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ARTICLE INFO ABSTRACT
Keywords: The design and development of TiZrHfAl medium entropy alloy (MEA), and the TiZrHfAINbg » and TiZrHfAlV( o
High entropy alloys high entropy alloys (HEAs) is described. The combination of 4th subgroup elements (Ti, Zr, and Hf) with Al is

Alloy design
Rapid-solidification
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discussed based on the periodic table and taxonomy of HEAs. The alloys were designed using alloy parameters for
HEAs, predicted ground state diagrams from the Materials Project, and the calculation of phase diagrams
(CALPHAD). Rapid solidification was effective to suppress the formation of intermetallic compounds, resulting in
BCC/B2 phase formation. Significant differences in the constituent phases and Vickers hardness between ingots
and melt-spun ribbons were found among the TiZrHfAl MEA, TiZrHfAINby 5, and TiZrHfAlV( o HEAs.

Electron microscopy

1. Introduction multicomponent alloys has been reported in detail in the literature [5];
HEAs can be grouped based on their main constituent elements and the

A new class of metallic materials, called high-entropy alloys (HEAs), relationship between the main constituent elements and their position in
has been developed in recent decades [1-7]. The taxonomy of HEAs and the periodic table. Fig. 1 shows the distribution of main constituent
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elements in the periodic table for various HEAs including 3d-transition
metal HEAs (3d-HEAs) [1,2,4,8,9], refractory HEAs (RHEAs) [10-14],
HEAs for metallic biomaterials (BioHEAs) [15-21], light-weight HEAs
(LW-HEAs) [22-26], and HE brasses and HE bronzes [27,28]. Al is the
main-constituent element in 3d-HEAs as a body centered cubic (BCC)
phase stabilizer in 3d-HEAs, LW-HEAs, and HE aluminium-bronzes.
However, little attention has been paid to Al in RHEAs and BioHEAs,
the main constituents of which are often similar and are found in sub-
groups 4-6. Some preliminary reports for HEAs including Ti, Zr, Hf and
Al were as follows [29,30].: HCP-based HEA were obtained in
Ti-Zr-Hf-Sc-Al HEA, and the addition of Al in Ti-Zr-Hf-Sc was effective to
enhance the strength and ductility. Therefore, the combination of Al and
4th subgroup elements (Ti, Zr, and Hf) may offer a unique opportunity to
develop new RHEA and/or BioHEA systems. In the present study, the
successful fabrication of TiZrHfAl medium entropy alloy (MEA),
TiZrHfAINDg 2 and TiZrHfAlV( 5 HEAs by the alloy design based on the
combination of Al and group 4 elements (Ti, Zr, Hf) and the application
of rapid solidification was firstly reported.

2. Alloy design

The periodic table and the taxonomy of HEAs [5] indicates the
particular characteristics of Al elements in HEAs (Fig. 1). As the first step
of the alloy design focusing on the combination of Al element and main
constituent elements of RHEAs and BioHEAs, the combination of 4th
subgroup elements (Ti, Zr, Hf) and Al was considered, resulting in the
design of a quaternary equiatomic TiZrHfAl alloy. Based on the
entropy-based definition [6,7], the HEAs are defined as follows:

ASuw=—R>  xinx, @
i=1

AS,ic > 1.5R, HEAs 2

1.5R > AS,;x > 1.0R, MEAs 3

1.0 R > AS,ix, LEAs @

where LEAs are low-entropy alloys, ASpix is the mixing entropy of the
ideal solution and regular solution, and x; is the mole fraction of the i-th
element. The ASpix of an equiatomic TiZrHfAl alloy was 1.39R, where R
is the gas constant. Based on the entropy-based alloy definition using
ASmix, an equiatomic TiZrHfAl alloy was classified as a medium-entropy
alloy (MEA). To satisfy ASpix > 1.5R, the 5-component alloy systems of
TiZrHfAIV, and TiZrHfAIND, were considered, as Nb and V are widely
used as constituent elements of RHEAs [14]. Nb was also used as one of
the main constituent elements in BioHEAs [15-21], while V has not been
used in BioHEAs as the main constituent element because of the Bio-
incompatibility of V [31-34]. Fig. 2 shows the ASyix as the function of x
in TiZrHfAIM,, alloys. The ASpx increased with the increase in x value in
TiZrHfAIM, alloys. To satisfy ASpix > 1.5R, TiZrHfAIM, alloys with x =
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0.2 (TiZrHfAINDbg o, TiZrHfAIV( ) were considered.

Various alloy parameters were suggested for the prediction of the S.
S. formation tendency in multi-component alloys. The mixing enthalpy
AHpix [kJ/mol] [4,6,7], 6(AHnix) [kJ/mol] [26], 6 [4,6,7], and 2 [6,7,
35,36] were calculated, where the detailed explanation of the alloy
parameters was denoted in the other references [4,6,7,26,35,36]. The
parameters of AHpx and 6(AHpix), which are related to the mixing
enthalpy of the constituent elements, are given by,

AH,;, :4ZZXI'XI'AHFJ (5)

i ji#

8(AH,i) =4 " "x;+ x| AH,s — AH, | (6)
i g

where (AH ;) is the mixing enthalpy of the i-j element pair, as shown in
the literature [37]. AHp;y is the compositional average of AH;j, whereas
S(AHpix) corresponds to the degree of deviation of AH ;;. The dimen-
sionless parameter, €, is given by,

_ TmA Smix

" |AHu @

where T, is the compositional average of the melting temperatures of
the constituent elements. The dimensionless 2 parameter is used to
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Fig. 1. Distribution of the main constituent elements in the periodic table for various high entropy alloys (HEAs) including 3d-HEAs, RHEAs, BioHEAs and LW-HEAs.
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evaluate the ratio of enthalpy and entropy. The § parameter is expressed
as follows:

where r; was the atomic radius of i-th element and shown in the litera-
ture [37]. The 7 was the compositional average of rj. The AHpix,
8(AHpy), and 2 parameters contain AHyj, and 6 includes r;. The com-
bination of AHjj and § among the constituent elements is important for
the design of the TiZrHfAl, TiZrHfAIV,, and TiZrHfAINbD, alloys.

Fig. 3 shows the AHj; matrix and the value of atomic radius r for the
Ti-Zr-Hf-Al-X (X = Nb, V) alloy system. In the AH;; matrix (Fig. 3a) for
4th subgroup elements and Al, the AHj; for i = Al, j = Ti, Zr, or Hf show
the largest negative values. Large negative values were also observed in
AHjj fori = Al, j = V and Nb. A large negative AHj corresponds to the
existence of various intermetallic compounds in the binary phase dia-
grams of Al-Ti [38,39], Al-Zr [40,41], Al-Hf [42,43], Al-V [44], and
AI-NDb [45]. In contrast, AH;; among all combinations without Al is
comparatively low. In the other words, the absolute value of AHj;
among Ti, Zr, and Hf, and of AH;; when i = Ti, Zr, Hf and j = V, Nb was
comparatively low. In the values of r (Fig. 3b), the difference of r among
Zr and Hf, and that among Ti, Al and Nb, was relatively small.

Table 1 shows the empirical alloy parameters of ASnix/R [6,71,
AHpix [kJ/mol] [4,6,7], 5(AHnix) [kJ/mol] [26], § [4,6,7], and Q [6,7,
35,36] in TiZrHfAl, TiZrHfAlV,, and TiZrHfAINDbg o alloys together
with equiatomic TiZrHf, CoCrFeMnNi [1] as a typical example of
3d-HEAs, TiNbTaZrHf [12,13] as a typical example of RHEAs, and
TiNbTaZrMo [15,16] as a typical example of BioHEAs. TiZrHfAl,
TiZrHfAIV 5, and TiZrHfAINDg » alloys show the large negative values
below —20 kJ/mol for AHpx, and the large positive values for 5(AHpix).
These characteristics of AHpix and 6(AHpx) for TiZrHfAL, TiZrHfAIV ,
and TiZrHfAINDg 5 alloys differ from the typical HEAs of CoCrFeMnNi,
TiNbTaZrHf, and TiZrNbTaMo which have significantly smaller absolute
values of AHpix and 6(AHpix). The AHpix and 5(AHpix) in equiatomic
TiZrHf was nearly zero. The value of 2 in TiZrHfAl, TiZrHfAlV 5, and
TiZrHfAINDg » alloys was below 1.1, which is the threshold value for
HEAs [35,36]. The § parameter relates to the difference in r; between the
constituent elements. In TiZrHfAl, TiZrHfAlVg o, and TiZrHfAINbq 5, &
was below 6.5, which is below the threshold value for a high tendency to
form S.S. in HEAs [4,6,7]. The above results imply that the combination
of Al and 4th subgroup elements (Ti, Zr, Hf) is not suitable for S.S.

(8)

(a) AHi_j [kd/mol]
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Table 1

Empirical alloy parameters of ASpix/R, AHnix, 6(AHmiy), 6, and £ in TiZrHfAI,
TiZrHfAlVo > and TiZrHfAINbg . alloys, together with equiatomic TiZrHf,
CoCrFeMnNi as a typical example of 3d-HEAs, TiNbTaZrHf as a typical example
of RHEAs, and TiNbTaZrMo as a typical example of BioHEAs.

Alloys ASmix/R AHpix S(AHpmix) d Q
[kJ/mol] [kJ/mol] [%]

CoCrFeMnNi 1.61 —4.2 4.9 4.2 5.8
TiNbTaZrHf 1.61 2.7 2.6 5.5 12.4
TiNbTaZrMo 1.61 -1.8 5.9 5.9 19.7
TiZrHf 1.10 0.0 0.0 4.3 -
TiZrHfAl 1.39 —28.3 28.3 5.3 0.8
TiZrHfAIVO0.2 1.51 —26.7 29.4 6.0 0.9
TiZrHfAINbDO.2 1.51 —-26.0 30.0 5.4 0.9

formation according to their empirical alloy parameters of AHpx,
8(AHpiy), and Q.

The S.S. forming tendency in the TiZrHfAl, TiZrHfAINbg,, and
TiZrHfAIV) » alloys are further discussed based on the alloy parameters
as a function of ASpix. Fig. 4 shows the alloy parameters of AHp;y,
S8(AHpix), and § as a function of ASyix in the quaternary Ti-Zr-Hf-Al al-
loys. Approximately 1.3 x 107 combinations of compositions were
calculated and the green dots denote the alloys satisfying the condition,
ASmix > 1.0R. The equiatomic composition alloys of ternary TiZrHf and
quaternary TiZrHfAl are indicated by the red-open circles. The regions
denoted by the red rectangular heads with the indexes M1 (ASpix > 1.0R
and 5 > AHpix > -5), M2 (ASmix > 1.0R and 10 > 6(AHpix)), and M3
(ASpix > 1.0R and 6.5 > §) indicate the MEAs with a high S.S. formation
tendency. The equiatomic TiZrHf alloy is positioned in the regions M1
(Fig. 4a), M2 (Fig. 4b), and M3 (Fig. 4c), indicating its high S.S. for-
mation tendency. Single S.S. formation in arc-melted ingots of ternary
TiZrHf has been reported in the literature [18]. The equiatomic TiZrHfAl
alloy is positioned out of the M1 (Fig. 4a) and M2 (Fig. 4b) regions,
indicating a low S.S. formation tendency due to the alloy parameters
related to AHj. In contrast, the equiatomic TiZrHfAl alloy is positioned
in region M3 (Fig. 4c), indicating a high S.S. formation tendency from
the view point of the difference in r; among the constituent elements.
Focusing on the green dots in alloys including equiatomic and
non-equiatomic alloys, a number of alloys are positioned out of the M1
(Fig. 4a) and M2 (Fig. 4b) regions, regardless the value of ASpix. In
contrast, all green dots are positioned in the M3 region (Fig. 4c)
regardless the value of ASpx. The quaternary Ti-Zr-Hf-Al alloy system
shows a high S.S. formation tendency from the viewpoint of the &

(b) r [nm]

Ti | Zr | Hf

Ti 10.147

l o
I
N
N

Zr | 0.162

Zr S

Hf | 0.16

Hf “

Al 10.143

.
Al ™
BN

V 10.132

Vv

Nb | 0.143

Nb

Fig. 3. Matrix of the mixing enthalpy of i-j atomic pair (AH;;) and atomic radius (r;) for the Ti-Zr-Hf-Al-X (X = Nb, V) alloy system. (a) AH,,, (b) r;.
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Fig. 4. Empirical alloy parameters, AHny, 8(AHpix), and &, as a function of
ASnix in Ti-Zr-Hf-Al alloys. Green dots indicate Ti-Zr-Hf-Al alloys of approxi-
mately 1.3 x 107 different composition combinations. Red-open circles
correspond to the equiatomic TiZrHf and TiZrHfAl alloys. (a) AHpix, (b)
S8(AHpix), (c) 8. The red rectangles denote regions associated with indexes M1
(ASmix > 1.0R and 5 > AHpix > -5), M2 (ASpix > 1.0R and 10 > 5(AHpy)), and
M3 (ASmix > 1.0R and 6.5 > §). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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parameter (Fig. 4c), while an opposite tendency from the viewpoint of
AHpix and 6(AHy,ix) (Fig. 4a and b). The large negative values in AH;; for
i= Al j=Ti, Zr, or Hf (Fig. 3) are the origin of the large negative AHp,ix
and large positive 5(AHp;x) in the quaternary Ti-Zr-Hf-Al alloy system.

Fig. 5 shows the alloy parameters of AHpiy, 5(AHpix), and & as a
function of ASpix in the 5-component Ti-Zr-Hf-Al-Nb (Fig. 5a) and Ti-Zr-
Hf-Al-V (Fig. 5b) alloys. Approximately 1.3 x 10’ combinations of
compositions were calculated and shown as green dots. The regions
within the red rectangle and the indexes H1 (ASpix > 1.5R and 5 >
AHpix > -5), H2 (ASpix > 1.5R and 10 > 5§(AHpix)), and H3 (ASpix >
1.5R and 6.5 > §) indicate HEAs with high S.S. formation tendency. Of
the Ti-Zr-Hf-Al-Nb alloys, only few can exist in the regions H1 (Fig. 5al)
and H2 (Fig. 5a2). In contrast, all green dots corresponding to Ti-Zr-Hf-
Al-Nb alloys existed in the region H3 (Fig. 5a3). Focusing on the
equiatomic TiZrHfAINb and non-equiatomic TiZrHfAINb » alloys, both
of them tend to have a larger negative AHp,ix value (Fig. 5al) and larger
positive 8(AHiy) value (Fig. 5a2) among all the alloys. These indicate
that the Ti-Zr-Hf-Al-Nb alloy system exhibits a low S.S. formation ten-
dency because of the large negative AHp;y and large positive 8(AHp;yx),
and the S.S. formation tendency of non-equiatomic TiZrHfAINb » alloy
is lower among the Ti-Zr-Hf-Al-Nb alloys with ASpix > 1.5R. The sig-
nificant differences in the distribution of green dots was not observed
between Fig. 5al (Ti-Zr-Hf-Al-Nb) and Fig. 5b1 (Ti-Zr-Hf-Al-V) focusing
on AHp;y, and that between Fig. 5a2 (Ti-Zr-Hf-Al-Nb) and Fig. 5b2 (Ti-
Zr-Hf-Al-V) focusing on 8(AHp;y). In contrast, the distribution of green
dots in Fig. 5b3 (Ti-Zr-Hf-Al-V), focusing on 4, is different from that in
Fig. 5a3 (Ti-Zr-Hf-Al-Nb). Most of green dots in Ti-Zr-Hf-Al-V alloys with
ASmix > 1.5R are positioned out of the H3 region in Fig. 5b3. It should be
noted here that the value of § parameter of the non-equiatomic TiZrH-
fAlVy 5 is on the low side among the Ti-Zr-Hf-Al-V alloys with ASpx >
1.5R and in the H3 region. Fig. 5 clarifies that both the Ti-Zr-Hf-Al-Nb
(Fig. 5a) and Ti-Zr-Hf-Al-V (Fig. 5b) alloys exhibit a low S.S. forma-
tion tendency regardless the alloy composition because of the large
negative AHp,ix and large positive 8(AHp,;x) parameters. Focusing on the
& parameter, most of the Ti-Zr-Hf-Al-V alloys are positioned out of the
H3 region, while non-equiatomic TiZrHfAIV 5 alloys are positioned in
the H3 region in Fig. 5b3. Thus, alloys that simultaneously satisfy the
high S.S. formation tendency criterion according to the alloy parameters
of AHpx, 5(AHpix), and § cannot be designed for the Ti-Zr-Hf-Al-Nb
(Fig. 5a) and Ti-Zr-Hf-Al-V (Fig. 5b) alloys.

The predicted ground states at 0 K in the calculated ground state
diagrams based on the database of ab-initio calculations obtained from
the Materials Project [46] were determined to be useful in the alloy
design of the various multi-component amorphous alloys [47] and HEAs
[48-51]. Fig. 6 shows the predicted ground states in the quaternary
phase diagrams at 0 K constructed using the Materials Project. In Fig. 6a,
a number of compounds are seen in the quaternary Ti-Zr-Hf-Al phase
diagram, corresponding to the existence of intermetallic compounds in
the binary phase diagrams of Al-Ti [39,40], Al-Zr [41,42], and Al-Hf
[43,44]. Ternary and quaternary intermetallics were not detected in
the quaternary Ti-Zr-Hf-Al (Fig. 6a) and ternary TizAl-Zr3Al-Hf3Al
(Fig. 6b) phase diagrams. Ternary and quaternary intermetallics were
also not observed in TizAl-Zr3Al-Hf3Al-Nb (Fig. 6¢) and TizAl-ZrsAl-H-
f3Al-V (Fig. 6d) phase diagrams. This implies that the possibility of
formation of multi-component ternary and/or quaternary intermetallic
compounds was not as high in TiZrHfAl, TiZrHfAlV,,, and TiZrH-
fAINDg » alloys.

Thermodynamic calculations using FactSage version 7.3 [52] and
the SGTE2017 [53] database were performed to predict the tendency to
form S.S. in TiZrHfAl, TiZrHfAlV o, and TiZrHfAINDg » alloys. In the
SGTE2017 database [53], the binary atomic pairs of Hf-Al and Hf-V were
not assessed in the Ti-Zr-Hf-Al, Ti-Zr-Hf-Al-V, and Ti-Zr-Hf-Al-Nb alloy
systems. Fig. 7 shows the thermodynamic calculation results in the
Ti-Zr-Al, Ti-Zr-Al-Nb, and Ti-Zr-Al-V alloy systems as alternatives to
Ti-Zr-Hf-Al, Ti-Zr-Hf-Al-Nb, and Ti-Zr-Hf-Al-V, where Hf was replaced
by Ti and Zr. Fig. 8 shows the thermodynamic calculation results for
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Fig. 5. Empirical alloy parameters, AHpix, 3(AHmix), and &, as a function of ASy;y in Ti-Zr-Hf-Al-Nb (a) and Ti-Zr-Hf-Al-V (b) alloys. Green dots indicate approxi-
mately 1.3 x 107 specific alloy compositions for the Ti-Zr-Hf-Al-Nb (a) and Ti-Zr-Hf-Al-V (b) alloys. Red-open circles correspond to the equiatomic TiZrHfAI,
TiZrHfAIND, TiZrHfAlIV, and non-equiatomic TiZrHfAINb, » and TiZrHfAlV, , alloys. (al) (b1) AHpix, (@2) (b2) 8(AHpix), (@3) (b3) 8. Red rectangles denote regions
associated with indexes H1 (ASpix > 1.5R and 5 > AHp,ix > -5), H2 (ASpix > 1.5R and 10 > §(AHpiy)), and H3 (ASnix > 1.5R and 6.5 > §). (For interpretation of the

references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(d) Ti3A1-Zr3A1-Hf3A1-V.

TiZrHfAl, TiZrHfAlVy o, and TiZrHfAINbg o alloys for reference only.
Fig. 7 shows the calculated phase diagrams in TigZryAl, Tiz.,Zr-
«AINbg o, and TisZryAlV( 5 as alternatives to TiZrHfAl, TiZrHfAINbg o,
and TiZrHfAlV( ». In Fig. 7a, the BCC phase exists at temperatures below
the solidus temperature (Ts) regardless of the Ti/Zr ratio in the
Tis.Zr,HfAl alloy. The BCC phase was not stable in the low temperature
region and transforms into the HCP phase as the temperature decreasing
in the Tis Zr,HfAl alloy. A BCC single phase region was also observed at
temperatures below Tg in Ti3,Zr,AlNbg o (Fig. 7b) and TigZrAlVy o
(Fig. 7c). A two-phase BCC and HCP region exists at low temperatures
for TigxZryAlNbg o (Fig. 7b) and Tig ,ZrAlVg o (Fig. 7¢). The tempera-
ture range of the single BCC phase in Tig,Zr,AINbg, (Fig. 7b) and
TigxZrxAlVg o (Fig. 7c) was larger than in Tis,ZryAl (Fig. 7a). The
addition of Nb and V in Tijz.,Zr,Al effectively stabilized the BCC phase,
which corresponds to the BCC stabilization in Ti alloys by V and Nb

addition [54,55]. Fig. 8 shows the equilibrium calculation results in
TiZrHfAl, TiZrHfAINbq ,, and TiZrHfAIV( 5. The existence of the BCC
phase at temperatures below Ts and the decomposition of the BCC phase
to the HCP phase with decreasing temperature was observed. Thermo-
dynamic calculation results imply the possibility of S.S. formation in
TiZrHfAl, TiZrHfAIND, 5, and TiZrHfAlV, ». Based on these results, the
solidification microstructure in arc-melted ingots and rapidly-solidified
specimens of melt-spun ribbons of TiZrHfAl, TiZrHfAINbg,, and
TiZrHfAlV, » was investigated focusing on BCC phase formation.

3. Experimental procedures

Three alloys, TiZrHfAl (TiasZrasHfasAlos, at.%), TiZrHfAINDg o
(Tizg.gzrzg.ngzgl3A123‘8Nb4'76, at.%), and TiZI‘HfAlVO.Z (Ti23.8ZI'23,3H-
fo3.8Ala3 8V4 76, at.%), were designed. Arc-melted ingots were prepared
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Fig. 7. Calculated phase diagrams for (a) TisZr,HfAl, (b) Ti3,Zr,AlNbg o, and
(c) Tiz.ZrHfAlVy o as alternatives to TiZrHfAl, TiZrHfAINbg,, and TiZrH-
fAlV, 5 using FactSage ver 7.3 and SGTE2017.

by mixing pure element lumps. The purity of the Ti, Zr, Nb, and V was
above 99.9% (3 N), while that of the Hf was above 2 N. The
experimentally-estimated cooling rate (CR) during solidification in the
arc-melting process was approximately 2000 K/s [56]. The CR during
the arc-melting using water-cooled Cu hearth was estimated to be an
order of magnitude higher than that in the metallic mold casting (cen-
trifugal metallic mold casting) [57]. Rapidly-solidified specimens of
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Fig. 8. Equilibrium calculation results in (a) TiZrHfAl, (b) TiZrHfAINb 5, and
(c) TiZrHfAIV, 5 using FactSage ver 7.3 and the SGTE2017 database. In the
SGTE2017 database, assessment of the binary pairs of Hf-Al and Hf-V were not
performed. The results should be used as reference.

melt-spun ribbons were also prepared by a single-roller melt-spinning
method from part of the arc-melted ingots, where the CR during the
single-roller melt-spinning method was reported to be on the order of
10° K/s in literature [58,59]. The constituent phases of the ingots and
melt-spun ribbons were investigated by x-ray diffraction (XRD) analysis
and transmission electron microscopy (TEM). The solidification
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microstructures of the ingots and melt-spun ribbons were investigated
by scanning electron microscopy (SEM), electron probe microanalysis -
wave dispersive spectroscopy (EPMA-WDS), TEM, and scanning trans-
mission electron microscopy (STEM). TEM and STEM specimens were
prepared by ion-milling using Ar ions at room temperature. A
micro-Vickers hardness (Hy) test with a test force of 500gf and 1 kgf was
performed to evaluate the hardness of arc-melted ingots and melt-spun
ribbons.

4. Results and discussion

Fig. 9 shows the XRD patterns of the arc-melted ingots in TiZrHfAl,
TiZrHfAINbg 5, and TiZrHfAlV(,. The calculated X-ray intensity of
TisAl, ZrsAl, HfsAl, and ZryAl [60-63] was also shown in Fig. 9. The
calculated XRD intensity was obtained using VESTA [64]. Sharp peaks in
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the arc-melted ingots of TiZrHfAl, TiZrHfAINbgy s, and TiZrHfAIVj o
cannot be indexed as the BCC phase, TizAl, Zr3Al and Hf3Al. The inset
shows the element mapping using EPMA-WDS of the arc-melted ingots
in TiZrHfAIV, 5 as a typical example of the elemental distribution in the
ingots. The macroscopic elemental distribution was not detected. In the
XRD patterns (Fig. 9), most of peaks appear to correspond to ZrpAl
[60-63], and the formation of Zr(Al, Sc) in the ingots was also reported
in TigsZrasHf25S¢15Al19 HEA [30]. In the present study, further investi-
gation of the XRD patterns was not performed in the arc-melted ingots
because they did not contain S.S. formation.

Fig. 10 shows the XRD patterns of the melt-spun ribbons in TiZrHfAI,
TiZrHfAINby 5, and TiZrHfAIVy. The calculated X-ray intensity of
various binary Zr-Al intermetallic compounds including ZrsAl, ZrpAl
[60-62], ZrpAls, ZrsAls, ZrsAls, ZrAlp, and ZrAls was also shown in
Fig. 10. Most of the high intensity peaks can be identified as the BCC

TiZrHAIV, ,

i A

TiZrHfAIND, ,
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Fig. 9. XRD patterns of the arc-melted ingots in TiZrHfAl, TiZrHfAINb, », and TiZrHfAIV, 5 together with the calculated x-ray intensity of TizAl, Zr3Al, Hf3Al, and
ZroAl. The inset shows the elemental mapping using electron probe microanalysis — wavelength dispersive spectroscopy (EPMA-WDS) of the arc-melted ingots in

TiZrHfAIV, ».
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Fig. 10. XRD patterns of the rapidly-solidified melt-spun ribbons in TiZrHfAl, TiZrHfAINb, », and TiZrHfAIV , together with the calculated x-ray intensity of various

Zr-Al intermetallic compounds.

phase, as indicated by the black closed circle (@). Minor peaks, which
cannot be indexed as BCC phase, were also observed in TiZrHfAl,
TiZrHfAINDg o, and TiZrHfAlV 5. The number and intensity of the minor
peaks in TiZrHfAlV, o were smallest among TiZrHfAl, TiZrHfAIND o,
and TiZrHfAIVy,. To investigate the more-detailed solidification
microstructure in the melt-spun ribbons, TEM and STEM observations

was performed with particular attention on TiZrHfAlV( 5.

Fig. 11 shows TEM bright field (BF) images and selected area
diffraction (SAED) patterns of the melt-spun ribbons of TiZrHfAI,
TiZrHfAINDg o, and TiZrHfAlV . Not a single phase microstructure, but
a composite structure composed of a crystalline matrix with crystalline
precipitates was observed in the TEM-BF images of TiZrHfAl (Fig. 11a),
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(b) TiZrHfAIND, ,

e//[111]

Fig. 11. Transmission electron microscopy bright field (TEM-BF) images and selected area electron diffraction (SAED) patterns of the rapidly-solidified melt-spun
ribbons in (a) TiZrHfAl, (b) TiZrHfAINbg 5, and (c) TiZrHfAlIV, ,. Further investigation of TiZrHfAlV, 5 are shown as a (c1) BF image, (c2) magnified image of
Fig. 11c3, (c3) BF image, and (c4) (c5) SAED patterns obtained from the position (index A) in Fig. 11c3.

TiZrHfAINby 5 (Fig. 11b), TiZrHfAlV( 5 (Figs. 11c1, c2, and ¢3). Focusing
on TiZrHfAIV 5, two types of TEM-BF images were observed in the melt-
spun ribbons. (1) The composite structure of the matrix and precipitates,
where the precipitates embedded in the grain are indicated by the index
Al and those at grain boundaries are indicated by the index A2, were
observed as shown in Figs. 11c1 and c2. (2) The composite structure of
the matrix and precipitates, where precipitates were observed only at
the grain boundary, as shown in Fig. 11¢3. Figs. 11c4 and c5 shows the
SAED patterns obtained from position B in Fig. 11¢3 without pre-
cipitates. The diffraction spots can be indexed as BCC-based B2-ordering
phases, indicating that not the BCC S.S. phase without chemical
ordering, but the BCC phase with a B2-ordering structure was the main
phase in melt-spun ribbons in TiZrHfAlV) 5.

Fig. 12 shows a STEM BF image and electron dispersive spectroscopy
(EDS) element mapping of the melt-spun ribbons of TiZrHfAlVg .
Table 2 shows the chemical composition analysis at positions B, A1, and
A2 in Fig. 12. The matrix phase (B) contained all the constituent ele-
ments, indicating the formation of a multi-component BCC phase with a

10

B2-ordering structure. Al and Zr were more enriched with precipitates
embedded in the grain (A1) and at the grain boundaries (A2) compared
with the matrix (B). A significant difference in the composition between
locations Al and A2 was not observed. In XRD patters (Fig. 9), the po-
sition of the minor (non-BCC) peaks do not correspond to the various Zr-
Al-based intermetallic compounds. Further identification of the multi-
component compounds (Al and A2) based on the known intermetallic
compounds was not achieved. The solidification microstructure analysis
results in TiZrHfAlIV 5 clarified the formation of the composite structure
with a main phase of multicomponent BCC with a B2-ordering structure
and minor Zr-Al-rich multicomponent precipitates in the rapidly-
solidified melt-spun ribbons.

Table 3 shows the value of Hy and main constituent phases in the arc-
melted ingots (a) for the TiZrHfAl MEA, TiZrHfAINbg » and TiZrHfAIV
HEAs, together with TiNbTaZrV and TiNbTaZrW RHEAs [56], TiZrNbTa
[15,56] medium high-entropy alloys for metallic biomaterials (Bio-
MEAs), TiZrNbTaMo [15,56] and TiZrHfCoq ¢7Cro.07Mo [20] BioHEAs
as references, and melt-spun ribbons (b) for the TiZrHfAl MEA,
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Fig. 12. Scanning transmission electron microscopy (STEM) bright field (BF)-image and STEM-electron dispersive spectroscopy (EDS) element mapping of the melt-

spun ribbons in TiZrHfAlV 5.

Table 2

Chemical composition analysis results in melt-spun ribbons of TiZrHfAlV 5 by
scanning transmission electron microscopy-electron dispersive spectroscopy
(STEM-EDS).

Regions Ti Zr Hf Al \

B 25.5 25.0 24.7 18.0 6.8
Al 12.4 36.3 20.0 28.8 2.4
A2 12.4 33.7 20.7 30.5 2.7

11

TiZrHfAINbg 5 and TiZrHfAIV, 5 HEAs. The value of Hy in the arc-melted
ingots was much higher than that in melt-spun ribbons for the TiZrHfAl
MEA, TiZrHfAINbg -, and TiZrHfAlVy, HEAs. The values of Hy in the
intermetallic compounds in the arc-melted ingots in TiZrHfAl MEA,
TiZrHfAINDy 5, and TiZrHfAlV( 2 HEAs shows the tendency to be higher
than those in BCC phases in the other RHEAs and BioHEAs shown in
Table 3a. The significantly high values of Hy in the arc-melted ingots for
the TiZrHfAl MEA, TiZrHfAINbg, and TiZrHfAlVy5 HEAs can be
explained by the formation of the intermetallic compounds as the main
constituent phases. The values of Hy in arc-melted ingots of TiZrNbTaX;
(X3 =V, Mo, W) were reported to increase with increasing liquidus
temperature Ty, [56]. The Ty, values in TiZrHfAl MEA, TiZrHfAINby 5, and
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Table 3

Micro-Vickers hardness (Hy) and main constituent phases of arc-melted ingots
(a) and melt-spun ribbons (b) in TiZrHfAl MEA, TiZrHfAINb, » and TiZrHfAlV, »
HEAs, together with that in the arc-melted ingots of TiNbTaZrV and TiNbTaZrW
RHEAs [56], TiZrNbTa [15,56] medium high-entropy alloys for metallic bio-
materials (BioMEAs), TiZrNbTaMo [15,56] and TiZrHfCoq o,Crg.o;Mo [20]
BioHEAs as references.

(a) Arc-melted ingots

Alloys Main constituent phase Hv
TiZrHfAl Intermetallics 637
TiZrHfAIV0.2 Intermetallics 624
TiZrHfAINDO.2 Intermetallics 551
TiNbTaZr BCC 313
TiNbTaZrV BCC 430
TiNbTaZrMo BCC 477
TiNbTaZrW BCC 556
TiZrHfCo00.07Cr0.07Mo BCC 493
(b) Melt-spun ribbons

Alloys Hv
TiZrHfAl BCC 315
TiZrHfAIVO0.2 BCC 319
TiZrHfAINDO.2 BCC 285

TiZrHfAIV( » HEAs (Fig. 8) were much lower than those of TiZrNbTaX;
(X7 =V, Mo, W) [56]. The lower values of Hy of BCC phases in TiZrHfAl
MEA, TiZrHfAINDb o, and TiZrHfAlV( 5 HEAs than those of BCC phase in
TiZrNbTaX; (X; =V, Mo, W) may be related to the value of T1.. However,
further investigation using additional experimental data is necessary for
clarifying this tendency and will be performed in future studies.

In TiZrHfAl, TiZrHfAINDg o, and TiZrHfAlIV 5 alloys, S.S. formation
was not detected in the arc-melted ingots by XRD patterns (Fig. 9),
indicating that the rapid solidification was significantly effective to
suppress the formation of intermetallics. The BCC phase with the B2-
ordering structure was observed in rapidly-solidified melt-spun ribbon
in TiZrHfAlV 5, but the chemical ordering structure was not predicted
to form by the thermodynamic calculations (Figs. 4 and 5). The difficulty
of predicting the formation of the B2 ordered structure in HEAs by
CALPHAD has been noted in literature [65]. Various theoretical studies
for the prediction of the B2-ordered phase in HEAs were challenged
[66-69]; however, little is known about the B2-ordered structure for-
mation in HEAs. The present study also demonstrated this difficulty.
Further theoretical and experimental studies are warranted to examine
the BCC/HCP solid solution formation and B2 ordering. The thermo-
dynamic database used in the present study (SGTE2017) [52] was not
sufficient to predict the thermal equilibrium phase because of the lack of
the binary alloy system among Ti, Zr, Hf, Al, Nb and V, especially for
binary Hf-Al and Hf-V pairs. Expansion of the thermodynamic database
of Hf is necessary to elucidate the BCC/HCP phase selection and B2
ordering structure formation tendency in BCC phase in (Ti, Zr, Hf)-Al
based alloys. This investigation will be performed in the future studies.

Focusing on the phase formation processes in three alloys (namely,
TiZrHfAl, TiZrHfAINDbg o, and TiZrHfAlV, ), intermetallic compounds
formation was observed in the arc-melted ingots regardless of the alloy
system (Fig. 9). The elemental distribution due to the segregation and
typical dendrite structure was not detected by EPMA-WDS analysis
(Fig. 9, inset) in the arc-melted ingots. The multicomponent interme-
tallic phase was considered to form via solidification in these alloys, and
the solidification microstructure analysis results were explained by this
assumption without any discrepancy. The main constituent phases in
rapidly solidified melt-spun ribbons in these alloys were not interme-
tallic compounds, which were observed in arc-melted ingots, but BCC
phase with B2 ordering (Figs. 10 and 11). The high cooling rate during
the single-roller melt-spinning process effectively suppressed the crys-
tallization of the thermal melt to intermetallic compounds. The BCC
phase formed from the thermal melt without significant elemental dis-
tribution. Fine precipitates were embedded in both intergranular
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regions and grain boundary regions (Figs. 11 and 12). The formation of
the Zr- and Al- rich precipitates can be explained by the precipitation
from BCC matrix during cooling after solidification in the single-roller
melt-spinning process.

Recently, we firstly realized the fabrication of the alloy powders and
the additive manufacturing (AM) via Selective Laser Melting (SLM)
process of Ti-Nb-Ta-Zr-Mo BioHEAs [70], indicating that the rapid so-
lidification via AM can be applicable in RHEAs and BioHEAs with 4th
subgroup elements (Ti, Zr, Hf) as the main constituent elements. The CR
during the solidification via SLM has been estimated as the order of 10°
K/s — 107 K/s in literatures [71,72], implying that specimens with BCC
structure may be obtained via SLM in TiZrHfAl MEA, TiZrHfAINby 5 and
TiZrHfAIVy 5 HEAs. The control and customization of the fine micro-
structure in Ti and Ti-based alloys including BioHEAs was reported to be
effective in the control of osteoblasts [70,73-75], and this implies the
possibility of the enhancement of the biocompatibility in Ti-based Bio-
HEAs by the formation of fine dispersions. The application of the SLM
and the control of the dispersions in (Ti, Zr, Hf)-Al-based MEAs and
HEAs will be reported in future works. Finally, it should be emphasized
that the present study demonstrates the possibility of new alloy systems
in RHEAs and/or BioHEAs with 4th subgroup elements (Ti, Zr, Hf) and
Al as main constituent elements via rapid solidification technique.

5. Conclusions

The combination of 4th subgroup elements (Ti, Zr, Hf) and Al was
investigated for the development of new MEA and HEA alloy systems.
The results are summarized as follows.

(1) TiZrHfAl MEA, TiZrHfAINbg», and TiZrHfAIVyo HEAs were
designed by combining the 4th subgroup elements (Ti, Zr, Hf)
with AL

The tendency to form a solid solution in TiZrHfAl MEA, and

TiZrHfAINby» and TiZrHfAlVy, HEAs was predicted using

empirical alloy parameters, predicted phase diagrams from Ma-

terials Project, and CALPHAD using FactSage and the SGTE2017
database.

Rapid solidification was effective to suppress the formation of

intermetallics, resulting in the BCC phase formation in the

rapidly-solidified specimens of melt-spun ribbons in TiZrHfAl

MEA, and TiZrHfAINb » and TiZrHfAlV 5 HEAs.

Electron microscopy observation clarified the formation of the

composite structure with a main multicomponent BCC phase with

B2-ordering structure and minor Zr-Al-rich multicomponent

precipitates in the rapidly-solidified melt-spun ribbons of

TiZrHfAIV, 5 HEA.

(5) The micro-Vickers hardness, Hy, in arc-melted ingots was much
larger than those in melt-spun ribbons in TiZrHfAl MEA, and
TiZrHfAlVj 5, and TiZrHfAINDbg » HEAS, regardless the alloy sys-
tem. This tendency can be explained by the differences in the
constituent phases between arc-melted ingots and melt-spun
ribbons in TiZrHfAl MEA, and TiZrHfAlIVj o, and TiZrHfAINbg o
HEAs. The values of Hy in BCC phases of the melt-spun ribbons in
TiZrHfAl MEA, and TiZrHfAlV( 5, and TiZrHfAINbg » HEAs were
lower than those in BCC phases in arc-melted ingots of TiZrNb-
TaX; (X3 =V, Mo, W) HEAs.
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