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Abstract

The microstructural evolutions in terms of dislocation density, annealing twin density as well as
with respect to microstructural changes due to recrystallization and grain growth were investigated in pure
Ni, equiatomic FeNiCo alloy, and FeNiCoCrMn high entropy alloy (HEA) during the thermomechanical
process. All samples were single phase and showed a face-centered cubic (FCC) lattice structure. This was
maintained during thermomechanical processing comprising of cold swaging by 85 % reduction of cross-
sectional area and subsequent annealing at 800°C. The level of dislocation accumulation during cold
swaging increased with the number of constituent elements. The FeNiCoCrMn HEA obtained the highest
dislocation density, followed by the FeNiCo and Ni, respectively. After the annealing at 800°C for 0.5
hours, all samples achieved the large fraction of recrystallized grains with minor fraction of substructured
grains and no deformed grain. The FeNiCoCrMn HEA obtained the smallest recrystallized grain size (~ 5
um) after the annealing at 800°C for 0.5 hours. This could be a result of the highest dislocation density

generated during cold swaging prior to the annealing. The prolonged annealing at 800 °C for up to 24 hours
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led to a grain growth for all the samples, however, at different growth rates. The FeNiCoCrMn HEA
revealed the lowest rate of grain growth, but the microstructural changes during the annealing were not
significantly different between the FeNiCo and Ni samples. Besides the effect of the number of constituent
elements, the type and the combination of constituent elements have an effect on the microstructural

evolution during the annealing.
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1. Introduction

The equiatomic FeNiCoCrMn high entropy alloy (HEA), also termed as Cantor’s alloy, was firstly
introduced in 2004 [1], consisting of a single face-centered-cubic (FCC) structured solid solution phase.
The HEAs are designed based on the concept of entropic stabilization associated with a large number of
constituents in order to stabilize a disordered solid solution over completing intermetallic compounds [2-
5]. As a result, HEAs are claimed to present exceptional microstructural stability [3, 6]. However, recent
studies indicate that most HEAs are not stable as single solid solution within entire temperatures range of
the solid state [4]. It is reported that the FeNiCoCrMn HEA can be stabilized as a single phase HEA up to
72 h at 1000 °C [6]. The good thermal phase stability and an excellent malleability [7] of the FeNiCoCrMn
HEA facilitate to tune mechanical properties and other properties by microstructural control with a
conventional processes [8]. It is well known that the properties of materials, especially mechanical
properties, are closely correlated to the microstructure and processing conditions [4, 8]. Many works state
superior properties of HEAs [9]; they are expected to show different microstructural features from

conventional metallic materials [10, 11].

The remarkable workability and high fracture toughness of the FeNiCoCrMn HEA [12, 13] are
attributed to large work hardenability [2, 14]. The large work hardenability is assumed to be caused by
dislocation pile-ups, dislocation motion and nanotwinning [2, 14]. The characterization of dislocation
motion in HEAs have been addressed in the literatures [15-17]. Many studies indicate that the deformation
mechanism of HEAs is similar to FCC concentrated binary solid solution alloys and metals [18, 19]. In
plastic deformation for common FCC alloys, the dislocations densely glide on close-packed {111} planes
[19]. However, the quantitative analysis of dislocation is still needed to understand deformation behavior
in HEAs [15]. In this study, the rotary swaging was applied to deform the samples in order to study an
accumulation of dislocation. Moreover the rotary swaging associated with large hydrostatic stresses delays

brittle fracture and allows the accumulation of high plastic strain [20].



It is well know that the microstructure depends on the condition of manufacturing route. The level
of dislocation density during the plastic deformation prior to the annealing determines a driving force for
recrystallization [21]. Moreover, the slow diffusion kinetic is assumed to have an effect on microstructure
features of HEAs such as excellent thermal phase stability, homogeneous microstructure and high resistance
to grain coarsening [10, 20, 22]. It is reported that the full recrystallization in the FeNiCoCrMn HEA occurs
first at 800°C of annealing after 84 - 96% reduction of thickness under plastic deformation [23]. Hence, in
this study, the microstructural changes in terms of a recrystallization and grain growth as well as annealing
twin density were studied through the isothermal annealing at 800°C after 85% reduction of cross-sectional
by cold rotary swaging. The less chemical complex FCC solid solution samples, such as the FeNiCo alloy

and pure Ni, were investigated in a comparison with FeNiCoCrMn HEA.
2. Experimental procedure

The equiatomic FeNiCoCrMn HEA, the equiatomic FeNiCo sub-alloy and pure Ni sample were
prepared from pure elements with purities higher than 99.9 wt% by arc-melting under a Ti-gettered high-
purity argon atmosphere. The pre-alloyed ingots were flipped over and remelted at least 3 times to ensure
chemical homogeneity. The pre-alloyed ingots were subsequently transferred to an in-house built cold-

crucible device to be remelted and cast into water-cooled 6 mm diameter cylindrical Cu molds.

The samples were encapsulated in evacuated and Ar backfilled (~ 200 mbar) quartz tubes prior to
homogenization and annealing. The cast rods were homogenized at 1000 °C for 12 h, followed by water
quenching. Cold rotary swaging was performed on homogenized samples with a cross-sectional reduction
of 19% per step until a total reduction of 85% was reached. For this purpose, a four headed rotary swager
was utilized. After swaging, the rods were encapsulated in quartz tubes (as described before) and then
subsequently isothermal annealed at 800 °C for different times (0.5 to 24 hours), followed by water

quenching.

High energy synchrotron X-ray diffraction was conducted in transmission geometry with E = 60
keV (A=0.2067150 A) and Quax = 12 A' (Q = 4nsin6/A) of experimental setting at High Resolution Powder
Diffraction Beamline P02.1 of DESY in Hamburg, Germany. The X-ray diffraction patterns were analyzed
by Williamson-Hall method to estimate the dislocation density. To allow for microstructural
characterization of the samples, longitudinal sections were cut and subsequently ground with SiC papers
with reducing grit sized up to P4000 and further polished with diamond suspensions with a particle size
down to 0.25 um. A final polishing step was performed using with colloidal silica (particle size 0.05 um)

on a vibratory polisher. The microstructure was examined by a scanning electron microscope (SEM: Zeiss



Gemini 1530) equipped with an energy-dispersive X-ray spectrometer (EDX: Bruker XFlash 4010) and an
electron backscatter diffraction detector (EBSD: Bruker e-Flash HR). Grain size, twin boundary density,
and recrystallized fraction derived from misorientation distribution were determined via EBSD post-
processing CHANNEL 5 software (Oxford instruments). An EBSD map was acquired with a step size of
0.5—1.0 um. A grain was defined as an aggregate of neighboring data points having relative misorientations
smaller than 2°. For grain size determination, £3 twin boundaries were ignored and a critical misorientation
(0) of 10° was used to determine the grain and sub-grain according to the manual of CHANNEL 5 software.
Typically, grain boundaries with misorientations between 2° and 10° are considered as subgrains and grain
boundaries with misorientations larger than 10° are classified as high-angle grain boundaries [24]. The
concentration of twin boundaries was determined by the calculation of £3", n = 1, 2, 3 in coincidence site
lattice notation [25, 26]. The deformed, substructured and undeformed (recrystallized) fractions was
evaluated by misorientation distribution. If the internal average misorientation angle within the grain
exceeded the minimum angle (2°) to define a subgrain, the grain was classified as being “deformed”. If
grains consist of subgrains whose internal misorientation was under 2° but the misorientation from subgrain
to subgrain was above 2°, these grains were classified as “substructured”. The rest of grains was classified

as “undeformed grains”.

3. Results and discussion

3.1 Dislocation density storage during cold swaging

Figure 1 presents the high energy synchrotron X-ray diffraction patterns of FeNiCoCrMn, FeNiCo
and Ni samples after 85% cross-section area reduction of cold-swaging. The X-ray patterns of these samples
are identified as a single face-centered cubic (FCC) structure phase without secondary phases, which
indicates that FeNiCoCrMn and FeNiCo samples retain single phase after cold swaging. The peak positions
are shifted with alloying, indicating an increase of the lattice parameter from Ni and FeNiCo to
FeNiCoCrMn. The Rietveld analysis was done for the Cu structure type with the help of the FULLPROF
code [27, 28]. The atoms were placed on the Wyckoff positions 4a (0,0,0) with an occupancy according to
the stoichiometry. The Rietveld analysis involved the lattice parameter, the overall isotropic temperature
factor, as well as two profile parameters describing the contribution of the small crystallite size and the
variation of the interplanar spacing to the XRD line broadening. The Rietveld analysis yielded a lattice
parameter of the samples to be 3.5207, 3.5690 and 3.5942 A for Ni, FeNiCo and FeNiCoCrMn,

respectively.
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Figure 1. Synchrotron X-ray diffraction patterns of the as-swaged FeNiCoCrMn, FeNiCo and pure Ni

samples.

The synchrotron X-ray diffraction patterns of the cold-swaged samples in Fig. 1 were analyzed
using Williamson-Hall [29, 30] and Williamson-Smallman methods [31] to determine dislocation density
stored during the swaging process. Specifically, Williamson and Hall suggested that the crystallite size (D)

and lattice strain (&) leads to a broadening of the diffraction peaks, as defined by the following equation,

Aﬂ = ,BD _,Binst = ﬂsize +,Bstrain (1)
Afcos@= /Dy + 4eg(sinb) 2)

where fp is an integral breadth of Bragg peak (in radians 20), and S, Bsize and S are the integral breadths
dependent on instrumental, crystallite size and strain effects, respectively. The breadth of the Bragg peak
is affected by a combination of both instrument and sample dependent effects, as shown in the equation (1).
In this study, the instrumental broadening can be estimated by a calibration measurement with a LaBs
standard sample. From the equation (2), the Williamson-Hall relationship between (fp — Sins)cos6 and
4sin@can be plotted, as presented in Fig. 2 (a). The symbols in Fig. 2(a) represent the integral breadths and
20 positions of the (111), (002), (022), (113), (222), (004), (133), (024), (224), (115) and (044) reflections.

The grain (crystallite) size (D) and the micro lattice strain (&) were derived from the y-intercept and the



slope of the linear fitting, respectively. After 85% reduction of cross-sectional area, the grain sizes were
calculated as 98, 125, 156 nm for Ni, FeNiCo and FeNiCoCrMn sample, respectively, as listed in Table 1.
The grain sizes were very small due to large degree of deformation. The values of the lattice strain (&)
were 0.1044, 0.1630 and 0.2196 % for Ni, FeNiCo and FeNiCoCrMn specimens, respectively. Moreover,
these values of the lattice strain were adopted to evaluate the dislocation density (p) using the following

equation proposed by Williamson and Smallman [31];
2
p =161 (3)

where b is the magnitude of the Burgers vector. In the FeNiCoCrMn HEA, it is reported that plastic
deformation occurs by planar dislocation glide on the normal fcc slip system, {111}<110>[19]. Therefore,
the magnitude of the Burgers vector was calculated using the <110> slip direction [32] and is also listed in
Table 1. Based on the calculated lattice strain and Burgers vector, the dislocation densities of the as-swaged
samples (o) were calculated and summarized in Table 1. The dislocation densities of the Ni, FeNiCo and
FeNiCoCrMn samples are 2.8 x 10", 6.7 x 10'* and 12.0 x 10'* m™, respectively. In general, dislocation
density of annealed metals and alloys is about 10'° - 10> m?, and can increase up to 10" - 10 m?,
depending on the level of applied plastic strain [31, 33]. The stored dislocation densities of the samples

after cold swaging are in the range of 10'* - 10'> m%, which supports the reliability of the current calculation.
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Figure 2. (a) Williamson-Hall analysis and (b) dislocation density of the as-swaged FeNiCoCrMn HEA,
FeCoNi and pure Ni samples.



Table 1 lattice parameters (a), Burgers vector (b), grain (crystallite) size (D,), lattice strain (&), dislocation
density (p) and stacking fault energy (y) of as-swaged samples and homologous temperature for annealing
at 800°C (1073K)

a b D, £ P Y T/Tm
Alloys

A) A) (nm) (%) (x 10 m?) (mJ/m?) (T =1073K)
Ni 3.521 2.490 98 0.104 2.831 120 - 130 B4 0.62
FeNiCo 3.569 2.524 125 0.163 6.719 311 0.63
FeNiCoCrMn 3.594 2.541 156 0.220 12.018 18 -27 13 0.69

The calculated dislocation density of the FeNiCoCrMn HEA is higher than that of the FeNiCo alloy
and also higher than the value observed for pure Ni. It is observed from the result that the number of
constituent elements increase the dislocation density due to more chemical complexity from the Ni to
FeNiCoCrMn HEA. Besides the number of constituent elements, the lattice distortion created by the
random distribution of multiple principle elements in HEAs is often assumed to be an obstacle for
dislocation motion and to affect the dislocation storage in HEAs. However, recent experimental
investigations revealed that the level of the lattice distortion in the FeNiCoCrMn HEA was comparable to
those of alloys containing smaller principle elements, such as FeNiCo alloy and Ni sample [36, 37].
Therefore, the role of the lattice distortion in the FeNiCoCrMn HEA on the interaction with dislocation
activities is not expected to be dominant. Instead, there have been experimental and theoretical studies
which relates the stacking fault energy (SFE) with the dislocation density, cell size and flow stress [38-40].
Based on these studies, a reduction of the SFE increases the total dislocation density and the flow stress,
and promotes the splitting of a dislocation, which leads to the suppression of recombining the dissociated
dislocations and annihilating the dislocations by cross-slip [32, 38]. The SFE of materials can be controlled
by adjusting alloying elements [41]. Several studies have been reported regarding the effect of alloying
elements to Ni-based alloys on the magnitude of the SFE. For example, the addition of Fe and Cr generally
decreases the SFE, while the addition of Cr up to 25 wt. % reduces the SFE to 40 and 45 mJ/m? [42].
Meanwhile, the addition of Fe between 2.5 and 12.5 wt. % results in an average SFE value of 86 mJ/m?
[11, 43]. Based on the previous experimental and theoretical investigations, the SFE of the alloys in the
present study are obtained [2, 34, 35] and the values are indicated in Table 1. The FeNiCoCrMn HEA has
a lower SFE (18 - 27 mJ/m?) than the pure Ni and ternary FeNiCo alloy. Therefore, it is considered that the
higher dislocation density of the FeNiCoCrMn HEA is strongly influenced by the SFE effect and also the

large number of constituent elements.



3.2 Recrystallization and grain growth behaviors

Figure 3 presents SEM images of the pure Ni, FeNiCo, and FeNiCoCrMn samples recrystallized at
800°C for 0.5 hours after the 85% reduction of cross-sectional area. As observed in the SEM images, the
as-annealed Ni and FeNiCo samples contain no secondary phase, whereas there was a small fraction of fine
Cr-rich particles distributed in the recrystallized FeNiCoCrMn HEA [pointed by white arrows in Fig. 3 (¢)].
Stepanov et al. reported that the volume fraction of the Cr-rich particles was about 0.3 % at 800°C annealing
of the FeNiCoCrMn HEA [44]. Similarly, the fraction of the Cr-rich particle in this study is expected to be
minor in the FeNiCoCrMn HEA. It was observed that all samples obtained recrystallized and equiaxed
grains after the annealing at 800°C for 0.5 hours, and unrecrystallized grain was not seen. For further
microstructural investigation, EBSD was used to analyze the fraction of deformed, substructured and
undeformed (recrystallized) grains, as listed in Table 2. The result of the quantitative analysis supported
the microstructure observation that the deformed grain was not remained in all sample after the annealing
at 800°C for 0.5 hours. All samples achieved the large fraction of recrystallized grains after the annealing.
The fractions of substructured grains in the as-annealed Ni and FeNiCo samples were measured as below
10%, while that of the FeNiCoCrMn HEA was detected as 20%. The presence of fine secondary phase
particles in the HEA might inhibit recrystallization, then recovery occurs and induces the formation of
substructured grains [45]. This might lead to a larger fraction of substructured grains in the HEA than in
the Ni and FeNiCo samples. However, the microstructural analysis demonstrated that the fraction of

substructured grains decreased to 5% for the HEA after the annealing for 2 h.

Figure 3. SE-SEM micrographs of (a) Ni, (b) FeNiCo and (c) FeNiCoCrMn alloys, annealed at 800°C for

0.5 hours. The yellow circles indicate the smaller grains surrounded by larger grains and the white arrows

point Cr-rich particles.



Table 2 Microstructural analysis of the studied samples after the annealing at 800°C for 0.5 hours, evaluated

on EBSD maps.

Grain Size Residual strain analysis Twin =3
Alloys

(m) Undeformed (%) Substructured (%) Deformed (%) (%)
Ni 26+2 92 8 0 6
FeNiCo 21£2 91 9 0 16
FeNiCoCrMn 5£0 80 20 0 21

The average size of the grains after the recrystallization at 800°C for 0.5 h were estimated to be ~
26 um, ~ 21 um, ~ 5 um for the Ni, FeNiCo, and FeNiCoCrMn samples, respectively. Figure 4 presents
grain size distribution of the annealed Ni, FeNiCo and FeNiCoCrMn samples subjected to annealing at
800°C for 0.5 h. For the FeNiCoCrMn HEA, the all grain sizes are measured as below 30 um and the largest
fraction of grain sizes are observed in the gran sizes between 0 — 5 um. The grain sizes for the FeNiCo and
Ni samples are more widely distributed than the HEA. On the grain size distribution maps of the FeNiCo
and Ni samples, the bimodal distributions with two peaks are observed; the first peak is observed at the
small grain size (10 - 20 pm) and another peak is seen at the grain sizes of 50 — 60 um. The bimodal
distributions imply the possible occurrence of abnormal grain growth in pure Ni and FeNiCo samples. This
trend can be also observed in the microstructures of Figures 3 (a) and (b), where the growths of some grains
in pure Ni and FeNiCo samples are possibly happened by consuming their adjacent and smaller neighbor
grains [indicated by yellow circles in Figs. 3 (a) and (b)]. It was reported that abnormal grain growth in
high-purity Ni and FeNiCo samples occurred at annealing temperatures lower than 0.68 Trn[11, 46], which
is consistent with the current observation. This abnormal grain growth is attributed to grain boundary
structural transformation [11], which leads to a partial change in the mobility of grain boundaries and allows
them to migrate at a faster rate than other grain boundaries (which are not transformed). In this study, the
Ni and FeNiCo samples were annealed at 0.62T, and 0.63T., respectively, and these annealing
temperatures were lower than the temperature mentioned above (0.68 Tr). In contrast, the FeNiCoCrMn
HEA exhibits the normal grain growth in the given annealing condition. The normal grain growth could be

due to the higher annealing temperature (0.69Ty) for the FeNiCoCrMn HEA.
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Figure 4. Grain size distribution of Ni, FeNiCo and FeNiCoCrMn samples after the annealing at 800°C for
0.5 hours.

The Ni, FeNiCo and FeNiCoCrMn samples subjected to annealing at 800 °C for 0.5 hours contain
a high density of annealing twins, as observed in Fig. 3. Figure 5 exhibits EBSD grain boundary maps of

Ni, FeNiCo and FeNiCoCrMn samples annealed for 0.5 hour. There are three kinds of twin boundaries,
such as 23, 29, £27 in coincidence site lattice notation [25, 26], indicated by red, green and purple colors,
respectively, in Fig. 5. The large amount of the £3 boundaries were observed after full recrystallization;
while the quantities of £9 and £27 boundaries were relatively limited. Therefore, our focus was placed on
the evolution of X3 boundaries for the twin formation. After 0.5 hour of annealing, the FeNiCoCrMn HEA
obtained the highest amount (21%) of twin £3 boundaries followed by those of FeNiCo (16%) and Ni (6%)

samples. The fraction of X3 boundaries is inversely proportional to the SFE of the samples. For example,
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the FeNiCoCrMn HEA with the lowest SFE contains the highest fraction of the annealing twin boundaries.

Therefore, it is considered that the lowering the SFE is effective to reduce the twin boundary energy [47-

49], which stimulates the formation of annealing twinning boundaries.

Figure 5. EBSD grain boundary maps of (a) Ni, (b) FeNiCo and (c) FeNiCoCrMn alloys, annealed at
800°C for 0.5 hours.

Figure 6 (a) displays the electron backscattered diffraction (EBSD) images of the Ni, FeNiCo and
FeNiCoCrMn samples subjected to annealing at 800 °C for 0.5, 2 and 24 hours following the swaging
process. As the annealing time increases, the sizes of recrystallized grains generally increase, as presented
in Figure 6 (b). In the Ni and FeNiCo samples, the recrystallized grain sizes are gradually changed between
0.5 and 2 hours of the isothermal annealing. It should be mentioned that abnormal grain growth is observed
in the Ni and FeNiCo samples; thus, average grain size could be deviated dependent on the measured area.
However, it is consistent with the microstructural observation that the grain sizes of the Ni and FeNiCo are
similar between 0.5 and 2 hours of the annealing, as exhibited in Fig. 6 (a). After 24 hours of annealing, the
grain sizes of the Ni and FeNiCo samples are almost 40 um, which are far larger than the grain size of the
FeNiCoCrMn HEA. A lower growth rate at 800°C annealing is observed in the FeNiCoCrMn HEA and the
grain size increases from 5 um to 11 pum when increasing the annealing time from 0.5 to 24 hours. The
resistance to grain growth is exceptional in the FeNiCoCrMn HEA as compared to that of FeNiCo and Ni,

when annealing was performed at 800°C.

11



Ni

50

| N
I FeNiCo
40+ [ FeNiCoCrMn

S

3

= 30
3 I
= w
& < 20

—

O

10

p=
= 0
Lg 0.5 2 24
o Time / h
=
&£

(b)

Figure 6. (a) EBSD grain orientation maps, (b) average grain sizes after annealing at 800°C for 0.5, 2 and
24 hours of the Ni, FeNiCo and FeNiCoCrMn samples.

The isothermal annealing at 800 °C after 85% reduction of cross sectional-area gives rise to the
microstructural evolution, including recrystallization, grain growth, and twin formation. After the annealing
at 800°C for 0.5 hours, the fully-recrystallized microstructures were observed in the Ni, FeNiCo and
FeNiCoCrMn samples; however, minor fractions of substructured grains were detected by EBSD
measurement. Laplanche et al. [20] and F. Otto [23] also observed that a complete recrystallization in the
FeNiCoCrMn HEA was obtained at 800 °C after applying a high degree of cold working. Also, the
microstructural attributes, such as grain size and twin density, are observed to be strongly dependent on the
compositional composition. For instance, the smallest grain size was established in the FeNiCoCrMn HEA
specimen recrystallized at 800 °C for 0.5 hours. This can be explained by a higher dislocation density
(related to a greater number of nucleation sites for recrystallization) generated during the swaging process
than the pure Ni and FeNiCo alloy samples. This also relates to low stacking fault energy, which is

associated with the chemical composition of the FeNiCoCrMn HEA.

The longer annealing at 800 °C for up to 24 hours leads to a grain growth for all samples, but at
different growth rates. Based on the grain sizes of the recrystallized samples at 800 °C for 0.5 hours, one

can expect that the grain growth rate of the FeNiCoCrMn HEA specimen (~ 5 um) would be faster than the
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pure Ni (~ 26 pum) and FeNiCo alloy (~ 21 pm) samples. However, our experimental results reveal the
opposite trend that grain growth rate of the FeNiCoCrMn HEA is lower than the FeNiCo alloy and pure Ni.
This is because the grain growth process involves kinetic processes, such as diffusion or grain-boundary
migration. In particular, the solute drag associated with a large number of the constituent elements could
retard grain boundary migration during grain growth [50]. Therefore, it could be assumed that during
annealing the grain boundary migration in the FeNiCoCrMn HEA is slower than those in the ternary
FeNiCo and pure Ni. In addition to the solute drag effect, the SFE could play a role in controlling the kinetic
processes, such as rate of recovery, recrystallization, and grain growth [47]. For instance, the low SFE is
effective to reduce the rate of dislocation climb and cross-slip, which results in a decrease in the rate of

grain growth for the FeNiCoCrMn HEA.

The overall observation on the microstructural evolutions during the isothermal annealing
suggested that not only the number of constituent elements, but the chemical composition also had an effect.
The results demonstrated that the sizes of recrystallized grains between the Ni and FeNiCo samples, which
consist of different number of constituent elements, were not significantly different during the isothermal
annealing. This indicated similar grain growth kinetics between the Ni and FeNiCo samples. Additionally,
the ternary CoCrNi alloy has been recently reported to obtain fine grained microstructure after
thermomechanical treatment and showed slow grain growth during annealing similar to the FeNiCoCrMn
HEA [11, 17, 51]. It is reported that the diffusion kinetics evolved in grain growth are correlated with the
lattice potential energy fluctuation which is possibly resulted by atomic size misfit and electronic disorder
[51, 52]. For the electronic disorder, it was indicated from the experimental investigations [53, 54] that the
FeNiCoCrMn HEA had a distortion of electronic structure, whereas the Ni sample and FeNiCo alloy
presented a smaller degree of the distortion. For the aspect of atomic size misfit, the atomic size misfits of
these samples are not significantly large due to similar atomic size of their constituent elements (Fe, Ni,
Co, Cr and Mn). However, the atomic size misfit of the FeNiCoCrMn HEA (1.12%) is larger than the values
of FeNiCo alloy (0.65%) and pure Ni (0%). The distortion of electronic structure and the larger atomic size
misfit of the FeNiCoCrMn HEA are expected to lead to slower grain growth kinetic than the FeNiCo and
Ni samples. It can be said that the microstructural evolution during the isothermal annealing depends on

the type and the combination of constituent elements, rather than the number of constituent elements.

4. Conclusions

The microstructural responses (dislocation density, annealing twin density, recrystallization, and
grain growth) of the pure Ni, ternary FeNiCo alloy, and FeNiCoCrMn HEA to the thermomechanical

treatments were investigated via synchrotron X-ray diffraction, SEM, and EBSD. These materials were
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subjected to cold swaging, followed by isothermal annealing at 800 °C for up to 24 hours. During the
thermomechanical treatments, the pure Ni, ternary FeNiCo alloy, and FeNiCoCrMn HEA showed a FCC
solid solution phase, while apparent differences in the dislocation density and behavior of recrystallization

and grain growth were observed, as follows.

(1) The cold-swaging process with 85% cross-sectional area reduction introduced the higher
dislocation density in the FeNiCoCrMn HEA (12.0 x 10" m™) compared to the FeNiCo alloy (6.7 x 10" m-
%) and pure Ni (2.8 x 10'* m?). The level of dislocation accumulation is related to the number of constituent

elements and the intrinsic properties (i.e. stacking fault energy).

(2) After annealing at 800 °C for 0.5 hours, the large fraction of recrystallized grains and no
deformed grains were observed in all samples. The as-annealed FeNiCoCrMn HEA sample possessed the

smaller grain size (~ 5 pum) than that of the FeNiCo alloy (~ 21 um) and pure Ni sample (~ 26 pm).

(3) A higher amount of twin boundaries was developed for the FeNiCoCrMn HEA than other alloys

during the recrystallization process.

(4) The rate of the grain growth was observed to be lowest for the FeNiCoCrMn HEA, but the grain
growth behaviors of the FeNiCo and Ni samples were similar during isothermal annealing at 800°C for up
to 24 hours. It indicated that the type and combination of constituent elements have also important effects

on the microstructural evolution.
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Figure captions

Figure 1. Synchrotron X-ray diffraction patterns of the as-swaged FeNiCoCrMn, FeNiCo and pure Ni

samples.

Figure 2. (a) Williamson-Hall analysis and (b) dislocation density of the as-swaged FeNiCoCrMn HEA,
FeCoNi and pure Ni samples.

Figure 3. SE-SEM micrographs of (a) Ni, (b) FeNiCo and (c) FeNiCoCrMn alloys, annealed at 800°C for
0.5 hours. The yellow circles indicate the smaller grains surrounded by larger grains and the white arrows

point Cr-rich particles.

Figure 4. Grain size distribution of Ni, FeNiCo and FeNiCoCrMn samples after the annealing at 800°C for
0.5 hours.

Figure 5. EBSD grain boundary maps of (a) Ni, (b) FeNiCo and (c¢) FeNiCoCrMn alloys, annealed at
800°C for 0.5 hours.

Figure 6. (a) EBSD grain orientation maps, (b) average grain sizes after annealing at 800°C for 0.5, 2 and

24 hours of the Ni, FeNiCo and FeNiCoCrMn samples.
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Table

Table 1 lattice parameters (a), Burgers vector (b), grain (crystallite) size (D,), lattice strain (&), dislocation
density (p) and stacking fault energy (y) of as-swaged samples and homologous temperature for annealing

at 800°C (1073K)
a b D, £ P Y T/Tm
Alloys
A) A) (nm) (%) (x 10 m?) (mJ/m?) (T =1073K)
Ni 3.521 2.490 98 0.104 2.831 120- 13034 0.62
FeNiCo 3.569 2.524 125 0.163 6.719 318 0.63
FeNiCoCrMn 3.594 2.541 156 0.220 12.018 18 - 27 13 0.69

Table 2 Microstructural analysis of the studied samples after the annealing at 800°C for 0.5 hours, evaluated

on EBSD maps.
Grain Size Residual strain analysis Twin 23
Alloys
(nm) Undeformed (%)  Substructured (%) Deformed (%) (70)
Ni 26 £2 92 8 0 6
FeNiCo 21 £2 91 9 0 16
FeNiCoCrMn 5+0 80 20 0 21
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