(b,d): SEM-BSE images—(a,b), EBSD phase maps—(c,d).
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Figure 7. Stress—strain curves of the FeyyMnyCr;9CojgNy alloys after cold rolling and annealing at
700 °C (a) and 900 °C (b) obtained during tensile testing at room temperature (293 K).

An increase in the annealing temperature to 900 °C resulted in some decrease in the
strength and an increase in the ductility of the alloys. For example, the NO alloy achieved
a total elongation of 47%. The NO0.5 alloy showed a much higher ductility of 65%, while
the N2 alloy had comparable elongation to fracture (51%). The yield and ultimate tensile
strength of the NO (300 and 670 MPa, respectively) and NO.5 alloy (370 MPa and 680 MPa,
respectively) were quite similar, while the N2 alloy was considerably stronger with a yield
strength of 640 MPa and an ultimate tensile strength of 940 MPa.
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The decrease in the testing temperature to 77 K resulted in drastic changes in the
mechanical behavior of the alloys, associated with the strengthening and, most importantly,
significant embrittlement (Figure 8, Table 5). For example, after annealing at 700 °C
(Figure 8a) only the NO0.5 alloy exhibited some ductility (2.5%) while the NO and N2 alloys
fractured during the elastic deformation. Meanwhile, the yield strength of the N0.5 alloy
was very high—almost 1500 MPa. After annealing at 900 °C (Figure 8b), the NO and N0.5
alloys showed reasonable ductility of 56 and 27%, respectively. The yield strength of the
alloys was 550 and 1180 MPa, respectively. Meanwhile, the N2 alloy exhibited brittle
fracture at the elastic stage.

1800 1800
3
1600 Y 77K 1600 77K
1400 1400
= 1200 = 1200
o o
= 1000 = 1000 -
® 800 ® 800
5 5
i 600 — i 600 .
400 NOS 400 —— NO.5
: —— 2
200 N2 200 4
0 . v 0 . . v
0.0 05 1,0 1.5 20 25 30 0 10 20 30 40
Strain (%) Strain (%)
(a) (b)

Figure 8. Stress—strain curves of the Feyy.MnyCrj9Coj9oNy alloys after cold rolling and annealing at
700 °C (a) and 900 °C (b) obtained during tensile testing at cryogenic temperature (77 K).

Table 5. The cryogenic mechanical properties of the Fego.,MnyoCr19Co19oNy alloys after annealing.

Alloy YS (MPa) UTS (MPa) UE (%) TE (%)
Annealing at 700 °C
NO - 920 + 50 - -
NO0.5 1490 £ 70 1650 £ 60 25+1 25+1
N2 1750 + 75 1770 =70 02401 02+01
Annealing at 900 °C
NO 550 + 20 1230 £ 35 56 £8 56 £8
NO.5 1180 £ 30 1570 4+ 50 27 + 4 27 +5
N2 - 1190 £ 40 - -

The values of the impact toughness obtained during the Charpy V-notch impact test
are summarized in Table 6. The following trends were observed at 293 K: (i) the N0.5
and N2 alloys had considerably higher toughness than the NO alloy, and (ii) an increase
in the annealing temperature resulted in an increase in toughness. In general, all alloys
had reasonable toughness at room temperature except for the NO alloy after annealing
at 700 °C (1.6 kJ/m?). In contrast, at cryogenic temperature, the alloys mostly had low
toughness—the only exceptions were the NO and NO0.5 alloys after annealing at 900 °C. The
highest toughness was revealed in the N0.5 alloy after annealing at 900 °C~88 and 52 kJ /m?
at 293 and 77 K, respectively.
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Table 6. Impact toughness of the Fezy.xMn49Cri9Co19Nx alloys after rolling and annealing at 700 °C
and 900 °C obtained at room and cryogenic temperatures.

Impact Toughness (kJ/m?)

Alloy 293 K 77 K
Annealing at 700 °C
NO 1.6 =05 14+04
NO.5 21 +2 40+1.2
N2 23 +£2 1.3+09
Annealing at 900 °C
NO 35+4 27 +4
NO0.5 88+ 8 52+7
N2 74 +5 1.2+05

4. Discussion

The results obtained revealed that both the microstructure and mechanical properties
of the program alloys depended strongly on the chemical composition (N content) and
processing conditions. Structure-wise, the most apparent changes were associated with the
phase composition. For instance, the NO alloy in the as-cast state contained a small amount
of the o-phase, while the N0.5 and N2 alloys had a single fcc phase structure (Figure 1).
The o-phase was also found in the NO alloy after cold working and annealing at 700 and
900 °C (Figure 4), similar to results reported in [22]. At the same time, o-particles were
detected in the NO.5 alloy after annealing at 700 °C, but the same alloy annealed at 900 °C
had a single fcc phase. Finally, M, N nitrides were found in the N2 alloy after annealing
at 700 °C. Similar to the NO.5 alloy, the N2 alloy had a single fcc phase structure after
annealing at 900 °C.

To rationalize the changes in the observed phases, ThermoCalc software was used to
construct the equilibrium Fe4oMn4oCo19Cr19-N phase diagram (Figure 9). Without regards
to N doping, the program alloys are expected to have an fcc phase-based structure, which
agrees reasonably with the experimental data. The undoped FeqoMny(Co19Crg alloy can
also have a small amount of the bcc phase during solidification, as well as the Cr-rich
o-phase at temperatures <712 °C. The addition of N resulted in (i) the suppression of the
bcc phase formation; (ii) the gradual decrease in the o-phase solvus temperature; and
(iii) the precipitation of the hexagonal nitrides and increase in their solvus temperatures.

L+FCC+BCC L [L+FCC
S —
_(_ :
rod FCC+BCC
o FCC
Emnn-
£ |FCC+Sigma =
S o j , FCC+M:N
& ;
6004 \‘
FCC+M:N+Sigma
FCC+M;N+Sigma+BCC
400 = . T
0 1 2 3
A Mole percent N

Figure 9. Equilibrium phase diagram produced by ThermoCalc software, showing the effect of
nitrogen on the phase composition of the Fe4oMn4Co19Cryg alloy.



Metals 2022, 12, 1599

12 0f 18

The experimental results on the phase composition of the alloys agree well with the
CALPHAD prediction. The formation of the o-phase can be anticipated in the NO alloy
from the phase diagram (Figure 9), but it seems that the predicted solvus temperature of the
o-phase (~700 °C) was significantly underestimated due to the limitations of the available
thermodynamic databases [51]. Apparently, the thermodynamic stability of the o-phase
decreases while the stability of the fcc phase increases due to N doping. Thus, no o-phase
was found in the NO.5 alloy in the as-cast state and after annealing at 900 °C. In addition,
the precipitation of the MpN nitrides in the N2 alloy resulted in the partitioning of Cr from
the fcc solid solution, further reducing the driving force for the Cr-rich o-phase formation.
Therefore, no o-particles were found in the N2 alloy even after annealing at 700 °C.

The precipitates can also affect the development of the recrystallization processes in
the fcc matrix during the annealing process. For instance, a much lower fcc grain size
was found in the NO and N2 alloys in comparison with the NO0.5 alloy after annealing at
700 °C (1.3 vs. 2.4 pm (Table 3)). Finer grains can be associated with either a substantial
amount of the coarse o-particles in the NO alloy or a smaller amount of the fine nitrides
in the N2 alloy due to the well-known Zener drag mechanism [45]. After annealing at
900 °C, all alloys had almost a single fcc phase microstructure with similar grain sizes
of 5.6-6.6 um (Table 3). In addition, the o-particles tended to precipitate on specific
preferred sites, such as prior lamellar boundaries/shear bands, due to the high fcc/o
interphase boundary energy [52]. Thus, a heterogeneous distribution of the o-particles
was obtained, which caused heterogeneity in the fcc grain size (finer grains around the
o-particles, see Figure 4a for example). In turn, N atoms dissolved in the fcc matrix can also
affect the recrystallization processes due to the interaction of the interstitial solutes with
grain boundaries and the formation of solute atmospheres, thus impeding the migration of
grain boundaries and providing a higher energy barrier for recovery and recrystallization
during annealing [44,53]. Therefore, only partial recrystallization was observed in the N2
alloy after annealing at 700 °C (Figure 6a).

The mechanical properties of the program alloys varied significantly depending on
the N content, processing condition, and testing temperature. Even in the as-cast condition,
the alloys demonstrated a strong dependence on the N content (Figure 2). In particular, the
strength of the alloys increased in proportion to the N content (except for the N2 alloy at
77 K; this issue will be analyzed in detail). Due to an insignificant amount of the o-particles
in the NO alloy and coarse grains in the as-cast alloys, which suggest very limited grain
boundary strengthening (estimated as ~80 MPa in the NO alloy and ~35 MPa in the N0.5
and N2 alloys using the Hall-Petch coefficients reported in [8]), the strength increase can
mostly be attributed to interstitial solid solution strengthening. Most papers on interstitial
fcc HEAs suggest a linear strength increase with increasing dopant content (Ci) [34,38,39].
However, it appears that a more complex dependence was observed in the case of the
program alloys. Figure 10 suggests that the strength increase, AYS, is proportional to %,
in accordance with the classic Fleisher approach [54]. However, additional, more detailed
studies of the solid solution strengthening in the FesoMny(Co19Cr19-N alloys are required
to verify this finding, which is beyond the scope of the current paper. The solid solution
strengthening becomes much stronger under cryogenic conditions, in agreement with the
previous results [34,35,44].

After thermomechanical processing, well-anticipated tendencies were observed: (i) the
alloys became stronger with an increase in the N content, and (ii) an increase in the
annealing temperature caused the softening of the alloys, at least at room temperature
(Table 4). The microstructure of the alloys became more complicated after processing,
and different structural constituents contributed to the strength of the alloys. In addition
to interstitial solid solution strengthening, the following strengthening mechanisms are
expected to contribute: (i) grain boundary strengthening [41,42]; (ii) precipitation hardening
by nitrides [43,44]; (iii) strengthening by the o-particles in accordance with the rule of
the mixture [26]; and (iv) strain (dislocation) hardening due to unrecrystallized areas.
Note that significant variations in the structural conditions of the program alloys did
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not allow reasonable quantitative analysis. However, it can be assumed that the high
strength of the N2 alloy, especially after annealing at 700 °C, may be associated with a
combination of interstitial solid solution strengthening, precipitation hardening by nitrides,
and work hardening.
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Figure 10. Relationship between the yield strength increase, AYS, and N content, Cy;, in the program
alloys at room temperature. Note that the dashed line is only a guide for eyes.

A decrease in the testing temperature to 77 K resulted in significant strengthening
of the program alloys (Tables 2, 4 and 5) under all conditions. According to the previous
results [44], the increase in strength can be associated primarily with higher lattice friction
and interstitial solid solution hardening. The ductility of the program alloys became lower
at cryogenic temperature in comparison to that at cryogenic temperature, which agrees
with other reports on the FeygyMnyoCo19Crig-based alloys [55]. Moreover, under some
conditions, NO and N2 alloys demonstrated extreme brittleness at cryogenic temperature.

It seems that there are two main factors that can cause significant embrittlement of
the program alloys: (i) the presence of the brittle o-particles, which can influence both
at room and cryogenic temperatures and (ii) the presence of N in the fcc solid solution,
influencing the cryogenic temperature. The o-phase is well-known for its brittleness [30].
The embrittlement of various metallic materials, including steels and HEAs due to the
formation of the o-particles, is well documented [22,25,30,52]. For example, a high amount
of o-particles (32%) likely caused extreme brittleness of the NO alloy after annealing at
700 °C. However, the effect of the o-phase should depend on the volume fraction. To
verify this assumption, we plotted the dependence of the tensile ductility of the program
alloys and several other fcc HEAs contained in the o-phase (Figure 11). A parabolic-type
dependence between the tensile ductility and the o-phase fraction was observed. From
the dependence, one can suggest that (i) the alloys comprising > 30% of the o-phase were
expected to have close to nil tensile ductility; (ii) on the contrary, the alloys with <10% of
the o-particles had high ductility (>40%).

Another reason for the loss in plasticity of the program alloys at 77 K may be the
presence of N in the solid solution. A decrease in ductility (and fracture toughness) of
N-containing steels [56-59] and fcc HEAs [35,60] at cryogenic temperatures is a well-known
phenomenon that is often attributed to the brittle-to-ductile transition. Certain amounts of
N can increase the brittle-to-ductile temperature to more than 77 K and thus cause brittle
fracture. The data obtained in the current study suggest that in the FesoMngyCo19Cryg-
based alloys, this amount lies in the interval of 0.5-2 at.% of N, as the N0.5 alloy showed
adequate ductility at 77 K while the N2 alloy was extremely brittle.
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Figure 11. Dependence of tensile ductility on the volume fraction of the o-phase, data from [22,25,27].

The impact toughness of the program alloys (Table 6) was also often low. The correla-
tion between the impact toughness and tensile ductility of the alloys (Figure 12) suggests
that low toughness is associated with the brittleness of the alloys under tension, the reasons
of which were described in detail in the previous paragraphs. To ensure adequate tough-
ness (>25 kJ/m?), tensile elongation of >20% is required (see the area separated by the
dashed red lines in Figure 12). However, there was no correlation between the toughness
values and the tensile properties for the alloys with adequate toughness. Future work is
required to find the links between the microstructure, tensile properties, and toughness of
the alloy, which is beyond the scope of the current paper.
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Figure 12. The relationship between the impact toughness and the elongation to fracture of the
program alloys.

5. Conclusions

In this study, the structure and mechanical properties of the as-cast and thermomechan-
icaly processed (cold rolling followed by annealing at 700 °C and 900 °C) Fe4Mny,Cr;pCo1g
(at.%) high-entropy alloys doped with different amounts (0, 0.5, and 2.0 at.%) of N were
examined. The following conclusions were drawn:
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1.  The as-cast FegoMny(CripCojg alloy (NO) had a dual-phase structure: the o-phase
particles were often found at the boundaries of the coarse fcc grains. The addition of
0.5 (NO.5) and 2.0 (N2) at.% of nitrogen suppressed the formation of the o-phase and
resulted in the coarsening of the fcc grains.

2. The strength of the as-cast alloys at room temperature increased with increasing
nitrogen concentration from 160 MPa (NO alloy) to 380 MPa (N2 alloy). The strength
increase was associated with interstitial solid solution strengthening. The alloys also
demonstrated good ductility of 54-70%. A decrease in the testing temperature to 77 K
resulted in noticeable strengthening and some decrease in ductility of the NO and N0.5
alloys. The N2 alloy exhibited no ductility at 77 K. The loss in ductility was associated
with an increase in the brittle-to-ductile transition temperature due to a high amount
of N in the fcc solid solution.

3. Cold rolling of the program alloys resulted in the formation of a lamellar microstruc-
ture with a high dislocation density and some shear bands. Annealing after rolling
resulted in the development of the static recrystallization and precipitation of addi-
tional phases. For example, the o-phase was found in the NO alloy after annealing at
700 °C and 900 °C and in the NO.5 alloy after annealing at 700 °C. In turn, hexago-
nal Cr-rich MpN nitrides were found in the N2 alloy after annealing at 700 °C. The
observed phases agreed reasonably with the CALPHAD data. The precipitation of
the o-phase and the M;N nitrides in the NO and N2 alloys, respectively, after anneal-
ing at 700 °C resulted in finer fcc grains, presumably due to the pinning effect of
the particles.

4. Cold rolling and subsequent annealing resulted in considerable strengthening of the
program alloys. The strength of the alloys increased with the N content and decreased
with increasing annealing temperature. For example, the NO alloy after annealing at
700 °C had a yield strength of 650 MPa but low ductility because of a high fraction
(32%) of the o-phase. Meanwhile, the N2 alloy after annealing at 700/900 °C had
a yield strength of 900/640 MPa, ultimate tensile strength of 1100/940 MPa, and
elongation to fracture of 35/51%. The respective values of Charpy V-notch impact
toughness were 23 and 74 kJ/m?. However, the N2 alloy was brittle at cryogenic
temperature due to a high N concentration. The best balance of properties at 77 K
was demonstrated by the N0.5 alloy after annealing at 900 °C with a yield strength of
1180 MPa, ultimate tensile strength of 1570 MPa, elongation to fracture of 27%, and
impact toughness of 52 kJ / m?2.
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