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entropy alloys and BioHEAs. Finally, we find a Ti,g 337125 33Hf>8 33Nbg 74Tag74Mo01 55 (at.%) BioHEA that exhibits
biocompatibility comparable to that of CP-Ti, higher mechanical strength than CP-Ti, and an appreciable
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f;ﬁg%rg;gn room-temperature tensile ductility. The current findings pave the way for new Ti-Zr-Hf-Nb-Ta-Mo BioHEAs de-
High-entropy alloys velopment and are applicable for another BioHEA alloys system.
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Biocompatibility

1. Introduction and functional materials called high-entropy alloys (HEAs) has been de-
veloped [1-5]. HEAs for metallic biomaterials, called BioHEAs, have
New metallic biomaterials that simultaneously exhibit superior bio- been developed in various alloy systems: Ti-Nb-Ta-Zr-Mo [6-10],

compatibility and mechanical properties are necessary to meet the fu- Ti-Zr-Hf-Nb-Ta-Mo [11,12], Ti-Zr-Nb-Ta-Fe [13], Ti-Zr-Hf-Cr-Mo
ture demands of the medical field. Recently, a new class of structural [14], and Ti-Zr-Hf-Co-Cr-Mo [14]. The constituent elements in
BioHEAs are similar to those in refractory high-entropy alloys (RHEAs)
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including the creep resistance, the phase stability of BCC phase, and the
oxidation resistance at high temperature regions, were important for
RHEAs. In contrast, biocompatibility and the mechanical properties at
room temperature were dominant factors for BioHEAs. Furthermore,
enhancing the room-temperature ductility in BioHEAs is exceedingly
crucial for their development. RHEAs are known to exhibit poor
room-temperature ductility [17-19]. Several studies have attempted
to overcome room-temperature ductility; however the reason for poor
room-temperature ductility remains unclear. This characteristic is sim-
ilar to those of BioHEAs, and this may correspond to the similarity in
the constituent elements between RHEAs and BioHEAs.

HEAs are multicomponent alloys comprising five or more constitu-
ent elements. Their compositional complexity hinders alloy design, es-
pecially the elucidation of suitable alloy compositions. Various alloy
parameters for predicting the solid solution formation tendency in mul-
ticomponent alloys have already been suggested and applied to alloy
design in HEAs [4,5]. Furthermore, thermodynamic and ab initio calcu-
lations was employed in attempt to design alloys in HEAs [4,5]. We sug-
gested an alloy design using the ground state diagrams predicted by
Materials Projects [20,21] for designing multicomponent alloys, includ-
ing metallic glasses [22] and HEAs [23-25]. We also demonstrated that
thermodynamic calculations were effective in predicting the constitu-
ent phases in BioHEAs [8-10,14]. In the present study, alloy design con-
cepts based on the combination of empirical alloy parameters, including
newly suggested parameters, predicted ground state diagrams, and
thermodynamic calculations were investigated. Furthermore, the first
development of new Ti-Zr-Hf-Nb-Ta-Mo BioHEAs that exhibits bio-
compatibility comparable to that of CP-Ti, higher mechanical strength
than CP-Ti, and an appreciable room-temperature tensile ductility,
was reported.

2. Alloy design

Equiatomic TiZrHfNbTaMo HEA — Ti15,67Zr1 6,57Hf] 5'57Nb15V67Ta1 6.67
Mo1667, at.% (TZHNTM-Eq) — was selected as the starting alloy because
of its superior mechanical strength and good compressive ductility
[26-28]. In the present study, nonequiatomic Ti-Zr-Hf-Nb-Ta-Mo
BioHEAs was designed and developed. The Ti-Zr-Hf-Nb-Ta-Mo alloy
system is a combination of Ti-Zr-Nb-Ta-Mo BioHEAs and Hf. Hf is a
metallic element with good biocompatibility, as confirmed by animal
implantation tests [29]. Moreover, Hf has been used as an additive
element in Ti-based biomaterials [30,31]. To enhance the room-
temperature ductility in BioHEAs, three strategies were considered:
[1] attaining the mixing entropy of ASnyx > 1.5 R for satisfying the
entropy-based definition of HEAs [4,5], where AS,ix is evaluated by
the mixing enthalpy of the ideal/regular solid solution and R is the gas
constant, [2] decreasing the melting temperature for the suppression
of casting defects such as cold shut [8], and [3] decreasing the valence
electron concentration (VEC) based on the literature [18]. For the design
of the nonequiatomic Ti-Zr-Hf-Nb-Ta-Mo alloys, Tig axZIp+axHfp 1 ax
Nbg axTag 1 4xXMO0g ax Was considered, where A is a constant related to
the melting temperature of a pure element, B is the constant related to
the VEC of a pure element, and x is a valuable number. The constants A
and B are dependent on the elements. To decrease the melting temper-
ature of the alloy, the constant A was defined as A = (T, — Tin(i))/Tm,

where Ty,(i) is the melting temperature of the i-th element and Ty, =

6
(1) - XTm(i) is the average melting temperature of Ti, Zr, Hf, Nb, Ta,
i=i

and Mo. The constant A of each element was as follows: A(Ti) =
0.251, A(Zr) = 0.167, A(Hf) = 0.033, A(Nb) = —0.062, A(Ta) =
—0.270, and A(Mo) = —0.118. In the case of B = 1 for all the constitu-
ent elements, the AS,ix and the compositional average melting temper-

6
ature Tp = >_x; - Tm(i) (x; is the mole fraction of the i-th element)
i=1
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decreased monotonously with an increase in x in the Tig; 4xZrs+ axHfz 1 ax
Nbg_ axTap+4xM0p. 4 alloy. The value of x was determined to minimize
Tm with the satisfaction of ASnx > 1.5 R, resulting in TiZrgggs
Hf.58NDo.40Tao 28M00 01 (Tiz2.07Z127.58Hf18.49ND12.70Ta0.19M0g 97, at.%)
(TZHNTM-1). To simultaneously decrease the T, and VEC in the alloy,
the constant B of each element was set as follows: B(Ti) = 1.5, B
(Zr) = 1.5, B(Hf) = 1.5, B(Nb) = 1.25, B(Ta) = 1.25, and B(Mo) = 1.
The VEC ratios among the constituent elements were the following:
(Ti, Zr, Hf): (Nb, Ta): Mo = 4: 5: 6. Based on these values, the value of
B was set as follows: (Ti, Zr, Hf): (Nb, Ta): Mo = 4: 5: 6 = 1.5: 1.25:
1. In the case of B(Ti, Zr, Hf) = 1.5, B(Nb, Ta) = 1.25, and B(Mo) = 1,
the ASmix, Tm and VEC decreased monotonously with an increase in x
in Tig axZrp+ axHfp+ axNbp axTap+ 4xMOp 1 ax alloy. The value of x was de-
termined to minimize the T, and VEC while satisfying AS;ix > 1.5 R,
resulting in  TiZroggHfo.63Nbo 37Ta024M0002  (Tiz2.61Zr28.58Hf2030
Nb1,.05Tag.goMO0s 57, at.%) (TZHNTM-2). To minimize the VEC without
considering the Ty, Tiy;Zrx;Hfx;Nby,Ta,Mo,s was considered, where
x1, x2, and x3 are variable numbers, the values of VEC in Ti, Zr, Hf (x1)
are the same, and those in Nb and Ta (x2) are the same, and that of
Mo (x3) is different from those of Ti, Zr, Hf, Nb, and Ta. With the satisfac-
tion of ASmix > 1.5 R, x1, x2, and x3 were decided as 1, 0.24, and 0.05 to
minimize the VEC in Tiy;Zr,;Hfy;Nb,,Tay,oMoys, resulting in TiZrHfNbg 54
Tag24M0o 05 (Tizs 332128 33Hf>8 33Nb6 74Tag 74M01 55, at.%) (TZHNTM-3).
The empirical alloy parameters AHix [4,5], 8(AHmix) [32], Q [4,5], and
6 [4,5] for predicting solid solution formation tendency are shown in
Table 1. The equations of AHyix, 8(AHmix), Q, and 6 parameters are
written as follows:

AHmix = 42 ZAXI- ~Xj . AHI',]‘, (1)
ijj#
S(AHm,X) = 42 z.X,‘ - Xj - ‘AHmiX_AHiij (2)
i jj#i
T - ASmix
O=—", 3
|AH x| ®)
and
6= Z1—x~.(ﬁ)2 (4)
- i )

where T is the compositional average of the atomic radius of the constit-
6

uent elements (r = }_x; - 1;). The values of AH;j and r; were obtained
i-1

from literature [33,34]. The mixing enthalpy AH,,x corresponds to the
compositional average of the AH;_; of constituent elements in the multi-
component alloys, while 6(AH,,;x) can be evaluated as the deviation of
AH;_; among constituent elements. Meanwhile, Q is a nondimensional
parameter that includes AS,;x and AH,;x. The difference in the atomic
size of the constituent elements in multicomponent alloys can be eval-
uated using &; however, these cannot be discussed using AHix,
8(AHpix), and Q. The empirical alloy parameters in Table 1 indicate
the high solid solution formation tendency in equiatomic
TiZrHfNbTaMo (TZHNTM-Eq) and nonequiatomic Ti-Zr-Hf-Nb-Ta-
Mo (TZHNTM-X, X = 1, 2, 3).

Table 1
Empirical alloy parameters of equiatomic TiZrHfNbTaMo (TZHNTM-Eq) and
nonequiatomic Ti-Zr-Hf-Nb-Ta-Mo (TZHNTM-X, X = 1, 2, 3).

Alloys ASiix/R AHix 6(AHpmix) Q S5 VEC Moeq
TZHNTM-Eq  1.79 -1.0 533 360 635 467 321
TZHNTM-1 1.52 —043 244 733 591 422 170
TZHNTM-2 1.50 0.25 2.44 113 562 421 16.3
TZHNTM-3 1.50 0.99 2.19 28.0 517 417 136
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We have further predicted of the solid solution formation tendency
and the constituent phases in the ingots based on the new alloy param-
eters, ground state diagram precited from the database of the first-
principle calculations, and CALculation of PHAse Diagram (CALPHAD),
as shown in Figs. 1-5. It was reported that the VEC was effective for
predicting the phase stability of BCC/HCP [35] and the ductility in the in-
gots [18]. The Mo equivalent (Moeq) was widely used for the alloy de-
sign in Ti-based alloys [36-38]. Recently, Ishida suggested a new Moeq
based on the thermodynamic database of the Ti alloys [39], as shown
in Eq. (5) [39].

Moeq = [Mo] + 0.26[Au] + 0.43[Bi] + 12.62[Be] + 2.93[Co]
+ 1.65[Cr] + 0.85[Cu] + 4.17[Fe] + 0.05[Hf] + 0.17[Mg]
+ 3.28[Mn] + 0.64[Nb] + 1.75[Ni] + 0.23[0s] + 0.71[Pd]
+ 0.64[Pt] + 0.29[Pu] + 1.72[Re] + 2.89[Rh] + 1.67[Ru]
+0.97[Si] + 0.23[Ta] + 0.32[U] + 0.80[V] + 0.56[W]
+ 1.13[Y] + 0.16[Zr], (5)

where [M] denotes the weight percent of the element M. It should be
noted that the Moeq shown in Eq. (5) can be used for multicomponent
alloys including RHEAs and BioHEAs with Ti, Zr, and Hf (4-group ele-
ments), V, Nb, and Ta elements (5-group elements), and Cr, Mo, and
W elements (6-group elements). In the other word, the new Moeq

(a) VEC

BCCH occ?QE O 00 OO0 @
. 353 Eq

BCC+HCP- [IIIm

HCP [

| I I |
4.0 4.2 4.4 4.6
VEC
(b1) Moeq
BCCH m ®O0 O
- 3279 Eq
BCC+HCP|— 0l
HCP_m:l | | |
1 20 30 40
Moeq
(b2) Moeq, magnified image |
BCCH 5 00 = K
BCC+HCP|- ulialas
HOPL X % |
8 10 12 14
Moeq

Fig. 1. Alloy design for predicting BCC and HCP phases in BioMEAs and BioHEAs including
Ti-Zr-Hf-Nb-Ta-Mo BioHEAs. (a) VEC parameter and (b) Moeq parameter. (b2) is the
magnified image of (b1). The indices Eq, 1, 2, and 3 denote TZHNTM-X (X = Eq, 1, 2, 3),
respectively.
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containing more elements is potentially useful for a design guideline
of multicomponent alloys. In the present study, we firstly apply the
new Moeq (Eq. (5) and the VEC for new alloy design to predict the phase
stability of BCC/HCP phases in medium-entropy alloys (MEAs) for bio-
medical applications (BioMEAs) and BioHEAs. In Table 1, the values of
the VEC and Moeq in TZHNTM-X (X = Eq, 1, 2, 3) are given, along with
the other empirical alloy parameters AHnix, 6(AHmix), Q, and 6. Fig. 1
shows the prediction of BCC (O and @), BCC + HCP (O), and HCP (x)
structures based on the VEC and Moeq in BioMEAs and BioHEAs reported
to date (O, O, x) [6-14], and TZHNTM-X (X = Eq, 1, 2, 3)(®). The con-
stituent phases in BioMEAs and BioHEAs changed from BCC, BCC + HCP,
and HCP with a decrease in the VEC (Fig. 1a) and Moeq (Fig. 1b1 and a2).
The overlap of the BCC + HCP and BCC regions was observed in Fig. 1a

60 (@)

O Ti=35at%

VEC

4.8 5.2
VEC

Fig. 2. Relationship between the VEC and Moeq parameters. (a) Ti-Zr-Hf-Nb-Ta-Mo
alloys with ASyx > 1.5 R, (b) BioMEAs and BioHEAs including Ti-Zr-Hf-Nb-Ta-Mo
alloys. In Fig. 2a, the green dot indicates the alloys whose Ti concentration was at and
above 35 at.% as the Ti-rich alloys. In Fig. 2b, hollow blue circles (O) and red closed
circles (@) indicate Ti-Zr-Hf-Nb-Ta-Mo alloy investigated in the present study, and the
indices Eq, 1, 2, and 3 denote the TZHNTM-X (X = Eq, 1, 2, 3), respectively.
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8(AH,..) [k/mol]
N (0}
| |

N
I

1 Ti = 35at.%

0O 10 20 30 40 50 60
Moeq

(d)

Tiz35at% ™
3 -

I I I I I I
0O 10 20 30 40 50 60
Moeq

Fig. 3. Relationship between the Moeq and various empirical alloy parameters for predicting solid solution formation including AHpix, 5(AHmix), Q, and 6 parameters in Ti-Zr-Hf-Nb-Ta-
Mo alloys with ASyix 2 1.5 R (red dots). The green dot indicates the alloys whose Ti concentration was at and above 35 at.% and considered the Ti-rich alloys. Hollow black circles (O)
indicate the Ti-Zr-Hf-Nb-Ta-Mo alloy investigated in the present study. (a) Moeq vs. AHnix, (b) Moeq vs. 5(AHnmix), (¢) Moeq vs. Q, (d) Moeq vs. 6 parameters.

when VEC was used, while the overlap was not observed in Fig. 1b1 and
b2 using Moeq. The Moeq and VEC were effective in predicting the phase
stability of BCC/HCP in BioMEAs and BioHEAs.

Fig. 2 shows the relationship between the VEC and Moeq values of
BioMEAs and BioHEAs, including Ti-Zr-Hf-Nb-Ta-Mo alloys. Fig. 2a
shows the VEC and Moeq values of Ti-Zr-Hf-Nb-Ta-Mo alloys with
ASimix > 1.5 R, where approximately 1.5x107 combinations of composi-
tions were calculated. The red and green dots denote the alloys satisfy-
ing the condition AS,x > 1.5R. The green region contains the alloys with
ASphix 2 1.5R and those alloys with Ti mole fraction (xr;) equal to or ex-
ceeding 0.35 (x1;20.35), indicating the Ti-rich alloys in the multicompo-
nent Ti-Zr-Hf-Nb-Ta-Mo alloys with AS,,,;>1.5R. The VEC and Moeq
did not exhibit a one-to-one correspondence. There was a weak rela-
tionship between the VEC and Moeq in the Ti-Zr-Hf-Nb-Ta-Mo alloys
with ASpix > 1.5R—the Moeq value roughly increased with an increase
in the value of VEC. Fig. 2b shows the relationship between the VEC

and Moeq values in BioMEAs and BioHEAs reported to date (O) [6-14]
and TZHNTM-X (X = Eq, 1,2, 3)(®). The VEC and Moeq values exhibited
a rough positive interaction. It is noteworthy that the VEC and Moeq did
not exhibit a one-to-one correspondence in alloys which were devel-
oped as BioMEAs and BioHEAs. The differences between Ti, Zr, and Hf
(4-group elements), V, Nb, and Ta elements (5-group elements), and
Cr, Mo, and W elements (6-group elements) for the phase stability of
BCC phase can be discussed on the basis of Moeq but not VEC. Thus,
Moeq was considered to be effective for the alloy design and prediction
of BioHEAs and BioMEAs.

We also discussed the relationship between the Moeq and empirical
alloy parameters for predicting solid solution formation tendency
(AHpix, 8(AHpix) Q, ). Fig. 3 shows the calculated results of approxi-
mately 1.5x107 combinations of compositions, where the red and
green dots denote the Ti-Zr-Hf-Nb-Ta-Mo alloys with AS;,;x > 1.5R.
Approximately 1.5x107 combinations of compositions were calculated.
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(a) Ti-Zr-Hf-Nb  (b) Ti-Zr-Hf-Ta
Nb

Ta
Hf Hf
Ti Ti
Zr Zr
(c) Ti-Zr-Hf-Mo
Mo Hf,Mo

Ti3Mo HfZrMo,

Zr2Mo

Zr

Fig. 4. Ground state diagrams in quaternary Ti-Zr-Hf-M (M = Nb, Ta, Mo) alloy systems
constructed by Materials Project. (a) Ti-Zr-Hf-Nb, (b) Ti-Zr-Hf-Ta, (c) Ti-Zr-Hf-Mo.

The green region contains the alloys with ASnx > 1.5R and xr; > 0.35.
TZHNTM-X (X = Eq, 1, 2, 3) is indicated by the black open circles (O).
There is no clear correlation between the Moeq and the empirical alloy pa-
rameters, and Moeq can be treated as an independent parameter from the
other empirical alloy parameters, as well as VEC. Focusing on the solid so-
lution formation tendency in Ti-Zr-Hf-Nb-Ta-Mo alloys with AS;x >
1.5R, the parameters AH,,ix (Fig. 3a), 5(AHpix) (Fig. 3b), and Q (Fig. 3¢) in-
dicate the high solid solution formation tendency in Ti-Zr-Hf-Nb-Ta-Mo
alloys with ASix > 1.5R regardless of the alloy composition: specifically,
the low absolute value of AH;x satisfying —5 < AH,ix < 5, low value of
S(AH ) satisfying 6(AHp,;x) < 10, and high value of Q satisfying Q > 1.1.
In Fig. 3d, some Ti-Zr-Hf-Nb-Ta-Mo alloys with AS,ix > 1.5R show
high 6 values of 6 > 6.6. This indicates that 6 value must be considered
for the alloy design in Ti-Zr-Hf-Nb-Ta-Mo alloy system with ASy;x >
1.5R. No significant relationship between 6 and Moeq means that the
Moeq cannot be used for the alloy parameters to decrease the value of 6.

Fig. 4 shows the ground state diagram constructed by Materials
Project [20,21]. The quaternary phase diagrams in Fig. 4 were not con-
structed by the thermodynamic calculation based on the thermody-
namic data, but by the ab-initio calculations. The ground state
diagrams were constructed by the database of the first-principle calcu-
lations. The ambient temperature data cannot be obtained by the first-
principle calculations, resulting in the ground state diagrams at 0 K. In
quaternary Ti-Zr-Hf-Nb (Fig. 4a) and Ti-Zr-Hf-Ta (Fig. 4b) phase dia-
grams, the ground state intermetallic compound was not observed. In-
termetallic compounds of TizMo [40] and laves phases of ZrMo, [41],
HfMo, [42], and HfZrMo, [43] were observed in the quaternary Ti-Zr-
Hf-Mo (Fig. 4c) phase diagram. The formation energies of TisMo,
ZrMo,, HfMo,, and HfZrMo, were — 12.9 kJ/mol, —12.4 kJ/mol,
—15.5 kJ/mol, and — 15.0 kJ/mol, respectively. Fig. 4 indicates that the
formation of these Mo-related intermetallic compounds, including
laves phases, may prevent the solid solution formation in the Ti-Zr-
Hf-Nb-Ta-Mo alloy system.

Fig. 5 shows the equilibrium calculation results using FactSage
version 7.3 [44] and SGTE2017 [45]. There is no significant difference be-
tween the liquidus temperatures (T;) predicted using the thermo-
dynamic calculation and T,,. A single BCC state exists as the thermal
equilibrium state at the temperature below the solidus temperature
(Ts), regardless of the alloy composition. The interval between the T,
and Ts in TZHNTM-Eq (Fig. 5a) is significantly larger than that in
TZHNTM-X (X = 1, 2, 3) (Figs. 5b-5d). The single BCC phase is not a

Materials and Design 202 (2021) 109548

thermal equilibrium state at the temperature below the BCC phase's de-
composition temperature (Tp). Moreover, the Tp in TZHNTM-Eq (Fig. 5a)
was significantly higher than that in nonequiatomic TZHNTM-X (X = 1,
2,3) (Figs. 5b-5d). The HCP phase was thermally stable at a considerably
lower temperature than the Tp in TZHNTM-X (X = Eq, 1, 2, 3), regardless
of the alloy composition. The thermodynamic calculation revealed a high
tendency for the formation of a BCC phase during solidification in
TZHNTM-X (X = Eq, 1, 2, 3), where the BCC phase formation was also
predicted using the Moeq in Fig. 1. Therefore, the TZHNTM-X (X = Eq,
1, 2, 3) alloys were selected and fabricated for further validation based
on the above-described alloy design and prediction.

3. Experimental procedures

Ingots in TZHNTM-X (X = Eq, 1, 2, 3) alloys were prepared by mixing
lumps and shots of pure elements using arc-melting equipment
(ACM—S01, DIAVAC Ltd., Japan). Ti chips (purity = 3 N), Zr wire-cut
products (purity = 3 N, 5¢ x 5 mm), Hf sponge (purity = 2 N,
2-7 mm), Nb granules (purity = 3 N, 2-5 mm), and Ta granules (pu-
rity = 3 N, 2-5 mm) were supplied by Mitsuwa Chemicals Co. Ltd.,
Japan [46]. Mo shots (purity = 3 N, 2 mm) were obtained from Rare Me-
tallic Co. Ltd., Japan [47]. To ensure homogeneous distribution of constit-
uent elements in the alloy, the alloy was melted more than 10 times and
maintained in a liquid state for approximately 300 s during each melting
event. The cooling rate during the arc-melting process was estimated ex-
perimentally to be approximately 2000 Ks ! [8], which was roughly one
order higher than that during the conventional metallic mold casting
[48] and roughly three orders higher than those during the oxide-
based mold cooling [49] and cold crucible levitation melting [8]. The con-
stituent phases and solidification microstructure of the ingots were in-
vestigated using X-ray diffraction (XRD), scanning electron microscopy
(SEM), and electron probe microanalysis (EPMA). Tensile testing
was performed at room temperature at a nominal strain rate of
1.67 x 10~* s~ ! using dog-bone-shaped specimens with a length of
5 mm, a width of 1.5 mm, and a thickness of 1.2 mm. The functionality
of the developed alloy TZHNTM-X (X = Eq, 1, 2, 3) as a biomaterial
was evaluated by focusing on the cell adhesion activity facilitated by
the molecular interaction between cells and the surface of the alloys. Be-
fore the cell culture experiments, the specimens were washed with ace-
tone and ethanol through ultrasonication. Primary osteoblasts were
isolated from neonatal mice calvariae using a sequential collagenase/
trypsin digestion procedure. The obtained cells were diluted to 10,000
cells/cm? and seeded onto substrates. After culturing 24 h in a 5% CO, hu-
midified atmosphere, the cells were fixed with methanol and stained
with a 5% Giemsa aqueous solution (FUJIFILM Wako Chemicals). The os-
teoblasts adhered on each substrate were observed using an optical mi-
croscope (BX60, Olympus). For the visualization of the cytoskeletal
organization on the fabricated specimens, the cells were fixed in 4% para-
formaldehyde, washed in phosphate-buffered saline with Triton X-100,
and immersed in a normal goat serum solution to block non-specific an-
tibody binding. Following this, the cells were incubated with anti-
vinculin antibodies (Sigma) and subsequently with secondary antibodies
(Alexa Fluor 594 goat anti mouse IgG (Thermo Fisher Scientific), Alexa
Fluor 488 phalloidin (Thermo Fisher Scientific)), and Hoechst 33342
(Nacalai Tesque, Kyoto, Japan), and mounted with ProLong Diamond re-
agent (Thermo Fisher Scientific). Cell images were obtained using fluo-
rescent microscopy (BZ-X710, Keyence). The data are expressed as
mean + standard deviation. Statistical significance was assessed using
one-way ANOVA followed by Tukey's post-hoc test. A significance of
p < 0.05 was required to reject the null hypothesis. Software using in
the present study were summarized in the supplementary materials.

4. Results and discussion

Fig. 6 shows the XRD patterns of arc-melted ingots of the TZHNTM-X
(X=Eq, 1,2, 3) alloys. In the XRD patterns (Fig. 6a), the calculated XRD
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Fig. 6. XRD patterns of the arc-melted ingots of TZHNTM-X (X = Eq, 1, 2, 3) alloys together
with the calculated XRD intensity of TiMos [40], ZrMo;, [41], HMo, [42], and HfZrMoy, [43]
intermetallic compounds.

intensities of TisMo [40], ZrMo, [41], HfMo, [42], and HfZrMo4 [43] are
shown, together with the experimental data. The calculated XRD inten-
sity curves were obtained using VESTA [50]. The peaks corresponding to
Mo-related intermetallic compounds shown in Fig. 5 were not observed.
The main sharp peaks in the arc-melted ingots of the equiatomic
TZHNTM-Eq and nonequiatomic TZHNTM-X (X = 1, 2) were identified
as dual BCC phases, as indicated by the black-filled circle (®) and the
hollow black circles (O). In contrast, TZHNTM-3 was identified as a sin-
gle BCC phase in the XRD pattern.

Fig. 7 shows an SEM back-scattering electron (BSE) image of the arc-
melted ingots (Fig. 7a) and elemental mapping of Ti, Zr, Hf, Nb, Ta, and
Mo in the equiatomic TZHNTM-Eq and TZHNTM-3 as typical examples
of nonequiatomic Ti-Zr-Hf-Nb-Ta-Mo alloy (Fig. 7b). An equiaxial
dendrite structure composed of white contrast dendrite and gray con-
trast interdendrite regions was observed in the SEM-BSE image of the
TZHNTM-X (X = Eq, 1,2, 3) alloys (Fig. 7a). In the EDS element mapping
images of Ti and Zr elements (Fig. 7b), the enrichment of Ti and Zr in the
interdendrite region and the enrichment of Ta in the dendrite region
were observed in the equiatomic TZHNTM-Eq (Fig. 7b1, left). A signifi-
cant difference in the Hf, Nb, and Mo elements between dendrite and
interdendrite regions was not observed in EDS element mapping im-
ages. The dual BCC phases in the XRD patterns corresponded to the den-
drite BCC and interdendrite BCC phases in TZHNTM-Eq. No significant
difference in the composition of the dendrite and interdendrite regions
was observed in the EDS element mapping images in the

Fig. 5. Equilibrium calculation results in TZHNTM-X (X = Eq, 1, 2, 3) alloys using FactSage
and SGTE2017.
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Fig. 7. Microstructure analysis of the arc-melted ingots of TZHNTM-X (X = Eq, 1, 2,
3) alloys. (a) SEM-BSE images and (b) EDS element mapping in the equiatomic
TiNbTaZrMo (TZHNTM-Eq) and the nonequiatomic Tiyg 352125 32Hf>g 30Nbg 74Tag74M01 55
(TZHNTM-3) alloys.

nonequiatomic TZHNTM-3 (Fig. 7b2, right). The difference in the segre-
gation behavior between TZHNTM-Eq and TZHNTM-3 corresponded to
the thermodynamic calculation results in the interval between the T,
and Ts and the distribution coefficient at T; (k) estimated by FactSage
and SGTE2017. The distribution coefficient of Ti (kr;) and Zr (kz;) in
TZHNTM-Eq were evaluated as 0.76 and 0.55, respectively. The values
of kr; and kz, in TZHNTM-3 were evaluated as 0.85 and 0.93. The value
of kz. in TZHNTM-Eq was under unity and considerably lower than
that in TZHNTM-3. The formation of the intermetallic compounds in-
cluding Mo-related compounds was not detected from XRD analysis
(Fig. 6), SEM observation (Fig. 7a), and EDS mapping (Fig. 7b) in
TZHNTM-X (X = Eq, 1, 2, 3).

Fig. 8 shows the mechanical property analysis results of the arc-
melted ingots during the tensile test. Tensile tests at room temperature
were performed on the arc-melted ingots of TZHNTM-X (X = Eq, 1, 2,
3); however, only TZHNTM-3 was available. The proof stress of
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Fig. 8. True stress-plastic-strain curves from the tensile test performed at room
temperature on the nonequiatomic Tiyg 322128 32Hf28 32Nbg 74Tag 74M01 55 (TZHNTM-3)
alloy.

TZHNTM-3 was significantly higher than that of commercial-purity Ti
(CP-Ti), similar to Ti-Nb-Ta-Zr-Mo BioHEAs where the proof stress
was evaluated using the compressive test [6,10]. The reason why tensile
testing on arc-melted ingots was available only for TZHNTM-3 among
TZHNTM-X (X = Eq, 1, 2, 3) at room temperature is not yet clear. The
well-developed cold-shut was not observed in the arc-melted ingots
of TZHNTM-3. It should be noted here that the values of the VEC and
Moeq of TZHNTM-3 were the lowest among TZHNTM-X (X = Eq, 1, 2,
3). The relationship between the room-temperature ductility and VEC
was discussed in another study [18]: the lower VEC was favorable for
the fabrication of the ingots in RHEAs with room-temperature ductility.
The present result implies that the alloy design strategy for decreasing
the VEC and Moeq effectively enhanced the room-temperature ductility
in BioMEAs and BioHEAs. The evaluation of the various mechanical
properties, including the Young's modulus and fatigue properties at
room temperature, is important for the application of BioHEAs as a
new category of metallic biomaterials; however, arc-melted ingots in-
clude the heterogeneous distribution of the constituent elements due
to solidification. The segregation of the constituent elements in BioHEAs
was reported to be suppressed by additive manufacturing (AM) in Ti-
Nb-Ta-Zr-Mo BioHEAs [51]. The thermomechanical process was con-
sidered to be effective in eliminating solidification segregation. Further
investigation of the mechanism of room-temperature ductility and fur-
ther evaluation of the mechanical properties of TZHNTM-3 using speci-
mens prepared by AM and/or thermo-mechanical processes will be
reported in future work.

Fig. 9 shows the biocompatibility evaluation results of arc-melted in-
gots in TZHNTM-3, together with SUS316L stainless steel [52], Co-Cr-
based alloy (ASTM F1537-08) [53], because Co-Cr-based alloys
[54-58] were widely used as metallic biomaterials together with pure
Ti and Ti-based alloys, and CP-Ti as references. Fig. 9a shows the quan-
titative analysis results of the cell density evaluated by staining images
of osteoblasts cultivated for 24 h on fabricated specimens with Giemsa.
The adhesion properties of the cells to materials surface, a major factor
mediating biocompatibility, differed drastically depending on the alloys.
The cell densities on the SUS-316 L and Co-Cr-Mo metallic biomaterials
were conspicuously lower than those on CP-Ti and TZHNTM-3. There
was no statistical difference between CP-Ti and TZHNTM-3. Moreover,
the cell morphology on a biomaterial, which exerts a direct influence
on cellular events involving tissue or organ construction, produced
characteristic properties between various types of alloys. Fig. 9b shows
the fluorescent images of cytoskeletal components and focal adhesions
of osteoblasts adhered on the fabricated specimens. The osteoblasts on
SUS316L and the Co-Cr-Mo alloy were found to shrink in size with
poor cytoskeletal organization. In contrast, those on TZHNTM-3 exhib-
ited a widespread morphology with a dense network of actin fibers as
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Fig. 9. Biocompatibility of the arc-melted ingots in the Ti-Zr-Hf-Nb-Ta-Mo BioHEAs of
the equiatomic TiNbTaZrMo (TZHNTM-Eq) and nonequiatomic Tiyg 32Zrg 32Hf25.32
Nbg74Tag74M01 55 (TZHNTM-3) BioHEAs — SUS316L stainless steel [52], Co-Cr-Mo alloy
of ASTM F1537-08 [53], and commercial pure titanium (CP-Ti) were used as a
reference. (a) Quantitative analysis of the density of osteoblasts cultured on the
fabricated specimens by staining images with Giemsa, (b) fluorescent images of
osteoblast adhesion on the fabricated specimens.

well as those on CP-Ti, which has been commonly used for orthopedic
and dental implants. The results demonstrate the appropriateness of
the constituent elements of the developed alloy for BioHEAs, as evi-
denced by their low cytotoxicity derived from excellent corrosion resis-
tance and the formation of an oxide layer. Taken together, the
developed TZHNTM-3 was found to be significantly more advantageous
than SUS-316 L and the Co-Cr-Mo alloy for bone tissue compatibility,
while possessing the same degree of cytocompatibility as CP-Ti, the
most common metals used in BioMEAs.

The analysis of the mechanical properties by the tensile test
(Fig. 8) and biocompatibility (Fig. 9) demonstrated the successful
fabrication of the ingots of BioHEAs with AS;,ix 2 1.5 R, superior bio-
compatibility comparable to that of CP-Ti, higher mechanical
strength than CP-Ti and an appreciable room-temperature tensile
ductility. The alloy design with the empirical alloy parameters in-
cluding Moeq (Eq. (5)), the predicted ground states and CALPHAD
(Figs. 1-5) was effective to develop new Ti-Zr-Hf-Nb-Ta-Mo
BioHEAs. The current findings pave the way for development and
are applicable for another BioHEA alloys system.
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5. Conclusions

In conclusion, nonequiatomic Ti-Zr-Hf-Nb-Ta-Mo BioHEAs with
superior biocompatibility and mechanical properties were successfully
designed and developed. The results are summarized as follows:

(1) BCC phases without intermetallic compounds were detected by
the XRD patterns of the arc-melted ingots of the equiatomic
Tiie67211667Hf16.67ND16.67Ta1667M01667 (TZHNTM-Eq) alloy and
nonequiatomic Ti32_07Zr27,53Hf1 8'49Nb12'70T30'19M08V97 (TZHNTM-
1), Tisze1Zr2858Hf2039Nb12.05TapgoM0s 57 (TZHNTM-2), and
Ti28,3321'23.33l-[f28_33Nb6_74Ta6.74M01_55 (TZHNTM—3) alloys. Dual
BCC phase formation was observed in the arc-melted ingots
of the equiatomic Tijee7Zr1667Hf16.67ND16.67Ta16.67M016.67
(TZHNTM-Eq) alloy, which can be explained by the differences
in the chemical composition between the dendrite and inter-
dendrite regions.

(2) In addition to the VEC parameter, it was found that the Moeq
parameter was useful for the alloy design and prediction of
BioMEAs and BioHEAs.

(3) Alloys design and prediction by the combination of empirical alloy
parameters (including Moeq), the predicted ground state diagram
constructed by the Materials Project, and thermodynamic calcula-
tions using the SGTE database, was effective to develop
nonequiatomic Ti-Zr-Hf-Nb-Ta-Mo BioHEAs.

(4) The nonequiatomic TZHNTM-3 exhibits a significantly higher me-
chanical strength than CP-Ti, with good ductility for tensile test-
ing at room temperature.

(5) The nonequiatomic TZHNTM-3 displayed superior biocompatibil-
ity, comparable to that of CP-Ti.
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