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A B S T R A C T

Novel TiZrHfCr0.2Mo and TiZrHfCo0.07Cr0.07Mo high-entropy alloys for metallic biomaterials (bio-HEAs) were
developed based on the combination of Ti–Nb–Ta–Zr–Mo alloy system and Co–Cr–Mo alloy system as com-
mercially-used metallic biomaterials. Ti–Zr-Hf-Cr-Mo and Ti–Zr-Hf-Co-Cr-Mo bio-HEAs were designed using (a)
a tree-like diagram for alloy development, (b) empirical alloy parameters for solid-solution-phase formation, and
(c) thermodynamic calculations focused on solidification. The newly-developed bio-HEAs overcomes the lim-
itation of classical metallic biomaterials by the improvement of (i) mechanical hardness and (ii) biocompatibility
all together. The TiZrHfCr0.2Mo and TiZrHfCo0.07Cr0.07Mo bio-HEAs showed superior biocompatibility com-
parable to that of commercial-purity Ti. The superior biocompatibility, high mechanical hardness and low li-
quidus temperature for the material processing in TiZrHfCr0.2Mo and TiZrHfCo0.07Cr0.07Mo bio-HEAs compared
with the Ti–Nb–Ta–Zr–Mo bio-HEAs gave the authenticity of the application of bio-HEAs for orthopedic implants
with multiple functions.

1. Introduction

Development of a new generation of metallic biomaterials posses-
sing both biocompatibility and good mechanical properties is necessary
for satisfying the demands of future medical applications. Recently, a
new class of structural and functional materials, labeled high-entropy
alloys (HEAs), was developed [1–14]. Our group developed HEAs for
use as metallic biomaterials (hereafter called bio-HEAs), e.g., equia-
tomic TiNbTaZrMo HEA [15–17]; non-equiatomic Ti2.6NbTaZrMo HEA
[16]; and Ti1.4Zr1.4Nb0.6Ta0.6Zr0.6, Ti1.7NbTaZrMo0.5, and
Ti1.5NbTaZrMo0.5 HEAs [18]. Wang et al. examined the application of
the TiNbTaZrMo bio-HEA to orthopedic implants [19]. Yuan et al. re-
ported the structure and properties of biocompatible TiZrHfNbTa and
related bio-HEAs and bio-medium entropy alloys (MEAs) including
alloy design for low Young's modulus [20]. Motallebzadeh et al. re-
ported the microstructural, mechanical and electrochemical character-
ization of TiZrHfNbTa and Ti1.5ZrTa0.5Hf0.5Nb0.5 bio-HEAs for biome-
dical applications [21]. Popescu et al. developed TiZrNbTaFe bio-HEAs
for medical applications [22]. TiNbTaZr MEAs without toxic elements
were reported to show the strong BCC solid solution formation ten-
dency and the superior ductility [15,23]. The constituent elements of
bio-HEAs are similar to those of RHEAs [24–30]; however, the concepts

of alloy design and the desired mechanical and functional properties
differ significantly between bio-HEAs and RHEAs. In bio-HEAs, the
biocompatibility of the constituent elements is the most important
factor for alloy design.

Co–Cr and Co–Cr–Mo alloys are commonly accepted metallic bio-
materials [31–36], as well as titanium-based alloys, particularly for
surgical implants and dental alloys such as ASTM F75 [37], ASTM
F1537 [38], and JIS T 7402 [39]. They are now widely used as sliding
materials in artificial joints [40]. As previously noted, we recently re-
ported the novel advantages of Ti–Nb–Ta–Zr–Mo HEAs as biomaterials.
The Ti1.4Nb0.6Ta0.6Zr1.4Mo0.6 bio-HEAs show excellent molecular in-
teractions between cells and HEAs with the formation of elongated
mature fibrillar adhesions [18]. This finding leads us to hypothesize the
good performance of bio-HEAs containing Co and Cr as biomedical
materials. In the present study, the combination of the Ti–Nb–-
Ta–Zr–Mo and Co–Cr–Mo alloy systems for the development of a new
alloy system of bio-HEAs was investigated. The similarity in the con-
stituent element in the bio-HEAs and RHEAs leads to the high liquidus
temperature (TL) for bio-HEAs without the Co and Cr elements. A high
TL may be favorable for RHEAs; however, bio-HEAs do not typically
exhibit such a property. A significantly high TL is a hindrance to the
fabrication of bio-HEAs, and it increases the fabrication cost. A low TL
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can overcome these problems and enable significantly more cost-ef-
fective production of bio-HEAs. Specifically, a decrease in TL below
2273 K (2000 °C) is one of the important objectives for overcoming the
above-stated problems in the fabrication of bio-HEAs from an en-
gineering standpoint. The combination of Ti–Nb–Ta–Zr–Mo bio-HEAs
and the castable Co–Cr–Mo alloys for metallic biomaterials was con-
sidered to be effective to decrease TL. This paper reports on the design
and development of TiZrHfCrxMo and TiZrHfCoxCrxMo bio-HEAs with
superior biocompatibility comparable to that of CP-Ti, both of whose TL
values are estimated to be below 2273 K, where TiZrHfCrxMo and
TiZrHfCoxCrxMo bio-HEAs were constructed using biocompatible ele-
ments.

2. Alloy design

Ti–Nb–Ta–Zr–Mo was the starting alloy system of the bio-HEAs
[15–19]. Fig. 1 shows the design of the bio-HEAs using the treelike
diagram. The following strategy was adopted for selection of the con-
stituent elements using the treelike diagram for the combination of the
Ti–Nb–Ta–Zr–Mo and Co–Cr–Mo alloy systems. (1) High-melting-tem-
perature elements, i.e. Nb, Mo, and Ta, were removed from Ti–Nb–-
Ta–Zr–Mo, which yielded Ti–Zr. (2) Subsequently, Hf was added to
Ti–Zr. Hf is a metallic element with good biocompatibility and osteo-
genesis, as confirmed by an animal implantation test [41]. Hf has also
been used as one of the additive elements in Ti-based metallic bioma-
terials [42,43]. Furthermore, Hf-containing bio-HEAs have been re-
ported previously [20,21]. Sheikh et al. reported that a decrease in the
number of valence electrons through controlled alloying based on the
valence electron concentration (VEC) theory was effective for achieving
intrinsic ductility of RHEAs [44]. Yuan et al. reported that the decrease
in VEC was also effective to decrease the Young's modulus of bio-HEAs
[20]. The addition of Hf can be considered an effective strategy for
realizing bio-HEAs with room-temperature ductility and low Young's
modulus. The Ti–Zr–Hf alloy system was designed via the addition of Hf
to Ti–Zr. (3) As the third step, Nb and Mo were considered as candidate
elements for bio-HEAs. The melting temperature of Mo (2896 K) is
higher than that of Nb (2741 K). Recent reports regarding the

development of Ti–Nb-based multicomponent alloys [45–47] and ad-
ditive manufacturing in Ti-based alloys [47–49] may imply that Nb is
preferable over Mo. However, Mo was selected in the present study
because of the combination of the Co–Cr–Mo alloy system, resulting in a
Ti–Zr-Hf-Mo alloy system. (4) Co and Cr were selected as promising
additive elements for the consideration, the resulting five-component
Ti–Zr–Hf–Co–Mo and Ti–Zr–Hf–Cr–Mo and six-component Ti–Zr–Hf–-
Co–Cr–Mo alloy systems were considered promising candidates for bio-
HEAs without toxic elements. (5) Further discussion of the alloy system
was made based on the empirical alloy parameters for the prediction of
the solid-solution phases in HEAs. The parametric approach was ef-
fective for a rough design analysis of the newly developed Ti–Nb–-
Ta–Zr–Mo bio-HEAs [15]. In this study, the possibility for the solid
solution phase formation in the 5-component Ti–Zr–Hf–Co–Mo and
Ti–Zr–Hf–Cr–Mo and 6-component Ti–Zr–Hf–Co–Cr–Mo alloy systems
was discussed based on the empirical alloy parameters including fol-
lowing empirical parameters: mixing entropy ΔSmix [8,9]; mixing en-
thalpy ΔHmix [8,9]; a parameter for evaluating the difference in the
atomic radii of the constituent elements, δ [8,9], and a dimensionless
parameter Ω, which was calculated using both ΔSmix and ΔHmix

[8,9,50]. The mixing enthalpy ΔHi–j calculated by the Miedema's model
for i–j atomic pairs and atomic radii of the i elements ri are important
parameters for the calculation of ΔHmix, δ, and Ω. Fig. 2 shows the
values of ΔHi–j for i–j atomic pairs and atomic radii of the i elements ri in
the Ti–Zr–Hf–Co–Cr–Mo alloy system, obtained from Ref. [51]. In the
map of ΔHi–j (Fig. 2a), the pairs of Co–Ti (−28), Co–Zr (−41), and
Co–Hf (−35) exhibited large negative values. This indicates that the
addition of Co in Ti–Zr–Hf–Mo alloys are undesirable for HEAs, based
on the ΔHmix and Ω parameters. For a five-component alloy system for
bio-HEAs, Ti–Zr–Hf–Cr–Mo alloys were selected in the present study.
(6) Based on the parametric approach concerning ΔHi–j, Co was not a
suitable additional element for the Ti–Zr–Hf–Mo alloys. In contrast, the
addition of both Co and Cr in the Ti–Zr–Hf–Mo alloys significantly and
effectively increased ΔSmix. A difference in ri was not seen between Co
and Cr (Fig. 2b). For a six-component alloy system for bio-HEAs,
Ti–Zr–Hf–Co–Cr–Mo alloys were also investigated in the present study.

Based on the above-described discussion, the five-component
Ti–Zr–Hf–Cr–Mo and six-component Ti–Zr–Hf–Co–Cr–Mo alloy systems
were considered. In the map of the atomic radii of the i elements ri
(Fig. 2b), the atomic radii of Co and Cr are significantly smaller than
those of Ti, Zr, and Hf. The increase in Cr concentration in
Ti–Zr–Hf–Cr–Mo alloy and that of Co and Cr concentration in
Ti–Zr–Hf–Co–Cr–Mo alloys lead to an increase in δ, which is not fa-
vorable for the formation of the solid solution phase. The increase in Co

Fig. 1. Alloy design using treelike diagram of evolution of TiZrHfCrxMo and
TiZrHfCoxCrxMo bio-HEAs.

Fig. 2. (a) Mixing enthalpy ΔHi-j calculated by the Miedema's model for i–j
atomic pairs. and (b) atomic radii of the i elements ri. These data were obtained
from Ref. [51].
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in Ti–Zr–Hf–Co–Cr–Mo alloys was not suitable for ΔHmix parameters
because of the large negative ΔHi–j values of Co–Ti (−28), Co–Zr
(−41), and Co–Hf (−35) (Fig. 2a). Finally, the 5-component
TiZrHfCrxMo (x≥ 0) and 6-component TiZrHfCoxCrxMo (x≥ 0) alloys
were investigated in this study. In the alloy map (Fig. 2), the alloy
compositions of TiZrHfCrxMo and TiZrHfCoxCrxMo are presented to-
gether with the alloy system.

Fig. 3 shows the empirical alloy parameters for prediction of the
solid solution phases in the TiZrHfCrxMo and TiZrHfCoxCrxMo alloys.
ΔSmix/R of the TiZrHfCrxMo and TiZrHfCoxCrxMo alloys are shown in
Fig. 3a1 and 3b1, respectively. The increase in x leads to an increase in
ΔSmix for both TiZrHfCrxMo and TiZrHfCoxCrxMo alloys. The minimum
values to satisfy ΔSmix/R≥ 1.5R were x=0.2 for the TiZrHfCrxMo
alloys and x=0.07 for the TiZrHfCoxCrxMo alloys. The values of ΔHmix

of the TiZrHfCrxMo (Fig. 3a2) and TiZrHfCoxCrxMo (Fig. 3b2) alloys
were negative; their absolute values increased with x, which indicates
that the increase in x was not favorable for the formation of HEAs
considering the interactions of the constituent elements. However, the
ΔHmix values imply the high solid solution tendency in the TiZrHfCrxMo
and TiZrHfCoxCrxMo alloys with x≤ 0.3 owing to the low absolute
values of ΔHmix. The values of δ of the TiZrHfCrxMo (Fig. 3a3) and
TiZrHfCoxCrxMo (Fig. 3b3) alloys increased with x, which indicates that
the increase in x was not favorable for the formation of HEAs con-
sidering the difference in atomic radius between the constituent ele-
ments. The values of δ of the TiZrHfCrxMo and TiZrHfCoxCrxMo alloys
were higher than those of the typical RHEAs [7,8,28]. The values of δ of
the TiZrHfCr0.2Mo (TiZrHfCoxMo, x=0.2) and TiZrHfCo0.07Cr0.07Mo
(TiZrHfCoxCrxMo, x=0.07) alloys, where x had the minimum value

satisfying ΔSmix/R≥ 1.5R, were 7.8 and 7.6, respectively. The large δ
values of the TiZrHfCrxMo and TiZrHfCoxCrxMo alloys indicate that the
increases in the concentrations of Co and Cr had negative effects on the
formation of the solid solution. The x values should be minimum to
suppress the intermetallic compound formation due to the atomic size
effect. The Ω parameters of the TiZrHfCrxMo (Fig. 3a4) and TiZrHf-
CoxCrxMo (Fig. 3b4) alloys decreased with the increase in x. The Co-
and Cr-concentration dependence of Ω was mainly attributed to the
increase in the absolute value of ΔHmix with the increase in x. The
values of Ω of the TiZrHfCrxMo and TiZrHfCoxCrxMo alloys for
0≤ x≤ 0.3 were larger than 1.1, which indicates the high solid-solu-
tion formation tendency in the TiZrHfCrxMo and TiZrHfCoxCrxMo al-
loys for 0≤ x≤ 0.3.

As denoted in the review paper [14], it's found in a number of these
alloys, and the exploration of alloys containing this phase could be
accelerated using the CALculated PHAse Diagram (CALPHAD) method.
The pseudo-binary phase diagrams constructed using only the Gibbs
free energies of a single liquid phase and single BCC phase were ef-
fective to estimate TL and evaluate the solidification microstructures in
Ti–Nb–Ta–Zr–Mo bio-HEAs [16,17,52]. A thermodynamic calculation
focused on TL was performed for the TiZrHfCrxMo and TiZrHfCoxCrxMo
alloys for 0≤ x≤ 0.3. Fig. 4 shows the pseudo-binary phase diagrams
focused on TL [K] estimated from thermodynamic calculations con-
sidering a single liquid phase and single BCC phase. The thermo-
dynamic calculations were performed with FactSage (ver. 7.3) using the
thermodynamic databases for alloy systems from Scientific Group
Thermodata Europe (SGTE) 2017 [53]. TL of the equiatomic TiZrHfMo
alloy was estimated to be 1995 K, which is much lower than 2273 K
(2000 °C). TL (red solid line) monotonously decreased with increasing x
and y of the TiZrHfCrxMo (Fig. 4a1) and TiZrHfCoyCryMo (Fig. 4a2)
alloys, respectively. The TiZrHfCr0.2Mo (TiZrHfCrxMo, x=0.2) and
TiZrHfCo0.07Cr0.07Mo (TiZrHfCoyCryMo, y=0.07) bio-HEAs were de-
signed on the basis of these thermodynamic calculation results; these x
and y values were the minimum values that satisfied an entropy-based
definition of HEAs, i.e., ΔSmix/R≥ 1.5R [8,9]. The TL values of the
TiZrHfCr0.2Mo (1978 K, 1705 °C) and TiZrHfCo0.07Cr0.07Mo (1980 K,
1707 °C) alloys were lower than 2273 K (2000 °C) and significantly
lower than that of equiatomic TiNbTaZrMo (2484 K, 2211 °C;

Fig. 3. Empirical alloy parameters for prediction of the solid solution phases in
the TiZrHfCrxMo and TiZrHfCoxCrxMo bio-HEAs. (a) TiZrHfCrxMo. (b)
TiZrHfCoxCrxMo. (a1)(b1) ΔSmix/R, (a2)(b2) ΔHmix, (a3)(b3) δ [%], (a4)(b4) Ω.

Fig. 4. Pseudo-binary phase diagrams focused on the liquidus temperature TL
[K] and solidus temperature TS [K] estimated from thermodynamic calculations
considering a single BCC phase and single liquid phase. (a) TiZrHfCrxMo and (b)
TiZrHfCoxCrxMo.
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SGTE2017) [16,52].
Fig. 5 shows thermodynamic equilibrium calculation results of

equiatomic TiNbTaZrMo (a), TiZrHfCr0.2Mo (b) and TiZrHf-
Co0.07Cr0.07Mo (c) bio-HEAs. The equilibrium calculation of
TiZrHfCr0.2Mo (Fig. 5b) and TiZrHfCo0.07Cr0.07Mo (Fig. 5c) showed
that the BCC phase forms first during cooling of liquid and the TL was
much lower than that of equiatomic TiNbTaZrMo. BCC single phase
region was observed in equiatomic TiNbTaZrMo (Fig. 5a),
TiZrHfCr0.2Mo (Fig. 5b) and TiZrHfCo0.07Cr0.07Mo (Fig. 5c), regardless
the alloy system. The BCC phase decomposed to dual BCC phases in
equiatomic TiNbTaZrMo (Fig. 5a), and this was discussed in detail in
the literature [15]. The minor laves phase was found at the temperature
below about 1500 K in TiZrHfCr0.2Mo (Fig. 5b). The wide solid (BCC)-
liquid co-existing temperature range was observed in TiZrHf-
Co0.07Cr0.07Mo (Fig. 5c). It should be noted here that single BCC phase
was stable at the temperature just below TS in TiZrHfCr0.2Mo (Fig. 5b)
and TiZrHfCo0.07Cr0.07Mo (Fig. 5c) bio-HEAs. Table 1 summarized the
thermodynamic calculation results of liquidus temperatures TL [K] and
distribution coefficient (k) at TL in TiZrHfCrxMo and TiZrHfCoxCrxMo
HEAs. The value of k in Zr and Cr was lower that the unity in
TiZrHfCrxMo (Table 1a) and TiZrHfCoxCrxMo (Table 1b) bio-HEAs. The
value of k in Co was significantly lower than the unity in TiZrHf-
CoxCrxMo (Table 1b), indicating that the solubility limit of Co in BCC
phase was significantly small and Co was enriched in the residual liquid
during solidification in TiZrHfCoxCrxMo resulting in the wide solid
(BCC)-liquid co-existing temperature range. Based on the treelike dia-
gram (Fig. 1), empirical alloy parameters (Figs. 2 and 3), and thermo-
dynamic calculations (Figs. 4 and 5, and Table 1), TiZrHfCr0.2Mo
(TiZrHfCoxMo, x=0.2) and TiZrHfCo0.07Cr0.07Mo (TiZrHfCoxCrxMo,
x=0.07) bio-HEAs were designed.

3. Experimental procedures

Arc-melted ingots of the TiZrHfCr0.2Mo and TiZrHfCo0.07Cr0.07Mo
alloys were prepared in an arc-melting furnace (ACM-S01, Diavac,
Japan) from a mixture of pure-element lumps. Ti chips (purity: 3 N), Zr
wire-cut products (purity: 3 N), and Hf sponges ((Hf + Zr) purity:
minimum 99.6%), Cr shots (purity: 3 N), Co shots (purity: 3 N), and Mo
shots (purity: 3 N) were used as pure-element lumps. In order to achieve
homogeneous distributions of the constituent elements in the alloys, the
alloy ingots were melted more than 10 times and maintained in a liquid
state for approximately 120 s during each melting cycle. The cooling
rate during the arc-melting process was approximately 2 × 103 K/s
[16,54]. X-ray diffraction (XRD) analysis was performed using a Rigaku
(Japan) RINT-2500 X-ray diffractometer with Cu-Kα radiation to iden-
tify the constituent phases. The solidification microstructures of the arc-
melted ingots of the TiZrHfCr0.2Mo and TiZrHfCo0.07Cr0.07Mo alloys
were investigated using scanning electron microscopy (SEM)-back-
scattered electron (BSE) imaging. A thermionic-emission gun type SEM
equipment with a W filament, the JEM-5600 (JEOL, Japan), was used.
The solidification microstructures were also investigated using electron
probe microanalysis with wavelength-dispersive spectroscopy (EPMA-
WDS). A thermionic-emission gun type EPMA equipment with a W fi-
lament, the JXA-8800R (JEOL, Japan), was used. A Vickers micro-
hardness (Hv) test was performed with a load of 1.0 kgf using an MVK-E
instrument (Akashi Seisakusho, Japan). The values of Hv were the
average values of at least 10 positions, in which each position was
randomly selected. The specimens for cell cultivation experiments
aimed at evaluation of cellular compatibility were prepared by cutting
into ϕ9 mm×1mm pieces using an electron discharge machining. The
surfaces of these substrates were mechanically polished with SiC wa-
terproof papers up to #4000 grit. Prior to the cell cultivation experi-
ments, these specimens were washed with acetone and ethanol in ul-
trasonication and then placed individually into a 48-well microplate
(IWAKI) (n=5). Mouse primary osteoblasts were isolated from neo-
natal pups calvariae by sequential collagenase/trypsin digestion pro-
cedure. The obtained cells were diluted to 10000 cells/cm2 and seeded
onto the substrates. After cultivation for 24 h in a 5% CO2 humidified
atmosphere, the cells were fixed with methanol and stained with a 5%
Giemsa aqueous solution (FUJIFILM Wako Chemicals). The cell density
cultivated on the substrates was analyzed from optical microscopy
(BX60, Olympus) images. The cell adhesion behaviors were evaluated
by immunocytochemistry. After cultivation for 24 h, the cells were fixed
in 4% paraformaldehyde, followed by washing in phosphate-buffered
saline (PBS) with Triton X-100 and immersed in normal goat serum

Fig. 5. Equilibrium calculation results of equiatomic TiNbTaZrMo (a),
TiZrHfCr0.2Mo (b) and TiZrHfCo0.07Cr0.07Mo (c) bio-HEAs.

Table 1
Thermodynamic calculation results of liquidus temperatures TL [K] and dis-
tribution coefficient at TL (k) in TiZrHfCrxMo and TiZrHfCoxCrxMo HEAs.

(a) TiZrHfCrxMo

x TL k at TL

[K] Ti Zr Hf Co Cr Mo

0.00 1995 0.96 0.69 1.07 1.28
0.07 1994 0.96 0.67 1.08 0.63 1.31
0.10 1986 0.97 0.66 1.09 0.63 1.32
0.20 1978 0.97 0.63 1.11 0.64 1.36

(b) TiZrHfCoxCrxMo

x TL k at TL

[K] Ti Zr Hf Co Cr Mo

0.07 1980 0.98 0.59 1.06 0.05 0.66 1.45
0.10 1975 0.99 0.55 1.06 0.05 0.68 1.53
0.20 1963 1.01 0.44 1.04 0.04 0.73 1.76
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solution for blockade of non-specific antibody interaction. Then, the
cells were incubated with anti-vinculin antibodies (Sigma) and subse-
quently with secondary antibodies (Alexa Fluor 594 goat anti mouse
IgG (Thermo Fisher Scientific) and Alexa Fluor 488 phalloidin (Thermo
Fisher Scientific)). The images were observed with fluorescent micro-
scopy (BZ-X710, Keyence). The data were expressed as mean ±
standard deviation. The 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. In the present
study, a microstructure analysis and an evaluation of biocompatibility
and mechanical properties were performed for same-batch ingots; most
portions of the specimens were used for the biocompatibility test.

4. Results and discussion

Fig. 6 shows XRD patters of the arc-melted ingots of the
TiZrHfCr0.2Mo and TiZrHfCo0.07Cr0.07Mo bio-HEAs. A log-scale in-
tensity plot (Fig. 6b) is shown for enhancing the minor peaks. In the
linear-scale plot (Fig. 6a), all the high-intensity peaks in the XRD pat-
terns can be indexed as the BCC phase, as indicated by the open circles
(○). The lattice constant of the BCC phase estimated from the positions
of the intensity peaks in the XRD patterns was 0.337 nm for the
TiZrHfCr0.2Mo alloy and 0.336 nm for the TiZrHfCo0.07Cr0.07Mo alloy.
Some minor peaks, which were not indexed as the BCC phase, were
observed in the ingots of both the TiZrHfCr0.2Mo bio-HEA and the
TiZrHfCo0.07Cr0.07Mo bio-HEA, as indicated by the black arrows
(Fig. 6a and b). These minor peaks were considered to correspond to
Co- and/or Cr-containing Laves-based intermetallic compounds. The
number and intensities of the minor peaks corresponding to a non-BCC
solid-solution phase in the TiZrHfCo0.07Cr0.07Mo were smaller than

those of the TiZrHfCr0.2Mo.
Fig. 7 shows SEM-BSE images of the arc-melted ingots of the

TiZrHfCr0.2Mo and TiZrHfCo0.07Cr0.07Mo bio-HEAs. The black-contrast
regions denoted as A1 and A2 were randomly distributed in both as-cast
alloys, which could be attributed to the abrasive grains from the SiC
abrasive paper as polishing artifacts [55]. Both as-cast TiZrHfCr0.2Mo
(Fig. 7a) and TiZrHfCo0.07Cr0.07Mo (Fig. 7b) showed dendritic struc-
tures with white–gray-contrast dendrites and dark-gray-contrast inter-
dendrite regions (denoted as B1 and B2, respectively). The dendritic
structure indicates the redistribution of the constituent elements during
the solidification, leading to the formation of a mixture of a main
dendrite phase and minor phase corresponding to the inter-dendrite
region (B1 and B2). A typical example of the minor phase (B1 and B2) is
shown in the magnified image. In the TiZrHfCr0.2Mo bio-HEA, the mi-
crostructure of the inter-dendrite region (Fig. 7a2 and 7a3) may be a
eutectic-like structure; however, formation of the eutectic structure
cannot be irrefutably concluded because of the lack of spatial resolution
of the thermionic-emission gun type SEM used in the present study.
Notably, observation of the solidification microstructure of HEAs using
SEM-BSE imaging was difficult for some HEAs because of the com-
plexity of the constituent elements [56]. The unique nature of HEAs in
terms of this complexity resulted in difficulty in evaluating the micro-
structure in the TiZrHfCr0.2Mo HEA in the present study. The clear
eutectic-like structure formation was not observed in the inter-dendrite
region of the TiZrHfCo0.07Cr0.07Mo bio-HEA (Fig. 7b2 and 7b3). The
equiaxial dendrite structure formations in the as-cast TiZrHfCr0.2Mo
(Fig. 8a) and TiZrHfCo0.07Cr0.07Mo (Fig. 8b) bio-HEAs were similar to
those of the other bio-HEAs including the equiatomic TiNbTaZrMo bio-
HEA [15–17], non-equiatomic Ti2.6NbTaZrMo [17],
Ti1.4Zr1.4Nb0.6Ta0.6Zr0.6, Ti1.7NbTaZrMo0.5, and Ti1.5NbTaZrMo0.5 bio-
HEAs [18].

Fig. 8 shows an elemental map for the as-cast TiZrHfCr0.2Mo bio-
HEA obtained using EPMA-WDS. Cr enrichment was observed in the
inter-dendrite region in both low- (Fig. 8a) and high- (Fig. 8b) magni-
fication images. The elemental distribution of Ti, Zr, and Mo was not
homogeneous. Recently, a eutectic structure in the inter-dendrite region
was reported for Laves phase formation-type multi-component Ti-based
alloys [57,58]. This implies eutectic-like structure formation in the

Fig. 6. XRD patterns of the arc-melted ingots of TiZrHfCr0.2Mo and
TiZrHfCo0.07Cr0.07Mo bio-HEAs. (a) linear scale plot, (b) log-scale plot.

Fig. 7. SEM-BSE images of the as-cast TiZrHfCr0.2Mo and TiZrHfCo0.07Cr0.07Mo
bio-HEAs. The inset shows a magnified image focused on the inter-dendrite
region. (a) TiZrHfCr0.2Mo and (b) TiZrHfCo0.07Cr0.07Mo. (a2) and (a3) are the
magnified images of (a1). (b2) and (b3) are the magnified images of (b1).
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inter-dendrite region in the TiZrHfCr0.2Mo bio-HEA; however, forma-
tion of the eutectic-like structure was not clearly determined because of
the lack of spatial resolution of the thermionic-emission gun type EPMA
used in the present study, similar to the case for the SEM observation.
The thermodynamic calculation results of a k at TL of TiZrHfCo0.2Mo in
Table 1 show that the k at TL of Cr was less than unity, indicating the
rejection of Cr from the dendrite phase to the residual liquid and the
enrichment of the inter-dendrite region during solidification. There was
no discrepancy in the Cr-rich phase formation between the experi-
mental observation and thermodynamic calculation.

Fig. 9 shows an elemental map for the as-cast TiZrHfCo0.07Cr0.07Mo
bio-HEA obtained using EPMA-WDS, while Table 2 shows composition
analytical results (at.%). A slight enrichment in Mo element was ob-
served at the main dendrite region (denoted as D), compared to the
inter-dendrite region. On the other hand, enrichments in Co and Cr
elements were clearly observed at the inter-dendrite region (B2).
Table 2 summarizes the EPMA-WDS composition analysis results at the
dendrite region (denoted as D in Fig. 9) and Co–Cr-enriched inter-
dendrite region (denoted as B2 in Fig. 9). The main-dendrite region (D)
contained all of the main constituent elements (Ti, Zr, Hf, and Mo),
which indicates the formation of the BCC solid solution phase with
multi-component elements. The Co–Cr-enriched phase formation was
detected in the EPMA elemental mapping (Fig. 9) and EPMA-WDS
composition analysis (Table 2). The thermodynamic calculation results
of the value of k at TL of TiZrHfCo0.07Cr0.07Mo in Table 2 shows that k at
TL of Co, Cr and Zr was less than unity, indicating the rejection of these
element from dendrite phase to residual liquid and the enrichment of
the inter-dendrite region during the solidification. The observed ele-
mental distribution was roughly consistent with the thermodynamic
calculation results. The Co–Cr-enriched region contained large amounts
of Ti, Zr, Hf, and Mo elements.

The mechanical properties of the as-cast TiZrHfCr0.2Mo and
TiZrHfCo0.07Cr0.07Mo bio-HEAs were mainly evaluated using the micro
Vickers hardness (Hv) test. The preliminary test for the compression test
of the arc-melted ingot showed that the yield stress was approximately

1250MPa. Fig. 10 shows the Vickers hardness (Hv) values of ingots of
the various HEAs: the TiZrHfCr0.2Mo bio-HEA (blue open square, □);
the TiZrHfCo0.07Cr0.07Mo bio-HEA (red open circle, ○); and equiatomic
TiNbTaZrX (X=V, Mo, W) HEAs (black filled square, ■) including the
equiatomic TiNbTaZrMo bio-HEA; the equiatomic TiNbTaZr MEA
(black filled circle, ●). Table 3 shows the Hv values of the alloys, in
which the average (Av.) and standard deviation (Std.) were obtained

Fig. 8. Elemental mapping of the as-cast TiZrHfCr0.2Mo bio-HEA via EPMA-WDS analysis. (a) low-magnification mapping, (b) high-magnification mapping.

Fig. 9. Elemental mapping of the as-cast TiZrHfCo0.07Cr0.07Mo bio-HEA via
EPMA-WDS analysis.
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from at least 10 measurements, the positions for which were randomly
selected. The Hv values were considered to be the hardness, including
the effect of Laves phases at the inter-dendrite region. In Fig. 10, the Hv
was plotted against TL. The Hv values of the five-component equiatomic
TiNbTaZrX (X=V, Mo, W) HEAs were significantly higher than that of
the four-component equiatomic TiNbTaZr MEA. The Hv values of the
five-component equiatomic TiNbTaZrX (X=V, Mo, W) HEAs increased
monotonously with increasing TL. The Hv values of the TiZrHfCr0.2Mo
and TiZrHfCo0.07Cr0.07Mo bio-HEAs were higher than that of the
equiatomic TiNbTaZrMo bio-HEA, even though the TL values of the
TiZrHfCr0.2Mo and TiZrHfCo0.07Cr0.07Mo bio-HEAs were significantly
lower than that of the equiatomic TiNbTaZrMo bio-HEA. The reason for
the significantly higher hardness of the TiZrHfCr0.2Mo and TiZrHf-
Co0.07Cr0.07Mo bio-HEAs is not clear at present. This higher hardness
may be explained by the severe lattice distortion caused by the

formation of the multi-component BCC phase in the main dendritic
region and/or dispersion of the Laves phase in the inter-dendrite region.
The dispersion of small fractions of Laves phases has been reported to
be sufficient to significantly enhance the hardness values in multi-
component Ti-based alloys with a BCC phase [57–59]. The present
experimental results may imply that the dispersion of a small fraction of
Laves phases is effective in increasing the hardness of a BCC type bio-
HEAs as well as BCC-type Ti-based alloys [57–59]. Notably, the novel
high-strength TiZrHfCr0.2Mo and TiZrHfCo0.07Cr0.07Mo bio-HEAs,
whose liquidus temperatures were significantly lower than those of
previously reported equiatomic and non-equiatomic TiNbTaZrMo bio-
HEAs [15–19], were successfully designed and developed in the present
study.

Fig. 11 shows the biocompatibility evaluation results of the alloys.

Table 2
EPMA-WDS composition analysis results at the dendrite region (C in Fig. 9) and
Co–Cr-enriched inter-dendrite region (B2 in Fig. 9).

Dendrite (index D), at.%

Ti Zr Hf Co Cr Mo

25.9 19.2 26.6 1.2 1.5 25.7

Inter-dendrite (index B2), at.%

Ti Zr Hf Co Cr Mo

25.4 19.6 15.4 14.7 6.9 17.5

Fig. 10. Vickers hardness values of various as-cast HEAs: TiZrHfCr0.2Mo bio-
HEA (blue open squares, □); TiZrHfCo0.07Cr0.07Mo bio-HEA (red open circles,
○); TiNbTaZr bio-MEA (black filled circles, ●); and TiNbTaZrX (X=V, Mo, W)
HEAs (black filled squares, ■), including TiNbTaZrMo bio-HEAs. The Vickers
hardness is plotted against the liquidus temperature (TL) estimated by ther-
modynamic calculations. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Table 3
Vickers hardness values of various as-cast HEAs: TiZrHfCr0.2Mo bio-HEA,
TiZrHfCo0.07Cr0.07Mo bio-HEA, TiNbTaZr bio-MEA, and TiNbTaZrX (X=V,
Mo, W) HEAs including TiNbTaZrMo bio-HEAs. The average (Av.) and standard
deviation (Std.) were obtained from at least 10 measurements, the positions for
which were randomly selected.

Alloys TL [K] Hv (Av.) Std.

TiNbTaZr 2346 313 8.8
TiNbTaZrV 2228 430 5.0
TiNbTaZrMo 2484 477 7.8
TiNbTaZrW 2726 556 6.3
TiZrHfCr0.2Mo 1980 531 11
TiZrHfCo0.07Cr0.07Mo 1978 532 5.9

Fig. 11. Biocompatibility analysis results of arc-melted ingots of TiZrHfCr0.2Mo
and TiZrHfCo0.07Cr0.07Mo bio-HEAs. (a) Giemsa staining images of osteoblasts
cultured on fabricated specimens of SUS316L (stainless steel, JIS SUS316L
[60]), CP-Ti, Co–Cr–Mo alloy (wrought cobalt–28chromium–6molybdenum
alloys for surgical implants, ASTM F1537-08 [38]), equiatomic TiNbTaZrMo,
and TiZrHfCr0.2Mo and TiZrHfCo0.07Cr0.07Mo bio-HEAs. (b) Quantitative ana-
lysis of cell density on fabricated specimens. (c) Fluorescent images of osteo-
blast adhesion on fabricated specimens of SUS316, CP-Ti, Co–Cr–Mo alloy,
equiatomic TiNbTaZrMo, and TiZrHfCr0.2Mo and TiZrHfCo0.07Cr0.07Mo bio-
HEAs.
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Specifically, Fig. 11a shows the Giemsa staining images of osteoblasts
cultivated for 24 h on fabricated specimens of stainless steel (SUS316L)
[56] (Fig. 11a1), Co–Cr–Mo alloy (ASTM F1537-08) [38] (Fig. 11a2),
commercial-purity Ti (CP–Ti; Fig. 11a3), TiZrHfCr0.2Mo (Fig. 11a4),
and TiZrHfCo0.07Cr0.07Mo (Fig. 11a5). The cell density of SUS316L
(Fig. 11a1) was lower than those of CP-Ti (Fig. 11a3), TiZrHfCr0.2Mo
(Fig. 11a4) and TiZrHfCo0.07Cr0.07Mo (Fig. 11a5). Quantitative analysis
results of the cell density are shown in Fig. 11b (asterisks indicate the
statistically significant difference between the two groups). The cell
density was strongly dependent on the composition of the alloys: the
cell density of SUS316L was clearly lower than that of CP-Ti and the
ingots of TiZrHfCr0.2Mo, and TiZrHfCo0.07Cr0.07Mo. There was no sta-
tistical difference between CP-Ti and the developed bio-HEAs. Our
previous work demonstrated that the TiNbTaZrMo bio-HEA shows good
biocompatibility comparable to that of CP-Ti [15], indicating that the
newly developed TiZrHfCr0.2Mo and TiZrHfCo0.07Cr0.07Mo show the
same degree of cytocompatibility as that of other bio-HEAs involving
TiNbTaZrMo. Along with cell density, the morphology of osteoblasts on
a biomaterial is an important indicator as cell spreading plays a sig-
nificant role in cellular functions involving tissue regeneration. Fig. 11c
shows fluorescent images of osteoblast adhesion on the fabricated
specimens. The osteoblasts on SUS316L (Fig. 11c1) and the Co–Cr–Mo
alloy (Fig. 11c2) were relatively small and less spread out. In contrast,
those on TiZrHfCr0.2Mo (Fig. 11c4) and TiZrHfCo0.07Cr0.07Mo
(Fig. 11c5) showed a widespread morphology, almost similar to the
morphology of the cells on CP-Ti (Fig. 11c3). This indicates that the
TiZrHfCr0.2Mo and TiZrHfCo0.07Cr0.07Mo bio-HEAs are much more
advantageous than SUS316L and the Co–Cr–Mo alloy for bone tissue
compatibility. It was clarified that the osteoblasts on
Ti1.4Zr1.4Nb0.6Ta0.6Mo0.6 bio-HEA possess significantly longer struc-
tures of fibrillar adhesion compared to Ti0.6Zr0.6Nb1.4Ta1.4Mo1.4 bio-
HEA, indicating that Ti–Nb–Ta–Zr–Mo bio-HEA stimulated the ma-
turation of focal adhesion plaques in osteoblasts [18]. The maturation
of focal adhesion, as well as cell alignment, is closely related to the
functional organization of biological tissue around the implanted bio-
materials [61–63]. The development of the wide-spread morphology of
the cells on the TiZrHfCr0.2Mo and TiZrHfCo0.07Cr0.07Mo bio-HEAs may
lead to the superior biocompatibility of these newly developed bio-
HEAs; the interaction of cells and TiZrHfCr0.2Mo and TiZrHf-
Co0.07Cr0.07Mo bio-HEAs will be clarified in future studies. The com-
bination of a Ti- and Zr-based oxide layer in a Ti–Nb–Ta–Zr alloy has
been shown to have excellent biocompatibility [64]. Furthermore, a
Ti–30Zr–7Mo alloy was reported to have shown a significantly in-
creased number of cells as compared to that of CP-Ti, allowing for the
formation of Zr-and Ti-based oxide layers [65]. Taken together, the
excellent biocompatibility in TiZrHfCr0.2Mo and TiZrHfCo0.07Cr0.07Mo
bio-HEAs may be because of the particular oxide layer based on the
complicated arrangement of the constituent metallic elements. The
application of the developed bio-HEAs as biomedical materials should
be investigated strictly on the basis of biological analysis regarding the
functional interaction between materials and cells; research involving
gene expression analysis is now in progress. Finally, it can be empha-
sized that the present results are the first to demonstrate the excellent
biocompatibility of Ti–Zr–Hf–Cr–Mo and Ti–Zr–Hf–Co–Cr–Mo bio-
HEAs, which is comparable to that of CP-Ti.

5. Conclusions

In conclusion, this study developed TiZrHfCr0.2Mo and
TiZrHfCo0.07Cr0.07Mo bio-HEAs. TiZrHfCr0.2Mo and
TiZrHfCo0.07Cr0.07Mo bio-HEAs were designed using (a) a treelike
diagram for alloy development, (b) empirical alloy parameters for solid-
solution-phase formation, and (c) thermodynamic calculations focused
on solidification. The liquidus temperatures of the TiZrHfCr0.2Mo and
TiZrHfCo0.07Cr0.07Mo bio-HEAs were estimated to be 1978 K (1705 °C)
and 1980 K (1707 °C), respectively, which are much below 2273 K

(2000 °C). The ingots of the TiZrHfCr0.2Mo and TiZrHfCo0.07Cr0.07Mo
bio-HEAs showed equiaxed dendrites with BCC structures. The ingots of
these two bio-HEAs also showed higher Vickers hardness than the
equiatomic TiNbTaZrMo bio-HEA. Both these bio-HEAs showed ex-
cellent biocompatibility comparable to that of CP-Ti. The development
of TiZrHfCr0.2Mo and TiZrHfCo0.07Cr0.07Mo bio-HEAs with excellent
biocompatibility comparable to that of commercial-purity Ti provides
authenticity of the application of bio-HEAs for orthopedic implants
with multiple functions.
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