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alloy by atom probe tomography and its impact on mechanical properties
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Local chemical ordering in CoCrNi medium-entropy alloy (MEA) was directly observed by the use of atom
probe tomography. It was found that the densities of Cr, Co, and Ni were almost the same along the [111]
direction, while those along the [001] direction were modulated to take a slightly enhanced and depleted value
alternately within approximately 10 atomic layers corresponding to about 2 nm. The degree of modulation of
Co and Ni was stronger than that of Cr. It was suggested that Cr-rich {001} atomic layers and (Ni + Co)-rich
{001} layers tended to align mutually in the face-centered-cubic CoCrNi solid solution alloy. The mechanical
properties of the MEA was found not to be affected by the presence of the local chemical ordering.

DOI: 10.1103/PhysRevMaterials.5.085007

I. INTRODUCTION

The concept of alloy systems using multiple principal el-
ements with a high degree of configurational entropy has
received considerable attention over the past decade. Such
multielemental alloys are usually termed as high-entropy
alloys (HEAs). HEAs are defined, in a narrow sense, as
single-phase solid-solution alloys with equiatomic composi-
tion consisting of more than five kinds of elements. Broad
definition of HEAs includes concentrated alloys with chemi-
cal compositions in the middle of composition space of phase
diagrams, even if they are deviated from the equiatomic com-
positions or contain secondary phases. All these HEAs have
been energetically studied due to intriguing combination of
properties such as high strength and high fracture toughness,
and are considered as a new class of structural metallic mate-
rials [1–4]. The most famous HEA is the CrMnFeCoNi alloy,
which is often called Cantor alloy [5]. The CrMnFeCoNi alloy
is a single-phase solid-solution alloy where five kinds of ele-
ments randomly distribute. Among the CrMnFeCoNi family
of equicompositional face-centered-cubic (FCC) alloys, the
CoCrNi single-phase alloy, which belongs to medium-entropy
alloys (MEAs) consisting of three or four elements, exhibits
the highest yield strength [6,7].

One key issue under passionate discussion in recent years
is the presence of short-range ordering (SRO) or local chem-
ical ordering (LCO) in the CoCrNi and its contribution to the
high strength [8–10]. In general, a pair-correlation length for
SRO is expected to be the order of a few nearest neighbor
atom spacings. Therefore, a preferential local ordering of the
elements more than a few nearest neighbor atom spacings is
simply referred to as LCO in this manuscript. Zhang et al. [10]
recently employed furnace-cooling with very slow cooling
rate after heat-treatment at 1000 °C and found the diffuse
scattering along the 〈111〉 direction in its diffraction pattern
by energy-filtered transmission electron microscopy (TEM).

They argued that there was an increase in the yield strength
(∼50 MPa) of the CoCrNi due to the formation of SRO during
cooling. It should be noted that the diffuse streaks in diffrac-
tion data are sensitive to SRO and SRO of binary alloys was
originally quantified in such diffraction experiments by John
Cowley (following Warren’s x-ray studies), which is known as
Warren-Cowley order parameters [11,12]. In contrast, another
recent work on the CoCrNi alloy by Yin et al. [9] showed
negligible difference between experimental yield strength in
literature and theoretical value calculated under an assumption
of perfect random solid solution. They concluded that the
effect of SRO on the strength was negligible in the MEA
processed under ordinary conditions (i.e., annealing above
600 °C followed by relatively fast-cooling (water-quenching
or air-cooling). However, it was uncertain whether SRO was
present in the CoCrNi specimen used in their study. Thus,
the effect of SRO on the high strength of the CoCrNi MEA
reported to date is still unclear.

SRO in the CoCrNi MEA has been also reported by ex-
tended x-ray absorption fine structure (EXAFS) experiments
[13]. The EXAFS analysis deduced that Cr in the solid-
solution alloys had a tendency to bond with Ni and Co and to
form SRO, but the interpretation relied on the DFT analysis,
which was reported to be unreliable for the alloy system by
other researchers [9]. Although the previous studies explained
above gave us some hints about SRO in CoCrNi MEA, it is
still under debate (1) whether SRO certainly exists or not, if
it exists, (2) what kinds of structure it has, and (3) whether it
affects mechanical properties or not. Therefore, the existence
of SRO in the CoCrNi alloy and its impact on mechanical
properties have not been perfectly confirmed yet.

In this work, we investigated the presence of SRO in the
CoCrNi alloy using atom probe tomography (APT). APT can
reconstruct a three-dimensional elemental map in a needle
specimen with subnanometer spatial resolution and has a high
mass-resolving capability that can distinguish even oxides,
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TABLE I. Grain size, yield strength, ultimate tensile strength, uniform elongation, and total elongation of homogenized and annealed
samples obtained by tensile tests at room temperature.

Material Grain size Yield strength Tensile strength Uniform elongation Total elongation

Homogenized 54 μm 282 ± 7 MPa 725 ± 11 MPa 0.554 ± 0.064 0.679 ± 0.074
Annealed 55 μm 278 ± 8 MPa 719 ± 9 MPa 0.535 ± 0.055 0.697 ± 0.061

isotopes, etc. [14,15]. APT analyzes elemental distribution
inside of the specimen, so that it can avoid the effect of
oxidation which might become a problem in prolonged obser-
vation by TEM using thin foil specimens. APT may provide
reliable elemental information about MEAs/HEAs consisting
of elements with similar atomic numbers, which is difficult to
obtain using other techniques [16–18]. However, atomic-scale
spatial resolution is necessary to investigate SRO in real space
because the modulation range of the elemental distribution in
SRO is expected to be on the order of a few nearest neighbor
distances. Although APT has subnanometer spatial resolution,
such a resolution can only be achieved along the needle axis.
The spatial resolution along the needle axis (z direction) is
higher than that along x and y directions perpendicular to the
needle axis of APT specimens. This is because the z position
is determined from the sequence of electrical field-evaporated
ions, while the x and y positions are obscured due to trajectory
aberrations associated with the electrical field-evaporation of
ions [19]. As a result, the presence of the atomic planes can
be observed only along the needle axis. Accordingly, we fab-
ricated the needle specimens so that the specific crystalline
directions coincided with the needle axes in the present study.
By using correlative use of TEM and APT [20], atom maps
were obtained after checking the crystalline direction along
the needle axis by TEM. Existence of SRO was investigated
via one-dimensional spatial distribution maps (SDMs) along
the specific crystalline direction parallel to the needle axis,
as much research work has [21–26]. Additionally, mechani-
cal properties of the specimens heat treated under the same
conditions as the APT specimens were evaluated to confirm
the effect of SRO on the strength of the CoCrNi MEA. We
would like to additionally mention that measures for SRO in
solid-solution systems by APT such as atomic clustering algo-
rithms [27] and generalized multicomponent Warren-Cowley
SRO parameters [28] have been developed besides those from
SDMs along the specific crystalline direction employed in this
study.

II. EXPERIMENTAL

An equiatomic CoCrNi alloy was fabricated by vacuum
arc-melting and casting. The alloy was cold rolled to 30%
reduction in thickness, and homogenized at 1100 °C for 24 h,
resulting in a fully recrystallized microstructure. This sample
is designated as the homogenized sample hereafter. The mean
grain size (d) of the homogenized sample was measured as 54
μm by the line intercept method based on scanning electron
microscope (SEM) images of the microstructure. The homog-
enized sample was annealed at 700 °C for 384 h, where the
FCC single-phase was stable [29], designated afterward as the
annealed sample. Water quenching was performed after each
heat treatment. It should be noted that the above heat treatment

condition was considered to be sufficient for atoms to diffuse
long distance for achieving either near-random (1100 °C) or
SRO distributions (700 °C) [30]. Grain growth during anneal-
ing at 700 °C was negligible, as shown in Table I.

Needle specimens for APT analysis were fabricated by a
focused ion beam (FIB) in a SEM dual-beam system (Helios
nanoLab600i, FEI). The grains used for the site-specific FIB
lift-out were chosen by checking the crystal orientation of
the grain using the electron back scattered diffraction (EBSD,
OIM, TSL) method. Prior to the FIB milling process, the
surfaces of the samples were coated with a Pt layer to pre-
vent damage by Ga-ion bombardment during FIB processing.
The needle specimens were sharpened by the annular milling
technique, in which the outer and inner diameters of a circular
mask were decreased progressively. The needle specimens
were fabricated so that the [001] or [111] direction coin-
cided with the needle axis, taking into consideration that the
spatial resolution along the needle axis is higher than that
along the lateral directions in APT analysis, as was mentioned
above.

The crystalline direction along the needle axis was
checked using a transmission electron microscope (TEM,
JEM-2100plus, JEOL) operated at 200 kV prior to APT mea-
surements. Ar ion milling (Gentle Mill, Technoorg Linda)
with an acceleration energy of a few hundred eV was per-
formed on the needle specimens to remove the Ga damage
region introduced by FIB processing before TEM observa-
tions.

APT analysis was performed using a local electrode atom
probe (LEAP4000XHR, Cameca) in a voltage-pulsing mode
at a pulse fraction of 20%. The temperature of the needle spec-
imen during the measurement was 35 K. Three-dimensional
(3D) atom maps were reconstructed to be consistent with the
interplanar spacing of the (001) or (111) planes whose val-
ues are 0.1763 and 0.2036 nm, respectively, using dedicated
software (IVAS, Cameca).

Tensile tests of the homogenized and annealed samples
were conducted three times for each sample at room tempera-
ture with a quasistatic strain rate of 8.3 × 10–4 s–1. Small-scale
dog-bone-shaped sheet-type tensile specimens with a gauge
dimension of 2 mm (length) × 1 mm (width) × 1 mm
(thickness) were used. Elongation of the specimen during the
tensile test was precisely measured by digital image correla-
tion method using Vic-2D software [31]. Our previous studies
have showed that the above methods can give us reliable
stress-strain data equivalent to those obtained from standard
large tensile specimens with strain gauges (e.g., Ref. [32]).

III. RESULTS

Figure 1(a) shows the TEM image and diffraction pattern
of the needle specimen of the annealed sample before APT

085007-2

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



DIRECT OBSERVATION OF LOCAL CHEMICAL … PHYSICAL REVIEW MATERIALS 5, 085007 (2021)

FIG. 1. (a) TEM image and diffraction pattern of the needle
specimen fabricated so that the [111] direction coincides with the
needle axis in the annealed sample. (b) 2D desorption image showing
central pole [111]. (c) Atom map slice (5-nm thick) enlarged in the
central pole region. (d) SDM of Cr-Cr, Co-Co, and Ni-Ni along the
[111] direction.

measurement. In the TEM observation, the needle specimen
was set to the conventional double axes tilting the TEM sam-
ple holder (x tilt ± 30 degrees and y tilt ± 20 degrees) so
that the needle axis coincided with the axial direction of the
TEM sample holder. It should be noted that the x tilt rotates
the specimen around the axial direction of the TEM sample
holder, while the y tilt rotates the specimen out of the axial
direction of the TEM sample holder. The TEM image and
diffraction pattern were obtained with y tilt almost equal to
zero. The incident direction of the electron beam was ad-

justed using x tilt. It was confirmed that the [111] direction
almost coincided with the needle axis in this specimen. Figure
1(b) shows the two-dimensional (2D) desorption image con-
structed from APT data of Cr, Co, and Ni observed from the
needle axis, exhibiting a faint [111] central pole. Figure 1(c)
shows an atom map slice (5-nm thick) enlarged in the central
pole region of the whole atom map obtained by APT. The
vertical direction corresponds to the [111] direction. Each pe-
riodic line in the lateral direction in the atom map corresponds
to (111) atomic plane of FCC structure. Figure 1(d) shows the
SDM of Cr-Cr, Co-Co, and Ni-Ni along the [111] direction.
The SDM was obtained from a region of 5 nm × 5 nm × 50
nm. The value of the center peak in the SDM was normal-
ized to the unit. The SDM is the autocorrelated calculation
of the reconstructed ion positions excluding the contribution
from the ion self-correlations, and it can be used to discern
specific crystallographic features or structure present in the
reconstruction [33]. We employed the SDM in the analysis
of SRO to identify possible repeating patterns hidden in the
random distributions along the specific crystalline direction.
The distance between the peaks in the SDM is the interplanar
spacing of (111) plane, which corresponds to 0.2036 nm. The
intensities on periodic peaks except for the center peak is
almost the same, reflecting that the density of each element on
every plane along the [111] direction is almost the same. This
indicates that modulation from a random distribution does not
occur along the [111] direction.

The same analysis in the [001] direction was carried out
using another specimen with [001] parallel to the needle axis.
The TEM image and diffraction pattern of the needle spec-
imen of the annealed sample is shown in Fig. 2(a), which
confirms that the needle axis is close to the [001] direction.
Figure 2(b) represents the 2D desorption image, exhibiting
central pole [001] together with zone lines having a fourfold
symmetry. The atom map slice (5 nm thick) enlarged in the
central pole region along the [001] direction is shown in
Fig. 2(c), where the (001) atomic plane is clearly visible. The
SDM of each element along the [001] direction is shown in
Fig. 2(d). The distance between the peaks in the SDM is the
interplanar spacing of the (001) plane corresponding to 0.1763
nm. The peak intensities with a slightly enhanced and depleted
value on alternating atomic planes for Cr, Co, and Ni are
observed. The intensities are modulated in the range from the
central peak to the sixth peak on both sides. Especially, the
modulation is relatively strong for Co and Ni, and relatively
weak for Cr. This indicates a periodic change in the density
of Cr, Co, and Ni on alternating atomic planes along the
[001] direction within the range of approximately ten atomic
layers, i.e., about 2 nm. Notably, in multicomponent alloys
with different field-evaporation strengths of the elements, the
atom maps exhibiting aberrations in the atom positions are
occasionally obtained due to nonuniform field evaporation.
Therefore, we investigated whether the modulation was not
due to artifact derived from APT but due to the elemental
density variation on the atomic planes along the [001] direc-
tion. We investigated the SDM along the [001] direction in the
homogenized sample (corresponding to the specimen before
annealing) in addition to the annealed sample and compared
them to determine the degree of SRO along the [001] direc-
tion.
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FIG. 2. (a) TEM image and diffraction pattern of the needle
specimen fabricated so that the [001] direction coincides with the
needle axis in the annealed sample. (b) 2D image shows central pole
[001] and zone lines, having a fourfold symmetry. (c) Atom map slice
(5-nm thick) enlarged in the central pole region. (d) SDM of Cr-Cr,
Co-Co, and Ni-Ni along the [001] direction.

Figures 3(a) shows the TEM image and diffraction pattern
of the needle specimen of the homogenized sample fabricated
so that the [001] direction coincides with the needle axis.
Figure 3(b) is the 2D desorption image, showing zone lines
with central pole [001] clearly exhibiting a fourfold symmetry.
Figure 3(c) represents the atom map slice (5-nm thick) along
the [001] direction, exhibiting (001) atomic plane. Figure
3(d) is the SDM of each element along the [001] direction.
The peak intensities with a slightly enhanced and depleted

FIG. 3. (a) TEM image and diffraction pattern of the needle
specimen fabricated so that the [001] direction coincides with the
needle axis in the homogenized sample. (b) 2D image shows central
pole [001] and zone lines, having a fourfold symmetry. (c) Atom
map slice (5-nm thick) enlarged in the central pole region. (d) SDM
of Cr-Cr, Co-Co, and Ni-Ni along the [001] direction.

value on alternating atomic planes for Cr, Co, and Ni are
observed. However, the modulated region of the peak inten-
sity is observed only from the center peak to the 2nd peak,
which is narrower than the SDM along the [001] direction
in the annealed sample. It should be noted that Co has a
different signal-to-noise ratio because Co may have high field-
evaporation potential around (001) pole compared to Cr and
Ni in CoCrNi alloy.

The comparison under the same experimental condition
revealed that the degree of the modulation in SDM along
the [001] direction changed between the annealed and the
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FIG. 4. Nominal stress-nominal strain curves of homogenized
(blue) and annealed (red) CoCrNi MEA obtained by tensile tests at
room temperature.

homogenized samples. It was confirmed that the degree of
modulation range was slightly affected by changing the vol-
ume in which the SDM was calculated, but the basic tendency
that the modulation range became wider when the heat treat-
ment was performed did not change. This indicated that the
modulation did not occur due to artifact derived from APT
but due to the elemental density variation on the atomic planes
along the [001] direction formed in the annealing heat treat-
ment. The elemental density variation implies the deviation
from the random distribution, i.e., the presence of the SRO in
the current annealed sample of the CoCrNi alloy. However,
it should be noted that the modulated range in the annealed
sample is longer than a typical range of SRO. That is, the
observed LCO is beyond the short range.

Figure 4 shows engineering-stress–engineering-strain
curves of the homogenized and annealed samples having
the equivalent grain size obtained by the tensile tests at
room temperature. The grain size, yield strength, ultimate
tensile strength, uniform elongation, and total elongation are
summarized in Table I. It was found that two curves well
coincided to each other, indicating the LCO had no impact on
the mechanical properties of the CoCrNi alloy.

IV. DISCUSSION

From the SDMs along the [001] and [111] axes, the den-
sities of Cr, Co, and Ni on the atomic planes along [001]
were modulated, while those on the atomic planes along the
[111] direction were not modulated in the face-centered- cubic
CoCrNi solid solution alloy. The same modulation must have
occurred along the various 〈001〉 directions, including [100]
and [010] on the (001) plane, because of the crystallographic
equivalence. Hereafter, we discuss the LCO in the present
alloy under the assumption that the modulation occurs along
the 〈001〉 direction. The modulated range along 〈001〉 in the
annealed sample reached approximately 10 atomic layers, i.e.,

about 2 nm. This means that domains of a few nm range
having the LCO existed in the annealed alloy. In general, SRO
is expected to be a preferential local ordering of the elements
within regions in the order of a few nearest neighbor spacings.
We should consider relatively long-range regularity compared
with typical SRO, in order to explain the current experimental
results. In other words, the LCO domain in this annealed alloy
shows somehow an aspect like an intermetallic compound
which displays rather long-range ordering (LRO) of atoms on
two or more sublattice. However, the intermetallic compound
is structurally distinct from solid solution. It should be noted
that the diffraction pattern originated from the intermetallic
compound was not observed in the TEM observation in the
present CoCrNi alloy [Figs. 1(a) and Fig. 2(a)]. Therefore,
the LCO domain in this annealed alloy is likely to be a lo-
cal incomplete LRO domain. Then, assuming that the LCO
observed by APT was a precursor of the coherent cluster,
we investigated whether the local chemical ordering took the
structure similar to the representative coherent cluster such as
L12 and L10 in the FCC structure. It should also be noted
that the quantitative information is difficult to obtain from
the SDMs because it depends on the number density of the
domain and regularity inside the domain. Therefore, this paper
can give only qualitative information.

Considering a unit cell, the L12 structure consists of the
elements at the face centers and those at the cube corners
in the unit cell. Accordingly, the center-height (001) plane
in the unit cell comprises of only the elements of the face
centers, while the bottom and top (001) planes in the unit
cell comprise of the elements of the cube corners along with
those of the face centers, which is a mixed atomic plane.
Densities of both elements on the atomic plane differ between
the center height (001) and bottom/top (001) planes. As a
result, the elemental densities on the atomic plane along the
〈001〉 direction are modulated. The degree of the modulation
of the elements of the cube corners are stronger than those of
the face centers. On the other hand, the mixed atomic plane
of {111} is repeated along the 〈111〉 direction. The elemental
densities on the atomic planes along the 〈111〉 direction were
equal and not modulated. Consequently, if we assume that
the LCO has a structure similar to L12 in the CoCrNi alloy,
the current experimental results that the SDM in APT is not
modulated along the [111] direction but modulated along the
[001] direction can be explained.

In the case of the L10 unit cell structure, different kinds of
elements alternatively occupy the center-height (001) planes
of a tetragonally distorted FCC unit cell. Three kinds of vari-
ants L10-(100), (010), (001) exist in such a case. According
to the 1D SDM analysis along the [001] direction, only the
L10-(001) variant contributed to the elemental density modu-
lation, whereas the L10-(100), (010) variants did not. As for
the 〈111〉 direction, the elemental density was not modulated,
similar to the case of L12 structure. If we assume the LCO
has a structure similar to L10 in the CoCrNi alloy, the current
experimental results can be also explained.

According to Ref. [34], binary mixing enthalpies for
Co-Ni, Cr-Co, and Cr-Ni are 0, +6.8, and +6.4 kJmol–1, re-
spectively, suggesting that Co and Ni are easily mixed in a
random manner, while Cr tends to have a repulsive interaction
with Co and Ni. If the LCO similar to L12 is assumed, it
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FIG. 5. Schematic illustration of the expected structural model
of the LCO in CoCrNi MEA. It should be noted that this figure does
not reflect the quantitative information.

is expected that Cr atoms tend to occupy the face- centered
positions to aggregate, while Co and Ni tend to occupy the
cube-corner positions (similar to the L12 structure in Cr-Ni
system [35]) as shown in Fig. 5, which is consistent with the
present SDM results (Fig. 2). If the LCO similar to L10 is
assumed, aggregation of Cr in one of the {001} plane with
accompanying slight lattice distortion in the normal direction
is expected. If Cr tends to aggregate in the plane, it is expected
that the modulation of Cr is stronger than that of Co and Ni.
The degree of the elemental density modulation is not consis-
tent with the SDM results. It can be concluded, therefore, that
L12-type LCO seems more probable to form in the current
annealed samples than the L10-type.

In this study, the presence of LCO in the annealed CoCrNi
alloy was confirmed by APT. However, there was no differ-
ence in the mechanical properties between the homogenized
sample and the annealed sample, as shown in Table I, which
indicated that the LCO observed in this study did not affect
the mechanical properties of the CoCrNi alloy. Zhang et al.
[10] reported that the yield stress (255 MPa) of the sample, in
which SRO was confirmed by TEM, was higher than that of
the homogenized sample obtained by water quenching after
heat treating at 1200 °C for 48 h (205 MPa), which seems
inconsistent with our results. One possibility is that the degree
of LCO development depends on the heat treatment condi-
tion. Namely, the degree of LCO in the sample of Zhang
heat-treated at 1000 °C and then furnace cooled [10] was

more developed than that in the present study annealed at
700 °C and water quenched. It should be noted that the yield
strength of the homogenized and the annealed samples in the
current study (∼ 280 MPa) was higher than that of the sample
heat-treated at 1000 °C followed by water quenching (205
MPa) reported by Zhang et al. [10]. This can be reasonably
explained by the difference in the grain size. The grain size of
the current samples was 54 or 55 μm as shown in Table I,
while that of Zhang et al. was about 800 μm, equivalent
to about 60 MPa difference in yield strength, according to
the Hall-Petch relationship of the CoCrNi alloy obtained in
our previous studies [9,32]. In the conventional research on
the CoCrNi alloys, except for that by Zhang et al. [10], the
annealing of the alloy was followed by fast cooling like the
present study. Finally, it can be concluded that LCO is formed
in the CoCrNi alloy, but the degree of LCO formed by the
annealing in this study does not affect the strength of the alloy.
The latter is consistent with the conclusion by Yin et al. [9]
that the effect of SRO on the strength is negligible in the MEA
processed under ordinary annealing conditions.

V. CONCLUSION

The local structure of the equiatomic CoCrNi alloy was
investigated by APT. The spatial distribution map analysis
demonstrated that the elemental density along the [001] di-
rection was modulated, while that along the [111] direction
was not modulated. It was shown that the modulated region
reached to 10 atomic distances (∼2 nm), which was much
larger than the size of typical short-range ordering. The results
suggested that Cr-rich {001} atomic layers and (Ni + Co)-rich
{001} layers tended to align mutually in the CoCrNi alloy
with FCC structure. This modulation could be attributed to the
presence of the local chemical ordering that took the structure
similar to L12 or L10. The degree of the modulation suggested
that the structure similar to L12 was more likely to form. The
mechanical properties of the material did not change despite
the presence of local chemical ordering, implying that the
local chemical ordering in the CoCrNi alloy heat treated under
the present condition had no impact on the strength of the
alloy.
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