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Short-range ordering (SRO), its evolution in the equiatomic Cr-Co-Ni medium-entropy alloy (MEA), and its ef-
fects on mechanical properties were investigated by, respectively, electrical resistivity measurements and tension
and compression tests on single crystal specimens at room temperature and liquid nitrogen temperature. SRO
below 973 K can be monitored by changes in electrical resistivity, which increases gradually with time to a
saturation value during isothermal annealing in the temperature range of 673-973 K. While the time required to
reach saturation is shorter at higher temperatures, the saturation resistivity is higher at lower temperatures,
indicating a higher degree of SRO at lower temperature although it takes longer to reach saturation because of
slower kinetics. No significant change in the plastic deformation behavior is found at room temperature and 77 K
for different degrees of SRO. The yield stress as well as the slip localization behavior are basically the same after
SRO, and the magnitude of yield drop does not correlate with the degree of SRO. Tensile stress-strain curves are
not much affected by SRO up to high strain levels, resulting in identical shear stresses for the onset of defor-
mation twinning at room temperature regardless of the degree of SRO. The dislocation structure, variations in
dislocation dissociation width, and stacking fault energy are all essentially unchanged.

1. Introduction mechanical properties [9,10]. Many early investigations assumed a

completely random atomic structure in HEAs and MEAs. In recent years,

In recent years, a new class of alloys called high- and medium-
entropy alloys (HEAs and MEAs) have attracted the attention of a
tremendous number of materials scientists all over the world. Research
on HEAs and MEAs has thus become one of the most active areas in
materials science today with many review papers published recently
[1-8]. This stems from the fact that some solid-solution HEAs and MEAs
exhibit extraordinary mechanical properties such as simultaneous
achievement of high strength and high ductility, although such
extraordinary mechanical properties are not necessarily achieved by all
HEAs and MEAs [2,3]. Severely distorted crystal lattices of HEAs and
MEAs, which arise from varying atomic sizes of the constituent ele-
ments, are thought to play a decisive role in the extraordinary

however, short-range ordering (SRO) that may occur as a result of the
mixing enthalpy contribution to the Gibbs free energy [11], has been a
focus of intensive studies in HEAs and MEAs [4,12]. Some researchers
foresee that further improvement of mechanical properties may be
possible by tuning the degree of SRO in HEAs and MEAs [13,14].

SRO is not restricted to HEAs and MEAs. Many conventional alloys,
even simple binaries, are known to exhibit non-random atomic struc-
tures accompanied by SRO or short-range clustering (SRC) of the con-
stituent elements with the degree of SRO and SRC varying depending on
heat treatment [15-22]. SRO in conventional alloys is demonstrated by
x-ray, neutron or electron diffraction [23,24], or by electrical resistivity
and specific heat measurements [25,26]. In the last several decades,
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effects of SRO on strength have been the subject of many investigations,
especially in solid-solution alloys with the face-centered cubic (FCC)
structure. Many of these investigations employed one (or some) of the
above-mentioned methods (with electrical resistivity being the most
frequently employed [19,27], sometimes combined with x-ray, neutron
or electron diffraction [22,28,29]) to monitor the evolution of SRO and
to subsequently correlate it with strength. In the early days, simple
theories were proposed to account for SRO strengthening that scaled
with yap/b (ygp: SRO domain-boundary energy, b: the magnitude of
dislocation Burgers vector) on the assumption that the interaction of
SRO domain-boundaries and gliding dislocations contributes to
strengthening [30,31]. However, Cohen and Fine [32] later concluded
that the overall alloy strength is not affected significantly by SRO;
rather, they argued, the effects of SRO should be manifested as a yield
drop in the stress-strain curve with the magnitude of the yield drop
depending on the degree of SRO. This conclusion was based on the
consideration that the initial high resistance to dislocation motion
arising from SRO is quickly lowered by the passage of the first several
dislocations that destroy SRO on the slip plane; subsequent dislocations
moving on the same slip plane then experience less resistance resulting
in coarse (localized) slip. Consistent with the above notion of Cohen and
Fine, Scattergood and Bever [17] reported that, while the magnitude of
the yield-drop correlates well with the degree of SRO developed, all
other mechanical properties including yield strength do not correlate
with SRO in Cu-Al polycrystals. However, many other experimental
observations that contradicted Cohen and Fine [32] have been reported
from time to time. For example, Biittner and Nembach [18] and Svitak
and Asimow [33] reported that neither the yield strength nor the
yield-drop correlate with the degree of SRO in Cu-Au and Ag-Au poly-
crystals, respectively. On top of that, Biittner and Nembach [18] re-
ported that the yield strength of Cu-Au polycrystals reached a minimum
when the degree of SRO reached a maximum. While this contradicted
the general belief that strength increases with the degree of SRO
developed [30,31] it was subsequently shown to be consistent with
elasticity calculations of dislocations in Ag-Al alloys by Patu and
Arsenault [34]. Thus, when the entire weight of the evidence is
considered, it becomes clear that there is a lack of agreement on how
strength varies with SRO, even in conventional alloys.

SRO has been reported in the equiatomic Cr-Co-Ni MEA [11,35,36],
as well as in FCC HEAs of the Cr-Mn-Fe-Co-Ni system and its FCC MEA
subsystems [13,35,37-47]. Among these, the equiatomic Cr-Co-Ni MEA
is the most extensively studied. It is worth noting, however, that SRO in
the equiatomic Cr-Co-Ni MEA, as well its effects on mechanical prop-
erties, are mostly investigated by theoretical calculations based on
density-functional theory (DFT) and simulations [13,14,39,41,44]. A
substantial increase in strength associated with SRO has been suggested
by DFT calculations due to local fluctuations in stacking fault (SF) en-
ergy arising from the non-random atomic structure [13,14,39,41,44].
On the other hand, experimental efforts to demonstrate the presence of
SRO in the equiatomic Cr-Co-Ni MEA and to elucidate its effects on
mechanical properties are rather limited [43,48]. This is due mainly to
the difficulty in experimentally proving the presence of SRO by x-ray
and electron diffraction because of the very small difference in atomic
scattering factor of the constituent elements, Cr, Co and Ni over a wide
range of scattering angles (Fig. S1). Although there are some reports of
SRO based on electron diffraction and diffraction imaging [37,43], the
evidence is not unambiguous. Furthermore, different experimental in-
vestigators have drawn opposing conclusions on the effects of SRO on
mechanical properties [43,48]. Zhang et al. [43] reported remarkable
strengthening (yield strength increase of 25%) due to SRO in equiatomic
Cr-Co-Ni MEA polycrystals after annealing at 1273 K followed by
furnace cooling, while Inoue et al. [48] reported no measurable effect of
SRO on the yield strength of equiatomic Cr-Co-Ni MEA polycrystals after
annealing at 973 K for 384 h followed by water quenching. Note that
neither of these studies quantified the degree of SRO responsible for
their respective mechanical properties. Therefore, more work is needed
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to explore the effect of SRO on the strength of the equiatomic Cr-Co-Ni
MEA.

In the present study, we investigate (1) the evolution of SRO in the
equiatomic Cr-Co-Ni MEA by monitoring changes in electrical re-
sistivity, and (2) the effect of the degree of SRO on the mechanical
properties of single crystals of the equiatomic Cr-Co-Ni MEA in tension
and in compression at room temperature and liquid-nitrogen tempera-
ture. We investigate in particular how critical resolved shear stress
(CRSS) for {111}<110> slip, onset shear stress for {111}<112> twin-
ning, yield drop, slip localization as well as stacking fault (SF) energy are
affected by the development of SRO by monitoring electrical resistivity
changes.

2. Experimental procedures

Ingots of the equiatomic Cr-Co-Ni alloy were prepared by arc-melting
high-purity (>99.9%) Cr, Co and Ni in an argon atmosphere. Some of
these ingots were homogenized at 1473 K for 168 h. Rectangular
parallelepiped specimens were cut from the homogenized ingots, cold
rolled to 50% thickness reduction and then recrystallized at 1273 K for 2
h, followed by water quenching. Slices with dimensions 50 x 2 x 0.5
mm? were cut from the recrystallized ingots and then mechanically
polished with 1 pm diamond paste. Electrical resistivity measurements
were performed on these slices by the four-terminals method at room
temperature to monitor the evolution of short-range order after
isothermal annealing at various temperatures (573 to 973 K). Some of
the arc-melted ingots were used to grow single crystals of the Cr-Co-Ni
MEA with an optical floating-zone furnace in flowing Ar gas at a
growth rate of 10 mm/h. The single crystals were homogenized at 1473
K for 168 h followed by water quenching. Then, they were annealed at
573-873 K for 168-504 h followed by water quenching. After deter-
mining crystallographic orientations by the x-ray back-reflection Laue
method, single crystal specimens with the [123] loading-axis direction
were cut by spark-machining for compressive and tensile tests,
measuring 2 x 2 x 5 mm? in the gage section. Specimen surfaces were
polished first mechanically and then electrolytically with a solution of
perchloric acid, n-butanol and methanol (7.5: 29: 63.5 by volume) to
obtain a mirror finish. Compression and tensile tests were conducted on
an Instron-type testing machine at room temperature (in ambient air)
and at 77 K (with the specimen immersed in liquid nitrogen) at an en-
gineering strain rate of 1 x 10~* s~L. For some specimens tested in
tension at room temperature, changes in electrical resistivity during
deformation were monitored by interrupting tensile tests at various
stages of deformation. Deformation markings on specimen surfaces were
examined by optical microscopy, scanning electron microscopy (SEM;
JEOL JEM-7001FA operated at 20 kV) and atomic force microscopy
(AFM; Shimadzu SPM-9600). Dislocation structures were examined by
transmission electron microscopy (TEM) with a JEOL JEM-2000FX
electron microscope operated at 200 kV. Thin foils for TEM observa-
tions were prepared by electro-polishing in a solution of nitric acid,
ethylene glycol and methanol (2: 5: 20 by volume).

TEM and scanning transmission electron microscopy (STEM; JEOL
JEM-ARM200F electron microscopes operated at 200 kV) as well as
synchrotron x-ray diffraction (SPring-8, BLO2B1 beam line) were further
utilized to gain information about atomic arrangements in single-crystal
specimens subjected to various heat-treatments designed to suppress or
promote short-range ordering.

3. Results
3.1. Electrical resistivity
Equiatomic Cr-Co-Ni polycrystals were first quenched from 1473 K

and then isothermally annealed for various times at temperatures
ranging from 573 to 973 K. Their normalized room-temperature
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electrical resistivities (p/pg) are plotted in Fig. 1(a) as a function of
annealing time, where pg = 0.028161 + 0.00006 Q is the electrical re-
sistivity of specimens quenched from 1473 K. While no significant
change in electrical resistivity occurs during isothermal annealing at
573 K, it increases gradually and reaches a saturation value at the other
temperatures investigated, 673-973 K. The time required to reach the
saturation value is shorter at higher temperatures, but the saturation
value is higher at lower temperatures. Saturation already occurs after
0.05 h at 973 K whereas the resistivity (and implied SRO) continues to
increase even after 500 h at 673 K. This behavior is consistent with SRO
evolution in many FCC alloys such as Cu-Au [18], Ni-Cr [49] and Cu-Pd
[50] alloys. For the equiatomic Cr-Co-Ni polycrystals, the largest satu-
ration value obtained at 673 K is greater than py by ~4.8%. This
increment in electrical resistivity associated with SRO is comparable to
those reported for Ni-Cr alloys (~3% at 673 K) [49] and Cu-Pd alloys
(~7% at 523 K) [50] but is larger than that reported for Cu-Au alloys
(~1% at 423 K) [18]. It is important to note that the increase in elec-
trical resistivity after low-temperature (673-973 K) anneals is fully
reversible, that is, the original value can be obtained by annealing at
1473 K followed by quenching. This reversibility strongly suggests that
the formation of SRO indeed occurs by low-temperature annealing and
that electrical resistivity is a good way to monitor changes in the degree
of SRO.

We fit the time-dependent variation of electrical resistivity after
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Fig. 1. (a) Variations in electrical resistivity of the equiatomic Cr-Co-Ni poly-
crystals quenched from 1473 K during isothermal annealing at various tem-
peratures in a range from 573 to 973 K. (b) Arrhenius plot of relaxation time g
for resistivity change by isothermal annealing.
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isothermal annealing at 673, 773 and 873 K with the following equation,
p(0)/py =1+ {1 —exp(—1/p)} M

where t is annealing time and § and $ are constants depending on the
annealing temperature. The results of fitting are tabulated in Table 1.
When the increase in resistivity reflects the volume of SRO formed and
the constant § represents the fractional volume at saturation, Eq. (1) can
be regarded as an Avrami-type equation for the time dependence of SRO
with Avrami index n = 1 (needle-like growth). On the assumption that
the behavior shown in Fig. 1(a) is controlled by atomic diffusion, the
temperature dependence of f can be expressed with the following
Arrhenius-type equation,

P = Poexp(E / RT) )

where f, is a pre-exponential factor, R the gas constant, T the absolute
temperature and E the activation energy. The natural logarithm of f is
plotted in Fig. 1(b) as a function of inverse temperature. The activation
energy and pre-exponential factor deduced from Fig. 1(b) are E =194 +
27 kJ/mol and f,= 2.85 x 10719¥17 5 The activation energy obtained
from Fig. 1(b) is smaller than those (250-310 kJ/mol [51,52]) usually
reported for atomic diffusion in HEAs and MEAs of the Cr-Mn-Fe-Co-Ni
system. However, a recent tracer diffusion experiment indicates that
atomic diffusion of Co and Ni below 1100 K occurs faster with smaller
activation energies (206 and 185 kJ/mol) than what is expected from
the extrapolation from high temperatures due presumably to the ten-
dency for SRO formation in a Cr-Mn-Fe-Co-Ni alloy [53]. We suspect a
similar diffusion behavior occurs also in the Cr-Co-Ni alloys at low
temperatures due to SRO.

3.2. Electron and X-ray diffraction

Selected-area electron diffraction (SAED) patterns with the [111]
and [112] incidences taken from the single crystals water-quenched
from 1473 K and subsequently annealed at 773 K for 168 h are shown
in Fig. 2(a), (b) and Fig. 3(a), (b), respectively. We selected these two
specimens, based on Fig. 1(a), as representatives of the highest and
lowest degrees of SRO, respectively. The specimen annealed at 773 K for
168 h exhibits a greater than 4% increase in electrical resistivity, which
is the highest among the curves in Fig. 1(a). In FCC solid-solutions, short-
range ordering of the L15- or L1y-type has been theoretically predicted
[40,54,55] and experimentally verified [22,29,40,48] in the Cr-Co-Ni
MEA and its related alloys. However, in the present study, no diffuse
intensity indicative of SRO of the L1,- or L1o-type is observed at their
superlattice reflection positions (for example at 110-type positions) in
the SAED patterns (Figs. 2(a), (b) and 3(a), (b)), as seen in the intensity
profile between the transmitted beam and 220 reflection for both [111]
incidence (Figs. 2(c) and 3(c)) and [112] incidence (Figs. 2(d) and 3(d)).
This, however, does not rule out SRO of the L1,- or Lly-type in the
Cr-Co-Ni MEA, in view of the very small difference in atomic scattering
factor of the constituent elements, Cr, Co and Ni. Instead, some diffuse
intensity is observed at positions of 1/3{422} and 1/2{113} respectively
in the SAED patterns for [111] and [112] incidences, as marked with
dotted circles in Figs. 2(a), (b) and 3(a), (b). However, no significant
difference in the intensity of such diffuse scattering is observed between

Table 1
Fitting parameters used to describe the Eqs. (1) and (2).
Annealing temperature 8 B Po E (kJ/
X mol)
673 0.04753  4.23 x 2.85 x 10'° 194+27
105 +1.7
773 0.03914  1.76 x
10°
873 0.02663 1.75 x
102
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Fig. 2. SAED patterns with the (a) [111] and (b)
[112] incidences taken from the single crystals
water-quenched from 1473 K. Intensity profile
along a line between the transmitted beam and 220
reflection in SAED patterns with (c) [111] and (d)
[112] incidences. Dark-field images formed by
setting an objective aperture at a position of (e) 1/3
{422} and (f) 1/2{113} (as shown in the inset
SAED patterns). (g) Atomic-resolution HAADF-
STEM image taken along [111] with FFT diagram
(inset). (h) Inverse FFT image formed with the
diffuse intensities at 1/3{422} position in the FFT
diagram.
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the two specimens in which significantly different degrees of SRO are
expected. Many previous studies on SRO in FCC solid-solution alloys
assume that the diffuse intensity at positions of 1/3{422} and 1/2{113}
is an indication of the occurrence of SRO [37,45,56-58], although this
has never been verified. Dark-field imaging by setting an objective
aperture at a position of 1/3{422} or 1/2{113} reveals some small
bright regions with sizes of 1-2 nm in diameter, however, without any
significant difference between the two specimens (Figs. 2(e), (f) and 3

2 4 6 8 10
Reciprocal of d-spacing (1/nm)

(&), ().

Fig. 2(g) and Fig. 3(g) show, respectively, atomic-resolution high-
angle annular dark-field (HAADF)-STEM images taken along [111] for
single crystals water-quenched from 1473 K and subsequently annealed
at 773 K for 168 h. Although the intensity of each of the imaged atomic
columns is known to be proportional to the square of the averaged
atomic number of constituent elements in the relevant column, no
particular atomic arrangement that may be related to SRO is observed in
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Fig. 3. SAED patterns with the (a) [111] and
(b) [112] incidences taken from the single
crystals subsequently annealed at 773 K for
168 h after water-quenching from 1473 K. In-
tensity profile along a line between the trans-
mitted beam and 220 reflection in SAED
patterns with (c¢) [111] and (d) [112] in-
cidences. Dark-field images formed by setting
an objective aperture at a position of (e) 1/3
{422} and (f) 1/2{113} (as shown in the inset
SAED patterns). (g) Atomic-resolution HAADF-
STEM image taken along [111] with FFT dia-
gram (inset). (h) Inverse FFT image formed
with the diffuse intensities at 1/3{422} position
in the FFT diagram.
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either specimen. This is understandable given the small difference in
atomic numbers of Cr, Co and Ni. Fast Fourier transforms (FFT) of these
HAADF-STEM images reveal diffuse intensities at 1/3{422} positions
(insets in Figs. 2(g) and 3(g)), as in the SAED patterns of Figs. 2(a) and 3
(a). Inverse FFT images formed with these diffuse intensities at 1/3
{422} positions exhibit scattered small bright regions with sizes of 1~2

nm in diameter but, again, without any significant difference between
the two specimens (Figs. 2(e), (f) and 3(e), (f)). Zhou et al. [37] claimed
that the occurrence of 1/2{311} diffuse intensity in the [112] SAED is
clear evidence of SRO in Cr-Co-Ni subjected to annealing at 873 K for 1 h
and that the small regions revealed by inverse FFT imaging with such
diffuse scattering correspond to short-range ordered domains. Similar
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claims were made also for Al-Cr-Co-Ni [58], Cr-Mn-Fe-Co [45] and
V-Co-Ni [57] MEAs. However, neither the diffuse intensities at positions
of 1/3{422} and 1/2{113} nor the sizes of the small regions revealed by
dark-field TEM imaging and by inverse FFT of atomic-resolution
HAADF-STEM images (presumed to be short-range ordered domains)
vary when the electrical resistivity changes, i.e., they do not depend on
the degree of SRO, as seen in Figs. 2 and 3. This calls into question the
correlation between diffuse intensities at positions of 1/3{422} and 1/2
{113} in diffraction patterns and SRO in the Cr-Co-Ni MEA.

Indeed, even in Cu, a pure FCC element, diffuse intensity is observed
at positions of 1/3{422} and 1/2{113} in SAED patterns with the [111]
and [112] incidences (Fig. S2(a) and (b)) and dark-field imaging with
these diffuse intensities reveals some small bright regions (Fig. S2(e) and
(M) not unlike those seen in the Cr-Co-Ni MEA. There is a long history of
these diffuse intensities being attributed to factors other than SRO, such
as thin film effects ({111} relrod spiking from the first-order Laue zone
(FOLZ) into the zero-th layer), surface steps, incorporation of defects on
{111} (stacking faults, twins and HCP layers) and so on [59-65]. In view
of the very small difference in atomic scattering factor of the constituent
elements of the Cr-Co-Ni MEA, we strongly suspect that the occurrence
of diffuse scattering at 1/3{422} and 1/2{113} positions in the SAED
patterns in the Cr-Co-Ni MEA is due mainly to thin film effects ({111}
relrod spiking) and surface steps rather than SRO. In fact, no diffuse
intensities are present at these positions in the synchrotron x-ray
diffraction patterns (Fig. S3). This clearly indicates that the development
of SRO in the Cr-Co-Ni MEA cannot be monitored by simple x-ray and
electron diffraction experiments.

3.3. Mechanical properties

3.3.1. Yield stress in compression and tension

We investigated how the deformation behavior of single crystals of
the equiatomic Cr-Co-Ni alloys changes with electrical resistivity (i.e.,
the degree of SRO) upon annealing. Fig. 4 shows the temperature and
time dependence of the critical resolved shear stress (CRSS) for (111)
slip. Values of CRSS were calculated from the yield stresses defined as
the 0.2% flow stress multiplied by the Schmid factor (0.467) of the [123]
orientation. CRSS values for (111) slip obtained at room temperature in
compression and tension, and at 77 K in compression are plotted in Fig. 4
(a) as a function of annealing temperature (after first annealing at 1473
K for 168 h and water quenching). All these specimens were annealed at
the indicated temperatures for the same length of time (168 h), followed
by water-quenching prior to mechanical testing. The CRSS values at
room temperature and 77 K (65 and 133 MPa, respectively [66]) ob-
tained previously in compression for specimens quenched from 1473 K
after annealing for 168 h are indicated with a dotted line in Fig. 4(a).
After 168 h, the degree of SRO is expected to be the largest for the 773 K
anneal, followed by the 673 and 873 K anneals, according to the elec-
trical resistivity changes shown in Fig. 1(a). However, the CRSS values at
both room temperature and 77 K do not change significantly with
annealing temperature, furthermore, all the CRSS values are comparable
to those of specimens quenched from 1473 K. Note that no significant
change in CRSS is observed also for specimens furnace-cooled from
1273 K (at arate of 100 K/h). This result is in contrast to an earlier paper
[43] on polycrystalline Cr-Co-Ni that reported a 25% yield stress in-
crease in specimens aged at 1273 K for 120 h and furnace-cooled relative
to their unaged and water-quenched counterparts despite the aged
specimens having a larger grain size (i.e., lower Hall-Petch
strengthening).

We also investigated effects of isothermal annealing at 673 K on the
CRSS at room temperature both in tension and compression, as shown in
Fig. 4(b). We employed 673 K as the isothermal annealing temperature
as there is a large change in electrical resistivity at this temperature and
the change occurs very gradually (Fig. 1(a)). The dotted line in the figure
is the CRSS value obtained in compression for specimens quenched from
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Fig. 4. (a) CRSS values for (111) slip obtained for [123]-oriented single crystals
of the equiatomic Cr-Co-Ni MEA at room temperature in compression and
tension and at 77 K in compression plotted as a function of subsequent
annealing temperature (for 168 h) after quenching form 1473 K. (b) CRSS
values for (111) slip obtained at room temperature in compression and tension
for [123]-oriented single crystals of the equiatomic Cr-Co-Ni MEA quenched
from 1473 K plotted as a function of isothermal annealing time at 673 K.

1473 K after annealing for 168 h. The CRSS values obtained in
compression and tension at room temperature are, again, all comparable
with that for specimens quenched from 1473 K, and they do not change
significantly with annealing time at 673 K, although the degree of SRO
must change gradually but significantly to the highest level after 504 h
as indicated by the greater than 4% electrical resistivity increase under
these conditions (Fig. 1(a)).

We thus conclude that the degree of SRO does not affect significantly
the CRSS value for (111) slip in the equiatomic Cr-Co-Ni MEA. This
conclusion is consistent with what is observed for Cu-Al [32] and Cu-Au
alloys [18,20] and also for the Cr-Mn-Fe-Co-Ni HEA [46] and Cr-Co-Ni
MEA [42], but is in contrast to most theoretical predictions [13,14,39,
41,44] and to the report by Zhang et al. [43] that the yield strength
increased by 25% due to SRO in polycrystals of Cr-Co-Ni after
furnace-cooling from 1273 K.

3.3.2. Dislocation structures
Dislocation structures revealed by bright-field and weak-beam dark-
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field imaging in [123]-oriented single crystals are shown in Fig. 5(a), (b)
for specimens water-quenched from 1473 K, and Fig. 5(d), (e) for
specimens water quenched and subsequently annealed at 773 K for 68 h.
We selected these two conditions as representatives of the lowest and
highest SRO respectively, similar to those used for TEM observations,
Figs. 2 and 3. Both specimens were compressed at room temperature to
about 3% plastic strain, and a thin foil was cut parallel to the (111)
macroscopic slip plane. In both specimens, typical planar arrays of
smoothly curved long dislocations are observed on the (111) slip planes
in the bright-field images, Fig. 5(a) and (d). Although the dominance of
screw dislocations upon SRO strengthening is theoretically predicted
[67], no significant change in dislocation alignment along particular
orientations was noted after SRO formation in the equiatomic Cr-Co-Ni
MEA. The observed planar array of dislocations is consistent with a low
stacking fault energy of the alloy, as evident from the large separation
distance between paired Shockley partial dislocations in the weak-beam
images of Fig. 5(b) and (e). The separation distance between paired
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Shockley partial dislocations was measured as a function of angle 6
between the Burgers vector and line direction of the perfect dislocations
in Fig. 5(c) and (f) to deduce the stacking fault energy of the two alloys.
Although the dissociation widths in both alloys exhibit scatter, they are
in the range of those reported for pure Cu [68], Ag [69] and for the
Cr-Mn-Fe-Co-Ni HEA [46,70,71]. On top of that, the magnitude of the
scatter is similar for these two alloys (one quenched from 1473 K and the
other subsequently annealed at 773 K) and does not change much after
annealing at 773 K. This contrasts with what is predicted from theo-
retical calculation for alloys with SRO, in which a significant variation in
dissociation width is predicted in the presence of local SRO [13,14].
From the orientation dependence of dissociation width, we deduced the
stacking fault energy of 13.5 mJ/m? for the Cr-Co-Ni MEA
water-quenched from 1473 K and 13.3 mJ/m? for the same alloy sub-
sequently annealed at 773 K for 68 h. This indicates that the stacking
fault energy is virtually unchanged with the development of SRO in the
equiatomic Cr-Co-Ni MEA. Our finding here is consistent with our
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Fig. 5. Dislocation structures reveled by (a), (d) bright-field and (b), (e) weak-beam dark-filed imaging for [123]-oriented single crystals (a), (b) water-quenched
from 1473 K and (d), (e) subsequently annealed at 773 K for 168 h. Separation distance between paired Shockley partial dislocations were measured as a func-
tion of angle # between the Burgers vector and line direction of the perfect dislocations for [123]-oriented single crystals (c) water-quenched from 1473 K and (f)

subsequently annealed at 773 K for 168 h.
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previous finding in Cr-Mn-Fe-Co-Ni [46] but at odds with the paper by
Zhang et al. [43] in which the stacking fault energy of the equiatomic
Cr-Co-Ni MEA was reported to increase significantly from 8 mJ/m? after
water quenching to 23 mJ/m? after furnace-cooling from 1273 K and
attributed to increased SRO in the latter condition.

3.3.3. Yield drop, electrical resistivity change and slip localization in
tension

In some dilute FCC alloys, a noticeable yield drop is believed to
emerge in the tensile stress-strain curve accompanied by localized
(coarse and planar) slip bands as a result of SRO [17,32]. This is believed
to be due to the quick dissipation of the SRO-induced high resistance to
dislocation motion by the passage of the first several dislocations that
destroy SRO on the slip plane, so that subsequent dislocations move on
the same slip plane experiencing less resistance, thereby forming coarse
slip bands [32]. To check whether this is also the case for the equiatomic
Cr-Co-Ni MEA, we investigated the magnitude of yield drop and slip
localization behavior with the use of [123]-oriented single crystals
water-quenched from 1473 K and subsequently annealed at 673 K for
168 or 504 h. The increments in electrical resistivity for the latter two
specimens are 3.4 and 4.8%, respectively.

Tensile stress-strain curves obtained at room temperature for these
specimens are shown in Fig. 6(a) up to the end of stage I. Yield drop
occurs for all specimens but in a rather wide range of plastic strain
(usually exceeding several percent of engineering strain) so that the
stress-strain curve in stage I exhibits a concave upward shape without a
plateau. This is different from the behavior observed for some conven-
tional dilute FCC alloys, in which a sharper yield drop occurs (within a
few percent of plastic strain), followed by a plateau stress [17,18,32,33].
In the present study, we define the yield drop as the difference between
the upper yield stress and lowest flow stress in stage I. The magnitudes of
the yield drop estimated from the tensile stress-strain curves in Fig. 6(a)
are 12.11 + 2.5, 8.83 + 3.5 and 9.39 + 2.5 MPa for single crystals
water-quenched from 1473 K, and water-quenched and subsequently
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annealed at 673 K for 168 and 504 h, respectively. The degree of SRO (as
determined by the increment in electrical resistivity) does not correlate
with the extent of yield drop in the equiatomic Cr-Co-Ni MEA (Fig. 6(b)).
This is consistent with the result reported by Biittner and Nembach [18]
and Kuhlmann et al. [20] for Cu-Au alloys but is in contrast to what is
observed for conventional dilute FCC alloys [17,32].

We also investigated changes in electrical resistivity during tensile
deformation in stage I by conducting interrupted tensile tests at room
temperature for [123]-oriented single crystals water-quenched from
1473 K and subsequently annealed at 673 K for 504 h, as shown in Fig. 6
(c). As in Fig. 1(a), values plotted in Fig. 6(c) are all normalized to the
value (p) of electrical resistivity obtained after quenching from 1473 K.
That is why the starting value of electrical resistivity is 1.04 for the
specimen subsequently annealed at 673 K for 504 h, while it is 1 for the
specimen water-quenched from 1473 K. Because of the dislocations
introduced during deformation (and stored in the specimen), the elec-
trical resistivity is generally expected to increase as deformation pro-
ceeds. In the equiatomic Cr-Co-Ni MEA, however, the resistivity first
decreases, exhibiting a minimum at an engineering strain of 6~7%,
followed by an increase at higher strains for both specimens. The strain
level for the minimum flow stress almost coincides with that for the
minimum electrical resistivity for both specimens. The decrease in
electrical resistivity at the minimum is about 3% for the single crystal
water-quenched from 1473 K, while it is a bit larger, 4%, for the single
crystal subsequently annealed at 673 K for 504 h. The decrease in
electrical resistivity following deformation (i.e., by dislocation intro-
duction) together with the decrease in electrical resistivity by low-
temperature annealing is usually called the K-effect [22,72]. It is usu-
ally thought to be caused by a special atom arrangement of the SRO-type
[22] where the decrease in electrical resistivity in the early stages of
deformation occurs via the destruction of SRO by the motion of dislo-
cations. If this is the case for the equiatomic Cr-Co-Ni MEA, single
crystals water-quenched from 1473 K, as well as those subsequently
annealed at 673 K for 504 h, both contain some degree of SRO prior to

Fig. 6. Tensile stress-strain curves up to the

1473 K annealed 673 K annealed for 168 h

Yield point

Flow stress

Engineering stress (MPa)
g

673 K annealed for 504 h

end of stage I obtained at room temperature for
[123]-oriented single crystals water-quenched
from 1473 K and subsequently annealed at
673 K for 168 and 504 h. (b) Magnitude of
yield drop measured for these three different
specimens from (a). (c) Variations of electrical
resistivity for [123]-oriented single crystals
water-quenched from 1473 K and subsequently
annealed at 673 K for 504 h measured as a
function of plastic strain in stage I in tensile
deformation.
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deformation. Additionally, this SRO is destroyed by the motion of dis-
locations, and the decrease in the degree of SRO is larger for the single
crystal subsequently annealed at 673 K for 504 h because of its higher
initial degree of SRO. However, the initial degree of SRO in the single
crystals water-quenched from 1473 K may not be very high since its
electrical resistivity is comparable to that of specimens quenched from
the liquid state in which the degree of SRO is expected to be minimized.

We investigated step heights of the deformation markings formed in
the very early stages of plasticity by optical and atomic force microscopy

https://repository.kulib.kyoto-u.ac.jp
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to evaluate how the development of SRO affects slip localization be-
haviors. To that end, [123]-oriented single crystals water-quenched
from 1473 K as well as those subsequently annealed at 673 K for 504
h were examined, as shown in Fig. 7. The specimen geometry for optical
and atomic force microscopy observations is depicted in Fig. S4. The
observations were made (1) at a very small strain level (~0.4% plastic
strain) corresponding to the peak stress of the upper yield point, and (2)
at a strain level corresponding to about 1% additional plastic strain at
the same position in both specimens. The densities of slip bands revealed

Fig. 7. Deformation markings reveled by opti-
cal and atomic force microscopy in the (541)
surface of [123]-oriented single crystals (a), (b)
water-quenched from 1473 K and (e), (f) sub-
sequently annealed at 673 K for 504 h (a), (e) at
a very small strain level (~0.4% plastic strain)
corresponding to the peak stress of upper
yielding and (b), (f) at a strain level with about
1% additional plastic strain. Height variation
diagrams measure by atomic force microscopy
along A-B and C-D and histograms of slip
heights formed from the height variation dia-
grams are shown for (c), (d) [123]-oriented
single crystals water-quenched from 1473 K
and for (g), (h) those subsequently annealed at
673 K for 504 h.
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by optical microscopy are almost identical for the two specimens at the
same strain levels in spite of the different degrees of SRO. In both
specimens, new slip bands are observed to form between existing slip
bands as deformation proceeds, in spite of the decreasing flow stress.
This clearly indicates that the emergence of yield drop is not necessarily
related to the quick decay of the SRO-induced high resistance to dislo-
cation motion by the passage of the first several dislocations during the
formation of a new slip band/line [32]. Atomic force microscopy
revealed that a slip band optically observed as a single line actually
consists of a number of slip steps parallel to (111), as seen in the height
variation diagrams of Fig. 7(c) and (g). Comparison of the diagrams
along AB and CD in Fig. 7(c) and (g) clearly indicates that, in addition to
incremental slip at existing slip lines in the band, widening of the slip
band also occurs by forming adjacent slip lines in both specimens. From
Fig. 7(c) and (g), histograms of slip heights can be determined, which are
plotted in Fig. 7(d) and (h). The averaged slip heights are almost iden-
tical for the two specimens at the same strain levels. For both specimens,
the average slip height increases from 15 to 22 nm during 1% additional
plastic strain in stage I. These average slip heights in the Cr-Co-Ni MEA
are comparable to those observed in stage I for FCC alloys with a low
stacking fault energy (27 nm for Cu-19 at.% Zn and 24 nm Cu-30 at.% Zn
[73]). These results indicate that the development of SRO does not
significantly affect the slip localization behavior in the Cr-Co-Ni MEA.
This is in contrast to what is believed to occur in the presence of SRO in
some conventional dilute FCC alloys [17,32,73,74].

3.3.4. Deformation at large strain levels in tension
Fig. 8(a) shows engineering stress-strain curves obtained in tension
at room temperature for [123]-oriented single crystals of the Cr-Co-Ni
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MEA: one water-quenched from 1473 K and the other subsequently
annealed at 673 K for 504 h. The stress-strain curve for the specimen
water-quenched from 1473 K is from our previous study [66] where it
was deformed until failure occurred. Two inflection points are evident in
the stress-strain curve, following stage II (linear work-hardening). The
first inflection point at about 150% strain corresponds to the end of
overshooting (i.e., the change in the dominant slip system from the
(111)[101] primary slip system to the (111)[011] conjugate slip sys-
tem), and the second point corresponds to the change in the dominant
deformation mode from (111)[011] conjugate slip to (111) [211] pri-
mary twinning [66]. In this study, the tensile test for the single crystal
subsequently annealed at 673 K for 504 h was interrupted at a strain
level of 220% immediately after the second inflection point for detailed
observations of deformation microstructures. Although the degree of
SRO in the two specimens is expected to be significantly different based
on their different resistivities, their tensile stress-strain curves are quite
similar to each other. The yield stress, length of stage I, the stress and
strain levels at which the first and second inflection points occur are all
virtually the same for the two specimens despite their different degrees
of SRO. This indicates that the deformation behavior does not vary
significantly with degree of SRO not only in the early stages of defor-
mation (as described in the previous sections) but also after large strains.
In fact, as in the water-quenched single crystal, the second inflection
point in the single crystal annealed at 673 K for 504 h also corresponds
to the onset of (111) [211] primary twinning, Fig. 8(d) and (e). The
thickness and volume fraction of twins are virtually the same as those of
the single crystal water-quenched from 1473 K (Fig. 8(b) and (c)), when
compared at similar strain levels. The true stresses for the onset of
twinning are 995 + 30 MPa for the single crystal water-quenched from
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Fig. 8. (a) Tensile stress-strain curves obtained in tension at room temperature for [123]-oriented single crystals water-quenched from 1473 K and subsequently

annealed at 673 K for 504 h. (b), (d) Optical micrographs and (c), (e¢) EBSD maps to
water-quenched from 1473 K and (d), (e) subsequently annealed at 673 K for 504
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1473 K and 991 + 70 MPa for that subsequently annealed at 673 K for
504 h (these values are considerably higher than the twinning stress
(740 + 45 MPa) for polycrystals in previous study [75], in which
deformation twinning initiates at a much lower strain levels). Conse-
quently, the twinning shear stresses calculated using the corresponding
Schmid factor (0.409) [66] are also similar, 407 4 12 MPa and 405 +
29 MPa. This is a clear indication that the twinning behavior does not
vary significantly with the degree of SRO.

4. Discussion
4.1. Evidence for SRO

Using electron diffraction and HAADF-STEM imaging Zhang et al.
[43] reported SRO in equiatomic Cr-Co-Ni MEA polycrystals after
annealing at 1273 K followed by furnace cooling. They described that
SRO in the equiatomic Cr-Co-Ni MEA polycrystals is detected as streaks
elongated along the <111> directions [43]. On the other hand, Zhou
et al. [37] associated SRO in the equiatomic Cr-Co-Ni MEA with diffuse
intensity at the 1/2{113} positions in SAED patterns with the <112>
incidence. Here we did not observe streaks along <111> but did observe
diffuse intensity at positions of 1/3{422} and 1/2{113} in the SAED
patterns for [111] and [112] incidences. However, these diffuse in-
tensities did not change significantly with degree of SRO. Additionally,
such diffuse intensities can also be due to other factors such as thin film
effects ({111} relrod spiking) and/or surface steps parallel to {111}. The
above factors, along with the very small difference in atomic scattering
factors of Cr, Co and Ni, make it very difficult to obtain unambiguous
evidence for SRO in the Cr-Co-Ni MEA by x-ray and electron diffraction
methods.

In contrast, electrical resistivity measurements seem to offer a suit-
able way to detect SRO in the equiatomic Cr-Co-Ni MEA in a fairly
quantitative manner. Recent kinetic Monte-Carlo calculations using
potentials generated by neural networks by Du et al. [76] have predicted
that the changes in the Warren-Cowley parameters of the equiatomic
Cr-Co-Ni MEA upon aging are very similar to the changes in electrical
resistivity shown in Fig. 1(a) with the saturated Warren-Cowley
parameter acr_co reaching a value of -0.217 at 700 K. Although the
degree of SRO is expected to correlate well with changes in electrical
resistivity, a linear correlation between the two has yet to be proven. A
lattice contraction is predicted to accompany SRO in some MEAs
including the equiatomic Cr-Co-Ni MEA by DFT calculations [44]. And,
indeed, we observed a decrease in the lattice constant from 0.35666 nm
(for samples quenched from 1473 K) to 0.35662 nm (for those subse-
quently annealed at 673 K for 168 h), and then to 0.35648 nm (for those
subsequently annealed at 673 K for 504 h) by our X-ray diffraction.
Interestingly, the lattice constant returns to the original value upon
re-annealing at 1473 K, consistent with a similar recovery of electrical
resistivity. This is further evidence of SRO in the equiatomic Cr-Co-Ni
MEA.

4.2. Microstructural evolution accompanying SRO

Some alloys like those in the Ni-Cr [49] and Ni-Mo [77] systems are
known to exhibit the so-called K-effect [72] that is believed to be closely
related to SRO. The increased electrical resistivity during
low-temperature annealing is attributed to the formation of small NizCr-
or NiyCr-like clusters in Ni-Cr alloys [49] and to the formation of SRO of
the Ll,-type in a Ni-Al-Fe alloy [22]. Theoretical calculations have
indicated that the increased resistivity after low-temperature annealing
in, for example, Ni-Cr [78] and Ni-Mo [77] alloys, is due to the forma-
tion of a local atomic arrangement in which a Cr (or Mo) atom is pref-
erentially surrounded by Ni atoms, i.e., NigCr cluster of the L1,-type. We
postulate that the formation of small NisCr clusters (or (Ni,Co)sCr
clusters in the case of the Cr-Co-Ni MEA) of the L1,-type causes (at least
partially, that is, in addition to SRO) the increase in electrical resistivity
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observed after low-temperature annealing in the equiatomic Cr-Co-Ni
MEA (Fig. 1(a)). Thermodynamically speaking, the formation of inho-
mogeneous structure containing small clusters of the (Ni,Co)sCr type in
CrCoNi is usually described as the precursor to phase separation and
precipitation but not SRO states in which a statistically homogeneous
structure is assumed. Practically speaking, however, it is very difficult to
realize such phase separation (i.e., formation of L1,-(Ni,Co)3Cr clusters
having a “discrete” interface with the FCC matrix) in experiments. As
evidence, we note that the TEM microstructure and electrical resistivity
after annealing at 773 K for half a year are essentially identical to those
after annealing at 773 K for 168 h.

We now estimate from Fig. 1 the size and volume fraction of these
small clusters of the (Ni,Co)sCr-type. The preexponential factor g, (2.85
x 10719417 5) is much longer than the mean time for monoatomic jump
(i.e., atomic jump to the nearest neighbor site, or the inverse of the
lattice vibration frequency) of aboutf,,,,,= 103 s and can be consid-
ered approximately as the cumulative number of atom jumps required
for the formation of small clusters with a higher degree of SRO. Then, the
ratio fy/Bmono ~ 3000 corresponds to the total number of atoms in each
cluster, which indicates a diameter of about 3—4 nm for each cluster if a
spherical shape is assumed. If we suppose that the specimen subjected to
low temperature annealing in the saturated state consists of the as-
quenched matrix with resistivity pag, plus small clusters with re-
sistivity psc, the total resistivity psye can be expressed by the mean
approximation as

Psa

=(1-Vs) + &VSC 3
Paq PaQ
where Vg is the volume fraction of the small clusters and
P _ 541 &)
Paq

where § is the fractional increase of resistivity in Eq. (1). Theoretical
calculation has suggested that the residual resistivity of a Ni-Cr alloy
changes by ~2 x 1077 Qm by preferential formation of a Cr-Ni pair from
the random state [78]. If the same resistivity change is assumed for the
present Cr-Co-Ni alloy, and a value of ppag = 1.02 x 107° Qm [79] is
used, psc/pagis calculated to be 1.22. This leads to the relationship
Vsc =6/0.22 from which the volume fraction of small clusters is
calculated to be Vg¢c = 0.21 at § = 0.047 (i.e., at 673 K, where the
saturation resistivity is the highest in the present study). Similarly, the
volume fraction of small clusters is calculated to be Vgc = 0.18 at § =
0.039 (773 K) and Vs¢ = 0.12 at § = 0.027 (873 K).

The above analyses, though crude, helps us visualize the atomic
structures in the equiatomic Cr-Co-Ni MEA as follows. First, when the
SRO state is defined by an SRO parameter like Warren-Cowley, the
atomic arrangement is implicitly assumed to be uniform everywhere, i.
e., the same degree of SRO should be present throughout the specimen.
Here, on the other hand, the specimen contains some clusters with
higher degree of order of the (Ni,Co)sCr-type surrounded by a matrix
with lower degree of order (the matrix may exhibit SRO in the classical
sense). Second, the size of these clusters is about 3-4 nm in diameter and
their volume fraction is at most only 0.2. Third, the boundary between
the two different regions (that is, between the clusters and matrix) may
be diffuse and not discrete, although further study is needed to clarify
this. Finally, the small size of clusters with higher degree of order may
indicate that these clusters do not grow much in size during isothermal
annealing but rather increase in density until the saturation value is
reached at the various annealing temperatures. In view of these non-
uniform atomic arrangements that are inhomogeneously distributed in
the material, and the relatively large cluster sizes of a few nm, it may be
better in the future to refer to such atomic structures as “medium-range
ordering” rather than short-range ordering as is often the current prac-
tice in the HEA/MEA literature. This alternative terminology is an
attempt to describe the mixture of nanoscale ordered -clusters
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inhomogeneously distributed in a matrix that also exhibits SRO.

4.3. Changes in mechanical properties with SRO

In contrast to an earlier report [43] of a remarkable 25% increase in
yield strength associated with SRO in polycrystalline, equiatomic
Cr-Co-Ni after annealing at 1273 K followed by furnace cooling, here we
find essentially no change in the CRSS of single crystals of the equia-
tomic Cr-Co-Ni subjected to different heat treatments, as well as only a
2% increase in electrical resistivity after furnace cooling (at a rate of
100 K per hour) from 1273 K. A possible reason for this discrepancy may
be that Zhang et al. [43] tested large-grained polycrystals (grain sizes of
800 um and 1000 pym in the water-quenched and aged specimens,
respectively). Their relatively small tensile specimens had a thickness of
800 um, which means that they contained only one grain through the
thickness. Unless, by coincidence, the differently heat treated specimens
had exactly the same orientation of the through-thickness grains, it is
entirely possible that part or all of their yield strength increase (25%)
was due to differences in grain orientations. Here, by contrast, our
tensile specimens were all oriented for single slip along the [123]
loading axis, which allows us to more precisely determine any effect of
SRO on CRSS without the confounding effects of different orientations in
different gage sections. Inoue et al. [48] reported no measurable change
in the yield strength of polycrystalline, equiatomic Cr-Co-Ni after
annealing at 973 K for 384 h followed by water quenching. The latter
results are understandable based on Fig. 1(a) because the annealing
temperature (973 K) they employed is too high to form significant SRO
as the increment in electrical resistivity is small (0.5%). Yin et al. [42]
reported no measurable change in hardness of polycrystalline, equia-
tomic Cr-Co-Ni after annealing at 873 K for 384 h, which is consistent
with the present results.

The electrical resistivity measurements in the present study show
that SRO (and/or ordered clusters) are present in the equiatomic Cr-Co-
Ni MEA in the temperature range of 673-873 K with the saturation value
of electrical resistivity being higher at lower temperatures (the incre-
ment is 2.7% at 873 K and 4.8% at 673 K, see Fig. 1(a)). In spite of
changes in electrical resistivity upon annealing in this range, no signif-
icant change in the plastic deformation behavior is found for single
crystals of the equiatomic Cr-Co-Ni MEA. In the equiatomic Cr-Co-Ni
MEA, neither yield strength nor yield drop correlate with the degree
of SRO as in Cu-Au [18,20] and Ag-Au [33] polycrystals. This is also the
case for the strain localization behavior, dislocation structure and var-
iations in dislocation dissociation width, none of which are significantly
affected by the formation of SRO in the equiatomic Cr-Co-Ni MEA. This
may mean that even when a finite value of Warren-Cowley parameter is
obtained (a¢r—co= -0.217 at the minimum), changes in atomic
arrangement before and after the formation of SRO are not significant
enough in the ternary system to significantly affect the dislocation
behavior, as discussed in Section 4.2.

5. Conclusions

We investigated the evolution of SRO in the equiatomic Cr-Co-Ni
MEA by monitoring changes in electrical resistivity and compared it to
changes in X-ray and electron diffraction signals. We also investigated
the effects of SRO on the mechanical properties of single crystals of the
equiatomic Cr-Co-Ni MEA in tension and in compression at room tem-
perature and liquid nitrogen temperature. Based on the results obtained,
the following conclusions can be drawn.

(1) The development of SRO in the Cr-Co-Ni MEA cannot be moni-
tored by simple X-ray and electron diffraction experiments
because of the very small difference in atomic scattering factors
of the constituent elements. But it can be easily monitored by
electrical resistivity measurements.
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(2) The electrical resistivity increases gradually and reaches a satu-
ration value during isothermal annealing at a temperature in the
range of 673-973 K. While the time required for saturation is
shorter at higher temperatures, the saturation value is higher at
lower temperatures. This indicates that the degree of SRO is
higher at lower temperatures but the kinetics of short-range
ordering are slower at lower temperatures.

In spite of changes in electrical resistivity (and the implied
changes in degree of SRO) upon annealing at temperatures in the
range of 673-973 K, no significant change in the plastic defor-
mation behavior is found at room temperature and at 77 K for
single crystals of the equiatomic Cr-Co-Ni MEA. The yield stress
as well as the slip localization behavior does not change much as
a result of SRO, and the magnitude of yield drop does not
correlate with the degree of SRO. The tensile stress-strain curve
does not change much with SRO up to high strain levels, giving
rise to identical shear stress for the onset of deformation twining
at room temperature in specimens with high and low degrees of
SRO. The dislocation structure, variations in dislocation dissoci-
ation width and stacking fault energy are also all essentially
unchanged.
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