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Abstract

Eutectic high-entropy alloys (EHEAs) have drawn increasing interest due to their fine castability as well as
appealing properties in recent years. In this work, two bulk-casting Co,., sCr,q.sNiso.,sAl ., (x = 8 and 9) EHEAs
with regular L1,/B2 lamellar morphologies were successfully fabricated and studied. Both EHEAs show high
ultimate strength of ~<1200 MPa combined with good uniform ductility (> 9%). Post-deformation transmission
electron microscopy results indicated a high density of dislocations and stacking faults in the L1, lamellae, while no
obvious dislocation in the B2 phases. This work can broaden the optimization of composition design in EHEAs and
provide useful guidance for further development of CoCrNiAl EHEAs.
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INTRODUCTION

High entropy alloys (HEAs), which were proposed in 2004, have drawn increasing interest due to their
appealing properties relative to conventional alloys consisting of one or two principal elements"*. Despite
alloying various principal elements, HEAs, frequently solidify into simple crystal structures, such as face-
centered-cubic (FCC), body-centered-cubic (BCC) and hexagonal-close-packed (HCP) crystal structures or
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their ordered types (such as L1,, B2 and Do,,)*"". Generally, considering the as-cast mechanical properties
of HEAs, FCC-structured HEAs exhibit good ductility but relatively low strength, while BCC or HCP-
structured HEAs show high strength but limited ductility"""”. These single mechanical properties, poor
castability and composition segregation can seriously deteriorate the further engineering applications of the
as-cast HEAs!"*".

Lu et al. first reported the concept of eutectic high entropy alloys (EHEAs) and developed a cast
AlCoCrFeNi,, EHEA with alternating FCC(L1,)/BCC(B2) lamellar morphologies and an outstanding
combination of high strength and large ductility"®. Recently, the mechanical properties of AICoCrFeNi,,
EHEA were enhanced further by thermo-mechanical processing, that is, cold rolling in multi-steps to a
reduction in thickness of ~90%, followed by annealing"*”**. More recently, Shi et al. designed a
directionally solidified Al ,Fe, Co, Ni,, EHEA with ~50% uniform tensile elongation, three times that of
conventional cast EHEAs and comparable strength, which provides novel guidance in developing new
structured materials with large elongation and high fracture toughness"”. Up to now, A wide range of cast
EHEAs with outstanding mechanical properties and different compositions have been reported ..

In the past years, Co-Cr-Ni-Al alloys have shown latent capacities to form conventional eutectic
microstructures, which can be verified by Calculation of Phase Diagrams (CALPHAD) methods"”"*.

However, the microstructures for good mechanical properties and underlying deformation mechanisms of
this type of EHEA still need more investigation. We initially designed Co,,,,Cr,, . Ni.,,,Al,,,, to investigate
the Al content on the microstructures and mechanical properties of our CoCrNiAl alloys. Surprisingly, we
found that a nominal composition of Co,,,,Cr,, . Ni.,,Al,.. (x = 8 and 9) (hereinafter named 18Al and
19Al, respectively.) can form eutectic microstructures with regular L1,/B2 lamellar morphologies, which is
similar with the lamellar structures in most studied as-cast EHEAs!">'**"*), Electron probe microanalyzers,
scanning and transmission electron microscopes were adopted to character the eutectic microstructures,
chemical compositions and deformation mechanisms to reveal the origin of the good properties.

20-x/3

MATERIALS AND METHODS

CoCrNiAl alloys were prepared using arc-melting constituent elements with a purity of > 99.9 (wt.%). These
two alloys were re-melted five times to improve the chemical homogeneity under a Ti-gettered argon
atmosphere. The molten alloys were then drop-cast into a water-cooled copper mold with dimensions of
10 mm x 10 mm x 60 mm. Dog-bone-shaped tensile specimens with a cross-section area of 3.0 x 0.9 mm?*
and a gauge length of 10 mm were cut from the cast ingots by electrical discharge machining. Room-
temperature tensile tests were conducted in a CMT4305 universal electronic tensile testing machine with a
strain rate of 1 x 107 s™'. At least three tensile experiments were repeated to improve the reproducibility.
Crystal structures of these as-cast specimens were examined by X-ray diffraction (XRD) with Cu Ka
radiation (Rigaku SmartLab). The 26 scanning was performed in the range of 20°-100° at a scanning speed
of 5°/min. Thermal behaviors of the as-cast HEAs were investigated by a differential scanning calorimeter
(DSC) operated in an argon atmosphere at a heating/cooling rate of 10 °C /min. Nanoindentation tests were
performed at least five tests for each phase using a G200 Nano Indenter system. During each indentation
test, the depth was increased from 0 nm to 100 nm over a period of 20 s, and kept constant for 10 s. The tip
contact did not extend beyond each phase. The microstructures were characterized by a field emission
scanning electron microscope (Carl Zeiss Suprass) equipped with an electron backscatter diffraction
(EBSD) detector (Oxford Instrument), electron probe microanalyzer (EPMA, SHIMADZU, 8050G) and
transmission electron microscope (TEM) (FEI Tecnai G2 F20 operated at the voltage of 200 kV). The
chemical characterizations of different phases were conducted using an energy dispersive spectroscopy
(EDS) system attached to a transmission electron microscope (TEM). The EBSD and EPMA specimens
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were polished with a 2000-grit SiC paper, followed by electropolishing in an HCIO,:C,H,O = 1:9 solution
with a direct voltage of 20 V at room temperature. TEM specimens were mechanically ground to about
50 um thickness, punched to ®3 mm circle sheets, and then thinned by twin-jet electro-polished using a
mixture of 10% perchloric acid and 90% alcohol (vol.%) with a direct voltage of 30 V at a temperature of
-18 °C.

RESULTS AND DISCUSSION

The XRD patterns of the as-cast 18Al and 19Al alloys, as shown in Figure 1A. Both 18Al and 19Al alloys
have the FCC + BCC duplex phase microstructure. DSC curves of the 18Al and 19Al alloys are seen in
Figure 1B. Both alloys show only one exothermic peak, confirming that 18Al and 19Al EHEAs are at the
eutectic position, which can be attributed to their eutectic compositions. This phenomenon was also
detected in other EHEAs, such as in AlCoCrFeNi, "%, Nb, ,Fe,,.Co,,,Ni, ), CoCrFeNiTa, ", and
CoCrFeNiMo,, alloys"”..

Figure 2A and D show the scanning electron microscope (SEM) images of as-cast 18Al and 19Al alloys,
exhibiting that the as-cast 18Al and 19Al alloys both have a typical lamellar morphology of eutectic
microstructure. The electron backscatter diffraction (EBSD) inverse pole figures and phase maps of as-cast
18Al and 19Al EHEAs are seen in Figure 2B and C, Figure 2E and F, respectively. Different lamellar growth
directions were observed in the adjacent FCC grains of 18Al and 19A1 EHEAs [Figure 2B and EJ, indicating
that these EHEAs possess a different lamellar arrangement in the grains with different orientations. The
EBSD phase maps in Figure 2C and F show that dark and light lamellae in Figure 2A and B are FCC and
BCC phases, respectively. The corresponding content of FCC and BCC phases in 18Al EHEA is about
59.2 vol.% and 40.8 vol.%. Compared with the 18Al EHEA, 19A1 EHEA has a higher content of the BCC
phase, and the content of the BCC phase in 19A1 EHEA is about 50.4 vol.%. Moreover, wider BCC lamellae
in 19A1 EHEA were observed in Figure 2F. In 18Al EHEA, L1, and B2 phases with nanoindentation
hardness of 5.0 + 0.6 GPa and 6.2 + 0.7 GPa, respectively, while in 19Al EHEA, L1, and B2 phases with
nanoindentation hardness of 4.6 + 0.5 GPa and 5.7 + 0.9 GPa, respectively. These results are consistent with
the previous research that the B2 phase is harder than the L1, phase!"”.

To better understand the microstructural features of as-cast 18Al and 19 Al EHEAs, we performed
transmission electron microscopy (TEM) observation equipped with energy dispersive spectroscopy (EDS).
Figure 3A and D exhibit the alternating lamellae microstructure of as-cast 18Al and 19Al EHEAs,
respectively. According to the selected area electron diffraction patterns (SADPs) in Figure 3B and E, the
dark and light lamellar in 18Al and 19A1 EHEAs are L1, and B2 phases, respectively. L1, and B2 phases can
be seen as ordered modes of FCC and BCC phases. EDS maps [Figure 3C and F] and SADPs reveal that the
Ll lamellae in 18Al and 19Al EHEASs enriched in Co and Cr while B2 phases in 18Al and 19Al EHEAs
enriched in Ni and Al but depleted in Cr and Co. We noted that the B2 phases in 18Al are not well enriched
in Ni and Al, mainly due to the B2 phases being eroded away during the TEM sample preparation, as seen
in Figure 3A. The average widths of the BCC lamellae in 18Al and 19A1 EHEAs are ~0.3 um and ~0.5 pm,
respectively. It is widely reported in Fe, Cr contained EHEAs that it is easy to precipitate in the form of
spherical particles in the B2 phases owing to the Cr element showing a limited solid solubility"****.. While
we failed to observe particles in the B2 lamellar of our 18Al and 19A1 EHEAs, as exhibited by the STEM
images of Figure 3A and D. This phenomenon may be ascribed to the removed Fe element in our EHEAs,
which is similar to other EHEA".In the recently-reported Ni,Co,,Cr, Fe, Al ,W, and
Al,,,.Co,,Fe.Ni,, ., EHEAs, the orientation relationship between the L1, and B2 phases is determined to
be [011]L1, // [111]B2 and (111)L1, // (011)B2, meeting the classical K-S relationship”***. This semi-
coherent interface is usually accompanied by a great number of lattice misfit dislocations”**. During the
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Figure 1. (A) XRD patterns of as-cast 18 Al and 19AI EHEAs. (B) DSC curves of as-cast 18Al and 19AI EHEAs.

Drop-cast direction

Transversal direction

Figure 2. The microstructural features of as-cast 18Al and 19 Al EHEAs: (A-C) SEM image, inverse pole figure and phase map of 18Al
EHEA; (D-F) SEM image, inverse pole figure and phase map of 19Al EHEA.

tensile deformation, this interface can block the dislocation glide further and lead to the high strength of our
EHEAs.

Figure 4A displays the engineering stress-strain curves of as-cast 18Al and 19Al EHEAs tested at room
temperature, exhibiting the mechanical properties including yield stress (YS), ultimate tensile strength
(UTS), and total elongation (EL). The 18Al EHEA displays a yield strength of ~708 MPa, an ultimate tensile
strength of ~1179 MPa, and a fracture elongation of ~0.1. The 19Al sample slightly increases the yield stress
to ~734 MPa, the ultimate tensile strength to ~1219 MPa, and slightly decreases the elongation to ~0.09.
18Al and 19A1 EHEAs have a high ultimate tensile strength of ~1200 MPa, which is ~ 2.3 times as strong as
the as-cast Co,,Cr,,Ni,,Al,, base alloy with a single-phase FCC structure. Both 18Al and 19Al EHEAs show
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Figure 3. Scanning TEM (STEM) images showing the L1, and B2 lamellae of as-cast (A) 18Al and (D) 19Al EHEAs. Two selected-area-
diffraction patterns (SADPs) of L1, and B2 lamellae in (B) 18Al and (E) 19AI EHEAs, respectively. Superlattice-diffraction spots of the L1,
and B2 phases are marked by white circles. Energy-dispersive spectroscopy (EDS) maps of STEM images exhibiting the distribution of
Ni, Cr, Co, Al'in (C) 18Al and (F) 19AI EHEAS, respectively.

high ultimate tensile strength combined with good uniform ductility. Furthermore, little necking was
detected in the stress-strain curves of two EHEAs. Figure 4B gives the strain-hardening rates of both 18Al
and 19A] EHEAs. The strain-hardening rates of 18Al and 19Al EHEAs first drop quickly in region I,
followed by an upturn to achieve their maximum values in region II. The strain hardening rate of 19Al
EHEA is higher than that of the 18Al EHEA in this region, owing to more FCC/BCC phase boundaries that
could effectively create remarkable hetero-deformation induced (HDI) hardening during the tensile
deformation. The soft L1, phases will start plastic deformation first in 18Al and 19Al EHEAs, while the soft
L1, phases will not be able to deform flexibly because of the deformation limit imposed by the remaining
elastic B2 phases"”. Additionally, due to the wider BCC lamellae, more geometrically necessary dislocations
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Figure 4. Mechanical responses of as-cast 18Al and 19Al EHEAs tested at room temperature. (A) The engineering stress-strain curves of
18Al and 19AI EHEAs were tested at room temperature. The inset shows the corresponding true stress-strain curve. (B) The strain
hardening rate vs true strain plots of 18Al and 19Al EHEAs.

(GNDs) were prevented and piled up at FCC/BCC boundaries of 19Al in this deformation stage, resulting in
larger long-range back stress in L1, phases®*”. The GNDs piled up at the FCC/BCC boundaries also
generated forward stress in the B2 phases™’, promoting the plastic deformation of the B2 phases. When
both the L1, and B2 phases were plastically deformed, the softer L1, phases would undergo larger plastic
strain, leading to a heterogeneous deformation””**. To accommodate the heterogeneous deformation,
enough strain gradients must be present near the heterogeneous FCC/BCC surfaces, thereby producing a
more remarkable HDI hardening™” in 19Al. Finally, although the as-cast 18Al and 19A1 EHEAs show an
abnormal inability to sustain high strain-hardening rates over a narrow region III, they both have sufficient
uniform tensile strains (> 9%).

Figure 5A and B exhibit bright-field (BF) TEM images of alternating lamellae in the ~9% strained 18Al and
19A1 EHEAs. Two kinds of {111} plane traces were detected in the L1, lamellae of 18Al EHEA, as shown in
Figure 5A. Figure 5B is a bright-field (BF) micrograph showing stacking faults (SFs) in the L1, lamellae of
19A1 EHEA at [110] zone axis. In addition, strain-induced stacking faults were also observed in
AlCoCrFeNi,, EHEA" and additively manufactured EHEAs™. This scenario suggested that the stacking
fault was another significant deformation type of our EHEAs besides the planar dislocation slip mentioned
above in the L1, lamellae. Figure 5A and B show a high density of dislocations occurring in the L1, lamellae,
while no obvious dislocations are detected in the B2 phases. In the recently-reported AlCoCrFeNi,, EHEA,

dislocations in the B2 lamellae can be detected in (110) and (110) slip bands, and these dislocations could be
hindered by the spherical precipitates enriched in the Cr element"*.

We investigated the fracture surfaces of 18Al and 19A1 EHEAs to further reveal the damage and fracture
mechanisms of the developed as-cast EHEAs at room temperature. These images of two EHEA samples in
Figure 5C and D unveiled a similar fracture morphological character, namely, trench-type microstructures
and several blocky phases with the cleavage character on the fracture surface"*'**”. More specifically, these
two EHEAs both featured two types of fracture modes, i.e., brittle-type fracture in the BCC phase
accompanied by a ductile fracture in the FCC phase. To better understand the blocky phases on the fracture
surface of two EHEAs, we performed the EPMA analysis for the flat fracture surface of the 18Al EHEA. The
EPMA images in Figure 5E reveal that the blocky phase is enriched in Ni and Al, but depleted in Co and Cr.
The EPMA results indicate that blocky NiAl-rich phases are BCC precipitates. These BCC precipitates may
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Stacking faults

Figure 5. TEM images of alternating lamellae under the ~9% strained 18Al (A) and 19Al (B) EHEAs. The selected area electron
diffraction (SAED) pattern with diffraction fringes (yellow arrows) such as trailing around diffraction spots indicates the presence of
SFs. The fractography morphologies of as-cast (C) 18Al and (D) 19AI EHEAs show the mixed ductile and brittle fracture types at room
temperature. Blocky phases in 18Al and 19Al EHEAs are marked by black arrows. (E) EPMA maps for the blocky phase on the fracture
surface of 18AI EHEA. The blocky phase is highlighted by the black line.

be formed by a decomposition behavior, which has been detected in other EHEAs"*. Given the blocky BCC
morphology, it is reasonable to assume that the BCC particles are barely deformed while the FCC lamellae
are easily stretched during the deformation. As shown in Figure 5C and D, the bright lines are stretched
FCC lamellae, and the dark blocks at the bottom of the trench are BCC precipitates.

CONCLUSIONS

In summary, two novels casting CoCrNiAl EHEAs [Co,,,,Cr,,,Ni,, Al (x = 8 and 9)] composed of the
L1, and B2 phases were studied. The corresponding contents of B2 phases in two EHEAs are ~40.8 vol.%
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and 50.4 vol.%, respectively. The LI, lamellae in two EHEAs enriched in Co and Cr, while B2 phases in two
EHEAs enriched in Ni and Al but depleted in Cr and Co. Both EHEAs have a high ultimate strength of
~1200 MPa combined with good uniform ductility (> 9%). In the ~9% strained Co,,,,Cr,,,,Ni,, ., Al,, and
Co,,Cr,,Ni,, Al,, EHEAs, a high density of dislocations as well as stacking faults in the L1, lamellar, while no
obvious dislocations are detected in the B2 phases. Moreover, Trench-type microstructures and several
blocky phases with the cleavage character on the fracture surface show that brittle-type fracture in the BCC
phase is accompanied by a ductile fracture in the FCC phase of two EHEAs.
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