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TiZrHfYLag, high-entropy alloys (HEAs) with dual hexagonal-closed-packed (HCP) structures were de-
signed based on the concept of liquid phase separation (LPS) and segregation for enhancing the immisci-
bility of the constituent elements. The LPS leads to a particular solidification microstructure on the free
surface side and Cu-hearth contacted area in the ingots. The dual HCP structures with equi-axis Ti-Zr-Hf
dendrite and Y-La-rich interdendrite were observed at most regions of the arc-melted ingots. The mix-
ing enthalpy among the constituent elements and predicted phase diagrams constructed by the Materials
Project were effective for the alloy design of the HEAs with dual HCP structures.

© 2020 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

A new generation of structural and functional materials are ur-
gently required to meet the Sustainable Development Goals (SDGs).
Recently, a new class of structural and biomedical materials called
high-entropy alloys (HEAs) including HEAs for metallic biomateri-
als (bio-HEAs) was developed [1-16]. Various alloy definitions of
HEAs were suggested [8,9], and the entropy-based definition of
ASnix > 1.5R was used in the present study, where AS.,;x was
the mixing entropy of the ideal and regular solutions in the al-
loys and R was the gas constant. Most structures in the solid so-
lution phases in HEAs were body-centered-cubic (BCC) or face-
centered-cubic (FCC) structures [8,9]. The hexagonal-close-packed
(HCP) structure formation was strictly limited. To clarify the ori-
gin of single HCP and dual HCP phases formation via high-entropy
scheme is important for the construction of the alloy design theory
of HEAs. Focusing on the formation of the HCP phase as the main
constituent phases in the ingots without thermomechanical treat-
ment, only a few alloy systems were reported to date: the rare-
earth-based alloys of Y-Gd-Tb-Dy-Lu [17], Gd-Tb-Dy-Tm-Lu [17],
Ho-Dy-Y-Gd-Tb [18], the combination of refractory HEAs (RHEAs)
and the rare-earth based alloys of Ti-Zr-Hh-Sc-Y-La with dual
HCP [19] and Ti-Zr-Hf-Al-Sc [20], precious-metal-based HEAs of
Ir-Mo-Rh-Ru-W [21,22], 3d transition metal type (3d-HEAs) of
Co-Cr-Mo-Fe-Mn-W [23], and Co-Cr-Mo-Fe-Mn-W-Ag [23]. It
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should be emphasized here that the present study focused on the
HCP phase formation in the ingots, not on the formation of the
HCP phase under high-pressure conditions such as Co-Cr-Fe-Mn-
Ni HEA [24], by mechanical milling such as Al-Ti-Mg-Li-Sc [25],
by chemical reaction such as Ir-Os-Re-Rh-Ru [26], that at the
solid state phase transition by thermomechanical treatment such
as 3d-HEAs of Co-Cr-Fe-Mn-Ni [27-29], and RHEAs in Hf-Nb-Ta-
Ti-Zr [30-32] and Ti-Nb-Ta-Zr-Al [33]. Some of reports [27-30],
32| among above-described papers reported that the formation of
the HCP phase was effective to modify the mechanical strength
and/or ductility in HEAs. The research that focused on single HCP
and/or dual HCP phases formation is important for clarifying not
only the origin of solid-solution formation behavior in HEAs but
also the structural control of HEAs for modifying the mechanical
properties. This paper describes the formation of dual-HCP struc-
ture in the arc-melted ingots in Ti-Zr-Hf-Y-La HEAs, which was
designed based on the concept of the immiscibility of constituent
elements via liquid phase separation (LPS) and segregation during
the solidification. The alloy design of HEAs with dual HCP phases
via LPS and/or segregation was as follows: (1) LPS-type HEAs with
dual HCP structures; the LPS of thermal melt leads to the forma-
tion of the separated liquid phases, and both the separated liquids
transform each other into HCP phases, resulting in the formation
of the dual HCP structure. (2) Segregation-related HEAs with dual
HCP structures; the formation of the primary HCP phase during so-
lidification leads to the formation of the composite of the primary

1359-6462/© 2020 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/)


https://doi.org/10.1016/j.scriptamat.2020.05.033
http://www.ScienceDirect.com
http://www.elsevier.com/locate/scriptamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scriptamat.2020.05.033&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:nakano@mat.eng.osaka-u.ac.jp
https://doi.org/10.1016/j.scriptamat.2020.05.033
http://creativecommons.org/licenses/by/4.0/

T. Nagase, M. Todai and T. Nakano

(a) AH, [kJ/mol]

Ti|zr|Hf| Y | La
Ti 00 ([15]20
Zr 09 |13
Hf 11115
Y 0
La
(b1) Ti-Zr-Hf-Y  (b2) Ti-Zr-Hf-La
Y La
Hf Hf
Ti Ti
HfZr  Zr HfzZr  Zr

Fig. 1. Alloy prediction for liquid phase separation in Ti-Zr-Hf-Y-La alloy system.
(a) AH;; map among Ti, Zr, Hf, Y, and La. (b1) Predicted phase diagram of Ti-Zr-
Hf-Y. (b2) Predicted phase diagram of Ti-Zr-Hf-La.

HCP solid and residual liquid; thereafter, the residual liquid trans-
forms into the secondary HCP phase, resulting in dual HCP phases.
The LPS and segregation in alloys are connected—LPS behavior in
alloys is closely related to that of flat liquidus in the phase di-
agram, and the flat liquidus leads to a high degree of segrega-
tion during solidification. It should be noted here that the concept
of eutectic HEAs (EHEAs) was suggested concerning the develop-
ment of dual-phase HEAs via the melting and solidification pro-
cesses; the eutectic reaction of the thermal melt resulted in the
formation of dual-phase HEAs with fine lamella structures [34,35].
The present study for the formation of dual-phase HEAs with HCP
structures via the melting and solidification process focuses not on
the eutectic reaction but on the LPS and segregation. The LPS in
HEAs was reported in various alloy systems: Al-Co-Cr-Cu-Ni-Ag
[36], Al-Cr-Cu-Fe-Ni [37,38], Co-Ni-Cu-Al-Cr [39], Co-Cr-Cu-Fe-
Mo-Ni [40], Co-Cr-Cu-Fe-Ni [41-44], Cr-Cu-Fe-Mo-Ni [45], Co-
Cu-Fe HEAs with the addition of Al, Cr, Mn, Ni, V, or Ti [46],
Co-Cr-Cu-Fe-Ni-Sn [47], Co-Cr-Fe-Mn-Ni-Ag [48], Al-Cr-Fe-Ni-
Mo [49], and Co-Cr-Mo-Fe-Mn-W-Ag [23]. The review paper for
the LPS in HEAs [50] concluded that the LPS was a general phe-
nomenon in HEAs. The Ti-Zr-Hf-Y-La HEAs were designed for the
formation of the Ti-Zr-Hf-rich liquid and La-Y-rich liquid via LPS
and segregation and the formation of the dual-phase HEAs with
Ti-Zr-Hf-rich and La-Y-rich phases. The LPS behavior during melt-
ing and solidification in the Ti-based alloys was reported in some
alloy systems of Ti-rare earth elements: Ti-La- [51,52], Ti-Ce- [52],
Ti-Nd- [52], and Ti-Ag-based alloy system of Ti-Ag [53] and Ti-
Ag-Nb [54]. Based on the above-described reports, the Ti-Zr-Hf-
Y-La alloy system was considered.

For the design technique of multicomponent alloys with LPS,
the combination of the mixing enthalpy of the i, j element pairs
(AHji;) and the predicted phase diagram used by the Materials
Project [55,56] was clarified to be effective in the various alloy sys-
tems of Fe-Cu-Nb-B [57], Fe-Cu-Si-B [58,59], Fe-Cu-Zr-B [58,59],
Fe-Ag-Si-B [59,60], Fe-Sn-Si-B [60], Co-Cu-Zr-B [61], Al-Co-La-
Pb [62], and Cu-Ag-La-Fe [63]. Fig. 1 shows the alloy prediction
for the LPS tendency in the Ti-Zr-Hf-Y-La alloy system by the
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Fig. 2. XRD pattern of central region of arc-melted ingots in TiZrHfYLag, alloy.

matrix of AH;; (Fig. 1a) and the predicted phase diagram using
the Materials Project (Fig. 1b1, 1b2). The value of AH;.; was ob-
tained from the literature [64]. The value of AH;; for Ti, Zr, and
Hf was 0, whereas its value for i = Ti, Zr, Hf; j = Y and i = Tij,
Zr, Hf; j = La was large and positive; AH;; > 410 kj/mol. The
value of AH;; (i = La; j = Y) was 0. The matrix of AH;; in Ti-Zr-
Hf-Y-La indicates the tendency for the LPS to form Ti-Zr-Hf- and
Y-La-rich liquids. In the predicted phase diagrams of Ti-Zr-Hf-Y
(Fig. 1b1) and Ti-Zr-Hf-La (Fig. 1b2), HfZr compounds [65] are dis-
played with ordered HCP structures. The formation energy of HfZr
was significantly small with a value of —0.096 k]/mol, indicating
that the formation of HfZr at ambient temperature is distant. No
binary (i = Ti, Zr, Hf; j = Y, La), ternary (i, j = Ti, Zr, Hf;, k = Y,
La), and quaternary (Ti-Zr-H-X; X = Y, La) compounds were iden-
tified in the predicted phase diagrams (Fig. 1b1, 1b2). This indi-
cates that the LPS for the Ti-Zr-Hf- and Y-La-rich liquid formation
is not prevented by the intermetallic compound formation during
the cooling of the thermal melt. Based on the alloy prediction for
the LPS in the Ti-Zr-Hf-Y-La alloy system, TiZrHfYLag 5, for which
ASix = 1.5R was designated, and the solidification microstructure
of the ingots in the TiZrHfYLag, alloy were investigated, focusing
on the formation of the HCP phase and the elemental distribution.
Arc-melted ingots of the TiZrHfYLay, alloy were prepared by
mixing lumps of the pure elements. The purity of the Ti and Zr re-
sources was above 3 N (99.9%) and that of the Hf, Y, and La rumps
was above 2 N. The cooling rate during the solidification in the arc-
melting process was estimated experimentally as approximately
2000 K/s [53,66]; its values were estimated by the secondary den-
drite arm spacing in the Al-Cu alloys experimentally. The cooling
rate during the arc-melting process was an order higher than the
metallic mold casting [67] and three orders higher than the silica-
based crucible cooling of the thermal melt [68]. The microstructure
and constituent phases of the ingots and annealed specimens were
investigated using X-ray diffraction (XRD) analysis, scanning elec-
tron microscopy (SEM), and electron probe microanalysis (EPMA).
Fig. 2 depicts the XRD pattern of the central region of the arc-
melted ingots in the TiZrHfYLay, alloy together with the calculated
X-ray intensity of the HCP phases of Ti [69], Zr [70], and Y [71].
The peak position and intensity of the X-ray diffraction of the HCP
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Fig. 3. Solidification microstructure of arc-melted ingot in TiZrHfYLa,, alloy. (a) Schematic of cross section of ingot focusing on solidification microstructure, SEM-BSE images
of (b1) & (b2) free surface side [A], (c1) & (c2) internal region [B], (d1) & (d2) Cu hearth contacted surface side [C]. (b2), (c2), and (d2) are magnified images of (b1), (c1),

and (d1), respectively.

phases in Hf and La were similar to those in Zr and Y, respectively.
The sharp peaks in XRD pattern can be indexed as dual HCP phases
indicated by the closed-circles (o) and open squares (). The peaks
indicated by e and O were considered Ti-Zr-Hf-based and Y-La-
based HCP phases according to the positions of the peaks in the
XRD patterns together with the solidification analysis results pre-
sented in the latter parts.

Fig. 3 shows the solidification microstructure analysis results of
the arc-melted ingot in the TiZrHfYLay, alloy obtained from SEM-
back scattering electron (BSE) images. Fig. 3a presents a schematic
of the cross section of the ingots. The macroscopically hetero-
geneous microstructures were observed in the ingots, and the
microstructure can be classified into three regions: (1) Index A,
macroscopically phase-separated structure at the free surface side,
as depicted in Figs. 3b1 and 3b2. (2) Index B, equi-axis dendrite re-
gion with globules at the internal region depicted in Figs. 3c1 and
3c2. (3) Index C, fine emulsion-type solidification microstructure at
the Cu hearth contacted region, as displayed in Figs. 3b1 and 3d2.
The solidification microstructure indicated by indexes A and C was
minor, and most of the region in the arc-melted ingots displayed
the equi-axis dendrite structure, indicated by index B. The free sur-
face side region (Figs. 3b1 and 3b2) illustrates the macroscopically
phase-separated structure with the gray contrast surface layer (D)
and white contrast matrix region (E). The white contrast globules
(F) were embedded in the surface gray contrast layer (D), whereas
the gray contrast globules (G) were embedded in the white con-
trast matrix (E) at the internal region. At the central region, the
equi-axis dendrite region composed of the white contrast dendrite
(H) and gray contrast interdendrite region (I) was observed. The
gray contrast globules (J) with a small area fraction were embed-
ded in the equi-axis dendrite matrix. The emulsion-like structure
composed of fine gray contrast globules (K) embedded in the white

244

contrast matrix (L) was seen at the Cu hearth contacted region in
Figs. 3c1 and 3c2. The significant difference in the contrast was not
observed in the SEM-BSE images of the gray contrast region among
the regions D and G in Figs. 3b1 and 3b2, I and ] in Fig. 3c1 and
3c2, and K in Fig. 3d2. The significant difference in the contrast
was also not observed in the SEM-BSE images of the white con-
trast region among the regions E and F in Figs. 3b1 and 3b2, H in
Fig. 3c1, and L in Fig. 3d2.

Fig. 4 presents the EPMA-wave dispersive spectroscopy (WDS)
analysis results of the arc-melted ingot in the TiZrHfYLag, alloy,
focusing on the regions A and B in Fig. 3. The EPMA-WDS analy-
sis in the region C, as depicted in Fig. 3, was not applicable be-
cause of the lack of spatial resolution in EPMA with the W fila-
ment thermionic-emission electron gun used in the present study.
In the region A of the free surface side (Fig. 4a), a macroscopi-
cally phase-separated structure composed of Y-La- (corresponding
to the region D depicted in Fig. 3) and Ti-Zr-Hf-rich regions (cor-
responding to the region E depicted in Fig. 3, hereafter referred
to as “E in Fig. 3”) was observed. The Ti-Zr-La-rich globules (F in
Fig. 3), embedded in the Y-La-rich matrix (D in Fig. 3), and Y-La-
rich globules (G in Fig. 3), embedded in the Ti-Zr-Hf-rich region
(E in Fig. 3), were also observed. In the internal region (Fig. 4b1),
Ti-Zr-Hf-rich dendrite (H in Fig. 3) and Y-La-rich interdendrite (I
in Fig. 3) were observed. Figs. 4b2 and 4b3 present the quantitative
chemical composition analysis results at the dendrite (H in Fig. 3)
and interdendrite (I in Fig. 3) regions, respectively. The solubilities
of Y and La in the dendrite region (H in Fig. 3) were significantly
small. This indicates that Y and La were rejected from the dendrite
(H in Fig. 3) and enriched in the residual liquid, resulting in the
formation of the Y-La-rich interdendrite phase (I in Fig. 3).

The macroscopically phase-separated structure at the free sur-
face side depicted in Figs. 3b1, 3b2, and 4 was characterized by
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Fig. 4. EPMA-WDS analysis results of arc-melted ingot in TiZrHfYLao, alloy. (a) elemental mapping of flee surface side [A] focusing on macroscopically phase-separated

region; (b) elemental mapping of internal region focusing on dendrite and inter-dendrite regions [B]. (

internal region [B].

the smooth interface at the Ti-Zr-Hf-rich and Y-La-rich regions
and the globules. The emulsion-like structure was observed in the
Cu-hearth contacted side, as depicted in Figs. 3d1 and 3d2, and
the gray contrast globules and white contrast matrix were con-
sidered to correspond to the Y-La-rich fine globules and Ti-Zr-
Hf-rich matrix, respectively. These phase-separated structures and
emulsion-like structures were typical for the alloys with LPS. At
the central region depicted in Figs. 3b1, 3b2, and 4b1, the segre-
gation led to the formation of a Ti-Zr-Hf-rich dendrite with HCP
structure and a Y-La-rich interdendrite with HCP structure. It was
reasonable to consider that the rejection of Y and La forming Ti-
Zr-Hf-rich dendrites during the solidification corresponded to the
repulsive characteristics between the Ti-Zr-Hf and Y-La elements
depicted in Fig. 1a. The alloy design based on the positive val-
ues in AH;; and the suppression of the intermetallic compound
formation was effective to form the chemical element separated
phase via LPS and the high degree of segregation during the cool-
ing of the thermal melt in multicomponent alloys, resulting in
dual-phase HEAs. The mechanical properties of HEAs and the ef-
fect of HCP phase formation on the mechanical properties were
the important topics in HEAs. The Micro-Vickers hardness (Hv)
test was performed with a load setting of 1.0 kgf, where Hv was
evaluated using the average value and standard deviation (Std.) of
10 measured pieces of data. The Hv in the internal region (B in
Fig. 3) was 268 (Std. 14.4), and that in the water-cooled copper-
contacted hearth region (C in Fig. 3) was 271 (Std. 9.5). No sig-
nificant difference in Hv between the central and bottom regions
in the ingots was observed. The compressive and/or tensile tests
were not performed, and these will be reported in the other lit-
eratures. The dual HCP phase formation in the arc-melted ingot in
the TiZrHfYLay, alloy was achieved by the alloy design with pos-
itive AH;j among constituent elements. The alloy design in HEAs
with positive AH;; among constituent elements was reported to
be effective for achieving moderate ductility and high mechani-
cal strength in Co-Cr-Cu-Fe-Ni HEAs with liquid-phase separation
[43] and Co-Cr-Cu-Mn-Ni HEAs [72,73]. These reports indicate the
importance of the alloy design in HEAs with positive AH;; among
constituent elements.
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¢) Composition analysis of dendrite and interdendrite regions at

In conclusion, TiZrHfYLag, HEAs with dual-HCP structures were
designed based on the concept of the LPS and segregation for
enhancing the immiscibility of the constituent elements. The LPS
leads to a particular solidification microstructure on the free sur-
face side and Cu hearth contacted area in the ingots. The dual-HCP
structure with equi-axis Ti-Zr-Hf dendrite and Y-La-rich interden-
drite was observed at most regions of the arc-melted ingots. The
AH;.j matrix and predicted phase diagrams obtained by the Ma-
terials Project was effective for the design of the dual-phase HEAs
with LPS and segregation.
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