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ARTICLE INFO ABSTRACT

Keywords:

The novel high-entropy alloys (HEAs) with compositions of (Tij 3Zr; 3Hf1,3)15(Nby2Tas2)x (x = 3, 5) for
biomedical applications have been designed and synthesized, using the cluster formula approach. The present
HEAs have a single body-centered-cubic (BCC) solid-solution structure and possess prominent mechanical

High-entropy alloys
Alloy design

aiizrs?gsnblmy properties of high compressive yield strength (834-890 MPa) and microhardness (287-293 Hv), large plasticity
Mechanical properties (>45%) under compression, as well as low Young’s moduli (56-68 GPa). Also, these HEAs exhibit good bio-
Microstructure corrosion resistance, as revealed by a low corrosion rate at the order of 10~* mm/year and the low passive

current densities of 1072~ 10~! A/m?, which are attributed to the formation of passive films consisting of Ti-, Zr-,
Hf-, Nb-, and Ta- oxides. The high cell viability and proliferation of bone-forming MC3T3-E1 cells on the HEAs
are comparable to those on the Ti-6Al-4V alloy, indicating their good biocompatibility. The present work

demonstrates the great potential of these novel Ti-Zr-Hf-Nb-Ta HEAs for biomedical applications.

1. Introduction

Metallic biomaterials are extensively used in medical implants,
fracture-fixation devices, and orthodontic appliances due to their su-
perior mechanical properties and good workability [1-4]. However, for
the clinically commonly-used alloys (e.g., stainless steels, Co—Cr alloys,
and Ti alloys), many issues are still necessary to be overcome, such as
stress-shielding effects resulted from the mismatch of Young’s modulus
between the implants and bones, particle disease induced by corrosion
and friction of the alloys, and inflammatory responses or Alzheimer’s
disease caused by the release toxic ions of Al and V, etc. [1-4]. The
development of new biomedical alloys with the combination of low
Young’s moduli, superior corrosion and wear resistance, and excellent
biocompatibility is necessary to meet the requirements of biomedical
applications.

Recently, a new class of compositionally-complex alloys, named as

high-entropy alloys (HEAs), has garnered great attention owing to its
diverse properties, including the high strength/microhardness, large
ductility, and good corrosion resistance [5-15]. Among them,
body-centered-cubic (BCC) HEAs have been developed, based on the
early transition metals (e.g., Ti, Zr, Hf, Nb, Ta, Mo, V, and W, etc.) [11,
14-17]. Several BCC HEAs with equimolar and non-equimolar mixing in
Ti-Ta-Nb-Zr [18,19], Ti-Mo-Nb-Zr [20], Ti-Mo-Ta-Nb-Zr [14,
21-23], Ti-Zr-Hf-Nb-Ta [24-27], Ti-Zr-Hf-Nb [28], and
Ti-Nb-Hf-Ta-Zr-Mo [29] have been investigated as potential metallic
biomaterials due to their high yield strength (800-1600 MPa), large
plasticity and high wear resistance. In our previous study, it was found
that the equimolar TiZrHfNbTa HEA consisting of biocompatible ele-
ments presents good bio-corrosion resistance and as superior biocom-
patibility as that of the Ti-6Al-4V alloy [30]. The Young’s modulus of
this TiZrHfNbTa HEA (~80 GPa) is lower than that of Ti-6Al-4V alloy
(~110 GPa), but it is still much higher than those of human bones
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(10-30 GPa) [26]. Actually, it is still necessary to optimize and design
new alloy compositions in the Ti-Zr-Hf-Nb-Ta system to further reduce
the Young’s modulus for biomedical applications.

A cluster formula approach has been successfully applied to design
alloy compositions in multi-component complex systems [12,31-33]. It
was proposed in light of chemical short-range orders (CSROs) in solid
solutions, and expressed with the composition formula of [cluster](glue
atoms),, where the cluster is the nearest-neighbor polyhedron centered
by a solute atom that has strong interaction (characterized by a large
negative enthalpy of mixing AH [32,34,35]) with the base solvent atoms
to represent the strongest CSRO. The glue atoms generally have
relatively-weak interactions with a number of x to match one cluster for
balancing the atomic-packing density [32,34,35]. In particular, the
nearest-neighbor cluster in a BCC structure is the rhombi-dodecahedron
with a coordination number (CN) of 14, and the glue atom number was
ideally calculated as x = 1-5 with the guide of the Friedel oscillation
theory for the electron-structure stabilization [35,36]. It is emphasized
that the increase in the glue atom number is dependent on whether the
strong BCC-stabilized elements (V, Mo, etc.) or the weak BCC-stabilized
elements (Ta, Nb, etc.) were added. In the Ti-Zr-Hf-Nb-Ta system, Ti,
Zr, and Hf could be regarded as an averaged virtual element, M, since
they are in the same group in the periodic table of elements, and the
AHri.zr, AHtinf, and AHys.z, are zero [37]. A similar case also occurs for
Nb and Ta, which could be regarded as the element, A. Meanwhile, Zr
and Hf have relatively-low elastic moduli (Ez; = 68 GPa and Eys = 78
GPa). The high amounts of Zr and Hf may be effective on resulting in the
low Young’s modulus of HEAs [24,38,39]. Thus, in the present work, M
serves as the cluster, and A is taken as a glum atom. The cluster formula
of [M-M;j4]A, would be constructed owing to the weakly-positive AH
between M and A (such as AHtinp = + 2 kJ/mol and AHrj1a = + 1
kJ/mol [37] ), where M = Ti1/3ZI'1/3Hf1/3 and A = Nb]/zTal/z are used
since the equimolar mixing could induce a large high-entropy effect [5,
6,9,32]. Since Nb and Ta are weak BCC-stabilizers, the x = 3 and 5 are
chosen to obtain the single BCC solid-solution structure [40,41]. In the
present Study, (Til/3Zr1/3Hf1/3)15(Nb1/2Ta1/2)x (x = 3, 5) HEAs (i.e,
Tiaz.78Zr27.78Hf27.78Nbg 33Tag 33 and TizsZrasHfasNbiz sTagz 5) with po-
tential for biomedical applications were synthesized, and their micro-
structure, mechanical properties, corrosion behavior, and in vitro
biocompatibility were investigated compared with those of the equi-
molar TizoZl‘Z()HfzoszoTago alloy.

2. Experimental procedures

Alloy ingots with nominal compositions of the TigoZraoHf20NbagTas,
TigsZrosHfpsNbip sTajas, and Tizz.78Zray.78Hfo778Nbg 33Tag 33 (at.%,
hereafter denoted as Alloy-I, Alloy-II and Alloy-III, respectively) were
fabricated by arc-melting the mixtures of the pure metals in an argon
atmosphere purified using a Ti-getter. The ingots were then sealed in
vacuum-quartz tubes and homogenized at 1473 K for 24 h, followed by
furnace-cooling to room temperature. The phase identification was
investigated by a D/max2500PC X-ray diffraction (XRD, Cu-Ka). The
alloy microstructures were examined by a JXA8100 electron probe X-ray
microanalysis (EPMA) and a JEM-2100 transmission electron micro-
scopy (TEM). The TEM specimens were prepared by grounding the alloy
slices to 50 pm thickness and then ion-milling with a liquid-nitrogen
specimen cooling stage.

Compressive mechanical properties of the Ti-Zr-Hf-Nb-Ta HEAs
were carried out with a SANS CMT5504 testing machine at a strain rate
of 1073 s, The specimens with a dimension of 2 x 2 x 4 mm? were
machined from the ingots by an electron discharge machine, and the
surfaces of these specimens were mechanically polished with the 2000-
grit SiC sandpapers. After the compressive tests, the specimens were
characterized by a JEOL JSM-6010LA scanning electron microscope
(SEM). The Young’s moduli (E) and indentation hardness (Hir) of the
alloys were determined by means of nanoindentation tests, using a
nanoindenter (Keysight Technologies G200) with a standard Berkovich

Intermetallics 141 (2022) 107421

tip. The surfaces of the specimens for the nanoindentation tests were
mechanically ground with the 3000-grit SiC sandpapers and then pol-
ished with a Buehler MasterMet suspension on a soft cloth. Indentation
was performed in the continuous stiffness mode (CSM) with a depth
limit of 1 pm using the surface approach velocity of 10 nm/s. Each
specimen involved five indents to reduce test errors. The Vickers
microhardness (Hv) was also measured with a Vickers microhardness
tester. Densities of these alloys were calculated based on the Archime-
dean principle.

Corrosion behaviors of the alloys were investigated at 310 K in
Hank’s solution (prepared by dissolving 0.40 g/L KCl, 0.14 g/L CaCl,,
0.20 g/L MgS04-7H20, 0.35 g/L NaHCOs3, 0.06 g/L KHyPO4, 1.00 g/L
CgH1206, 8.00 g/L NaCl, and 0.12 g/L NayHPO4-12H50 in the distilled
water) by electrochemical measurements. The specimens (10 x 10 x 1
mm?) were ground with 2000-grit SiC sandpapers, followed by washing
in the acetone, ethanol, and distilled water. The Ti-6Al-4V alloy
(denoted as Ti64) was also examined as the reference material. The
electrochemical properties were examined by a Princeton VersaSTAT III
electrochemical workstation with a standard three-electrode cell system.
A sample was employed as the working electrode. A saturated calomel
electrode (SCE) was chosen as the reference electrode. The platinum foil
was used as a counter electrode. The corrosion specimen was immersed
in the solution for 1800 s to get a steady state of the open-circuit po-
tential (OCP), and then the potentiodynamic-polarization tests were
performed with a sweeping range of 50 mV below the OCP to 2 V at a
sweeping rate of 0.833 V/s. The surface compositions of the specimens
exposed to air were studied by a ThermoFisher Scientific ESCALAB 250
X-ray photoelectron spectroscopy (XPS, monochromatic Al-Ka).

Mouse MC3T3-E1 cells were used to estimate the in vitro biocom-
patibility of the HEAs. The specimens (¢ 6 mm x 1 mm) were ground
with 3000-grit SiC sandpapers and then washed in the ethanol and
distilled water. Prior to the cell-culture experiments, all the specimens
were sterilized by the exposure to an ultraviolet (UV) light for at least 3
h. The cell-culture experiments were performed according to the pro-
cedures described in Ref. [42]. The viability of cells was evaluated with
a fluorescent dye (LIVE/DEAD Viability/Cytotoxicity Kit). After 72-h
incubation, the cells were rinsed with the phosphate-buffered saline
(PBS) and then stained with the PBS containing 2 pM calcein and 4 pM
propidium iodide (PI) in the dark for 15 min at room temperature. After
that, the viable (green) and dead (red) cells were observed under a laser
scanning confocal microscope (Olympus FV1200). After incubation for
1, 3, and 5 days, the MTT assay [MTT: 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyl tetrazolium bromide] was utilized to exam the
cell-proliferation behaviors. The procedures were the same as those in
Ref. [43]. The absorbance was carried out at 570 nm using a microplate
reader. At least triplicate specimens were used in all cell-culture ex-
periments for reproducibility. The statistical significance of differences
was assessed employing the Student’s t-test.

3. Results
3.1. Microstructure

The XRD patterns of the homogenized Ti-Zr-Hf-Nb-Ta alloys are
shown in Fig. 1(a). Only one group of diffraction peaks corresponding to
the BCC phase is observed in the pattern of each alloy, indicating that
the Alloy-I, Alloy-II, and Alloy-III alloys consist of the single BCC solid
solutions without any intermetallic compounds. As displayed in Fig. 1
(b), with decreasing the Nb and Ta contents, the enlarged (110) peaks at
36°-38° tend to shift to the lower 26 angle, suggesting the increase in the
lattice parameters of HEAs (Table 1). This phenomenon is attributed to
the solid-solution-induced expansion by the higher contents of Zr and Hf
with a relatively-large atomic radius (rz; = 155.1 p.m. and ryg = 151.4 p.
m.). To further investigate the microstructures, the typical SEM
backscattered-electron (BSE) images of the homogenized Alloy-II and
Alloy-III and the corresponding elemental mapping obtained by means
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Fig. 1. (a) XRD patterns and (b) the enlarged (110) diffraction peaks of the equiatomic TiZrHfNbTa (Alloy-I) and the (Ti;,3Zr;,3Hf;/3)15(Nby oTa;2)x (x = 3, 5)
(Alloy-1I and Alloy-III, respectively); (c-d) SEM-BSE with the corresponding EPMA elemental mapping results and (e-f) TEM images with the inset showing the SAED
patterns of Alloy-II and Alloy-III.

Table 1
Lattice parameter (a), density (p), yield strength (oo 2), plastic strain (¢), Vickers microhardness (Hv), Young’s modulus (E), Hv/E, Mo.q values, and valence electron
concentration (VEC) of the Alloy-I, Alloy-II, and Alloy-IIL

Alloy a(A) p (g cm 3 00.2 (MPa) £ (%) Hv E (GPa) Hv/E Moeq (Wt.%) VEC
Alloy-1 3.432 9.72 + 0.02 926 >50 320+ 5 79 +3 0.043 21.1 4.4

Alloy-11 3.448 9.22 £ 0.01 890 >50 293 +£7 68 + 4 0.047 16.3 4.25
Alloy-1II 3.465 8.83 +0.01 834 ~45 287 + 4 56 + 2 0.051 13.5 4.17
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of EPMA are shown in Fig. 1(c) and (d). It is seen that after homogeni-
zation, all these alloys consist of equiaxed grains, and the decrease in the
amounts of Nb and Ta does not lead to the elemental segregation or
second-phase precipitation. The bright-field TEM (BF-TEM) images and
the corresponding selected area electron diffraction (SAED) patterns of
Alloy-II and Alloy-III are displayed in Fig. 1(e) and (f). There are no
precipitated phases in the alloys, as shown in the BF-TEM images. In the
SAED patterns (the inset), only the diffraction spots of a BCC phase can
be recognized, further confirming the formation of the single BCC solid
solution with no other phases in the novel HEAs.

3.2. Mechanical properties

The compressive true stress-strain curves of the Ti-Zr-Hf-Nb-Ta
HEAs are displayed in Fig. 2(a), from which the values of the yield
strengths (0¢.2) taken at a plastic strain of 0.2% and plastic strain (¢) are
extracted and listed in Table 1. The HEAs exhibit linear-elastic defor-
mation, followed by yielding at 834-926 MPa, and then the stresses
continuously increase up to 878-1068 MPa with the increment in the
strain due to the work hardening. Afterwards, the true stresses decrease
upon the following loading due to the increase in the diameters of the
specimens. The Alloy-I and Alloy-II were unfractured after the
compressive deformation with ¢ > 50%, and the plastic strain of the
Alloy-III is about 45%. The morphologies of these HEAs after the
compressive tests were further observed by SEM. As shown in Fig. 2(b)
and (c), the surfaces of the Alloy-I and Alloy-II exhibit obvious buckling
without visible microcracks. For the Alloy-III alloy with lower Nb and Ta
contents, some micro- and macro-cracks are observed on the surfaces of
the fractured sample along the direction of the main shear stress, as
shown in Fig. 2(d). The initiation and propagation of cracks during
compression lead to the fracture of the alloys. In addition, the alloys
possess high Vickers microhardness (Hv) of about 287-320, as listed in
Table 1. The Hv and density (p) values of these HEAs reduce with
decreasing the Nb and Ta contents.

The Young’s modulus (E) and indentation hardness (Hir) of the HEAs
were tested by nanoindentation. Fig. 3 displays the representative load

(a) strain rate=107 s

< 1000 -
o
2
o 800 [
(%]
:
=
g 600 H —— Alloy-|
2 — Alloy-Il
=
400 —— Alloy-Ill

200
10%

True strain

500 —

Intermetallics 141 (2022) 107421

100
— Alloy-I

sk — Alloy-Il
= —— Alloy-lll
E
Q.
¢ OF
o1
E
b
c 40+
o]
el
4]
(]
- 20}

0 1 L 1 1 1 L 1 1 s

0 200 400 600 800 1000 1200

Displacement into surface, h (nm)

Fig. 3. P-h curves under nanoindentation for Alloy-I, Alloy-II, and Alloy-III
tested with a Berkovich indenter.

(P)-displacement (h) nanoindentation curves. The E and Hyr values are
calculated from Fig. 3, using the Oliver-Pharr method, as used in
Ref. [44]. For comparison, the obtained Hiy values can be converted into
the equivalent Vickers hardness, HIT v values with a relation of HIT v =
0.9081 Hi for a Berkovich indentation tip [45]. These HEAs possess
high hardness, HIT v in the range of 3.53-3.97 GPa. The HIT v value is
about 25% higher than the Hv value due to the indenter-size effect [44,
46]. The Young’s modulus of Alloy-I is about 79 GPa, which is consistent
with the reported value [26]. With the decrease in the Ta and Nb con-
tents, the Alloy-II and Alloy-III exhibit reduced Young’s modulus of ~68
GPa and ~56 GPa, respectively. The integration of low Young’s moduli,
high strength, good plasticity, and high hardness of the novel HEAs are
favorable for the biomedical applications.

R

Fig. 2. (a) Compressive true stress—strain curves and (b)-(d) SEM images of Alloy-1, Alloy-II, and Alloy-III after compression deformation, respectively. (The white

arrows indicate the compressive loading direction.).
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3.3. Bio-corrosion behaviors

To characterize the bio-corrosion behavior of the Ti-Zr-Hf-Nb-Ta
alloys, electrochemical measurements on these alloys and the Ti64 were
conducted at 310 K in Hank’s solution for simulating the body fluid
environment. The changes in the OCPs with immersion time of the alloys
are displayed in Fig. 4(a). The OCPs of these alloys shift toward positive
potential direction initially and then slow down to achieve steady
values, implying an improved stability of the surface films during the
immersion. After immersion for 1800 s, compared with the Ti64, the
non-equiatomic HEAs possess lower OCPs in the range of - 0.55 - - 0.45
V, and the equiatomic TiZrHfNbTa HEA has higher OCP of about - 0.35
V. It implies that the stability of the surface films on the alloys exhibits a
deteriorating tendency with the decrease in the amounts of Nb and Ta.
The potentiodynamic-polarization plots of the HEAs and the Ti64 are
displayed in Fig. 4(b). All the alloys are spontaneously passivated with
passive current densities (ipqss) around 10°2-101 A/mz, although the
Alloy-III suffers pitting corrosion, as revealed by the abrupt rise in the
current density at the high potential of ~1.238 V. The corrosion pa-
rameters derived from the polarization curves are summarized in
Table 2. With the decrement in the Nb and Ta contents of the alloys, the
corrosion potentials (E.,;) exhibit a decreasing tendency, whereas the
corrosion current densities (ico) are on the same order of 1073 A/m>
and show no distinguishable difference. Moreover, as presented in
Table 2, the corrosion rates calculated from the i, of the
Ti-Zr-Hf-Nb-Ta HEAs are at the order of 10”4 mm/year. These results
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Fig. 4. (a) Changes in the open circuit potential with immersion time and (b)
potentiodynamic-polarization curves of Alloy-I, Alloy-II, Alloy-III, and
Ti-6A1-4V in Hank’s solution at 310 K.
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Table 2
Values of corrosion parameters derived from the potentiodynamic-polarization
curves of the Alloy-I, Alloy-II, Alloy-III, and Ti64 in Hank’s solution at 310 K.

Alloy Ecorr (V) icorr ( x 1073 Epie (V) Corrosion rate ( x
A/m?) 104 mm/y)
Alloy-1 —0.302 + 0.08 + 0.20 - 55+15
0.014
Alloy- —0.407 + 1.19 £ 0.42 - 8.8+ 28
II 0.021
Alloy- —0.437 £ 1.22 £0.37 1.238 + 9.3+31
111 0.062 0.019
Ti64 —0.347 £ 0.61 + 0.14 - 51+1.2
0.014

indicate the good bio-corrosion resistance of these HEAs in the aggres-
sive physiological fluid.

For a further understanding of the corrosion behavior of the
Ti-Zr-Hf-Nb-Ta HEAs, the chemical composition of the passive films on
these HEAs exposed to air was evaluated by the XPS. The XPS spectra
exhibited peaks of carbon, oxygen, niobium, titanium, zirconium,
hafnium and tantalum. The C 1s peaks are related to the surface carbon
contamination of the specimens. The high-resolution spectra are
demonstrated in Fig. 5. The spectra of O 1s show three peaks corre-
sponding to 02—, OH™, and absorbed H,0. The spectra of Ti 2p and Zr 3d
consist of peaks corresponding to Ti*" (2ps/, and 2p; 2) and Zr** (3ds,,
and 3ds/3), respectively, implying that these two elements in the surface
films are in the dioxide state. The metallic Ti and Zr in the underlying
alloy surfaces can be also detected in the spectra of Ti 2p and Zr 3d,
respectively. The spectra of Hf 4f are composed of the peaks associated
with HfO, and Hf°. The de-convoluted Nb 3d spectra show the peaks
corresponding to NbyOs (Nb°*) and Nb°. A peak of Hf 4ds, is also
detected in Fig. 5(e), which is overlapped with the Nb 3d region. In Fig. 5
(f), the presence of Ta in both metallic (Ta®) and oxidized states (Tay0s5)
are seen on the Ta 4f spectra. The cationic concentrations in the air-
formed surface films of the HEAs are quantified in Fig. 6, where ox
represents oxidized states. It is seen that the surface films formed on the
HEAs consist of higher contents of Zr and Hf cations and lower contents
of Ti and Ta, in comparison with the nominal compositions. The frac-
tions of Nb cations in the surface film of each alloy are similar to those in
alloys. This result indicates the preferential oxidation of Zr and Hf for
the alloys. Therefore, the air-formed surface films on the HEAs mainly
consist of the chemically-stable oxides, which could be responsible for
the good corrosion resistance of the HEAs.

3.4. In vitro biocompatibility

The biocompatibility of these Ti-Zr-Hf-Nb-Ta HEAs was evaluated
by the direct cell-culture experiment, employing the MC3T3-E1 cells.
The viability of cells on the HEAs and Ti64 after culturing for 72 h was
observed by fluorescent staining. As displayed in Fig. 7, numerous
MC3T3-E1 cells are found attached onto the surfaces of the HEAs and
Ti64, and the adherent cells are highly viable, suggesting high viability
and good initial adhesion of the MC3T3-E1 cells on the HEAs. Further-
more, the quantities of the adhered cells on the different HEAs are
presented as the percentages of the result on the Ti64 and shown in
Fig. 8. No distinguished statistical-difference in the cell numbers is
observed on the various substrates, implying the good cell viability on
the HEAs, comparable to that on the Ti64. As presented in Fig. 9, the
cell-proliferation behaviors on the HEAs and Ti64 are evaluated, using
the MTT assay after the 1-, 3- and 5-day incubation. The absorbance,
corresponding to the viable cell numbers, gradually increases from days
1-5, indicating the continuous proliferation of the cells. At day 1, the
absorbance of the HEAs is slightly lower than that of the Ti64, while at
days 3 and 5, the absorbance of the HEAs is slightly better than that of
the Ti64. At each time point, no statistical difference in the cell prolif-
eration on the HEAs and Ti64 is found, indicating the good cell



W. Yang et al.

(a)
02_ (OX) O1s
OH"

= H,O
3 | Alloy-l 2
S
=
."ﬁ
C
2
IS Alloy-Il

Aloy-lll

 § 1 1 1 1 1 1 1

536 535 534 533 532 531 530 529 528 527
Binding Energy (eV)

© Zr** (ox) Zr 3d
Zr** (ox)
zZ°(m)  zr°(m)

E
o | Alloy
>
.‘ﬁ
c
K9
E

Alloy-II

Alloy-11l

1 1 1 1 1 i § 1 1 1 1
187 186 185 184 183 182 181 180 179 178 177 176
Binding Energy (eV)
©) Nb 3d
5
s
>
B
c
o
£
1 1 1 1 1 I 1

216 214 212 210 208 206 204 202
Binding Energy (eV)

Intermetallics 141 (2022) 107421

(b) .
it Ti2p
5
8
2>
g |Alloy-I
k=
Aoyl e
1 1 1 1 1 1 1
468 466 464 462 460 458 456 454 452
Binding Energy (eV)
@ Hf** (ox
HF (ox) (ox) Hf 4f
H® (m)  H® (m)
S |Aloy-
8
>
."ﬁ
=
=z
=
= |Alloy-Il
Alloy-1ll
20 19 7 16 15 14 13 12
Binding Energy (eV)
® Ta 4f
5+
Ta®" (ox) a1
5
8
>
.‘5;
C
Q<
£
Alloy-111
1 1 L 1 1 1 1 . 1

28 27 26 25 24 23 22 21 20
Binding Energy (eV)

Fig. 5. XPS spectra of (a) O 1s, (b) Ti 2p, (c) Zr 3d, (d) Hf 4f, (e) Nb 3d, and (f) Ta 4f for the surface films on the Alloy-I, Alloy-II, and Alloy-III exposed to air.

proliferation on the HEAs parallel to that on the Ti64.
4. Discussion

In the past decade, a number of BCC HEAs have attracted interests as
potential biomaterials, especially for the dental and orthopedic im-
plants, owing to their high yield strength (900-1600 MPa), excellent
biocompatibility, and good corrosion and wear resistance [14,18-24,30,
33,39,47]. In this work, the Ti-Zr-Hf-Nb-Ta HEAs composed of
biocompatible elements with low Young’s moduli are designed by a
cluster formula approach. The newly-developed HEAs exhibit an inte-
gration of low Young’s moduli (56-68 GPa), high yield strength
(834-890 MPa), and good anti-corrosion performance and in vitro
biocompatibility, which are favorable for biomedical applications.

As demonstrated in the result, the (Tiy/3Zr;,3Hf;,3)15(Nby/2Ta1,2)x

(x = 3, 5) HEAs have a single BCC solid-solution structure. The molyb-
denum equivalent (Moeg) has been widely used to quantitatively mea-
sure the p-phase stability in the multicomponent Ti-based alloys [40,
48]. It has been proposed that the Mo.q parameter is also effective for
predicting the phase stability of BCC/HCP solid solutions in the HEAs
[29]. The Moeq values of the present HEAs can be calculated and listed in
Table 1 using Eq. (1) [49]:

Mogq = 1.00[Mo] + 0.64[Nb] + 0.23[Ta] + 0.05[Hf] + 0.16[Zr] + 0.71[Pd] +
0.97[Si] + 0.80[V] + 0.56[W] @

where [M] is the concentration of M element in weight percent. For a
specific alloy system, the larger the Moeq values are, the better the f
phase stability for the Ti alloy is [29,40,48]. According to Eq. (1), in the
Ti-Zr-Hf-Nb-Ta HEAs system, the values of Mogq are in the range of
13.5-21.1 wt.% and larger than 12 wt.%, indicating a high tendency for



W. Yang et al.

100
< 90 — = =
E sof s = — | | Nominal
“; = == — — Surface
8 70 S = e Taox
g 60 | e o —— I Nb°*
m —_— wmmE
e e [ Hfox

£ 5} B [ ] -
c T e Fomeainrd Zr
'.g 40 | - — =] Ticx
O — e Em—
® B = T
= 30 — ey =
Q e e S
.S 20 | = = B
© F— | |———]
S 10f = = =

0 ] = =]

Alloy-I Alloy-I| Alloy-Ill

Fig. 6. Cationic fractions of surface films on Alloy-I, Alloy-II, and Alloy-III
exposed to air. The nominal contents of the alloy constituents are also shown
for comparison.

the formation of a BCC phase [29]. Additionally, the valence electron
concentration (VEC) has been used to predict the phase stability of HEAs
[50]. The VEC of the HEAs are found to be lower than 6.87. Thus, the
present Ti-Zr-Hf-Nb-Ta HEAs are expected to form a single BCC phase
[50], which is actually consistent with the experimental results. Mean-
while, the decrease in the values of VEC may result in decreasing the
Young’s moduli of these HEAs [24].

(@)
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The novel HEAs exhibit high yield strengths of 834-890 MPa, which
could be ascribed to solid-solution strengthening caused by synergetic
misfits among atoms [6-8,15]. More importantly, the Young’s moduli of
the present Ti-Zr-Hf-Nb-Ta HEAs ranged from ~56 to 68 GPa, which
are much lower than that of Ti64 (~110 GPa) [3,4]. As is well known,
the Young’s moduli of the alloys are closely related to crystalline
structures. The BCC structure generally possesses a lower Young’s
modulus, compared with the HCP structure [51]. The studied HEAs
exhibit the single BCC structures. It is known that the Young’s modulus
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Fig. 8. Cell numbers attached to Alloy-I, Alloy-II, Alloy-III, and Ti64 (presented
as percentages of cells attached to the Ti64) after cell culture for 72 h.

Fig. 7. Live/dead staining of MC3T3-E1 cells on (a) Alloy-I, (b) Alloy-II, (c) Alloy-III, and (d) Ti64 after 72 h incubation.
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of a BCC polycrystalline alloy is closely related to its single-crystal elastic
constants (SECs), ie., C11, C1o, and Cy44 [51]. It is evident that in the
BCC-structure Zr- and Ti-based alloys, the lower Young’s modulus can be
achieved by making smaller C;1, C12, and Cq4 [52,53]. Furthermore, the
SECs of BCC metals are generally reduced with the decrease of d + s
electrons (i.e., the valence electrons for transitional metals) [54].
Therefore, the present single BCC HEAs possess low Young’s moduli due
to their low VECs to obtain small C1;-Cj3 values and retaining the BCC
structure simultaneously. Meanwhile, the high amounts of Zr and Hf
with relatively-low elastic moduli (Ez; = 68 GPa, and Eyr = 78 GPa) are
contributed to the low Young’s moduli of HEAs. Additionally, the pre-
sent HEAs exhibit the microhardness (287-293 Hv), while the Hv/E
values of the HEAs are about ~0.043-0.047, which are higher than that
of the Ti64 (~0.026) [27]. It has been reported that a higher ratio of the
hardness to Young’s modulus (Hv/E) generally corresponds to a better
wear resistance [55]. The high hardness and Hv/E values imply that the
HEAs would possess good wear resistance, preventing wear debris and
reducing the risk of particle disease. Thus, the combination of low
Young’s moduli, high yield strength and Hv/E values indicates that the
Ti-Zr-Hf-Nb-Ta HEAs have good mechanical compatibility for
biomedical applications.

Good anti-corrosion performance of the biomedical materials in the
corrosive physiological fluids is a key aspect for orthopedic implants to
inhibit the release of metallic ions into the tissue and guarantee the
implant integrity during long-term service. Revealed by the electro-
chemical measurements, the present HEAs exhibit good anti-corrosion
properties comparable to the Ti64. The good anti-corrosion perfor-
mance of the HEAs is attributed to the alloy compositions, constituent
phases, and the formation of the passive films on the HEAs. It is well
known that the present HEAs are composed of valve metals and
passivated elements, which can promote the protectiveness of passive
films of the alloys [30,47,56]. The surface films of the HEAs consist of
chemically-stable TagOs, Nb2Os, TiO,, HfO,, and ZrO;, which are
favorable to form passive films with high protectiveness [14,21,27,30,
47,57]. Moreover, the studied HEAs have the single BCC solid-solution
structure, and the elements are uniformly distributed, which is benefi-
cial for the formation of homogeneous protective passive films on the
alloy surfaces. Therefore, the good anti-corrosion properties of these
HEAs could be attributed to the formation of the homogeneous protec-
tive passive film consisting of the chemically-stable oxides on the HEAs.
Moreover, the Alloy-I exhibit better corrosion resistance than the
Alloy-II and Alloy-III. It is known that usually the oxides of Nb and Ta
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(Nb2Os5 and TayOs) are more protective than the oxides of other con-
stituent elements in these alloys, and the enrichment of Nb and Ta in the
surface films may lead to the better corrosion resistance [14,27,30,56,
57]. In comparison with the non-equimolar TiZrHfNbTa HEAs and the
Ti64, the higher contents of Nb and Ta of the equimolar TiZrHfNbTa
HEA should result in the higher contents of Nb and Ta in the surface film,
which was also confirmed by the results of the XPS analysis (Figs. 5 and
6). For the Alloy-IIl, pitting corrosion occurred at a high potential, which
could be attributed to the susceptibility of HfO5 and ZrO to the chloride
ions in the Hank’s solution [30,42].

The in vitro biocompatibility of the Ti-Zr-Hf-Nb-Ta HEAs investi-
gated using the MC3T3-E1 pre-osteoblasts indicated that the HEAs can
support initial cell adhesion with high cell viability similar to the Ti64.
Additionally, the successful proliferation behavior guarantees that the
alloys would not induce adverse effects on the cell incubation. No sig-
nificant difference is found in the cell responses to these HEAs,
demonstrating little influence of the alloy compositions on the
biocompatibility. The good biocompatibility of the present HEAs is
mainly due to the formation of the non-cytotoxic surface film consisting
of biocompatible elements [3,23,38,42,58,59]. Furthermore, the high
corrosion resistance would ensure the good biocompatibility by effec-
tively preventing releasing metal ions during implantation [14,23,30,
42,43,47]. Thus, the novel (Ti1/32r1/3Hf1/3)15(Nb1/2Ta1/2)X (X = 3, 5)
HEAs with the good biocompatibility are promising biomedical
materials.

5. Conclusions

In this study, (Tiy/3Zr1,/3Hf; /3)15(Nby/2Ta; 2)x (x = 3, 5) HEAs with
single BCC structures have been designed, using the cluster formula
approach. The microstructure, mechanical properties, and bio-corrosion
behavior of the HEAs were investigated. The homogenized HEAs consist
of single BCC structures with equiaxed grains. The HEAs possess high
compressive yield strength in the range of about 834-890 MPa, and
good plasticity (>45%) under compression. The HEAs also exhibit low
Young’s moduli of about 56-68 GPa, which are lower than that of the
Ti-6A1-4V alloy. Good bio-corrosion resistance of the Ti-Zr—-Hf-Nb-Ta
HEAs has been characterized by the low passive current densities of 102
~10"! A/m?, low corrosion rates at the order of 10~* mm/year, and no
occurrence of pitting under the anodic polarization up to 1.238 V at 310
K in Hank’s solution. The good bio-corrosion resistance of the HEAs is
ascribed to the formation of the passive films consisting of HfO, ZrO,,
TiOg, Tag0s, and NbOs on the alloy surface. The HEAs can support the
initial cell adherent and proliferation with high viability, demonstrating
the good biocompatibility of the HEAs. The novel Ti-Zr—-Hf-Nb-Ta HEAs
are promising candidates for biomaterials due to their prominent me-
chanical properties, especially, the relatively-low Young’s moduli, good
bio-corrosion resistance and biocompatibility.
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