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The precipitate formation and behavior in nitrogen-containing high-entropy alloy of equiatomic
CoCrFeMnNi were characterized. The presence of 0.95 at.% nitrogen led to the formation of Cr,N precip-
itate in the as-recrystallized N-CoCrFeMnNi, in which annealing temperature affected the fraction and
size of the formed Cr,N particles. It was observed that the Cr;N exhibited a Kikuchi crystal orientation

relation (OR) with the face-centered cubic (FCC) matrix, and the OR was noticed to be in the plane of

Keywords:

Metals and alloys
High-entropy alloys
Nitrogen
Interstitial alloys
Microstructure
Precipitate

{111}y//{00 0 1}Cr,N and direction of (11 0>y//<1 1 00> Cr,N.
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1. Introduction

The development of precipitation-induced medium- and high-
entropy alloys (MEAs and HEAs) has been intensively performed
recently. This exploration was taken to enhance the mechanical
properties of these alloys. The mechanical properties of these sys-
tems tended to decrease in several circumstances despite to a
remarkable strength-ductility balance [1]. The implementation of
precipitation hardening by substitutional element addition, i.e. Al
nanoprecipitate, was reported to be effective in improving the
mechanical properties of MEA [2]. As for the utilization of intersti-
tial element, it was observed that nitrogen addition led to nitride
precipitate formation in HEA [3]. Considering the abundance avail-
ability and cost-effectiveness of nitrogen, it is then fascinating to
investigate the effect of nitrogen addition toward the microstruc-
ture and precipitate formation in MEAs and HEAs. Herein, we
investigated the precipitate formation by nitrogen addition in
equiatomic CoCrFeMnNi HEA. The equiatomic CoCrFeMnNi was
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chosen, as aside from being widely studied HEA system, CoCr-
FeMnNi can maintain its face-centered cubic (FCC) phase over a
wide temperature range. The investigation was also performed to
observe the behavior of the formed precipitates in N-CoCrFeMnNi.

2. Experimental procedures

High-purity raw materials (Fe, Cr, Mn, Ni: >99.99 wt%; Co:
>99.95 wt%) were placed in a fused alumina crucible, and then
heated to 1773 K in a super kanthal vertical furnace. Nitrogen
gas (ultrahigh purity, >99.999%) was then flowed for 24 h to
homogenously saturate the CoCrFeMnNi with nitrogen. The molten
N-CoCrFeMnNi was then water-quenched, and the ingot surface
(#1 mm in depth) was ground. For comparison, N-free CoCrFeMnNi
was also fabricated by an arc-melting process.

Both the ingots of N-CoCrFeMnNi and CoCrFeMnNi (referred as
NC and C, respectively) were initially homogenized for 24 h at
1473 K under Ar-rich atmosphere. The nitrogen content measure-
ment using a LECO combustion analyzer, which was performed
after the specimen was ground on both surfaces by 0.25 mm,
showed a nitrogen value of 0.95 at.%. This was followed by a
cold-rolling with 90% thickness reduction to eliminate any
as-cast structure. An annealing treatment for 1h at different
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temperatures of 873 K (NC873, C873) 973 K(NC973, C973), 1073 K
(NC1073, C1073), 1173 K (NC1173, C1173), and 1273 K (NC1273,
C1273) was then performed to obtain recrystallized structure,
and all specimens were water-quenched subsequently.

Prior to microstructural observation, all specimens were ground
using SiC papers, followed by electropolishing with a mixed solution
of 90% acetic acid +10% perchloric acid. The initial microstructural
observation was performed using a field-emission scanning electron
microscope (FE-SEM) in backscatter electron (BSE) mode. A trans-
mission electron microscope (TEM) was utilized to analyze the
formed precipitates. The disk-shaped specimen of 3 mm in diameter
was prepared using a twin-jet polisher. Further microstructural
observation was performed using an FE-SEM equipped with electron
back-scattered diffraction (SEM-EBSD) detector.

For the thermodynamic calculations, FactSage™ (ver. 7.1) soft-
ware with integrated databases of FactPS and FSstel was utilized.
The FactPS database includes the thermodynamic information of
nitrogen gaseous elements. A Scheil-Gulliver simulation was used
to calculate the precipitation behavior during cooling to simulate
the actual precipitation behavior in Nggs5-CoCrFeMnNi. This ther-
modynamic prediction method has been successfully utilized to
simulate the precipitation behavior in CoCrFeMnNi in our previous
study [4].

3. Results and discussion

Initial microstructure observation showed a deformed structure
from the cold-rolling process in NC873, which suggests that 873 K
is too low for recrystallization in Ng g5-CoCrFeMnNi (Fig. 1a). With
higher annealing temperature between 973 and 1173 K, the
microstructure displayed recrystallized structures with fine grain
size and secondary precipitates formation (Fig. 1b-d). In NC1273,
recrystallized structure with significantly coarser grains and
numerous recrystallization twins was observed (Fig. 1e). However,
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no presence of precipitates was observed by SEM-BSE in NC1273,
suggesting that annealing temperature affects the precipitate for-
mation in Ngg5-CoCrFeMnNi.

TEM-energy dispersive spectroscopy (EDS) mapping taken from
dark-field (DF) image in Fig. 2a displayed a high Cr and N content
in the precipitates (Fig. 2b-g). Fast-Fourier transform (FFT) image
(Fig. 2h) confirms that this precipitate is a Cr,N trigonal phase.
Here, aside from the low Gibbs free energy (AGy) of Cr-N compared
to other nitride [unpublished work], a high solubility and strong
affinity of N with Cr was also exhibited causing the formation of
Cr-N nitride to be preferred compared to other nitride [5]. As for
Cr,N, due to the lower AGy of CryN than CrN, the formation of
Cr,N is thus more favorable than CrN [6].

By employing SEM-EBSD, it was observed that the matrix of all
studied Nggs-CoCrFeMnNi specimens maintained the FCC phase.
SEM-EBSD also revealed a very small fraction of Cr,N in NC1273
[data not shown]. It was further observed that Cr,N exhibited a
crystal orientation relation (OR) with one facet of the FCC matrix
(Fig. 2i-k). The OR was observed to be on-plane of {11 1}y//

{0001)Cr,N and direction of (1 1O)y//<1TOO>Cr2N, which is

similar to the previously studied Kikuchi crystal OR [6,7]. Since
only one facet exhibited an OR (Cr,N-FCC 1 facet), it could be con-
cluded that Cr,N was partially coherent with the matrix. The semi-
coherency of CroN-FCC helped to lower the minimum activation
energy barrier and the interface energy for the Cr,N formation
along the FCC matrix grain boundary, which is also suggested from
the occurrence of wetting phenomenon displayed in Fig. 2i [6,8].
Here, annealing temperature affects the Cr,N formation in
No.os-CoCrFeMnNi. In lower annealing temperature, high fraction
of fine-sized Cr,N was formed (Fig. 3a). Meanwhile, at higher tem-
perature, the CryN fraction was lessened followed by the precipi-
tates coarsening. The Scheil-Gulliver modeling (Fig. 3b) predicts
that initially FCC phase will form as the main matrix. The Cr,N is
then predicted to form below 1500 K and it reached a maximum

Fig. 1. SEM-BSE observation on (a) NC873, (b) NC973, (¢) NC1073, (d) NC1173, and (e) NC1273; (f) Grain size comparison between the as-recrystallized Ng ¢5-CoCrFeMnNi

and CoCrFeMnNi.
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Fig. 2. TEM observation on NC1073. (a) DF observation; (b-g) TEM-EDS mapping from (a) of each constituent in Ng 95-CoCrFeMnNi; (h) FFT pattern of the precipitate; (i) SEM-
EBSD image quality map of NC1173, showing crystal orientation between the Cr,N and the FCC matrix at point (j) 1 and (k) 2.
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Fig. 3. (a) Cr,N size and fraction with different annealing temperature; (b) Scheil-Gulliver model for the formation of Cr,N during cooling in Ng 95s-CoCrFeMnNi; (¢) theoretical

phase diagram of Nx-CoCrFeMnNi.

fraction of 1.44 wt%. This prediction was different from the actual
result, in which the Cr,N fraction tended to decrease with higher
annealing temperature. The lower Cr,N fraction in higher anneal-
ing temperature can be justified by predicting the phase stability
between FCC and Cr;N using the N-CoCrFeMnNi phase diagram
(Fig. 3c). The FCC matrix becomes more stable in higher tempera-
ture, which was indicated by the change of FCC solvus line in the
phase diagram of N-CoCrFeMnNi. It can be thus predicted that
the formation of FCC matrix is preferable than Cr,N in higher tem-
perature. Moreover, considering that the AG; for Cr,N tends to
increase with higher temperature, this further explains the reason
behind less Cr;N formation in this study [6].

Further discussion is then performed to analyze the Cr,N effect
on grain growth in Ng g5-CoCrFeMnNi. Since the Cr,N exhibited an
OR with the FCC matrix, a Zener pinning pressure (P,) might occur
that affects the grain growth and resulting grain size of the as-
recrystallized Nggs-CoCrFeMnNi [9]. The P, is influenced by the
precipitate average size and fraction. Theoretically, high fraction,
fine-sized precipitates would lead to high P,, which cause high
grain growth hindrance and fine grain size formation. Meanwhile,
low fraction, coarse-sized precipitates will result in low P,, causing
coarser grains to form.

Here, NC973 exhibited the highest fraction of fine-sized Cr,N,
which theoretically led to a high P, and the formation of fine grain
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size. In this case, NC973 exhibited a similar grain size as C973. This
occurred since C973 also exhibited the formation of G-phase pre-
cipitate (data not shown), in which o-phase was reported to exhib-
ited an OR with the FCC matrix [10]. This caused the C973 to also
exhibit P, by o-phase, causing a similar grain size formation as
NC973. With increasing annealing temperature, the Cr,N size
was becoming coarser with lesser fraction, causing lower P, and
coarser grain sizes formation. In this case, the CoCrFeMnNi speci-
mens exhibit no formation of c-phase, and it can be clearly
observed that the P, caused NC1073 and NC1173 to exhibit finer
grains compared to that of C1073 and C1173. Meanwhile, in
NC1273, since only a tiny fraction of coarse-sized Cr,N is present,
the P, contribution could be neglected. This caused the grains in
NC1273 to be significantly coarser compared to other
Nop.gs5-CoCrFeMnNi specimens and caused also the formation of a
similar grain size as C1273.

The Cr,N formation with different size and fraction with
different annealing temperature opens the possibility for further
exploration in combining the most appropriate microstructure
with the desired mechanical properties. Further study will then
be performed to optimize the nitrogen addition toward mechanical
properties enhancement in MEAs and HEAs.

4. Conclusions

The precipitates formation and behavior in N-CoCrFeMnNi were
successfully characterized. The presence of 0.95at.% nitrogen
caused the Cr,N precipitate formation in the as-recrystallized
No.g95-CoCrFeMnNi. The Cr,N exhibited a Kikuchi crystal orientation
relation (OR) with the face-centered cubic (FCC) matrix in the plane

of {11 1}y//{0001}Cr,N and direction of <110>y//<ﬁoo>Cr2N.

The size and fraction of the Cr,N was affected by the annealing
temperature, which subsequently led to different Zener pinning
pressure and affected the grain size of the as-recrystallized
No.95-CoCrFeMnNi.
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