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Specimens of a CoCrFeMnNi high entropy alloy with different content of nitrogen (0.5—2.0 at.%) were
prepared by induction melting. Microstructure and tensile mechanical behavior of the alloys in the as-
cast condition were analyzed. The alloys with a low amount of N (0.5—1.0 at.%) had a single fcc phase
coarse-grained microstructure. An increase in the content of N to 2.0 at.% resulted in the precipitation of
a small amount (~1%) of Cr-rich MN nitride particles. The yield strength of the alloys increased in
proportion to the percentage of nitrogen by 117 MPa/at% N at 293 K or by 316 MPa/at% N at 77 K. The
observed increase in strength was attributed to solid solution hardening. Ductility of the alloy with 0.5 or
1.0 at.% of N increased with a decrease in the testing temperature while ductility of the alloy with 2 at.%
dropped from 67% at 293 K to 8% at 77 K. The plastic deformation of the alloys at both 77 K or 293 K was
mostly associated with planar dislocation slip. No signs of mechanical twinning were found even at 77 K.
Thermo-Calc software was used to produce a quasi-binary CoCrFeMnNi—N phase diagram for comparing
the experimental and calculated results. The effect of N on strengthening and deformation mechanisms

at different temperatures was discussed.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The so-called high entropy alloys (HEAs) attract increased
attention from the materials scientists worldwide due to their
unusual structures and properties [1-5]. The initial idea strongly
emphasized the formation of simple substitutional solid solutions
by maximization of mixing entropy [1]. Although later it was
revealed that the mixing entropy has a limited influence on the
phase selection in these alloys [3,6—8], some multi-component
equiatomic alloys with a surprisingly stable single substitutional
solid solution structure were discovered [3]. The most famous
example is the so-called Cantor (CoCrFeMnNi) alloy with a stable
face-centered cubic (fcc) structure [7,9—13]. Moreover, some of
such HEAs have demonstrated very attractive properties. For
example, the Cantor alloy and its derivatives have outstanding
fracture toughness at a cryogenic temperature [14—17], while some
alloys composed of refractory elements demonstrate superior high-
temperature strength [18—20].
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Although initially the development of HEAs was mostly associ-
ated with the usage of elements that are likely to form a substitu-
tional solid solution, interstitial HEAs have recently started to
attract considerable attention [21—23]. It is well established that
the addition of even small amounts of interstitials can strongly
affect the phase stability, mechanical behavior, and properties of
alloys. In particular, the effect of carbon on different aspects of late
transition metals fcc HEAs including the Cantor alloy was exten-
sively studied. It was revealed that the addition of carbon can
significantly improve the strength of some Cantor type alloys both
at room and cryogenic temperatures due to solid solution and/or
precipitation strengthening [21,23—30]. Carbon also affects the
contribution of various deformation mechanisms (mechanical
twinning, dislocation slip), yet the exact effect remains quite
debatable [23,24,27,29,31-34].

Meanwhile, information on the effect of other interstitial ele-
ments on the structure and properties of HEAs is quite limited. For
instance, nitrogen is known to be an efficient strengthener of
austenitic (fcc) steels [35]; nitrogen doping is widely used in
cryogenic steels [36,37]. However systematic analysis of nitrogen
influence on the structure and mechanical behavior of bulk fcc
HEAs has not been performed so far [38—41]. Therefore, in present
work we have examined structures and tensile properties at room


mailto:stepanov@bsu.edu.ru
mailto:stepanov.nikita@icloud.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2020.156633&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2020.156633
https://doi.org/10.1016/j.jallcom.2020.156633

2 M. Klimova et al. / Journal of Alloys and Compounds 849 (2020) 156633

and cryogenic temperatures of the equiatomic CoCrFeMnNi alloy
doped with different amounts of N. The microstructures of the alloy
after tensile tests were also investigated.

2. Materials and methods

The equiatomic CoCrFeMnNi alloy with different amounts of
nitrogen (the nominal concentrations were 0.5, 1.0, or 2.0 at.%) was
used in the current study. The ingots were produced using mixtures
of pure (>99.9% wt.%) constitutive elements by vacuum induction
melting. Nitrogen was added in the form of ferrochrome nitride.
The produced ingots of ~400 g had a rectangular shape measured
65 x 40 x 17 mm>. The results of chemical analysis (Table 1)
indicated that the measured composition was close to the nominal
one. The concentrations of the principal elements, listed in Table 1,
were determined by energy dispersive spectrometry (EDS) anal-
ysis; the concentration of nitrogen was determined by thermal-
combustion analysis (Leco ONH 836 analyzer; the accuracy of the
measurements is within 3%). Note that the difference between the
nominal and actual concentrations of N was ~10%, therefore the
nominal percentage of N will be used further.

Specimens for microstructure analysis and mechanical testing
were cut from the as-cast ingots using an electric discharge ma-
chine. Scanning (SEM) and transmission (TEM) electron microscopy
were used for structural analysis. The samples for SEM observations
were prepared by careful mechanical polishing. SEM back-scattered
electron (BSE) images were taken using a FEI Quanta 3D microscope
equipped with an EDS detector. TEM investigations were per-
formed using a JEOL JEM-2100 microscope operated at 200 kV and
equipped with an EDS detector. Samples for TEM analysis were
prepared by the conventional twin-jet electro-polishing of me-
chanically pre-thinned to 100 mm foils, in a mixture of 90%
CH3COOH and 10% HClO4 at 30 V potential at room temperature.

Tensile testing was used to evaluate the mechanical properties
of the alloys. The tensile tests at room (293 K) temperature (RT), or
cryogenic (77 K) temperature of dog-bone flat specimens (gauge
measured 6 x 3 x 1 mm?) were conducted using an Instron 5882
universal testing machine at a constant crosshead velocity corre-
sponded to a nominal strain rate of 10~3 s~ For cryogenic testing,
the test specimen and both grips were immersed in an open-top
vessel filled with liquid nitrogen whose level was continuously
monitored and adjusted to ensure adequate temperature control.
The specimen held for a couple of minutes before the test onset to
equilibrate the temperature. Elongation to fracture was determined
by measuring the spaces between marks designating the gauge
length before and after the test. At least 3 specimens for each
composition and temperature were tested. Extra specimens were
tensioned to 20% strain; these specimens were used further for
TEM examination of the deformed microstructure. In the case of the
alloy with 2 at.% of N tested at 77 K, the experiment was stopped at
5% strain due to limited ductility.

Thermo-Calc software (version 2020a) with a database for steels
(TCFE7) was used to produce a quasi-binary phase CoCrFeMnNi—N
phase diagram and evaluate the effect of N on SFE. The TCFE7

Table 1
Chemical composition of the program alloys depending on the nominal nitrogen
concentration, in at.%.

Nominal nitrogen content, at.% The concentration of the elements, at.%

Co Cr Fe Mn Ni N
0.5 20.10 20.10 19.61 19.80 19.96 0.45
1.0 19.81 20.05 19.71 19.55 20.01 0.88

2.0 1952 19.71 1945 1948 19.61 221

database was used instead of a specialized database for high en-
tropy alloys (TCHEA3) because it is better suited for the description
of N-doped alloys.

3. Results

3.1. Microstructure of the CoCrFeMnNiNy alloys in the as-cast
condition

The XRD patterns of the CoCrFeMnNiNy alloys with different
contents of N are shown in Fig. 1a. All the observed peaks can be
ascribed to the fcc lattice; no other phases were found. The lattice
parameter of the fcc phase gradually increased from 0.359 nm in
the alloy with 0.5 at.% of N to 0.362 nm in the alloy with 2.0 at.% of N
(Fig. 3b). A linear relationship between the N concentration and the
fcc lattice parameter worth noting; the slope of the line was
=~0.002 nm/at% N.

The microstructure of the examined alloys is shown in Fig. 2.
SEM-BSE images of the alloys with 0.5 or 1.0 at.% of N (Fig. 2a or c)
demonstrate in both cases a coarse-grained single-phase micro-
structure in accordance with the XRD data (Fig. 1a). The average
grain size was 175 + 90 pm and 165 + 75 pm in the alloys with 0.5 or
1.0 at.% of N, respectively. The grains often had curved irregular
boundaries, most probably due to a non-equilibrium character of
the as-cast microstructure. Note that curved irregular grain
boundaries can be found in the as-cast CoCrFeMnNi alloy [42], and,
according to many sources, alloying with interstitial carbon does
not affect the as-cast grains morphology of similar alloys
[22,24,29,34]. However, no signs of dendritic segregations were
found. TEM examinations (Fig. 2b and d) did also not reveal any
signs of secondary phases. Some dislocations, arranged in planar
configurations, were found, most probably due to internal stresses
in the as-cast alloys.

A low-magnification SEM image of the alloy with 2 at.% of N
(Fig. 2e) is very similar to those of the alloys with lower N contents
(Fig. 2a or c). Somewhat lower grain size (135 + 65 pm) must be
mentioned. Also, some elongated secondary phase particles located
at grain boundaries were found by TEM (Fig. 2f). These precipitates
were not revealed by XRD most likely because of their low fraction
(~1%). TEM selected area electron diffraction pattern analysis has
revealed that these particles were hexagonal M,N phase. They had
an elongated shape with the average transversal and longitudinal
dimensions of ~50 nm and ~300 nm, respectively. EDS measure-
ments have shown that the MaN particles were mostly composed of
Cr. Presumably, precipitation of the M,N particles can be respon-
sible for the lower fcc grain size in the alloy with 2 at.% of N.

3.2. Mechanical properties

The tensile stress-strain curves of the CoCrFeMnNiNy alloys with
different N contents obtained at 293 K and 77 K are shown in Fig. 3.
For comparison, data for a similar undoped CoCrg,5FeMnNi alloy
[34] was added. Note that the reduction of the Cr content is not
expected to have pronounced effect on the mechanical properties
of the alloys. For example, the yield strength of the equiatomic
CoCrFeMnNi [14]] and Cr-free CoFeMnNi [43] alloys with similar
recrystallized microstructures (grain size of 50 pm and 48 um,
respectively) at room temperature was ~200 MPa and ~180 MPa,
respectively. The resulting mechanical properties of the program
alloys, namely the yield strength, ultimate tensile strength, uniform
elongation, and elongation to fracture are summarized in Table 2. At
room temperature behavior of all alloys was quite similar: they
exhibited relatively low yield stress and a prolonged strain hard-
ening stage which results in very high ductility (Fig. 3a). The alloys
demonstrated an increase in both strength and ductility with an
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Fig. 1. XRD analysis of the CoCrFeMnNiNy alloys with different N contents: (a) — XRD patterns; (b) — dependence of the lattice parameter on the content of nitrogen.

increase in the nitrogen content. For example, the yield strength
increased from 220 MPa to 395 MPa with an increase in the N
percentage from 0.5 to 2.0 at.%, while corresponding values of
elongation to fracture were 65 and 67%, respectively.

A decrease in the testing temperature to 77 K had somewhat
unexpected result (Fig. 3b). The alloys became much stronger in
comparison with the room temperature case; the yield strength of
the alloy with 0.5 at.% of N was 495 MPa, while the alloy with
2.0 at.% of N had strength of 960 MPa. The alloys’ behavior after the
yielding point depended strongly on the N percentage. At 77 K the
alloy without nitrogen and alloys doped with 0.5 or 1.0 at.% of N
demonstrated an extended strain hardening stage and attained
somewhat better ductility than that at room temperature. For
example, elongation to fracture increased to 90 and 72% for the
alloys with 0.5 and 1.0 at.%, respectively. Meanwhile the alloy with
2 at.% of N demonstrated a very short strain hardening stage and
fractured shortly after the yielding point; the corresponding elon-
gation to fracture was only 8%.

Dependences of the yield strength of the CoCrFeMnNiNy alloys
on nitrogen content at 293 K or 77 K are shown in Fig. 4. A linear
relationship was found in both cases. Yet, the slope of the line
increased with a decrease in temperature from 117 MPa/at% N at
293 K to 316 MPa/at% N at 77 K. The approximations of the lines
shown in Fig. 4 is consistent with the yield strength of the undoped
CoCrp5FeMnNi alloy [34] (i.e. the N content equal to 0%).

Fig. 5 shows strain hardening curves of the CoCrFeNiMnNy al-
loys with different nitrogen contents (undoped CoCrgasFeMnNi
[34], 0.5, 1.0, and 2.0 at.%) obtained during tension at room or
cryogenic temperatures. At 293 K the alloys showed qualitatively
similar behavior irrespective of the nitrogen content (Fig. 5a). The
strain hardening rate was ~900—1200 MPa at the initial stages of
deformation. A noticeable increase in the strain hardening rate
occurred during further deformation till a true strain of ~0.40—0.55,
followed by a gradual decrease. In the alloys with a higher content
of nitrogen the strain hardening rate increased more pronouncedly
during larger strain. For example, the alloy with 0.5 at% of N
reached the maximum value of do/de =1400—1500 MPa ate = 04,
while the alloy with 2 at.% of N reached dg/de =2000 MPa at
e = 0.5.

At a lower temperature of 77 K strain hardening significantly
depended on the nitrogen content (Fig. 5b). The alloys with 0.5 or
1.0 at.% of N showed similar behavior to that observed at room
temperature, yet the strain hardening capacity was found to be
better. The values of do/de at the initial stage of deformation were
found to be ~1100—1400 MPa. Progressive straining resulted in a
pronounced increase in do/de to =2300 MPa in the alloy with
0.5 at.% of N and to =2700 MPa in the alloy with 1.0 at.% of N at

strains of 0.4—0.6. After the evident steady-state stage, the dg/
de ratio decreased quickly. Meanwhile in the alloy with 2 at.% of N
do/de was =1500 MPa at the initial stages of deformation
(e = 0.05) and then the strain hardening abruptly diminished with
further deformation.

Noticeable serrations were observed at both temperatures on all
the strain hardening curves; no systematic effect of either the
chemical composition or testing temperature on the serration
behavior was revealed, however.

The fracture surfaces of the alloys depended considerably on the
content of nitrogen and testing temperature. At 293 K all alloys
showed after tension tests dimple fracture, typical of ductile
metallic materials (examples for the alloys with 1.0 at.% or 2.0 at.%
of nitrogen are shown in Fig. 6a or b, respectively). The formation of
the dimples in the alloy with 2.0 at.% of N was not evidently asso-
ciated with the presence of Cr-rich MN particles. A decrease in the
testing temperature to 77 K did not result in fracture mechanism
changing in the alloy with 0.5 or 1.0 at.% of N, however, some
decrease in the depth of the dimple was observed (Fig. 6c).
Meanwhile in the alloy with 2.0 at.% of N the fracture surface ob-
tained at cryogenic temperature consisted mainly of flat cleavage
facets suggesting a brittle character of fracture (Fig. 6d) which is in
agreement with the mechanical behavior of the alloy (Figs. 3b and
5b).

3.3. Deformation microstructures

Fig. 7 shows TEM images of the CoCrFeMnNiNy (x = 0.5, 1.0,
2.0 at.%) alloys microstructure after tensile testing at 77 K and
293 K. Tensile testing of the alloy with the lowest N percentage
(0.5 at.%) at room temperature resulted in the development of
intensive dislocation slip along a preferred direction and in the
formation of slip bands (Fig. 7a). Some individual dislocations or
dislocation pile-ups, however, were found between the bands,
suggesting operation of secondary slip systems. A decrease in the
testing temperature to 77 K led to a noticeable increase in the
overall dislocation density in the alloy with 0.5 at.% of N (Fig. 7b).
Dislocations were also mostly arranged in the bands, aligned in two
different directions. However, the slip bands were much more
diffuse in comparison with those formed at 293 K. Deformation
twins were not found at both deformation temperatures.

An increase in the nitrogen concentration to 1.0 at.% did not
result in significant changes in the microstructure after testing at
293 K (Fig. 7¢). The microstructure contained slip bands aligned in
mainly one direction and some pile-ups between the bands. The
bands were quite diffuse, however. Microstructure of the alloy with
1.0 at.% of N after tension at 77 K (Fig. 7d) was composed of slip
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c

Fig. 2. Microstructure of the CoCrFeMnNiN, alloys with different contents of N (x): (a, b) — x = 0.5 at.%; (c, d) — x = 1.0 at.%, (e, f) - x = 2.0 at.%; (a, ¢, e) — SEM-BSE images; (b, d, f) —
TEM-bright-field images. A selected area electron diffraction pattern taken from a M,N precipitate is shown in Fig. 2f.

bands aligned in two different directions. The typical diffraction
pattern for these slip bands is given in insert on Fig. 7d. It is shown
that bands were formed in the {111} planes, which are slip planes in
fcc alloys. In contrast to the alloy with 0.5 at.% N (Fig. 7b), these
bands had sharp well-defined boundaries; very few dislocations
were observed in between the bands. Note also characteristic steps
at interceptions of the bands. The absence of twinning patterns on
the [02-2] zone axis diffraction (insert on Fig. 7d) confirms that
deformation twinning was not revealed in the microstructure.
Finally, the alloy with 2 at.% of N after tension at room tem-
perature (Fig. 7e) demonstrated quite a similar microstructure to

those of previous alloys. The main structural constituents were slip
bands, aligned in mainly one direction. Some individual disloca-
tions were found between the bands. At 77 K, however, a similar
structure with low density of dislocation arranged in planar arrays
was found (Fig. 7f); most probably due to a much lower attained
strain (5%) in comparison with the rest of the specimens (20%).

4. Discussion

In this study, the effect of nitrogen (0.5—2.0 at.%) on the struc-
ture and mechanical properties of CoCrFeMnNi-based alloy in the
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Fig. 3. Tensile stress-strain curves of the CoCrFeMnNiNy (x = 0.0, 0.5, 1.0, 2.0) obtained at (a) — 293 K and (b) 77 K.

Table 2

Mechanical properties of the CoCrFeMnNiNx (x = 0.5, 1.0, 2.0) alloy at 293 K or 77 K: (YS) - yield strength, (UTS)- ultimate tensile strength, (UE) - uniform elongation, and (EF) -

elongation to fracture.

Nitrogen content, at.% Testing temperature, K

YS, MPa

UTS, MPa UE, %

EF, %

0.5 77
293

1.0 77
293
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395
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Fig. 4. The dependence of the yield strength (YS) of the CoCrFeMnNiNy (x = 0.0, 0.5,
1.0, 2.0) alloy at 293 K and 77 K on the N content.
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as-cast condition was examined. Note that although several works
on N-doped fcc HEAs are already available [38—41], to the best of
the authors knowledge, none of them has examined the effect of
the content of nitrogen systematically.

The addition of nitrogen has quite a limited effect on micro-
structure. The alloys with 0.5 and 1.0 at.% of N had the single fcc
phase microstructure, typical of the “pure” as-cast CoCrFeMnNi
alloy (Fig. 2a—d). Only a limited amount of the Cr-rich M,N particles
was found in the alloy with 2 at.% of N (Fig. 2e and f). In addition,
the linear dependence of the fcc lattice parameter on the N content
suggests that nitrogen was mostly dissolved in the fcc solid solution
(Fig. 1b).

Reasonably good solubility of nitrogen in the CoCrFeMnNi alloys
contrasts with earlier results obtained for other interstitial ele-
ments like carbon. For instance, the extensive formation of carbides
in the as-cast CoCrFeMnNi-based alloys doped with ~2 at.% of C was
reported several times [22,29]. Better solubility of N in the fcc solid
solution can be attributed to a smaller size of the N atoms in
comparison with C: 0.155 nm and 0.170 nm, respectively. The size of

5000
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Fig. 5. Strain hardening curves of the CoCrFeMnNiNy (x = 0.0, 0.5, 1.0, 2.0) at (a) 293 K and (b) 77 K.
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Fig. 6. Fracture surfaces of tensile samples of the CoCrFeMnNiNy alloys (a, b) x = 1.0 at.%, (c, d) — x = 2.0 at.% after tension at (a, ¢) — 293 K, (b, d) — 77 K.

the interstitial sites in the fcc lattice is 0.41a, where a is the lattice
parameter. The a value of the examined alloys can be roughly
estimated as a =0.360 nm (Fig. 1b), then the estimated interstitial
site size is = 0.148 nm. The difference between the interstitial site
and the size of the C and N atoms is = 15% and =5%, respectively.

Another tool to analyze the alloying effect on the structure of the
alloys is a phase diagram. The phase diagram for a multicomponent
alloy can be produced using the CALPHAD (CALculations of PHAse
Diagrams) approach [44]. In this work, we have used a Thermo-Calc
software to produce a CoCrFeMnNi—N quasi-binary phase diagram
(Fig. 8). The undoped CoCrFeMnNi alloys solidify at ~1300 °C. After
solidification, a wide single fcc phase field is observed. Secondary
phases (bcc and sigma phases) precipitate at 660°C and 570 °C,
respectively. The addition of N results in a pronounced decrease in
the solvus temperature of the bcc phase (to 520°C at 2 at.% of N)
and in some decrease in solvus temperature of the sigma phase (to
540 °C).

However, the most significant effect of the N doping is associated
with the Cr-rich MaN phase formation. The solvus temperature of
these nitrides quickly increases with an increase in the N percentage
reaching the maximum at 0.6 at.% of N. Further increase in the
content of N does not result in noticeable changes in the M2N solvus
temperature, which remains ~1250 °C. These results are in agree-
ment with data obtained in Ref. [38], with the exception of some
minor inconsistencies that can be attributed to different databases
used for calculation (TCFE7 in present study and TCNIS8 in Ref. [38]).
For example, according to Ref. [38] the M, N nitrides are expected to
precipitate from the liquid directly at high nitrogen concentration

(>1.4 at.%) whereas in present study even in the alloys with a high N
percentage a narrow single fcc phase window (~1250—1270 °C)
exist. This differs from the case of C-doped CoCrFeMnNi alloys also.
The single fcc phase field boundaries in CoCrFeMnNi—C quasi-binary
are shown with a red dashed line in Fig. 8. Apparently, the solubility
of C in the fcc solid solution (a temperature range within which the
single fcc phase exists) at low C/N concentrations (<0.8 at.%) is
better. However, in the C-doped alloys, starting from 0.9 at.% C,
carbides precipitate directly from the liquid phase while the single
fcc phase field disappears. Low amounts of the nitrides found in N-
doped alloys in the current work can most probably be associated
with the fact that the MN nitrides (in contrast to carbides) do not
precipitate from the liquid phase.

Another effect of nitrogen was associated with the significant
increase in strength of the alloys (Figs. 3—4, Table 2). It is already
well established that interstitial atoms like carbon can have a
strong positive effect on strength, mostly due to (i) solid solution
[21,24,34,45] or (ii) precipitation hardening [23,28,46]. In addition,
grain boundary strengthening can play an important role [25,28].
However, the size of the fcc grains was rather similar in all the
examined alloys (Fig. 2a, ¢, d). The estimation of grain boundary
strengthening using Hall-Petch coefficient reported in for the
CoCrFeMnNi [14] yielded only =5 MPa difference between the al-
loys with 0.5 and 2.0 at.% of N. The MN precipitates found in the
alloy with 2.0 at.% of N have a very limited fraction (Fig. 2f), and are
mostly found at the grain boundaries. Therefore, the observed in-
crease in strength (Fig. 4) can be predominantly attributed to solid
solution strengthening.
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Fig. 7. Bright-field TEM images of the microstructure of the CoCrFeMnNiNy alloys after tensile testing at different temperatures to strain of (a—e) =20% and (f) =5%: (a, b)

x = 0.5 at%, (c,d) — x = 1.0 at%, (e, f) — x = 2.0 at.%; (a, c,e) — 293 K, (b, d, f) — 77 K.

The observed dependence of the yield strength on the content of
N (Fig. 4) is linear (c!), whereas classic models suggest rather cl?
[47] or 3 [48] dependencies. Nevertheless, linear relationships are
also quite often observed, for example, in fcc HEAs doped with
carbon [21,34,45]. It is interesting to compare the strengthening
coefficients found in different alloys. It is generally accepted that
solid solution strengthening is associated with lattice and modulus
distortions, generated by solute atoms. The lattice distortion can be
readily estimated from the changes in the lattice parameter. For
example, in the investigated CoCrFeMnNiNx alloys the lattice
distortion per atomic percentage of N (Aa/Ac) is 0.002 nm/at%N. In

Fig. 9 the strengthening coefficients (AYS/Ac) at 293 K and lattice
distortions, Aa/Ac, obtained here for the CoCrFeMnNi—N,
Fe40.4Ni113Mn348Al75Cr6—C [24], Fe4oMngoCo19Crio—C [45] (com-
positions are given in at.%), and CoCrg 3sFeMnNi—C [34] (subscripts
indicate molar fractions, no subscript is equal to 1) alloys was
plotted.

Fig. 9 clearly shows that there is a linear relationship between
the AYS/Ac and Aa/Ac values found in the interstitial HEAs systems.
This finding implies that the solid solution strengthening in
chemically different alloying systems obeys the same regularities.
Moreover, the solid solution strengthening can be maximized by
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designing the systems where the alloying elements strongly distort
the lattice. However, note that unlike substitutional atoms [49,50],
to the best authors’ knowledge, there are currently no analytical
models that can predict the lattice distortions in multicomponent
HEAs due to interstitial alloying.

The solid solution strengthening also becomes = 2.7 times higher
with a decrease in temperature: 117 MPa/at% N at 293 K and
316 MPa/at% N at 77 K (Fig. 4). A similar increase in the solid solution
strengthening was recently reported for the CoCrg5FeMnNi—C al-
loys [34], where the solid solution strengthening became = 2.2 times
higher when the deformation temperature decreased from 293 K to
77 K. The observed rise in strengthening can be attributed to a
naturally higher lattice friction stress at lower temperatures [43].

The amount of nitrogen dissolved in the fcc matrix of the alloys
can also control the operative plastic deformation mechanisms and
therefore strain hardening capacity (Fig. 5), ductility, and ultimate
strength of the alloys (Table 2). However, the experimental in-
vestigations revealed very limited changes in the deformed mi-
crostructures of the alloys with different N percentage. The
observed structures were mostly associated with extensive planar

dislocation slip both at 77 K and 293 K (Fig. 7). Planar dislocation
slip was reported in the equiatomic CoCrFeMnNi alloy, especially
during room temperature deformation [14,51,52]; besides exten-
sive mechanical twinning was observed in cryogenic conditions,
however [14,15,17,51,53]. The present results suggest that the
addition of N suppressed deformation twinning at 77 K.

Deformation mechanisms in fcc metals and alloys are strongly
dependent on the stacking fault energy (SFE) value. Generally,
mechanical twinning is expected in the alloys with low SFE [54].
The effect of N on the SFE value in nitrogen-containing austenitic
steels was often found to be non-monotonic and depended strongly
on the principal elements’ concentrations [55—58]. The effect of N
on SFE in the program alloys can be calculated as [59]:

Ysre = 2pAGfec_pep + 20 (1)

where vysgg is the SFE value, AGpcp-fcc is the difference in Gibbs free
energy between the fcc and hcp phases, p is the molar surface
density along {111} planes, and ¢ is the interphase energy between
the fcc and hep phases [32,59]. The values of free energy for the y
— ¢ phase transformation in the alloys were calculated using the
Thermo-Calc software (Table 3).

The calculated AGpcp-fec values suggest that N atoms in equia-
tomic fcc CoCrFeMnNi have quite a weak effect on SFE. For example,
the addition of 2 at.% of N results in only ~1% difference in the
AGhcp-fec values. Therefore, the suppression of twinning in the N-
doped alloys can hardly be attributed to the SFE changes, at least in
the examined range of nitrogen concentrations. However, nearly
constant AGpcp-fcc values for the alloys with different N percentages
are in accord with similar deformation mechanisms in the program
alloys (Fig. 7) and also consistent for some experimental observa-
tion on nitrogen bearing austenitic steels [60].

The effect of nitrogen on deformation behavior of different
austenitic steels was quite extensively studied [35,36,61—63].
Although these works often express conflicting views, it was sup-
posed that the addition of certain amounts of N can suppress me-
chanical twinning in some steels due to short-range order (SRO)
[61]. Note that the amount of N (0.4 wt% - =1.75 at.%) in the 316 L
steel examined in Ref. [61] was fairly close to that for the program
alloys in the current study. Strong affinity between Cr and N atoms
result in atom couples formation which in turn leads to short-range
ordering [35,64]. SRO benefits planar slip [65,66], however, it also
suppresses twinning because local SRO needs to be destroyed on
certain planes for twins growth. Yet at higher N concentrations
dynamic strain aging makes slip more difficult and twinning can
prevail again [61]. Note that existence of SRO in HEAs was sug-
gested to affect mechanical properties strongly by the results of
computational studies [67—71]; recently, some experimental con-
firmations have been obtained [72—74]. For example, in the inter-
stitial boron doped fcc alloy the deformation-induced formation of
SRO, associated with planar dislocation bands, has resulted in
noticeable (by 32%) increase in yield strength at 77 K [75]. In the
investigated alloys the are no direct proofs for the SRO existence;
the experimental confirmation of SRO requires additional studies.
However, a comparison of the deformation substructure suggests

Table 3
Dependence of AGnep-fee at 293 K on the N concentration in
equiatomic CoCrFeMnNi high entropy alloys.

N content, at.% AGhcp-fee, KJ/mole

0 2.560
0.5 2.555
1.0 2.548
2.0 2.530
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an inclination toward more “planar” dislocation substructures with
an increase in the N content (compare Fig. 7b and d for example).
This might be an indirect indication of the SRO manifestation in the
program alloys, which results in the observed suppression of
twinning. The planar slip most probably resulted also in better
strain hardening capacity of the alloys with a higher N content at
room temperature (Fig. 5).

The alloys with low concentrations of N (0.5 and 1.0 at.%)
exhibited also better strain hardening (Fig. 5) and higher ductility
(Table 2) with a decrease in temperature to 77 K that is typical of fcc
high entropy alloys [14,15]. The increase in strain hardening of the
alloys can be associated with higher dislocation density and/or
more planar dislocation configurations (Fig. 7). On the contrary,
however, strain hardening and ductility of the alloy with 2 at.% of N
significantly diminished with a decrease in the testing tempera-
ture; for example, ductility dropped from 67% to 8%.

The decrease in ductility and fracture toughness in N-containing
steels at cryogenic temperatures is a well-known phenomenon that
is often attributed to the brittle to ductile transition [76—78].
Fractographic examinations confirmed the change in the fracture
mode (from dimple to cleavage fracture) of the alloy with 2 at.% of N
with a decrease in temperature from 293 K to 77 K (Fig. 6). In steels,
a cleavage-like fracture is often observed due to either mechanical
twinning or development of planar slip [76,78]. Although further
studies are required to establish the exact mechanisms responsible
for fracture of the alloy with 2 at.% N; the presented results clearly
suggest that in the CoCrFeMnNi alloy this amount of N has a
threshold value which makes the alloys brittle at cryogenic
conditions.

In summary, the presented results demonstrate that N-doped
CoCrFeMnNi alloys can have a very attractive combination of
strength and ductility at cryogenic temperature (Fig. 3, Table 2). The
unique properties of the alloys can be mostly attributed to the
strong solid solution effect and planar dislocation slip (Fig. 7). The
alloys can therefore be considered as promising structural mate-
rials for cryogenic applications. Further improvement in properties
can be archived after proper thermomechanical processing that can
refine the fcc grains and result in the precipitation of fine nitride
particles [39,79,80].

5. Conclusions

In the present work, the structure and tensile mechanical
properties of CoCrFeMnNi high entropy alloys doped with different
amounts of N (0.5—2.0 at.%) in the as-cast condition were exam-
ined. The following conclusions were drawn:

1) The alloys with low N amounts (0.5—1.0 at.%) had the single fcc
phase coarse-grained microstructures. An increase in the N
content to 2.0 at% resulted in the precipitation of a small
amount (<1%) of the Cr-rich M;N nitride particles at the fcc grain
boundaries. Good solubility of N in the fcc solid solution of the
N-doped CoCrFeMnNi alloys was in reasonable agreement with
the Thermo-Calc predictions. According to the quasi-binary
equilibrium CoCrFeMnNi—N phase diagram, a narrow single
fcc phase field after solidification existed even at a high N
percentage.

2) The yield strength of the program alloys increased in proportion
with the N percentage by 117 MPa/at% N at 293 K. With a
decrease in the testing temperature the alloys became even
stronger, and the strength increased by 316 MPa/at% N at 77 K.
The increase in strength was attributed to the solid solution
hardening. The comparison with the available information on
other interstitial fcc HEAs suggested that the solid solution
strengthening effect was proportional to the lattice distortion.

The ductility of the alloy with 0.5 and 1.0 at.% of N increased
with a decrease in the testing temperature while ductility of the
alloy with 2 at.% dropped from 67% at 293 K to 8% at 77 K.

3) The plastic deformation of the N-doped alloys at both 77 K and
293 K was mostly associated with planar dislocation slip. Me-
chanical twinning was not revealed even at 77 K.
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