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The objective of this research program was to establish a fundamental framework that can be used to advance our knowledge of
nanostructured high entropy alloy (HEA) materials and their processing, microstructure and performance. This program was conducted via
a synergistic approach involving materials synthesis and processing, microstructural and mechanical behavior studies. Through the
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high atomic concentration of Ti and Al on the microstructure, phase transformations and mechanical behavior was studied. (4) Phase
transformations, microstructure and strengthening mechanisms in a near-equiatomic CoNiFeAlCu HEA were investigated. (5) The influence
of Cr on alloying behavior, microstructure and mechanical behavior of an AITiCoNiFeCr HEA was studied. (6) Fabrication of ingot
AlICoCrCuFeNi HEA was carried out. (7) High pressure torsion processing of AICoCrCuFeNi HEA was applied to investigate the effects of
grain refinement on mechanical behavior of HEAs. (8) Synthesis and processing of nanocrystalline AICoCrCuFeNi HEA via gas
atomization, cryomilling and spark plasma sintering (SPS) was explored. (9) Investigation of microstructure and mechanical behavior of a
precipitation-hardened Fe27Ni27C026Cul0Til0 HEA. (10) Thermal stability and mechanical behavior of a single phased
Fe27Ni27C026CulO0Mn10 HEA.
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3. Scientific Progress and Accomplishments

Key research activities conducted during the performance period of 08/01/2015-07/31/2016 are summarized in
this final report.

3.1 Investigation of alloying, microstructure and mechanical behavior of an AITiCoNiFeCr HEA

In this work, we studied the influence of Cr removal on the alloying behavior, microstructure and mechanical
behavior of an ultra-fine grained (UFG) AlogTio2CoNiFeCr HEA. This HEA materials was produced by first,
mechanically alloying (MA) of powders from constituent elemental powders, followed by consolidation via
spark plasma sintering (SPS) technique. The MA’ed AlogTio2CoNiFeCr powders comprise mostly a BCC
phase (~85 vol.%) with a small amount of FCC phase (~15 vol.%), whereas the MA’ed AlogTio2CoNiFe
powders present similar phases to those in the MA’ed AlogTio2CoNiFeCr powders. Interestingly, the SPS
processed UFG AlosTio2CoNiFeCr alloy contains mostly an FCC phase (~78 vol.%) and some BCC phase
(=22 vol.%); in contrast, the SPS-processed UFG AlosTio2CoNiFe alloy consists of a more rich BCC phase
(~53 vol.%) and an FCC phase (~47 vol.%). In addition, the SPS-processed AlosTio2CoNiFe alloy exhibits




slightly higher yield strength, compressive strength and hardness but lower ductility than those of the SPS
processed AlosTio2CoNiFeCr alloy.

Influence of Cr removal on alloying behavior: Figure 3.1.1(a) shows the XRD patterns of the
AlogTio2CoNiFeCr HEA powders with different milling time. The anticipated alloying sequence is: Al—Co—

Ni—Fe—Ti —Cr, due to the fact that alloying rates of constituent elements with the same concentrations are
inversely proportional to their melting points. After 6 h of milling, Al essentially disappears. As milling time
increases to 15 h, Co disappears. After 30 h of milling, most constituent elements disappear, and a primary
BCC solid-solution phase (~85 vol.%) with a small amount of FCC solid-solution phase (~15 vol.%) are formed,;
As milling time further increases to 45 h and 49 h, there is no significant phase evolution except evident peak
broadening (grain refinement). Figure 3.1.1(b) shows the XRD patterns of the AlogTio2CoNiFe HEA powders
with different milling time. Similar to that in AlosTio2CoNiFeCr system, the anticipated alloying sequence is:
Al—-Co—Ni—Fe—Ti. After 6 h of milling, Al essentially disappears. As milling time increases to 15 h, both
Co and Ni disappears, however, Ni still exists in the MA’ed AlogTio2CoNiFeCr powders. After 30 h of milling,
all of the elements disappear, the AlogTio2CoNiFe powders present similar phases to those in the MA’ed
AlogTio2CoNiFeCr powders. Similarly, as milling time increases (30 h-49 h), there is no significant phase
evolution except evident peak broadening.

(a v *Al #Co ®Ni AFe mTi vCr (b : *Al® Co®NiAFe ® Ti
rF Y
. BFCC  $BCC ¢ BFCC  @BCC
*
2 z
c c
3 = [ ]
g : v £ .
‘g n I * . : g e .
* - [ ]
= * & A .
2 (15 L LT o g [ M. 54 oh
g AN = P~ |2]]11 £ o 6h
= £ g g g = : z 2 2 = = = 15h
T S : 53 = =8 s 8 8
—— 30 B = . 30h
¥ : A 45h
i T N ____~_______49h U . 49h
20 40 60 80 100 20 40 60 80 100
20(degree) 20(degree)

Fig. 3.1.1: XRD patterns of powders with different milling time. (a) AlogTio2CoNiFeCr, (b) AlosTio2CoNiFe.

Influence of Cr removal on microstructure: Figure 3.1.2 shows the XRD patterns of bulk (Alo.gTio2CoNiFeCr
and AlogTio2CoNiFe) HEAs after SPS. Bulk AlogTio2CoNiFeCr HEA contains mostly an FCC phase (~78
vol.%) and some BCC phase (~22 vol.%). With removal of Cr, bulk AlosTio2CoNiFe HEA consists of a more
rich BCC phase (~53 vol.%) and an FCC phase (~47 vol.%). For these two HEAs, the primary phases of the
MA’ed powders are BCC phase, indicating phase transformation took place during SPS. Because of the
solubility extension generated during the non-equilibrium MA process, supersaturated solid-solutions are
formed in the milled powders, which consist of a primary BCC phase and an FCC phase. These metastable
supersaturated solid-solution phases transform to equilibrium phases during sintering or heating, leading to the
phase transformation.
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Fig. 3.1.2: XRD patterns of bulk AlogTio2CoNiFeCr and AlosTio2CoNiFe alloys after SPS

Figure 3.1.3 shows SEM images of bulk AlosTio2CoNiFeCr and AlogTio2CoNiFe alloys after SPS. Normally,
in the AITiCoNiFeCr HEA, the BCC phase can be easily removed by an Aqua Regia solution. With Cr removal,
etched areas increase significantly, consistent with the XRD patterns. The EDS/SEM results show that for the
bulk AlogTio2CoNiFeCr HEA, point 1 is Co-Fe-Cr rich associated with the FCC phase, whereas point 2 is Al-
Ni-Ti rich associated with the BCC phase. With Cr removal, that is, for the bulk AlogTio2CoNiFe HEA, point
3 is Co-Fe-Ni rich associated with the FCC phase, whereas point 4 is Al-Ti rich associated with the BCC phase.
Note that Ni exhibits almost homogeneous distribution in the FCC and BCC phases.
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Fig. 3.1.4: TEM micrographs of bulk AlosTio2CoNiFeCr. (a) Bright field image, (b) SAED pattern of FCC
phase along [011] zone axis corresponding to grainl, (¢) SAED pattern of BCC phase along [113] zone axis
corresponding to grain 2.

Figure 3.1.4 shows the TEM micrographs of bulk AlogTio2CoNiFeCr consolidated by SPS. Fig 3.1.4 (a) shows
that grain size distribution is from several nanometers to less than 1 um, confirming a formation of UFG grains.
Selected area electron diffraction (SAED) pattern of grain 1 corresponds to that of an FCC structure along [011]
zone axis, EDS indicates the FCC phase is Co-Fe-Cr rich. SAED pattern of grain 2 corresponds to that of a
BCC structure along [113] zone axis, while EDS indicates that the BCC phase is Ni-Al with some Ti rich.
Apparently, twins are observed in grain 3.

Figure 3.1.5 shows the TEM micrographs of bulk AlosTio2CoNiFe consolidated by SPS. Bright field image
shows that grain size varies from several nanometers to less than 1 pm, confirming a formation of UFG grains.
Selected area electron diffraction (SAED) pattern of grain 1 corresponds to that of an FCC structure along [011]
zone axis; EDS indicates the FCC phase is Co-Fe with some Ni present. SAED pattern of grain 2 corresponds to
that of a BCC structure along [113] zone axis, while EDS indicates that the BCC phase is Ni-Al rich with some
Co present. Twins are also observed in this AlosTio2CoNiFe HEA, for example, in grain 3.
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Fig. 3.1.5: TEM micrographs of bulk AlosTio2CoNiFe. (a) Bright field image, (b) SAED pattern of FCC phase
along [011] zone axis corresponding to grain 1, (c) SAED pattern of BCC phase along [113] zone axis
corresponding to grain 2.

Influence of Cr removal on mechanical behavior: Figure 3.1.6 shows the engineering stress-strain curves of
SPS consolidated AlogTio2CoNiFeCr and AlosTio2CoNiFe alloys under compression at room temperature.
Bulk UFG AlgsTio2CoNiFe HEA exhibits a higher strength. Compared to bulk UFG AlosTio2CoNiFeCr HEA,
yield strength, compressive strength and Vickers hardness of bulk UFG AlogTio2CoNiFe HEA increase 15.1%,
7.5%, 9.2%, respectively; but strain-to-failure decreases 13.3%. With Cr removal, UFG AlosTio2CoNiFe HEA
shows higher strength, lower strain, due to the increments of solid-solution strengthening and content of strong
BCC phase.
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Fig. 3.1.6: Engineering stress-strain curves of consolidated alloys under compression at room temperature.
3.2 Melting and casting of Ingot AICoCrCuFeNi HEA

The multicomponent AICoCrCuFeNi alloy (8.5%Al-18.6%C0-16%Cr-20.1%Cu-17.7%Fe-18.6%Ni (wt.%))
was produced in an induction levitation furnace. Repeated melting was carried out at least 4 times to improve
the chemical homogeneity of the alloy. The melt was then poured into graphite molds and allowed to solidify.
Figure 3.2.1 shows the photo of cast AICoCrCuFeNi HEA ingots.



Fig. 3.2.1: Melt and cast master alloy of AICoCrCuFeNi HEA bulk materials.

A typical SEM micrographs of the as-cast HEA are showed in Figure 3.2.2, showing dendritic structure. The
microstructure consists of a BCC matrix (dark regions), and FCC phases (lighter regions). The FCC phases
located at grain boundaries are larger and brighter than the gray particles located inside the BCC grains
(dendrites). Chemical analysis by EDS shows that the inter-dendritic FCC particles have much larger amount

of Cu than the intra-dendritic FCC particles. X-ray diffraction analysis of the as-cast sample reveals the
presence of a BCC and two FCC phases, as shown in Figure 3.2.3.

Fig. 3.2.2: SEM micrographs of as-cast AICoCrCuFeNi HEA ingot.
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Fig. 3.2.3: XRD pattern of as-cast AICoCrCuFeNi HEA ingot.
3.3 High Pressure Torsion (HPT) Processing of AICoCrCuFeNi HEA

The as-cast AICoCrCuFeNi HEA were sectioned into pieces (#10 mm x 1.0 mm) by EDM. With grinding off
the surface oxide layer due to EDM, the samples were compressed under HPT at 5 GPa through 2 and 5 turns at

room temperature with the rotation speed of 0.5 rpm. Figure 3.3.1 shows the photos of the HPT-processed
AICoCrCuFeNi HEA. The shear strain at edge: y = 78.5 for 2 turns and y = 196.25 for 5 turns.



Figure 3.3.2 shows the SEM micrographs of the edge area in HPT-processed AlICoCrCuFeNi HEA for 2 and 5
turns, respectively. The separated/precipitated phases in cast HEA were elongated during HPT. Less phase
separation was found in HEA processed with 5 turn of HPT, and microstructure tends to be more uniform with
increasing HPT turns. Figure 3.3.3 presents the EDS mapping results of HPT-processed AICoCrCuFeNi HEA
sample (P =5 GPa, N = 2). The matrix primarily contains Al, Co, Cr, Fe, and Ni. Cu is rich in the lighter grey
phases. The fine precipitates inside matrix are rich with Cr, Al, and Ni. Fe and Co are distributed
homogeneously in the darker grey phase, but deplete at the interface.

Fig. 3.3.1: Photos of HPT-processed AICoCrCuFeNi HEA specimens.
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Fig. 3.3.2: SEM micrographs at the edge of HPT-processed HEA (a) 2-turn and (b) 5-turn sample.
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Fig. 3.3.3: EDS mapping of HPT-processed UFG AICoCrCuFeNi HEA.
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Fig. 3.3.4. XRD patterns of HPT-processed UFG AlCoCrCuFeNi HEA.

Figure 3.3.4 shows the XRD profiles of HPT-processed AICoCrCuFeNi HEA for 2-turn and 5-turn, respectively.
All the XRD curves indicate a mixed FCC and BCC solid solution phases without significant change for both
FCC and BCC phases after HPT processing. However, the diffraction peaks broadening was observed for both
the FCC and BCC phases after the HPT processing. The diffraction peaks broadening were caused by the
lattice strain and the grain size decreasing with the increasing of shear strain. Meanwhile, the intensities of
diffraction peaks decrease with the increasing of shear strain. High pressure and shear strain could increase the
lattice strain resulting in the significant loss of crystallization perfection and the severe X-ray scattering effect,
which is responsible for the decreasing of the peak heights. High pressure and shear strain also resulted in more
severe lattice distortion.

The grain size in the as-cast HEA, prior to HPT, was close to about 50 um. From the BF TEM images in Figure
3.3.5, some clear and wiggled dislocation lines could be seen in the HPT-processed AICoCrCuFeNi HEA. The
grains of the HPT-processed sample transferred from the micrometer-sized coarse grain to strip structure along
the direction of the shear strain. The grain size ranges from 600 nm to 1 pm after 2-turn HPT processing. It
appears there are still some fraction of coarse grains with rugged and fuzzy boundaries. The dislocation-density
increase and dislocation tangling will result in work hardening after HPT. Further increasing the processing
strain in HPT might form further refined structure in HEA disks.

Lots of deformation twins were also observed in HPT-processed HEA. Figure 3.3.5 reveals extensive
deformation twinning in the AICoCrCuFeNi HEA deformed by HPT at room temperature. The deformation
twins with a thickness from several nanometers to 200 nm were observed. In some areas of the sample,
secondary twins could be found. In the initial stage of plastic deformation, primary twins were induced by the
shear stress resulting from HPT. Meanwhile, secondary twins and dislocations are constrained by primary
twins efficiently. It is obvious that deformation twinning will lead to work hardening. High density of stacking
faults, Twin-twin interactions, and de-twining were also observed in HPT-processed HEA. Activated twinning
can induce plasticity in HEA.

Vickers microhardness, Hv, against the distance from the disk centers for two HPT conditions (2 and 5 turns)
was conducted, and the results are given in Figure 3.3.6 and Table 3.3.1, respectively. The microhardness
initially increases with increase HPT Turns. The average microhardness of the HPT-processed samples is 474
HV after 2 revolution, the hardness begins to saturate at the edge. After 5 revolutions the hardness reaches a
saturation state with a hardness about 499 HV from the center and extends to the outer edge of the disk. The
max hardness reaches 540 HV (5296 MPa), with an equivalent strength (= hardness/3) = 1765 MPa. These
results agree with the microstructure of the samples processed by HPT, indicating a saturation in grain
refinement.
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Fig. 3.3.5. TEM micrographs of UFG grains, twins and stack fault structures of 2-turn HPT-processed HEA.
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Fig. 3.3.6. Vickers micro-hardness plotted against the distance from the center for HPT-processed HEA samples.
Table 3.3.1. Micro-hardness of HPT-processed AICoCrCuFeNi HEA

(HV)

Materials Cast HPT (P=5GPa)
N=2 N=5
Microhardness | 386.1+ 9.4 | 474.0 £ 19.7 | 498.9+ 18.4




3.4 Synthesis and processing of UFG AICoCrCuFeNi HEA

Gas atomization of AICoCrCuFeNi HEA: Inert gas atomization of the AICoCrCuFeNi HEA alloy melt was
carried out in a confined nozzle atomizer, with melt temperature of 1550°C and gas pressure of 300 psi. The
SEM morphology of the AICoCrCuFeNi HEA alloy powders produced in the atomization is shown in Figure
3.4.1. The surface tension and liquid metal viscosity can influence the morphology of the atomized powders.
Spherical morphology was attained in gas atomized AICoCrCuFeNi HEA powders. The SEM cross-section
micrographs of the AICoCrCuFeNi HEA powder is shown in Figure 3.4.2. There is much less of phase
separation in gas atomized HEA powder than that in cast HEA due to high cooling rate in gas atomization
depressing phase separation.
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Fig. 3.4.2: SEM micrographs of the cross-section of atomized AICoCrCuFeNi HEA powder.

Cryomilling of AICoCrCuFeNi HEA: The cryogenic milling (cryomilling) experiment was performed with
liquid N2 at temperatures -196°C. The atomized AICoCrCuFeNi HEA powders were cryomilled for 8 hours
with a ball-to-powder ratio (BPR) of 20:1 (wt/wt). The typical morphologies of AICoCrCuFeNi HEA powders
evolved after 8 hours cryomilling, are shown in Figures 3.4.3. It is very interesting to observe large amount of
shear bands in the cryomilled HEA powder. The morphology of the powder mostly is discoidal, indicating
HEAs still have high ductility when deformed at cryogenic temperatures, which might be relate to the shear
bands formation, as observed in bulk metallic glasses (BMG).
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Fig. 3.4.3: SEM micrographs of cryomilled nc AICoCrCuFeNi HEA Powder.
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Fig. 3.4.4: XRD patterns of cryomilled AICoCrCuFeNi HEA powder.

Figure 3.4.4 shows the XRD profiles of cryomilled AICoCrCuFeNi HEA powder with different milling time,
along with those from counterparts under both as-cast and as-atomized conditions. Peak broadening from
strong peaks was observed for the cryomilled powders, as compared to those of the gas atomized powder. This
peak broadening is attributed to the reduced crystallite size and internal residual micro-strain introduced during
cryomilling. It is interesting to note a phase transformation of FCC to BCC found in the cryomilled HEA
powder.

SPS consolidation for bulk AICoCrCuFeNi HEA: Bulk AICoCrCuFeNi HEA samples were fabricated via SPS
from the gas atomized and cryomilled powders, respectively. SPS was performed at different temperatures with
3 minutes of holding time while a heating rate of around 180 °C/min, and a sintering pressure of 100 MPa, as
listed in Table 3.4.1. Figure 3.4.5 shows some SPS-processed HEA disks and then EDM-machined 4x4x5 mm?®
cubic samples for compressive testing.

Ly

Fig. 3.4.5: SPS-processed AICoCrFeNl HEA disks and the cubic samples by EDM.
1



Table 3.4.1. Process conditions for SPS sintering cryomilled powder.

Sample Powder Temperature Pressure Time
(°C) (MPa) (min)
800
Gas atomized 900
1000
1050 100 3
700
Cryomilled 800
900
8 1000

XRD studies were carried out to identify existing phases as well as variations in grain size in the SPS-processed
AICoCrCuFeNi samples. Figure 3.4.6 shows a comparison in XRD profiles between the SPS-processed bulk
samples and the cryomilled HEA powders. The experimental results show that the grain size of HEA increases
during SPS process as the XRD peaks of SPS-processed samples are narrower when compared to those of the
as-cryomilled powder. It is also interesting to find that there was phase transformation of BCC to FCC during
SPS processing.

N[OOI WIN(F

Figure 3.4.7 presents the DSC results of the gas atomized HEA powder. The endothermic peak, likely related to
phase transformation of BCC to FCC, corresponds to the solvus point of the Fe, Cr-rich disordered BCC phase
shifted from 638.5°C for the powder to 625.7°C for the cast sample. Two endothermic peaks (1283°C and
1321°C) in the DSC curves for the powder can be attributed to that of Cu—Ni and Fe—-Ni FCC solid solutions.
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Fig. 3.4.6: XRD patterns of SPS-processed AICoCrCuFeNi HEA with cryomilled powder.
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Fig. 3.4.7: DSC result of gas atomized AICoCrCuFeNi HEA powder.
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Fig. 3.4.8: Compressive properties of SPS-processed AICoCrCuFeNi HEA with cryomilled powder.

Table 3.4.2. Mechanical properties of SPS-processed AICoCrCuFeNi HEA.

SPS Yield Highest Fracture
conditions strength strength strain
800°C 1558 MPa 1680 MPa 0.23
900°C 1266 MPa 1542 MPa 0.40
1000°C 1045 MPa 1298 MPa 0.45

Figure 3.4.8 shows the compression behavior of materials with different process parameters, and the
corresponding mechanical data are summarized in Table 3.4.2. The highest ultimate strength value for
cryomilled and SPS-processed AICoCrCuFeNi HEA is 1680 MPa (yield strength 1558 MPa) with 23% strain at
failure, which is higher than the reported yield strength of as-cast AICoCrCuFeNi HEA thus far in the literature.
The strength values measured for SPS samples decrease with increasing sintering temperature, while the strain
at failure increases. Figure 3.4.9 shows the fracture surface of AICoCrCuFeNi HEA synthesized by SPS at
800°C. The fine dimples on the fracture surface reflecting the grain size is about 100 to 200 nm. Lamellar
structure on the surface inherited from the flat morphologies of initial cryomilled HEA powder.
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uFeNi HEA SPS-processed at 800°C.

3.5 Investigation of microstructure and mechanical behavior of a precipitation-hardened
Fe27Ni27Co26Cu10Tizo HEA

Fig. 3.4.9: Fracture surface of AICoCrC

The multicomponent Fe»7Ni27Co26Cu10Tio (at.%) alloy was produced in an induction levitation furnace.
Repeated melting was carried out at least 4 times to improve the chemical homogeneity of the alloy. The melt
was then poured into graphite molds and allowed to solidify.
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Figure 3.5.1(a) shows the XRD pattern of the as-cast Fe27Ni2zCo26Cu10Tizo HEA, indicating that the as-cast
Fe27Ni27Co26Cu10Tizo HEA is composed of a primary fcc phase and a minor unknown phase. The BSE-SEM
micrograph in Figure 3.5.1(b) shows that the fcc phase possess equiaxed grain structure, whereas the unknown
phase has an elongated morphology.
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Fig. 3.5.1: (a) XRD, (b) BSE-SEM micrograph of the as-cast Fe27Ni27C026Cu1oTi1o.

TEM in Figure 3.5.2 shows that the primary fcc phase (Figure 3.5.2(c)) has a high density of nanoprecipitates,
and the corresponding SAED pattern shows an ordered fcc (L12) structure, suggesting that the matrix and the
nanoprecipitates in the fcc phase are coherent. Initial observations show the unknown phase is an ordered phase,
but further studies are needed completely identify it.

Fig. 3.5.2: TEM of the as-cast Fe27Ni27C026Cu1oTi1o.
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Figure 3.5.3 shows the stress-strain curves of the as-cast Fe27Ni27Co26Cu10Tizo HEA under compression at
room temperature. The true stress-strain curve shows that the as-cast Feo7Ni27C026Cu10Ti1o HEA exhibits yield
strength of ~1235 MPa and compressive strength of ~1882 MPa with 33.5% strain at failure.
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Fig. 3.5.3: Stress-strain curves of the as-cast Fe27Ni27Co26Cu10Tito HEA.
3.6 Thermal stability and mechanical behavior of a single phased Fe27Ni27Co26CuioMni0 HEA

The multicomponent Fez7Ni27Co26CuioMnio (at.%) alloy was produced in the same manner as the
Fe27Ni27Co26Cu10Tiro, described in section 3.6. The XRD pattern of the as-cast Fe»7Ni27Co26Cui0Mnyo,
Figure 3.6.1(a), confirms the presence of one fcc random solid solution phase. The equiaxed grain structure of
this single fcc phase is visible in the BSE-SEM micrograph, Figure 3.6.1(b), in which the contrast is attributed
to the unique czgi)entation of each grain.
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Fig. 3.6.1: (a) XRD, (b) BSE-SEM micrograph of the as-cast Fe27Ni27C026Cu10Mnio.

Thermal stability of the single fcc phase present in the as-cast Fe27Ni27Co26Cui0Mn1o was assessed using DSC.
Figure 3.6.2 presents the DSC curve of the as-cast Fe27Ni27Co26Cui0Mn1o, from which no thermodynamic
events are observed until the solidus point for the alloy at 1304°C.
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Fig. 3.6.2: DSC result of as-cast Fe27Ni27Co26Cui0Mnio.

Figure 3.6.3 shows the stress-strain curves of the as-cast Fe27Ni27Co26Cui0Mnio HEA under compression at
room temperature. The true stress-strain curve shows that the as-cast Fe>7Ni27Co26Cui0Mnig HEA exhibits a
yield strength of roughly 245 MPa. The test was stopped once the sample did not fracture after nearly 85%
strain. Further tests of the mechanical behavior of the as-cast Fez7Ni27Co26Cui0Mnio HEA in tension are

planned.
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Fig. 3.6.3: Stress-strain curves of the as-cast Fe27Ni27Co26Cui0Mnio HEA.
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