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This work aims to predict the microstructure of recrystallized medium and high-entropy alloys (MEAs and HEAs)
with a face-centered cubic structure, in particular the density of annealing twins and their thickness. Eight MEAs
and five HEAs from the Cr-Mn-Fe-Co-Ni system are considered, which have been cast, homogenized, cold-worked
and recrystallized to obtain different grain sizes. This work thus provides a database that could be used for data
mining to take twin boundary engineering for alloy development to the next level. Since the stacking fault energy

is known to strongly affect recrystallized microstructures, the latter was determined at 293 K using the weak
beam dark-field technique and compared with ab initio simulations, which additionally allowed to calculate its
temperature dependence. Finally, we show that all these data can be rationalized based on theories and empirical
relationships that were proposed for pure metals and binary Cu-based alloys.

Annealing, growth and deformation twins are known to play an
important role in the mechanical properties of face-centered cubic (FCC)
metals and alloys. On the one hand, they can act as barriers against
dislocation slip, e.g., nanotwinned Cu is ~10 times stronger than its
coarse-grained counterpart while retaining a comparable electrical
conductivity [1]. On the other hand, twins can act as sources of strain
localization [2,3] and may serve as crack initiation sites during fatigue
loading in austenitic stainless steels [4] and Ni-based superalloys [5].
From an engineering point of view, it is therefore important to control
the microstructure of twinned materials and to identify the key pa-
rameters that allow this to be achieved.

In the case of recrystallized materials, various models have been
proposed to rationalize the formation of annealing twins in FCC metals
and alloys [6-12] and reviewed by Meyers and McCowan [13]. Since
these models have only been applied to a limited number of pure metals
and binary alloys so far, it is unclear, whether they can be used to predict
the distribution and thickness of annealing twins in more complex solid
solutions such as medium and high-entropy alloys (MEAs and HEAs).
The present work therefore aims to fill this gap. In addition, the

microstructural and physical parameters, as well as the methods used to
obtain them, are not systematically reported in this field of research,
which hinders the comparability of the data, and more importantly,
prevents data mining to take twin boundary engineering in alloy develop-
ment to the next level [14,15]. Therefore, the second objective of the
present study is to provide a comprehensive database of annealing twin
microstructures in single-phase FCC recrystallized MEAs and HEAs from
the Cr-Mn-Fe-Co-Ni system.

Cylindrical 2.1 kg ingots of five equiatomic MEAs (CoNi, FeCoNi,
MnCoNi, CrFeCoNi, and MnFeCoNi) were cast and homogenized be-
tween 1373 Kand 1473 K for 48 h in evacuated quartz tubes as described
in [16]. To verify the chemical homogeneity and purity of these alloys,
EDX mappings were recorded in the as-cast and homogenized states, and
compositions and impurity concentrations were measured at a com-
mercial laboratory (Revierlabor Essen, Germany), see Figs. S1-S8 and
Table S1 of the supplementary materials file. The alloys proved chemi-
cally homogeneous after annealing with relatively small impurity con-
tents and compositions close to those desired (see Table S1). The
homogenized ingots were then rotary swaged using the procedure
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reported in [17] and recrystallized between 773 K and 1573 K for 30 min
to 120 min, yielding different grain sizes and distributions of annealing
twins. In addition to the aforementioned alloys, MEAs and HEAs, which
we had previously investigated using the same processing route and
characterization methods, were considered here, i.e., MnFeNi [16,18],
CrCoNi [19,20], CrFeNi [21,22], and five Cr,MnygFe50C020Nigo_x HEAS
with x = 14, 18, 20, 22, and 26 at.% [23], which are labelled Cr; 4, Cryg,
Cryg, Crag, and Crayg, respectively. As this database includes eight MEAs
and five HEAs with a broad range of properties (shear modulus, SFE and
lattice parameter), it may be used to determine how these affect the
recrystallized microstructure of FCC materials.

After recrystallization, specimens were prepared for metallographic
examinations following Ref. [19]. Texture analyses were performed
along the longitudinal axis of the swaged rods using electron backscatter
diffraction (EBSD) in a Quanta FEI 650 ESEM equipped with a Hikari XP
camera (EDAX, AMETEK). These are presented as inverse pole figures
(IPFs) averaged over ~300 grains, where the textures are expressed as
multiples of random (see Figs. S9-S13). In most cases, these results
revealed that the recrystallized materials do not exhibit a pronounced
texture, see also [24].

From backscatter electron (BSE) and optical micrographs, the Heyn
intercept method outlined in ASTM E-112 [25] was employed to
determine the arithmetic mean grain size (d, excluding annealing twin
boundaries) and crystallite size (c, taking into account both grain and
annealing twin boundaries), which are defined as mean intercept dis-
tances' (no correction factor was involved). Detailed annealing condi-
tions of the five alloys of the present study and resulting grain size
distributions can be found in section D of supplementary materials (see
Tables S2-S21, and Figs. S14 and S15) and in Refs. [18,20,22,23] for
CrCoNi, CrFeNi, MnFeNi and the five HEAs, respectively. Using the
values of d and c, the density of annealing twins n, defined as the number
of annealing twin boundaries per grain, was calculated using:
n=? )

c

The n-values directly obtained by EBSD and those calculated with
Eq. (1) are compared in Fig. S16, which reveals a reasonable agreement
between both methods. In the remainder of this article, we only consider
the n-values obtained with the latter since it involved a greater number
of analyzed grains.

The mean annealing twin thickness t was determined following the
methodology outlined in Ref. [19]. Please note that this represents an
average thickness projected on the sample surface, which is therefore
larger than the real mean thickness of the twin lamellae. Finally, note
that all microstructural values were obtained using the same procedures,
thus allowing for a fair comparison.

The SFE determination of CrFeCoNi and MnFeCoNi (d ~ 10 um) was
performed from specimens (diameter: 4 mm, height: 8 mm) compressed
at 293 K to 1-3 % plastic strain with a strain rate of 10~% s~. Samples
were then sliced at 45° from the loading axis, ground and electro-
polished to produce specimens for transmission electron microscopy
(TEM). In a grain with a surface normal close to (111), apparent sepa-
ration distances between Shockley partials were measured using the
weak beam dark-field (WBDF) technique in a FEI Tecnai F20 Super-Twin
instrument operated at 200 kV. From the observed distances, the actual
separations were corrected using the procedure recommended by
Cockayne [26,27]. For the CrFeCoNi MEA, Shockley partial separations
were successfully analyzed using the g(3g)-diffraction condition. In
contrast, as this distance was very small in MnFeCoNi, a g(4g)-diffraction

1 EBSD was also used to determine the mean grain and crystallite sizes. The
obtained values were in reasonable agreement with those obtained with the
Heyn intercept method. Since more grains were evaluated with the latter
approach, the values reported in the remainder of this article correspond to the
Heyn intercept method.
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Fig. 1. Experimental SFE determined at 293 K and comparison with ab initio
calculations between 0 and 1200 K. (a) Distance between Shockley partials
versus screw/edge character $ for CrFeCoNi and MnFeCoNi. Selected Shockley
partial pairs for CrFeCoNi and MnFeCoNi are shown in the WBDF micrographs
below (a). (b) SFE(T)-curves (dashed lines) of Ni and three MEAs calculated
with the EMTO method in the ferromagnetic (Ni at 0 K and 293 K) and para-
magnetic state otherwise. Experimental data at 293 K are represented by open
stars (those for CrFeCoNi and CrCoNi were slightly shifted along the x-axis to
avoid clutter). The yellow and grey backgrounds in (b) highlight the experi-
mental data and the temperature range, in which recrystallization was con-
ducted, respectively.

condition was used to improve the sharpness of the dislocations in the
WBDF micrographs.” Finally, assuming elastic isotropy, the SFEs were
deduced from the Shockley partials separations using Eq. S1 [29].

2 Since the effective extinction distance strongly decreases with increasing
diffraction order, the analysis can only be performed in very thin parts of the
TEM foil [28].
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Table 1
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Microstructural parameters Ssqg and n, as well as SFE determined using the WBDF technique or computed with the EMTO method at different temperatures.

Sevsd n SFErgy (mJ/m?) Ref. (SFE) SFEgymo (mJ/m?)
Temperature 293 K 0K 293 K [1000-1200] K
Ni 0.32 [11] 0.25 [12] 125 + 30 [35] 147 126 87
CoNi 0.22 + 0.02 1.17 £+ 0.08 44 [36] 10 4 -9
37 [371
31 [38]
CrFeNi 0.17 + 0.01 [21] 0.90 + 0.10 45+ 7 [32] -25 11 2
37 [39]
52 [40]
CrCoNi 0.13 £ 0.01 [19] 1.50 + 0.12 22+3 [31] -8 -11 1
18+3 [33]
FeCoNi 0.31 + 0.01 1.03 + 0.05 87* - 53 54 56
MnFeNi 0.31 £ 0.01 [16] 0.49 £+ 0.07 73* - 45 40 43
MnCoNi 0.14 + 0.03 0.86 + 0.03 72% - 52 39 36
CrFeCoNi 0.16 £+ 0.02 1.20 + 0.04 20 + 4 present study -23 -6 34
27+ 4 [33]
MnFeCoNi 0.24 £ 0.01 0.66 £+ 0.03 75+ 17 present study 35 33 38
Cr14MnyoFes0Co20Nize 0.20 [23] 0.37 + 0.08 69 + 13 [30] -12 10 22
Cr;gMnyoFesqCo20Niza 0.18 [23] 0.44 +0.18 44 £8 [30] -39 -2 12
CraoMnagFes0C020Ning 0.19 [23] 0.52 + 0.08 35+9 [30] -55 -7 7
Cra2MnyoFes0Co20Nisg 0.19 [23] 0.51 + 0.08 36 + 10 [30] -70 -11 5
CragMnoFesCoz0Nii4 0.17 [23] 0.66 + 0.11 21 + 4 [30] -95 -19 -2

* Values obtained by calculating the mean deviation between experimental and calculated results at 293 K of the MEAs and HEAs (~33 mJ/m?, see Fig. $18) and

adding this offset to the EMTO results.

While we had previously reported the SFEs of 4 HEAs [30] and 2
MEAs (CrCoNi [31] and CrFeNi [32]), those of CoNi and FeCoNi could
not be measured due to the strong magnetism of these alloys, which
rendered TEM investigations nearly impossible. Regarding MnFeNi and
MnCoNi, attempts were made that were not successful so far.

From a fundamental viewpoint, the SFE that is relevant for the
nucleation and growth of annealing twins during recrystallization
should be determined at the temperature (T) at which twins grow. As it
is experimentally very difficult to determine the Shockley partial sepa-
ration in-situ, SFE(T)-curves were determined by ab initio simulations.
The latter were performed to calculate the SFEs of all the previously
mentioned materials (+Ni) at 0 K, 293 K, 1000 K and 1200 K. For this
purpose, electronic structure calculations were performed within the
density functional theory framework with the exact-muffin-tin-orbital
(EMTO) method, following the procedure described in section E of
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supplementary materials.

The distance between Shockley partials determined from WBDF
micrographs is shown in Fig. 1(a) as a function of § (angle between
dislocation line and Burgers vector of the full dislocation) for MnFeCoNi
and CrFeCoNi. Using a weighted least squares method, Eq. S1 was fitted
to the two data sets and yielded SFEs of 75 + 17 mJ/m? for MnFeCoNi
and 20 + 4 mJ/m? for CrFeCoNi. The latter value compares well with
those reported in the literature (27 + 4 mJ/m? [33] and 20 + 4 mJ/m?>
[34]) using the same technique.

The SFE was calculated using the EMTO method between 0 K and
1200 K and representative examples (Ni, MnFeCoNi, CrFeCoNi, and
CrCoNi) are compared to the experimental 293-K SFEs in Fig. 1(b). The
full set of calculated SFE(T)-data are summarized in Table 1 and dis-
played in Fig. S17. Except for Ni, calculated SFEs systematically un-
derestimate the experimental ones by ~33 mJ/m? see Fig. 1(b),
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Fig. 2. (a) Annealing twin density n versus mean grain size d. The red region in (a) represents the grain size range: 50-60 um. (b) Annealing twin density for 50 < d
< 60 um as a function of normalized experimental SFE for MEAs and HEAs (this work) as well as pure FCC metals [13] and binary Cu-alloys [12]. The black dashed
line in (b) was fitted to the experimental data using the empirical relationship given in Eq. (2) and the blue area represents the scatter.
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Fig. 3. (a) Annealing twin thickness t as a function of mean grain size d. Selected grains with thin and thick annealing twins are provided as insets in (a). Straight
lines going through the origin were fitted to each data set in (a) and the corresponding slopes, S;s4, are displayed in (b) as a function of SFE/(Gb) (see also Table 1).
The insets in (b) illustrate the Dash and Brown model for the growth of annealing twins at a migrating grain boundary [10], including coherent (CTB) and

non-coherent twin interfaces (ITB). For more details see text.

Fig. S18, and Table 1. Possible rationales for this offset have been dis-
cussed in detail in [30]. The SFE(T)-curves in Fig. 1(b) are found to
strongly depend on the material, e.g., the SFE of CrFeCoNi strongly in-
creases with increasing T while those of MnFeCoNi and CrCoNi remain
nearly constant and that of Ni strongly decreases. As a result, the dif-
ference between the SFEs is much lower at 1200 K than at 0 K.

Since, to our knowledge, no experimentally determined SFEs have
been reported for FeCoNi, MnFeNi and MnCoNi to date, another
approach was chosen to empirically correct the EMTO values obtained
for these three alloys. As shown in Fig. S18, a systematic offset of ~33
mJ/m? was found at 293 K between experimentally determined and
computed SFEs. Using this offset, estimates of experimental SFEs for
FeCoNi, MnFeNi and MnCoNi were obtained by adding this offset to the
EMTO results.

The number of annealing twin boundaries per grain n is shown in
Fig. 2(a) as a function of d. Given experimental scatter, the n-value of
each alloy can be considered as approximately independent of d when d
< 60 um. Interestingly, MnFeCoNi (SFE at 293 K: 75 mJ/m?) and
CrFeCoNi (SFE = 20 mJ/m?) have high and low annealing twin den-
sities, respectively, suggesting that n is related to the SFE, see Table 1.

In this context, the quantitative measurements, conducted by
Vohringer [12] in pure FCC metals and binary Cu-based alloys with d ~
50 pm, are of considerable significance. To compare our data with those
of Vohringer, the conversion, described in section G of supplementary
materials, was applied to account for the different relationships between
¢, d and n in Refs. [19] and [12]. In Fig. 2(b), n for 50 < d < 60 um is
plotted as a function of the normalized SFE at 293 K (SFE/(Gb)), where G
is the shear modulus and b the norm of the full Burgers vector. Given
experimental scatters related to n and SFE values, it is surprising that the
annealing twin boundary density of pure metals, binary alloys, MEAs
and HEAs correlates well with the normalized SFE determined experi-
mentally at 293 K using the following empirical relationship:

n=0.108 + (G—b) 2)

SFE
It is expected that this correlation should be better if one would
consider the SFE at the recrystallization temperature (between 1000 K
and 1200 K) instead of 293 K. To investigate this possibility, n is plotted
as a function of SFE/(Gb) calculated at 0 K, 293 K, and 1000-1200 K in
Figs. S19(a)-(c), respectively. The correlation between n and calculated

SFEs in Fig. S19 is generally poorer than that obtained with the exper-
imental ones determined at 293 K (Fig. 2(b)). This may be related to the
difficulties and assumptions that are made to compute SFEs at finite
temperatures. However, it is informative to see how the n-versus-SFE/
(Gb)-curves evolve with increasing the temperature at which SFEs were
computed. A comparison of Figs. S19(a), (b) and (c) reveals that, as
expected, the scatter decreases with increasing temperature but this
effect is mostly marked between 0 K and 293 K while the change be-
tween 293 K and 1200 K is relatively small. This may be one of the
reasons for the surprisingly good correlation between the normalized
SFE and n in Fig. 2(b). More importantly, the empirical relationship in
Eq. (2) may be used to engineer the microstructure of recrystallized
MEAs and HEAs.

The twin-thickness-versus-grain-size curves, t(d), in Fig. 3(a) reveal
that t is proportional to d. Straight lines were fitted to each data set to
determine their slopes, Sysg. The proportionality between t and d in
Fig. 3(a) is in excellent agreement with the annealing twin growth model
proposed by Dash and Brown [10]. Even though this model was initially
proposed for primary recrystallization (i.e., nucleation of
dislocation-free grains that grow into a cold-worked matrix), Meyers and
McCowan [13] suggested that this model could also be applied to sec-
ondary recrystallization (i.e., shrinkage of small grains to the benefit of
large grains in a fully recrystallized microstructure). During secondary
recrystallization, the migration of grain boundaries and triple points
must be accommodated by deformation processes such as the nucleation
and growth of annealing twins. The Dash and Brown model [10] con-
siders a semi-circular annealing twin that has nucleated at a grain
boundary and grows to decrease the overall interfacial energy of the
system. The process is illustrated in the insets of Fig. 3(b) where side and
top views are shown in the upper left and lower right corners, respec-
tively. The radial growth of the annealing twin by dr induces a change in
energy given by:

dE = [2[ (EG|T*EG,GZ)+2ﬂ'VECTB +ﬂtEITB] dr, 3)
where Eg, and Eg, g, are the interfacial energies between grain 1 and
the annealing twin and grains 1 and 2, respectively. Errg and Ecrp are the
surface energies of the incoherent and coherent twin boundaries,
respectively. To minimize the overall interfacial energy (dE/dr) = O,
the equilibrium radius of the annealing twin is related to its thickness by:
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t 2
- Z(Egr — E Eqs |- 4
r 2 Ecrs ﬂ( a1 — Ec,6,) + Ens (©)]

According to Eq. (4), spontaneous growth is only possible when
%(EGIT — Eg,6,) + Emg < 0. Assuming that SFE ~ 2 Ecrp (in the absence
of Suzuki effect [41]) and that the growth of an annealing twin ends
when its radius becomes equal to the grain size d, Eq. (4) then implies
that t « d, which is indeed what we observe in Fig. 3(a). According to the
Dash and Brown model (Eq. (4)), the slopes Sysq of the lines shown in
Fig. 3(a) should be proportional to 2 Ecrpg ~ SFE. To investigate this
possibility, Fig. 3(b) shows Sysq as a function of SFE/(Gb). Except for a
small deviation for MnFeNi and some scatter, Fig. 3(b) shows that Sysq
indeed increases linearly with increasing SFE (Sysqg = 0.122 + 0.036 X
SFE/(Gb)). The linear dependence shown in Fig. 3(b) has an ordinate
intercept, unlike the Dash and Brown model [10]. However, it is worth
recalling that the t-values in Fig. 3(a) are projected thicknesses of twin
lamellae on the sample surface and are therefore larger than the real
ones. Moreover, our mean grain sizes represent mean intercept lengths
that are smaller than the corresponding average volumetric grain sizes,
i.e., the latter is 1.571 times larger than the former [25]. We therefore
argue that if these differences would be accounted for, the slopes of the
t-versus-d plots in Fig. 3(a) would decrease by a constant ratio and the
ordinate intercept of the fitted straight lines in Fig. 3(b) would be very
close to zero, consistent with the model of Dash and Brown [10].

In Fig. S20, Sysq is shown as a function of the SFE, calculated within
the EMTO framework at different temperatures. While using the SFEs
calculated at 0 K (Fig. S20(a)) does not yield a good correlation, SFEs
computed at RT (Fig. S20(b)) and at the recrystallization temperature
(Fig. S20(c)) yield a better one, which is, given the uncertainties related
to the simulations, in reasonable agreement with those obtained
experimentally.

To summarize, the purpose of the present study was to investigate
the effect of the SFE on the recrystallized microstructures of single-phase
FCC MEAs and HEAs, focusing on the density and mean thickness of
annealing twins. Interestingly, empirical relationships and theories that
were proposed between the 60 s and 70 s for pure metals and binary Cu-
based alloys also apply to MEAs and HEAs. These insights can thus be
used to engineer the microstructure of recrystallized FCC materials
regardless of their chemical complexity.
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