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In the present work, the TiZrHfNbFe, (x = 0, 0.25, 0.5, 0.75, 1, 1.5, and 2, molar ratio) refractory high-entropy
alloys (HEAs) were developed. The microstructure, mechanical properties, corrosion and wear resistance of
the Ti-Zr-Hf-Nb-Fe HEAs were investigated. The Ti-Zr-Hf-Nb-Fe HEAs exhibited a dendrite structure with
body-centered-cubic (BCC) + Laves phases. Among them, the TiZrHfNbFeq s HEA displayed good compre-
hensive mechanical properties with the hardness of 420 HV, compressive strength of 1450 MPa, and plastic
strain of about 8%. In addition, the TiZrHfNbFey s HEA possessed better corrosion resistance than that of the
Ti6Al4V and the other Ti-Zr-Hf-Nb-Fe HEAs in phosphate buffer saline (PBS) solution, which might be re-
lated to the generation of more protective oxide films on its surface. Furthermore, the wear resistance of the
Ti-Zr-Hf-Nb-Fe HEAs increased with the raise of the Fe content. The TiZrHfNbFey s HEA demonstrated su-

Keywords:

Metallic biomaterials
High-entropy alloys
Mechanical properties

Corrosion perior dry and wet wear resistance in comparison with the Ti6Al4V alloy. Therefore, the good mechanical

Wear properties, high corrosion, and wear resistance, the biocompatible constituent elements, as well as the low
cost of the Fe addition render the Ti-Zr-Hf-Nb-Fe HEAs as promising candidates as biomedical-implantation
materials.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, biomaterials, which include biomedical metals,
ceramics, and polymers, have become a hot spot in the material
research [1,2]. Owing to the superior combination of strength and
plasticity, metallic materials exhibit superior advantages in the ap-
plications of biomedical implant materials, such as orthopedics bone
plates, dental roots, artificial hip joints, and cardiovascular stents [3].
Currently, Ti-based alloys, Co-Cr-based alloys, and 316L stainless
steels are the major metallic implant materials in a clinic [4]. Among
those, the Ti-based alloys showing good biocompatibility, high cor-
rosion resistance, and specific strength to density, have been widely
used as dental and orthopedic implants. However, due to the low
wear resistance of Ti-based alloys, "particle diseases" resulted from
the wear debris may occur when they are performing under the
physiological environments [5,6]. The Co-Cr-based alloys possess
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high strength and superior wear resistance, which makes them the
first choice of hip joints for frictional surfaces [7]. Nevertheless,
during the long-term service of Co-Cr-based alloys in the human
body, the release of toxic Co and Cr ions may cause necrosis of
surrounding tissues and even tumors, which restricts their extensive
biomedical applications [4,8].

After conventional biomedical alloys have been implanted, fric-
tional wear is usually accelerated by corrosive physiological fluids,
leading to a greater amount of material loss, which is corrosive wear
[9], which may seriously reduce the service longevity. Thus, the
excellent biocompatibility, high corrosion resistance, and good wear
resistance are all essential for biomedical metallic-implant alloys.
The development of novel implant biometals with good compre-
hensive properties, especially the high corrosive-wear resistance, is
of great scientific significance and clinical application value.

Yeh and Cantor et al. proposed the concept of high-entropy alloys
(HEAs) or multicomponent alloys in 2004, respectively [10,11]. Un-
like traditional alloys, HEAs are those consisting five or more me-
tallic elements in equimolar or near-equimolar ratios, which possess
the following four core effects: high entropy, lattice distortion,
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sluggish diffusion, and ‘cocktail’ effects [12,13]. These effects can
change the microstructure of HEAs, granting them greater me-
chanical properties and corrosion resistance than those of conven-
tional 2-element or 3-element alloys [14,15]. In the past decades,
various HEA systems, such as transitional element HEAs [16,17], re-
fractory HEAs [18,19], high-entropy metallic glasses [20], eutectic
HEAs [21-23], have been successfully fabricated. Furthermore,
owing to the high biocompatibility of constituent elements of the Ti-
Zr-Nb-based refractory HEAs, their prospect in the biomedical ap-
plication has attracted extensive attention. Several biocompatible
systems, including the Ti-Zr-(Hf, Nb, Ta) [24], Hf-Nb-Ti-Zr [25], Ti-Zr-
Nb-Ta [26], Ti-Zr-Nb-Mo-Ta [27,28], Ti-Zr-Nb-Hf-Ta [29,30], Ti-Zr-Nb-
Hf-Mo [31], Ti-Zr-Nb-Cu-Ag [32], Ti-Ni-Cr-Fe-Co [33], and Ti-Zr-Hf-
Nb-Ta-Mo [34,35] HEAs, have been developed.

The Ti-Zr-Nb-based refractory HEAs generally show the body-
centered-cubic (BCC) solid solution structures, and thus, exhibit the
higher hardness, yield strength, and wear resistance than those of
the Ti6Al4V alloy. The high strength renders them great tolerance to
plastic deformation and fracture under high loads. The high hard-
ness of the HEAs may decrease the possibility of the “particle dis-
ease” when working in the physiological environment as stress-
bearing implant materials [27,28,36]. Moreover, it has been reported
that the refractory metallic elements of Ti-Zr-Nb-based refractory
HEAs were prone to form a greatly-protective dense oxide surface
layer, and thus, possessed good corrosion resistance [14,37,38]. It
was found that the MC3T3-E1 pre-osteoblasts on the equiatomic and
non-equiatomic TiZrHfNbTa HEA showed good adhesion, viability,
and proliferation behaviors [37,39]. The hydroxyapatite (HA) for-
mation was evident on the surfaces of the TiTaHfNb, TiTaHfNbZr and
TiTaHfMoZr HEAs when they were subjected to static immersion
experiments in fetal bovine serum (FBS) media, indicating their
great potential for utility in orthopedic implants [40]. To sum up, the
Ti-Zr-Nb-based HEAs display better comprehensive properties than
those of traditional biomedical materials, and demonstrate pro-
mising potential in the biomedical applications [27,28,30].

To date, researchers have developed various Ti-Zr-Nb-based HEA
systems, but most of their constituent elements are in equimolar
ratios. The microstructures and properties of HEAs were affected by
changing the content of constituent elements. For instance, the
TigsZrNbTaMo HEA showed higher yield strength and wear re-
sistance than those of the equimolar TiZrNbTaMo HEA [41]. More-
over, the Ti;sZrTagsHfpsNbgs HEA exhibited similar hardness and
higher corrosion resistance in comparison with those of the TiZr-
TaHfNb HEA [36]. As a result, it is necessary to investigate the impact
of alloying elements on the microstructures, mechanical properties,
corrosion and wear behaviors of HEAs in a systematic way. It was
found that the TiZrHfNb refractory HEA presented a good plastic-
deformation ability, but a low yield strength and poor wear re-
sistance [25]. Moreover, for the Ti-Zr-Nb-Ta-Mo/Hf HEAs, the Ta and
Mo constituent elements possess ultra-high melting points and high
cost, which limit their wide applications.

In this paper, novel Ti-Zr-Hf-Nb-Fe HEAs were developed for the
first time by alloying a low toxic Fe element into the TiZrHfNDb alloy.
Compared with the Ti-Zr-Nb-Ta-Mo and Ti-Zr-Hf-Nb-Ta refractory
alloys, the Ti-Zr-Hf-Nb-Fe HEAs exhibited a lower melting point and
a reduced cost of raw materials. Hence, we systematically studied
the effects of the Fe addition on the microstructures and properties
of the Ti-Zr-Nb-based HEAs for future biomedical applications.

2. Methodology
2.1. Sample preparation
The Ti, Zr, Hf, Nb, and Fe raw materials with high purity were

mixed according to the nominal compositions of TiZrHfNbFey (x = 0,
0.25, 0.5, 0.75, 1, 1.5, and 2, molar ratio), which were denoted as Fey,
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Feg s, Fegs, Feg.7s, Fel, Feqs, and Fe,, respectively, for abbreviation.
The master alloy ingots were arc-melted under a high-purity argon
atmosphere. All of these ingots were repeatedly melted for at least
five times to ensure a uniform distribution of the constituent com-
ponents. All rod (2 x 2 x 4 mm?) and sheet (3 x 3 x 2 mm? and 10 x
10 x 2 mm?) samples were cut from the middle area of the ingots by
wire-cut electrical-discharge machining (WEDM). The surface of the
alloy specimen was polished after grinding with 240-5000 grit si-
licon carbide sandpaper.

2.2. Structure characterization

The Bruker-AXS-D8 X-ray diffractometer (XRD) was used to
characterize the crystal structure of the alloys using a monochro-
matic Cu target Ka-rays at 40 kV and 40 mA with a scanning range,
20, of 20-80° at a scanning rate of 2°/min. The surface morphology of
the samples was analyzed by an S-3400N scanning electron micro-
scope (SEM), and the accompanying energy dispersive spectrometer
(EDS) was used for compositional analysis.

2.3. Mechanical property tests

The room-temperature compressive deformation test was con-
ducted, using a Shimadzu AGS-X type mechanical-testing system
(MTS), and the strain rate was 2.1 x 1074 57!, The specimen geometry
for the compression experiment was about 2 x 2 x 4 mm?>. The
fracture surface after the compression test were observed by SEM. A
THV-10D Vickers hardness tester was used to complete the micro-
hardness test with a load of 300 gf and a dwell time of 15 s. At least
five points per sample were examined to ensure reproducibility.

2.4. Corrosion experiments

Electrochemical tests were performed on the HEAs in the phos-
phate buffer saline (PBS) solution by an electrochemical workstation.
The samples were embedded in an epoxy resin and connected to a
copper wire. The surfaces of the specimens were polished with a
silicon-carbide sandpaper up to 5000 grit, followed by ultrasonic
cleaning in acetone, ethanol, and deionized water, respectively, and
air-drying. In this study, a Pt-plate counter electrode and a saturated
calomel reference electrode (SCE), together with a specimen
(working electrode), formed a three-electrodes system. The po-
tentiodynamic-polarization experiments were carried out, using the
three-electrodes system in the PBS solution. At last, the surface
morphologies were observed by SEM, and the compositional dis-
tribution of corroded samples was examined by EDS.

2.5. Surface-chemistry analysis

The ESCALab250Xi X-ray photoelectron spectrometer (XPS) was
used to further investigate the composition and structure of the
surface passive film of the HEAs, which had been immersed in the
PBS solution for 24 h. The full spectra of the HEAs and narrow scan
spectra of the Ti 2p, Zr 3d, Hf 4f, Nb 3d, Fe 3d, and O 1s were ex-
amined.

2.6. Wear experiments

The HSR-2M reciprocating-type sliding tester was used to study
the friction and wear behavior of Ti-Zr-Hf-Nb-Fe HEAs for, and a
Si3Ny4 ball (6 mm in diameter) was employed as the couple pair. The
parameters of the wear test in this study were set as follows: a
normal load of 5 N, a friction time of 30 min, a sliding frequency of
60 rpm, and a sliding stroke of 5 mm. The friction coefficient was
recorded during the sliding process, and the MT-500 probe-type
material surface profile measuring instrument was used to
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Fig. 1. XRD pattern of the Ti-Zr-Hf-Nb-Fe HEAs.

determine the wear volume of the HEAs. The wear-scar morphology
of the worn surface was investigated by SEM. The surface compo-
sition was analyzed by EDS.

3. Results
3.1. Phase analysis and morphology observation of the HEAs

Fig. 1 shows the XRD diffraction patterns of the Ti-Zr-Hf-Nb-Fe
HEAs. The XRD pattern of the Fe0 alloy reveals only one single body-
centered-cubic (BCC) solid-solution phase. Meanwhile, a new tiny
diffraction peak appears near 41° on the XRD pattern of the Feg s
alloy, which is verified as the Laves (Fe,Nb) phase. Moreover, the
intensity of the diffraction peak around 38° in accordance with the
BCC phase significantly decreases with the Fe-element addition,
demonstrating that the structure of the TiZrHfNb HEA gradually
changes from a single BCC phase structure to the BCC and Laves
phases mixed structure due to the addition of Fe. With the further
increase in the Fe content, the diffraction peak intensity of the Laves
phase gradually increases, and that of the BCC phase decreases, the
fraction of the Laves phase even exceeds that of the BCC phase and
becomes the main phase for the Feq, Feys, and Fe; alloys.

As presented in Fig. 1, owing to the addition of the Fe element,
the diffraction peaks referring to the BCC phase slightly shift to the
higher 260 angle, while the peaks representing the Laves phase
broaden. The Bragg equation states:

2dsing = ni (1)

where the d, ¢, and A are the interplanar distance, the diffraction
angle, and the X-ray wavelength, respectively. The peak shift of the
BCC phase may result from the substitution of Fe with a smaller
atomic radius for Ti, Zr, Hf, and Nb elements with larger atomic radii,
which leads to the shrink of the crystal cell, the decrease in the
crystal plane spacing, and eventually the lattice distortion. The
Scherrer's formula has been proposed as follows:

K
“ Bcos6 (2)

where K is the Scherrer constant, D is the average crystal size, B is the
full width at half maximum (FWHM) intensity of the peak, ¢ is the
diffraction angle, and A is the X-ray wavelength. Accordingly, the
broadening of diffraction peaks for the Laves phase may be due to
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the grain refinement by the addition of Fe.

Zhang et al. [42,43] proposed a criterion for the solid-solution-
phase formation based on the mixing enthalpy (AHmix) and atomic-
radius difference (5;) to predict the structural stability and phase
formation of HEAs. We can state the AH,jx and §; as follows:

n
AHpix = 4 Z AH,—;nixCiCj
i=1,i%j 3)

o \/ (4)

where AH™* Ujs the mixing enthalpy of the i-th and j-th alloying
elements, ¢; and j represent the atomic percents (at%) of the i-th and
j-th alloying elements, r; is the atomic radius of the i-th element, and
7 is the average atomic radius of the alloy. A negative AH ;i tends to
combine different elements into intermetallic compounds, and the
more negative AH,x is, the greater bonding force between different
elements. However, the more positive AHpix is, the lower miscibility
of different elements in the alloy, which leads to the chemical se-
paration or segregation. Only when the value of AH,,; is close to O,
the different elements can be randomly distributed in the alloy and
form a stable solid-solution phase. In addition, to further consider
the mixing entropy (ASmix) effect, a new parameter, “Q”, has been
proposed as [43]:

¢i(1 = r;/F)*>-100%

SE

— TmASmix
|AHmi>< | (5)

n

ASmix = —R ¢ilng

mix I=ZI ( 1 l) (6)
where Ty, is the average melting temperature, R is the gas constant.
Q22>1.1 and §; £6.6% are necessary for forming the solid-solution
phases, and the smaller the @ or the larger the &, the easier it is to
form intermetallics phases [43]. The thermodynamic parameters
and the atomic-radius differences of the Ti-Zr-Hf-Nb-Fe alloy are
summarized in Table 1. The 2 and §; of the Feg alloy are 10.75% and
4.26%, respectively, which results in forming a stable BCC solid-so-
lution phase. Moreover, the Feg,s alloy shows a &, value of 6.67%
slightly higher than critical value of 6.6%, and thus forms a small
amount of intermetallics. As the Fe fraction further rises, the values
of 2 gradually decreases, and §; increases, which is favorable for the
formation of intermetallics. Accordingly, increasing the Fe content in
the Ti-Zr-Hf-Nb-Fe HEAs results in the enrichment of the Laves
phase and depletion of the BCC phase, which is consistent with the
XRD result in Fig. 1.

The surface morphologies of the Ti-Zr-Hf-Nb-Fe HEAs are shown
in Fig. 2. In Fig. 2(a), it can be observed that the Fe, alloy shows a
homogeneous structure morphology, and the EDS analysis also
proves the uniform distribution of constituent elements of Ti, Zr, Hf,
and Nb. Furthermore, the microstructures of the Ti-Zr-Hf-Nb-Fe
HEAs are composed of the dendrites and interdendrites. They are
illustrated by the light gray and dark gray contrast areas, respec-
tively. As the fraction of the Fe element increases, the micro-
structures of the HEAs change significantly, the arms of dendrites

Table 1
AHpix, 8r, ASmix, Q, and Ty, of the Ti-Zr-Hf-Nb-Fe HEAs.
AHmix Or ASmix Q Tm (K)

Feo 2.5 4.26% 11.53 10.75 2331.25
Feo s -2.25 6.67% 12.79 13.01 2300.65
Feos -5.71 7.25% 13.10 5.16 2273.44
Feo.75 -8.85 7.87% 13.34 3.39 224911
Fe, -11.04 8.32% 13.38 2.70 222720
Feis -14.06 9.03% 13.20 2.04 2189.36
Fe, -16.57 9.65% 13.06 172 2157.83
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Fig. 2. SEM images of the surface morphologies for the Ti-Zr-Hf-Nb-Fe HEAs.

become thinner and shorter, and the regions of interdendrites gra-
dually increase. Typically, as seen in Fig. 2(e), the Fe; alloy presents a
fine lamellar structure with a large amount of thin dendrite and
interdendrite zones.

Fig. 3(a: dendrite, b: interdendrite) illustrates the compositional
EDS results of constituent elements for the Ti-Zr-Hf-Nb-Fe HEAs. It is
obvious that the Nb element is remarkably enriched, and the Fe
element is depleted in the dendritic region of the HEAs. On the
contrary, the Fe element is significantly enriched in the
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interdendritic regions of the HEAs. Due to the varying melting points
of various elements in the present HEAs, the inhomogeneous dis-
tributions of constituent elements take place in different regions
[44]. Among those, Ti, Zr, Hf, and Nb exhibit high melting points of
1668 °C, 1855 °C, 2233 °C, and 2477 °C, respectively, while Fe pos-
sesses the lowest melting point of 1538 °C. During the solidification
process of the HEAs, high-melting-point elements, such as Nb, are
preferentially precipitated in the dendrites, while Fe is subsequently
solidified and mainly distributed among the interdendrites.
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Fig. 3. EDS results of the Ti-Zr-Hf-Nb-Fe HEAs (a: dendrite, b: interdendrite).
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Fig. 4. Vickers microhardness of the Ti-Zr-Hf-Nb-Fe HEAs.

Therefore, as the fraction of Fe enhances, the dendrites in a gray
contrast in Fig. 2 become finer, while the interdendrite region in a
dark contrast gradually increases in size. Combined with the analysis
of XRD and EDS, the dendritic phase is mainly the BCC phase, and the
interdendritic phase corresponds to the Laves phase.

3.2. Hardness and compression test of the HEAs

Fig. 4 exhibits the Vickers microhardness of the Ti-Zr-Hf-Nb-Fe
HEAs. From Fig. 4, with the increase in the Fe element, the hardness
values of the HEAs increase monotonically, which is mainly due to
the increasing fraction of a hard Laves phase. The microhardness of
the Feg s alloy is 400 HV, which is higher than the reported value of
320 HV for the Ti6Al4V alloy. It is worth mentioning that the mi-
crohardness of the Fe, alloy even reaches about 770 HV, which in-
dicates that the Ti-Zr-Hf-Nb-Fe HEAs may possess good wear
resistance.

Fig. 5 presents the compressive stress-strain curves of the Ti-Zr-
Hf-Nb-Fe HEAs at room temperature. It is seen that the Feqy alloy
shows a large compressive plastic strain up to 30%, and a moderate
yield strength of ~ 750 MPa. With the increase in the Fe content, the
yield strength of the HEAs increases significantly from ~ 750 MPa for
the Feg alloy to ~ 1500 MPa for the Fe; alloy, but the plastic strain
decreases from ~ 30% to less than 2%. Further increasing the content
of Fe, the strength of the HEA decreases, and the compressive
strengths of the Fe;s and Fe, alloys are ~ 1250 MPa and ~ 180 MPa,
respectively, showing obvious brittle fracture characteristics. The
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Fig. 5. Compressive stress-strain curves of the Ti-Zr-Hf-Nb-Fe HEAs.
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Fep,s and Fegs alloys possess good comprehensive mechanical
properties, namely the strength-plasticity trade-off. The yield
strength and plastic strain of the Feg,s are ~ 1100 MPa and ~ 20%,
respectively. The yield strength and plastic strain of the Fegs are ~
1450 MPa and ~ 8%, respectively.

The mechanical properties of alloys are often related to their
crystalline-phase structures and microstructures. As shown in Fig. 1,
the HEAs change from the single BCC-phase structure to the dual
BCC and Laves phases structure, as the fraction of Fe increases.
Compared with the BCC phase, the Laves phase with the hexagonal-
close-packed (HCP) structure displays less slip systems and basically
does not undergo large plastic deformation, exhibiting the hard and
brittle characteristics [45]. Therefore, the increasing amount of the
Laves phase results in the improvement of yield strength and the
deterioration of plasticity for the HEAs. As the Fe content exceeds 1,
the embrittlement of the HEAs takes place, which is attributed to the
significant enrichment of the Laves phase and the depletion of the
BCC phase. In addition, the Feg »5 alloy has a large volume fraction of
dendrites, and the dendrite arms are almost connected, as presented
in Fig. 2. According to the previous study [46], the coarse dendritic
structure in the HEAs usually shows the greater plasticity than that
of the equiaxed fine dendritic structure. Therefore, the Feg,s alloy
exhibits a larger plastic-deformation capacity. Furthermore, as the
content of Fe gradually increases, the dendrite arms become thinner
and shorter, and the volume fraction of dendrites decreases, leading
to a decrease in the plasticity of the HEAs as well.

The surface morphologies for the Ti-Zr-Hf-Nb-Fe HEAs after the
compressive deformation are shown in Fig. 6, and the insets display
their magnified morphologies. It can be seen from Fig. 6(a) that there
are plenty of shear bands on the surface of the Feq alloy (as indicated
by white arrows), which verifies that the Fey alloy exhibits a good
plastic-deformation ability. With the increase in the Fe content, as
presented in Fig. 6(b) and (c), the shear-band densities of the de-
formed HEA samples decrease, and a few cracks can be detected on
the surfaces (as marked by white circles). The shear -band density of
the Fegos is larger than that of the Fegs, demonstrating that the
superior plasticity of the Feg s alloy. As illustrated in Fig. 6(d), there
are no obvious shear bands on the surface of the deformed Feq s
alloy. Moreover, it can be found that there are uneven cleavage steps
and dimple-like microstructure morphologies on the fracture sur-
face of the alloy. Furthermore, the Fe;, Fe;s, and Fe, alloys exhibit
river-like patterns on the smooth fracture surface without dimples-
like microstructures, confirming the brittle-fracture characteristic.
As the content of Fe increases, the regions of the interdendrites
expand, and the Fe,Nb phase is gradually coarsened. Accordingly, the
HEAs become more prone to dislocation pile-up when subjected to
load, which is one of the main reasons leading to the cleavage
fracture. Therefore, raising the Fe content generally causes the drop
of plasticity for the Ti-Zr-Hf-Nb-Fe HEAs.

3.3. Electrochemical behavior of the Ti-Zr-Hf-Nb-Fe HEAs

Fig. 7 shows the potentiodynamic-polarization curves of the Ti-
Zr-Hf-Nb-Fe HEAs in the PBS solution. Table 2 summarizes the re-
levant electrochemical parameters. With the increase in the Fe
content (0 < x < 1), the corrosion potential (E.o,) of the alloy initially
decreases from - 0.39V for the Feqy alloy to - 0.42V for the Feg s
alloy, and subsequently increases to - 0.27 V for the Fe; alloy. The
decrease in the corrosion potential of the Feg s alloy may be due to
the appearance of the Laves phase in the alloy, which transforms the
structure of HEAs from a single-phase structure to a dual-phase
structure. The difference in compositions of two phases leads to the
generation of galvanic corrosion [47,48], resulting in the decrease in
the corrosion potential. Further increasing the Fe content enhances
the corrosion potential of the HEAs, which is attributed to the re-
finement and homogenization of the microstructure. Moreover, the
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Fig. 6. SEM images of the surface morphologies for the Ti-Zr-Hf-Nb-Fe HEAs after the compressive deformation. The insets display their magnified morphologies.
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Fig. 7. Potentiodynamic-polarization curves of the Ti-Zr-Hf-Nb-Fe HEAs in the PBS
solution.

corrosion-current density (icor) of HEAs shows a declining trend
from 10.93 x 1077 Acm™ for the Fe, alloy to 2.80 x 1077 Acm™? for the
Feg s alloy. Furthermore, no corrosion pitting, characterized by the
notable increase in the current density, can be observed for the Fey,
Fegos, and Feg s alloys even at the high anode potential up to 1.5V,
demonstrating that the present Ti-Zr-Hf-Nb-Fe HEAs exhibit good
pitting corrosion resistance provided that the Fe content does not

Table 2
Electrochemical parameters of the Ti-Zr-Hf-Nb-Fe HEAs derived from potentiody-
namic-polarization curves.

AllOyS Ecorr (V) icorr (10_7 A/sz) Epit (V)

Feo -0.39 + 0.03 10.93 £ 2.77 -

Feoos - 042 + 0.05 9.33 £ 1.61 -

Feos - 030 + 0.01 2.80 + 0.77 -

Feo.7s5 -0.27 £ 0.01 1.66 £ 0.27 1.36 + 0.02
Feq -0.33 £ 0.02 518 + 1.81 122 £ 012
Feis - 049 £ 0.04 15.5 £ 0.25 116 £ 0.16
Fe, -0.51 £ 0.01 271 221 0.82 + 0.03

exceed 0.5. Significantly, the corrosion resistance of the Ti-Zr-Hf-Nb-
Fe HEAs enhances with the increment of the Fe content (0 < x<0.5).

As the Fe content exceeds 1, further increasing the Fe content
reduces the corrosion potential but increases the corrosion-current
density of the alloys. Besides, pitting corrosion occurs for these al-
loys at high applied potentials, and the pitting-corrosion potentials
(Epic) decreases with the increase in the Fe content, implying the
degradation of the pitting-corrosion resistance of the alloys. Among
the Ti-Zr-Hf-Nb-Fe alloys, the Fe, alloy exhibits a pitting-corrosion
potential at 0.82V, and displays the lowest corrosion potential, the
highest corrosion-current density, and the minimum passivation
zone (AE=Epit - Ecorr), Which corresponds to the worst corrosion
resistance in the PBS solution. In contrast, the pitting corrosion of
the Feq s alloy does not occur, and presents the great corrosion po-
tential and low corrosion-current density. It can thus be assumed
that the Feg 5 alloy exhibits the greatest corrosion resistance among
the Ti-Zr-Hf-Nb-Fe alloys in the PBS solution.
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Fig. 8. SEM images of corrosion morphologies for the Ti-Zr-Hf-Nb-Fe HEAs after polarization experiments.

Fig. 8 presents the SEM images of corrosion morphologies for the
Ti-Zr-Hf-Nb-Fe HEAs after polarization experiments. It is seen that
the Fey, Feg s, and Feg s alloys exhibit a smooth surface without the
appearance of obvious corrosion pits, indicating that a dense passi-
vation film has formed on their surfaces to resist the invasion of
anions. Combined with the electrochemical parameters derived from
the polarization curves, it is proved that adding a proper quantity of
Fe to the HEAs can improves their corrosion resistance. However,
starting from the Feq ;5 alloy, shallow corrosion pits emerge on its
surface after polarization. As the Fe content raises, the propagation
of corrosion pits for the Fe; alloy takes place, and the width and
depth of corrosion pits increase significantly, as illustrated in
Fig. 8(e)—(f). The corrosion pits of the Fe;s alloy are in the honey-
comb shape and attached with a large amount of granular corrosion
products. Furthermore, the surface of the Fe, alloy displays wider
and deeper corrosion pits, indicating the graver corrosion. Therefore,
increasing the fraction of Fe beyond 0.5 leads to the deterioration of
the corrosion resistance in the Ti-Zr-Hf-Nb-Fe HEAs.

To further illustrate the reason for the good corrosion resistance
of the Feg 5 alloy in the PBS solution, three alloys, including the Fey,
Feos, and Fe; HEAs, were subjected to the XPS analysis. All samples
were immersed in the PBS solution for 24 h before the experiment.
The XPS full spectrum and narrow scanning spectra of the O, Ti, Zr,
Hf, Nb, and Fe elements on the surfaces of the Ti-Zr-Hf-Nb-Fe HEAs
are presented in Fig. 9, where“OX"represents the oxidized state and
“metal” corresponds to the metallic state. Table 3 depicts the

distribution of elemental compositions on the surfaces of the HEAs
from the XPS analysis.

From Fig. 9(a), the peaks of C 1s, O Is, Ti 2p, Zr 3d, Hf 4f, and Nb
3d can be detected in the XPS full spectrum for the Feg, Feg s, and Fe;
HEAs. On the surfaces of the Feg 5 and Fe; alloys, the Fe 2p peaks can
also be seen. The C 1s peaks are caused by the inevitable carbon
contamination. As we can see from the O 1s spectrum [Fig. 9(b)], the
0 element on the surface of the alloy is chiefly in forms of 0%, OH",
and bound water (H,0). The bound water can act as a substance used
to trap dissolved metal ions and develop a thin film on the surface,
preventing further corrosion [49]. The Ti 2p spectra of all three HEAs
[Fig. 9(c)] are composed of Ti 2p3j, and Ti 2pyj, double peaks, cor-
responding to the TiO, (Ti**) peak in the oxidized state. The peaks of
Zr 3d in the Fig. 9(d) indicates the coexistence of Zr** and Zr° in the
surface film of the Fey alloy, whereas the intensity of Zr® peaks is
obviously reduced for Feys and Fe; alloys. The Hf 4f spectrum in
Fig. 9(e) illustrates the peaks corresponding to the Hf° and Hf**
states. Similarly, the peaks of Nb>* and Nb°® can be observed in the
Nb 3d spectrum of Fig. 9(f), where the intensities of Nb>* peaks for
the Feg 5 alloy are relatively higher than those of the other two alloys.
Fig. 9(g) shows the Fe 2p spectra of the Feg 5 and Fe; alloys, showing
the peaks corresponding to Fe>* and its satellite peaks, where a faint
peak of Fe? is also detected on the Fe; alloy. Moreover, compared to
the Fegs alloy, the intensity of the Fe** peak of the Fe; alloy is
substantially higher, demonstrating that more Fe oxides are gener-
ated on the surface of the Fe; alloy. It is noted that the primary
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Fig. 9. (a) XPS full spectrum and narrow scanning spectra of the (b) O, (c) Ti, (d) Zr, (e) Hf, (f) Nb, and (g) Fe elements on the surfaces of the Ti-Zr-Hf-Nb-Fe HEAs.

Table 3

XPS analysis results of the Ti-Zr-Hf-Nb-Fe HEAs after 24 h immersion in the PBS so-
lution.

Elemental content (at%) Feq Feo s Fe,
01s o* 31.39 38.02 34.94
OH" 1743 16.87 18.69
H,0 16.56 13.12 9.19
Ti 2p Ti** 8.28 7.49 8.48
Zr 3d Zr** 7.50 725 7.76
Zr0 0.93 - -
Hf 4f Hf* 743 6.64 7.81
Hf° 1.28 0.22 0.63
Nb 3d Nb>* 6.24 6.82 6.30
Nb° 222 0.28 0.44
Fe 2p Fe>* 2.50 5.55
Fe? - 0.21

oxides on the surfaces of the Feg 5 and Fe; alloys are TiOy, ZrO,, HfO,,
Nb,0s, and Fe,0s, respectively.

Table 3 shows that the fraction of 0% is the maximum for the
Fegs alloy among the three alloys, implying that more oxidation

films occur on the Feg s alloy surface, which contributes to the high
corrosion resistance.

3.4. Tribological behavior of the HEAs

Fig. 10 exhibits the wear rates and frictional coefficients of the Ti-
Zr-Hf-Nb-Fe HEAs under dry sliding (in air) and wet sliding (in the
PBS solution) conditions. As shown in Fig. 10(a), the dry sliding wear
rate of the Ti-Zr-Hf-Nb-Fe HEAs reduces from 3.41 x 107 mm> N!
mm™! for the Feg alloy to 0.87 x 107 mm® N™! mm™! for the Fe, alloy
with the increase in the Fe content. Apparently, the dry sliding wear
rates of the HEAs tend to be inversely proportional to their hardness,
which is consistent with the Archard's law [50].

The wet sliding-wear rates of the Fey ~ Fe, alloys are 4.23 x 107
mm? N™' mm™, 4.09x10” mm?® N' mm™, 3.87x10” mm® N
mm~', 429x10° mm®> N!' mm™, 3.58x10” mm?® N' mm™,
2.53x10” mm>® N™' mm™, and 2.01x10” mm>3 N"! mm™, respec-
tively. Obviously, the wet wear rates of the HEAs are larger than the
dry sliding wear rates, indicating that the wear behavior of the HEAs
is greatly reliant on the friction medium. Although the Feq5 alloy
presents the highest wet wear rate of 4.29x10” mm?® N! mm™
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Fig. 10. (a) Wear rates and (b) coefficients of friction of the Ti-Zr-Hf-Nb-Fe HEAs under dry sliding during air and wet sliding in the PBS solution, respectively.

which is still less than that of 4.60x 107 mm> N™! mm™ for the
Ti6AlI4V alloy, according to the previous study [41].

Fig. 10(b) illustrates that the frictional coefficients of the Fey ~ Fe,
alloys in air are 0.81, 0.84, 0.79, 0.75, 0.71, 0.70, and 0.91, respec-
tively. Meanwhile, the frictional coefficients of the Fe, ~ Fe, alloys
under a wet sliding condition are 0.65, 0.67, 0.68, 0.66, 0.62, 0.63,
and 0.65, respectively. The significant decrease in frictional coeffi-
cients under a wet sliding condition can be caused by the lubrication
effect of the PBS solution, it is noteworthy that the Fe, alloy exhibits
the lowest wear rate and the highest coefficient of friction under a
dry sliding condition, which may result from its high hardness and
brittleness, making the surface easily damaged and generating more
abrasive chips during sliding. The coefficient of friction reflects the
lubrication effect of the contact surface, and a high coefficient of
friction indicates poor lubrication. The wear rate refers to the
amount of wear on the material, and a high wear rate diminishes the
service life of materials. Therefore, a high friction coefficient of the
material does not necessarily imply a high wear rate.

Fig. 11(a)-(g) present the worn scar-surface morphologies of the
Feo-Fe, alloys under a dry sliding condition, respectively. It is ob-
served that most of these alloys exist abrasive wear due to grooves
parallel to the friction direction. The worn scar surfaces of the HEAs
are composed of two typical zones with varying contrasts. The dis-
crete island-like region displays a black contrast (as shown by white
arrows), whereas the other zone exhibits a white contrast. Among
the Ti-Zr-Hf-Nb-Fe HEAs, the Fegs alloy presents finely-spaced
grooves with only a small amount of oxides adherence on the surface
and a uniform distribution of plastic deformation without the for-
mation of cracks. Moreover, the shallowing of grooves for the Fe;
alloy is related to its higher hardness. Besides shallow grooves on the
worn surface of the Feq 5 alloy, there are obvious material extrusion,
fragmentation, and even spalling at the edge of the grooves, as
shown in the white box of Fig. 11(f). The material spalling, corre-
sponding to the typical fatigue-wear morphology, becomes more
serious in the Fe, alloy [Fig. 11(g)], which may result from the low
plasticity and high hardness of the alloy.

Fig. 12 exhibits the EDS results about different areas of the Ti-Zr-
Hf-Nb-Fe HEAs under the dry sliding condition. We can indicate
from the results that the black-contrast island-shaped regions are
metallic oxides of alloying elements (including Ti, Zr, Hf, Nb, and Fe)
with an average O content above 30 at%. On the worn surface of the
Fe, alloy, the oxygen content exceeds 60 at%, denoting that the for-
mation of surface layer with more oxides, which may be one of the
reasons for the good wear resistance. Generally, the high-hardness
oxide attachment may generate an elastic impulse effect on the

SisN4 ball, and aggravate the damage to the ball. Furthermore, the
exfoliated Si3N4 particles will scratch the fresh surface of alloys,
producing the three-body wear and hastening alloys deterioration.
However, if the metal is hard enough, it may exhibit a preventive
effect on the further formation of grooves. During reciprocating
friction, the continuous plastic deformation of the material can be
inhibited, which initiates a sluggish effect on the wear of the ma-
terials to some extent. As a result, the wear resistance of the HEAs is
enhanced [51], as displayed in Fig. 11(e). Apparently, with the in-
crease in the Fe content, the wear mechanism of the HEAs in the air
turns from the abrasive- and oxidation-wear for the Fey to Fe; HEAs
into the fatigue- and oxidation-wear for the Fe;s and Fe, alloys.

Fig. 13(a)-(g) demonstrate the worn scar-surface topographies
for the Fep-Fe, HEAs after wet sliding in the PBS solution, respec-
tively. From Fig. 13(a)-(e), it can be seen that there are plow grooves
and gray-contrast island-like convexity arranged in parallel to the
sliding direction on the wear scars of the HEAs, which is similar to
the abrasive wear-surface morphologies in the air [Fig. 11]. The EDS-
analysis results of different regions on the Ti-Zr-Hf-Nb-Fe HEAs
surface under the wet sliding condition are shown in Fig. 13. The
high O content of the gray-contrast island-like convexity may be
caused by the corrosion reaction during wet friction. For the Fe;s
[Fig. 13(f)] and Fe, [Fig. 13(g)] HEAs, the surface grooves are shallow,
in addition to a small amount of gray black-contrast attachments.
Moreover, there are a large number of pits, and the fraction of O in
the pits is higher than that in other areas of the worn surface. This
trend may be due to the fatigue wear of the alloy under applied
loading, where the deformed layer of the alloy surface is exfoliated,
and the exposed fresh metal surface reacts with the PBS solution.
Thus, the wear mechanism shifts from the abrasive- and corrosive-
wear for the Feg to Fe; alloys into the fatigue- and corrosive-wear for
the Fe, 5 and Fe; alloys after sliding in the PBS solution.

4. Discussion

Compared with conventional biomedical metallic materials, re-
cently-developed Ti-Zr-Nb-based HEAs exhibit good comprehensive
properties, including superior mechanical properties, high corrosion
resistance, and excellent biocompatibility. For instance, the
Hf5Nb,sTipsZros HEA shows a tensile yield strength of 879 MPa and
a plastic strain of 14.9% [25]. Moreover, the TiNbTaZrMo HEA exhibits
a yield strength exceeding 1000 MPa and good in vitro osteoblast
biocompatibility comparable to that of a pure Ti [27]. Furthermore,
Hua et al. [41] developed the TigsZrNbTaMo HEA displaying ex-
cellent wear and corrosion resistance by changing the content of Ti
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Fig. 12. EDS analyses of different regions on the surfaces of the Ti-Zr-Hf-Nb-Fe HEAs
under a dry sliding condition.

in the equiatomic TiZrNbTaMo HEAs. In the present study, we fab-
ricated novel series of Ti-Zr-Hf-Nb-Fe refractory HEAs by adding the
inexpensive Fe element into the TiZrHfNb HEA to modulate the
microstructures and properties, and reduce the production cost. It is
found that the TiZrHfNbFey 5 HEA presents a comparable plasticity
and 1.5 times higher yield strength in comparison with those of the
Ti6Al4V alloy. Besides, the corrosion and wear resistance of the Ti-
Zr-Hf-Nb-Fe HEAs are better than those of the Ti6Al4V in the PBS
solution. In addition, all of these constituent elements that we have
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SEM images of worn-scar surfaces of the Ti-Zr-Hf-Nb-Fe HEAs under the dry sliding condition.

chosen are low biotoxic. Thus, the Ti-Zr-Hf-Nb-Fe HEAs present
promising potential in the field of biomedical-implant materials.

4.1. Factors influencing the corrosion resistance of the HEAs

From Fig. 7 and Table 2, we can see that the corrosion-current
densities of the Ti-Zr-Hf-Nb-Fe HEAs initially decrease and subse-
quently increase with the rising Fe content. Among those HEAs, al-
though the corrosion current density of the Feg 75 alloy is the lowest,
about1.66 x 1077A cm™2, pitting corrosion is seen on the Feg 5 alloy
surface when polarized at a high applied voltage of 1.36 V. From
Figs. 7 and 8, the Feg 5 alloy displays a low corrosion-current density
of 2.80x107’Acm™2 and a high resistance to pitting corrosion even
at the high applied voltage of 1.5 V. Accordingly, the Feq 5 alloy shows
a better corrosion resistance than the Fegs alloy. Furthermore,
further elevating the Fe content brings about the raise in the cor-
rosion-current density, the decrease in the pitting potential, and a
larger size of corrosion pits. Therefore, it can be considered that the
Feg 5 alloy exhibits the best corrosion resistance of our study in the
PBS solution. (Fig. 14).

According to the microstructure (Fig. 2) and compositional ana-
lysis (Fig. 3) results, the decrease in the corrosion resistance can be
explained as follows:

(1) From the perspective of the alloy composition, Fe is enriched in
the interdendrites, and Nb is enriched in the dendrites. It has
been reported that the addition of the Nb element in the alloy
facilitates enlarging the passivation zone [52], that is, the higher
the Nb content, the better the corrosion resistance. Moreover,
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Fig. 13. SEM images of wear scars of the Ti-Zr-Hf-Nb-Fe HEAs under the wet wear condition.

[54]. However, the influence results are not uniform, and there

e are conflicting conclusions even in the same alloy system [55]. In

100 + =u$ this study, with the increase in the Fe content, grain refinement
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boundaries, which behave as corrosion-prone areas. Thus, in this

Fig. 14. EDS analysis of different regions of the surfaces of Ti-Zr-Hf-Nb-Fe HEAs under study, the Fegs alloy reaches an equilibrium state for the two

the wet sliding condition. competition factors and presents a superior corrosion perfor-

mance.

the oxide/hydroxide of Fe is more porous and less stable than the The constituent elements of Ti, Zr, Hf, Nb, and Fe, exist mainly in

oxides/hydroxides of Ti and Zr [53]. Hence, the protective film of two forms on the alloy surface. One is in the form of oxides con-

interdendrites is weaker than that of the dendrites. stituting the surface-passivation film, such as TiO,, ZrO,, and Nb,Os,

(2) From the perspective of microstructures of the HEAs, the ap- which have been shown to facilitate the formation of a continuous

propriate amount of Fe alloying makes the dendrites become dense oxide film [37,38,41], and thus, slow down the corrosion of the
much finer and denser. According to the reported studies, grain alloy. The other is in the form of the metal state below the passi-
refinement takes effects on the corrosion resistance of alloys vation film. It is seen from Table 3 that the Feqys alloy exhibits the

1
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Table 4

Electrochemical parameters of the relevant biomedical HEAs in simulated human solutions.
Alloys Solution Ecorr (V) icorr (Afcm™2) Epic (V) Refs.
TizeZr20NbagTazeMosg PBS -0.61 ~107 - [28]
TiZrTaHfNb PBS - 039 7.2 x1078 - [36]
Tiy sZrTag sHfp sNbg 5 - 039 5.6 x1077 -
TizoZr20Hf20Nb2gTazg Hank’s -0.40 8.0 x1077 - [37]
Tig.sZrNbTaMo PBS -0.35 ~10°¢ - [41]
TigoMo15V15Cr15Zr15 Ringer's -0.36 712 x1077 - [59]
TizoM020V20Cr20Zr20 - 042 3.08 x107° -
(MoTa)o ,NbTiZr PBS -0.53 ~10°¢ - [60]
TiZrNb PBS - 045 5.61 x1077 - [61]
TigsZrasNbyg -0.52 5.76 x1077 -
TiZrHfNb PBS -0.38 1.08 x 1076 - This work
TiZrHfNbFe 5 -0.30 2.80 x 1077 -

largest fraction of O (including 0%") among the three HEAs, which
proves that more oxide films are generated on its surface to prevent
the invasion of anions. Moreover, the fraction of Nb>* for the Fegs
alloy is larger in the passivation film in comparison with that of the
other two alloys. Previous studies have shown that the Nb element
can expand the passivation zone of the alloy [52,56], and Nb is
helpful in enhancing the corrosion resistance of the Ti-based alloys
in Cl"-containing solutions [57,58]. The chemical reaction of the Nb
element is described as follows [58]:

2Nb + 5H,0 = Nb,Os + 10H" + 10e” (7)

Furthermore, according to Macdonald's Point Defect Model
(PDM), it has been discovered that the Nb>* enhanced the quantity of
0%, which counteracted the anionic vacancies in the passivation
film, resulting in fewer film defects and hence, a more stable pas-
sivation film [58],. Therefore, the Feq s alloy exhibits the lower cor-
rosion-current density and superior pitting resistance, compared
with those of the Fey and Fe; alloys.

Table 4 shows the comparison of the electrochemical parameters
of the Ti-Zr-Hf-Nb-Fe HEAs with various biomedical HEAs in simu-
lated physiological environments. It is worthy of noting that the
present Fegs alloy possesses the highest corrosion potential and
lower corrosion-current density, indicating the excellent corrosion
resistance of the Fegs alloy in a simulated physiological solution.

4.2. Factors influencing the wear resistance of the HEAs

As one of the conventional biomedical alloys, commercial pure Ti
and some Ti alloys, are usually subjected to the “particle diseases”
due to their poor wear resistance after implantation into the human
body. Therefore, good wear resistance is proved to be one of the
most important performance indicators of biomedical materials. The
wear resistance of the present Ti-Zr-Hf-Nb-Fe HEAs is better than
the Ti6Al4V alloy in both dry and wet-wear conditions, which can

Table 5

Hardness and wear rate of some HEAs and Ti alloys.
Alloys Couple-pair Load (N) Hardness Wear rate Refs.

materials (HV) (mm® N™' mm™)

Fegs SizNy 5 421.8 313 x1077 This
Fe, 535.5 2.55 x1077 work
Feis 665.3 1.98 x 1077
Fe, 7673 8.70 x1078
Ti6AI4V SisN, 5 320 3.50 x 1077 [41]
TiZrNbTaMo 490 291 x1077
Ti-20Zr-10Nb  TiN 1 2352 7.70 x 1077 [63]
Ti-30Zr 2731 6.40 x1077
CoCrFeMnNi  SisNy 1 134.4 7.40 x 1077 [64]
AICoCrFeNi  SisNy4 3 522 1.80 x 1077 [65]
MoTaWNbV  Al,03 5 ~773 157 x 1074 [51]
Inconel 718 ~ 300 468 x 107 [51]
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help decrease the risk of “particle disease” resulting from wear
debris. Thus, the HEAs are recently regarded as a promising candi-
date for orthopedic-implant materials.

Table 5 summarizes the hardness and wear rates of various HEA
systems and Ti-based alloys. It can be seen that the MoTaWNb HEA
shows a lower wear rate than that of Inconel 718 alloy when couple-
pairing with the hard Al,03 ball owing to the high hardness of the
MoTaWND alloy. Under the dry-wear condition couple-pairing with
SisN4 and TiN balls, the wear resistance shows an increasing trend
with the increase in the hardness of alloys. For instance, the CoCr-
FeMnNi alloy possesses the lowest hardness of 134.4 HV and thus,
the highest wear rate of 7.40x 10”7 mm> N! mm™. The Fe, alloy
displays the highest hardness of 767.3 HV and lowest wear rate of
8.70x10® mmN™' mm™. According to the Archard-wear model
[50], the wear resistance strongly correlates with hardness: the
higher the hardness, the better the wear resistance. The present
wear and hardness results in Table 5 are consistent with the Arch-
ard’s equation [50,62].

w= kﬂ

H (8)
where the w, k, N, L and H are the wear volume, the proportionality
constant, the normal load, the sliding distance and the hardness,
respectively.

Previous studies also found that the hardness is not the only
factor dominating the wear resistance of materials. For instance,
Martin et al. investigated the wear behavior of the AlCoCrFeNiTiy
HEAs with various Ti contents [66]. Although the hardness of the
AlCoCrFeNiTiy, HEAs increased with the Ti content, no apparent re-
lation between the wear rate and hardness was found for those
HEAs. The similar results were common in ceramic materials and
amorphous alloys as well. Furthermore, it was suggested [67] that
the fracture toughness plays an important role on the wear re-
sistance as well. Increasing the fracture toughness of a material can
improve its capacity to resist crack nucleation and propagation,
contributing to the increased wear resistance. The wear resistance of
the ductile metallic-crystalline materials is merely determined by
their hardness. But for brittle ceramic or glass materials, the fracture
toughness tends to be the main factor affecting the wear resistance.

Due to high entropy, sluggish diffusion and lattice distortion, the
HEAs tend to form the simple face-centered-cubic (FCC), BCC, or HCP
structures and special properties|68]. Generally, the HEAs with an
FCC structure present better plasticity but lower strength and
hardness among three structure alloys, whereas the BCC or HCP
HEAs display higher hardness but lower plastic deformability than
those of FCC HEAs [69]. In this study, the addition of the Fe element
into the Ti-Zr-Hf-Nb HEA transforms the structure of the HEA from a
BCC structure to BCC + HCP duplex structure, which remarkably
increases the hardness of the alloys. Moreover, because the Fe ele-
ment has a large radius difference with those of the other elements,
the lattice distortion of the alloys is strongly exaggerated after the Fe
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addition, which may increase the anti-slip properties of dislocations
and thus, increase the wear resistance of alloys. The combined in-
fluence of both aspects results in a considerable increase in their
wear resistance. However, since there are various experimental
methods to evaluate the wear resistance of the HEAs, the published
data on the friction and wear behavior is inadequate. Therefore,
further investigations on the frictional-wear behavior and wear
mechanism of the HEAs are required for their biomedical appli-
cation.

4.3. Potential of biomedical applications for the Ti-Zr-Hf-Nb-Fe HEAs

When we choose materials suitable for the biomedical applica-
tion, biocompatibility is one of the most important performances,
which refer to the capacity exhibiting no harmful effects on the host
organism during service [70], for example, good stability during
service, no harmful corrosion or abrasion products to the body, and
similar properties to the replaced tissue. The Young's moduli of
Ti6Al4V, 316L stainless steel, and CoCrMo alloys are about 110 GPa,
210 GPa, and 240 GPa, respectively, which are much higher than that
of 10-40 GPa for the human bone [37]. Large modulus mismatches
may result in inadequate loading of bone approximate to the implant
materials, resulting in the “stress-shielding effect” [6,71]. Further-
more, corrosive wear usually takes place when metallic-implant
materials work in the human body. This trend can generate wear
particles accompanied by the release of toxic metal ions (e.g., Al, V,
Ni ions, etc.), which results in the “particle diseases” and “aseptic
loosening” [14,41]. To solve these problems, great attentions had
been devoted to developing novel implant materials possessing good
comprehensive mechanical properties, corrosion resistance, and
biocompatibility.

Recently, refractory MEAs (medium-entropy alloys) and HEAs,
such as Ti-Zr-Nb [61,72], Ti-Zr-Nb-Ta [26,73], Ti-Zr-Hf-Nb [25], Ti-Z1-
Hf-Nb-Mo [31], Ti-Zr-Hf-Nb-Ta [30,36], Ti-Zr-Nb-Ta-Mo [28,74] and
Ti-Zr-Hf-(Co)-Cr-Mo [75] have attracted much attention in the field
of biomedical materials due to their good comprehensive properties
and biocompatibility. Most of the refractory HEAs possess BCC
structures and thus, generally display high yield strengths [28,30,31],
and some of them even exhibit good plasticity [25,44]. It has been
reported that Ti, Ta, Zr, Nb, and Hf show high biosafety and good
biocompatibility [76,77]. For instance, Yang et al. [37] found that
MC3T3-E1 cells exhibited as good cell adhesion, survival and pro-
liferation behaviors on the surface of TiygZrgHf20NbygTasg alloy as
those of the Ti6Al4V alloy. Moreover, the non-equiatomic
TigoZryoHf1gNbygTa o HEA also presented good proliferation for
human gingival fibroblasts in comparison with that of the TiZrHf
MEA [78]. The combination of good bio-corrosion resistance and in
vitro biocompatibility of the Ti-Zr-Hf-Nb-Ta HEA indicates the pro-
mising potential of them for biomedical applications. Furthermore,
Todai et al. [27] incubated osteoblasts on the surface of the Ti-Nb-Ta-
Zr-Mo HEA, commercially pure titanium (CP-Ti), and 316L stainless
steel for 24 h and found that the cells on the HEA and CP-Ti showed
similar morphologies with a spreading pattern. Further analysis
demonstrated that the cell density on the surface of the HEA was
also significantly higher than that of the 316L stainless steel. Takao
et al. [79] further modified the composition of the equimolar Ti-Nb-
Ta-Zr-Mo biomedical HEA and found that the non-equiatomic
Tiy4Zr14Nbg gTageMogg alloy exhibited a higher amount of fibrous
adhesion than that of the 316L stainless steel. Akmal et al. evaluated
the in vivo biocompatibility of the (MoTa)o,NbTiZr HEA [60] and
found no abnormal neurological responses and toxicity during the
implantation service.

Among the recently-developed refractory HEAs, such as Ti-Zr-Hf-
Nb-Al [44], Ti-Zr-Hf-Nb-V[80], Ti-Zr-Hf-Al-V [81], Ti-Zr-Nb-Al-V [82]
and Ti-Nb-Ta-Zr-W [ 73], the constituent elements, Al and V, are toxic
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to the human body and can easily cause Alzheimer's disease, allergic
reactions, and even cancer [83,84], which shows a potential danger
of the long-term service in the human body. Moreover, the W ele-
ment exhibits a high melting point (3695 K) and high raw material
cost. Recently, Popescu et al. developed the TisZr;s5Nb, sTaFe bio-
medical HEA by adding Fe elements and found that it showed better
corrosion resistance in Ringer's solution than that of the Ti6AI4V
alloy [85]. Codescu et al. also prepared the FeMoTaTiZr refractory
HEA and functionalized the alloy with an hydroxyapatite coating
(HAP) to improve its biocompatibility, bioactivity, and corrosion
resistance [86]. It is known that Fe is a necessary element of the
human body and one of the main raw materials for hemoglobin.
Moreover, Fe exhibits the lower melting point and raw material cost
than those of noble elements, such as Mo, Ta, and W. Therefore, the
addition of Fe can be considered as an effective strategy to achieve
better biocompatibility and cost reduction of HEAs.

Thus, in this study, we selected five elements with low biological
toxicity, Ti, Zr, Hf, Nb, and Fe, to develop a novel Ti-Zr-Hf-Nb-Fe HEA
system, which not only reduces the raw material cost, but also en-
sures better comprehensive mechanical properties, corrosion re-
sistance, and biocompatibility. Moreover, the Young's modulus of
Feg s alloy is close to that of human bone, about 50 GPa, which is
much lower than that of conventional implant materials, such as the
Ti6AI4V alloy. The low Young’s modulus of the Ti-Zr-Hf-Nb-Fe re-
duces the possibility of aseptic loosening for long-term im-
plantation.

5. Conclusion

In our study, a novel Ti-Zr-Hf-Nb-Fe system biomedical HEAs
have been designed, and their microstructure, mechanical proper-
ties, corrosion and wear behaviors were investigated. The following
are the primary conclusions:

(1) The Ti-Zr-Hf-Nb-Fe HEAs show a dendritic structure consisting
of BCC + Laves dual phases. The dendrites and interdendrites are
mainly composed of BCC and Laves phases, respectively. With
the increase in the Fe content, the dendrites become finer, and
the volume fraction of the Laves phase raises.

(2) The Vicker's microhardness of the Ti-Zr-Hf-Nb-Fe HEAs increases
from 310 HV for the Feq alloy to 770 HV for the Fe, alloy. The
Feos alloy exhibits good comprehensive mechanical properties
with a high yield strength of 1450 MPa and a plastic strain of
about 8%.

(3) The corrosion-current density of the Ti-Zr-Hf-Nb-Fe HEAs in-

itially decreases and subsequently raises with the increase in the

Fe content. The Feq 5 alloy displays a high corrosion potential of -

0.30V and a low corrosion-current density of 2.80x 1077 Acm™2.

Besides, after polarization, there are no corrosion pits visible for

the Feg s alloy. It is demonstrated that the Feg s alloy possesses a

relatively-higher passivation-film stability.

According to the XPS analyses, the surface films of the HEAs are

mostly constituted of TiO,, ZrO,, HfO,, Nb,0Os, and Fe,0s. The

Feos alloy displays the highest 0> and Nb®* contents, which

contribute to the good corrosion resistance in the PBS solution.

Under the dry friction condition, the wear resistance of the Ti-Zr-

Hf-Nb-Fe HEAs improves with the increase in the Fe content,

which is attributed to the increased hardness. Although corro-

sive wear occurs for the Ti-Zr-Hf-Nb-Fe HEAs sliding in the PBS
solution, the wet-wear resistance of the Ti-Zr-Hf-Nb-Fe HEAs is
better than the Ti6Al4V alloy.

(6) The good mechanical properties, high corrosion and wear re-
sistance, the biocompatible constituent elements, as well as the
low cost of the Fe addition render the Ti-Zr-Hf-Nb-Fe HEAs as
promising candidates as biomedical-implantation materials.

(4

=

(3)
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