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Abstract

Mixing enthalpy (∆Hmix), mixing entropy (∆Smix), atomic-size difference (δ), and valence
electron concentration (VEC) are the indicators determining the phase structures of multi-
principal element alloys. Exploring the relationships between the structures and properties
of multi-principal element films is a fundamental study. TiZrHf films with a ∆Hmix of
0.00 kJ/mol, ∆Smix of 9.11 J/mol·K (1.10R), δ of 3.79%, and VEC of 4.00 formed a hexagonal
close-packed (HCP) solid solution. Exploring the characterization of TiZrHf films after
solving Ta, Y, and Cr atoms with distinct atomic radii is crucial for realizing multi-principal
element alloys. This study fabricated TiZrHf, TiZrHfTa, TiZrHfY, and TiZrHfCr films
through co-sputtering. The results indicated that TiZrHfTa films formed a single body-
centered cubic (BCC) solid solution. In contrast, TiZrHfY films formed a single HCP
solid solution, and TiZrHfCr films formed a nanocrystalline BCC solid solution. The
crystallization of TiZrHf(Ta, Y, Cr) films and the four indicators mentioned above for multi-
principal element alloy structures were correlated. The mechanical properties and thermal
stability of the TiZrHf(Ta, Y, Cr) films were investigated.

Keywords: co-sputtering; crystal structure; mechanical properties; multi-principal element
alloys; thermal stability

1. Introduction
High-entropy alloys (HEAs) and medium-entropy alloys (MEAs) with multiple princi-

pal elements have attracted researchers’ attention due to their specific effects, namely high
entropy, lattice distortion, sluggish diffusion, and cocktail effects, which differ from those
of traditional alloys designed with the primary constitution and some additives [1]. With
these specific effects, HEAs and MEAs have been developed in versatile applications, such
as alloys with high strength and ductility at cryogenic temperatures [2], hydrogen storage
materials [3], diffusion barriers [4–6], and biocompatible implants [7,8]. The mixing en-
thalpy (∆Hmix), mixing entropy (∆Smix), and atomic-size difference (δ) of multi-component
alloys were vital indicators that influenced the phase structures of HEAs and MEAs [9].
For example, the alloys with low δ, high ∆Smix, and not very negative ∆Hmix tended to
form a compound with a single solid solution crystallizing into a simple structure. More-
over, alloys’ valence electron concentration (VEC) determines the solid solutions’ phase
structures [10,11]. The alloys exhibited hexagonal close-packed (hcp), body-centered cubic
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(bcc), and face-centered cubic (fcc) phases as their VEC were <4.09 [11], 4.18–6.87 [10,11],
and ≥8 [10], respectively. Ti, Zr, and Hf, with a VEC of 4, can crystallize into either hcp
or bcc structures [12]. In a previous study [13], TiNbTa(Zr) films with a VEC value of
4.40–4.90 exhibited a bcc phase, whereas the other TiNbTa(Zr) films with VEC values of
4.17–4.24 showed a hcp and bcc mixed phase. Ta and Nb are biocompatible and known
as bcc-phase stabilizers in Ti-based alloys [14], and their oxide, Ta2O5 and Nb2O5, are
recognized as passivation films during corrosion tests [15]. RHEAs primarily comprise
refractory metal elements from Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W. These alloys have gath-
ered widespread attention due to their suitability for high-temperature applications [16].
According to the Hume-Rothery criteria established for binary alloy systems, a solid so-
lution forms when the solute and solvent elements have an atomic size difference of less
than 15%. However, a critical indicator δ of 0.065 distinguished solid solution formation
and amorphous structures for HEA systems [17]. Moreover, a more negative ∆Hmix favors
the formation of an amorphous phase [17]. Ta, with a VEC of 5, has an atomic radius
of 0.143 nm, which is slightly lower than those of Ti (0.14615 nm), Zr (0.16025 nm), and
Hf (0.15775 nm) [18]. In contrast, Y, with a low VEC value of 3, possesses a large atomic
radius of 0.18015 nm, whereas Cr, with a high VEC of 6, has a small atomic radius of
0.12491 nm [18]. Investigating the phase structures and characteristics of TiZrHfM films
with distinct metallic atoms (M = Ta, Y, Cr) becomes the topic of this study. Moreover, the
thermal stability of these phases through vacuum annealing in the temperature range of
500–800 ◦C was investigated.

2. Materials and Methods
TiZrHfM (M = Ta, Y, Cr) films were prepared through a four-gun co-sputtering system,

as illustrated in Figure 1. Direct current (DC) powers applied to the sputter guns are listed
in Table 1. Targets of Ti (99.995%), Zr (99.9%), Hf (99.99%), Ta (99.99%), Y (99.99%), and Cr
(99.99%) (Ultimate Materials Technology, Jubei, Taiwan) with a diameter and thickness of
50.8 and 6 nm, respectively, were adopted. A Ti interlayer was deposited on the substrates
using a DC power of 200 W, an Ar flow rate of 20 sccm, and a substrate holder rotation
speed of 30 rpm, which formed a thickness of 90–181 nm. Then, TiZrHf, TiZrHfTa, TiZrHfY,
and TiZrHfCr films of 685–1272 nm were deposited on the Ti interlayer. Vacuum annealing
was performed in 5.3 × 10−3 Pa at 500–800 ◦C for 1 h. The heating rate was 20 ◦C/min,
and the annealed sample was furnace cooled to <50 ◦C in 2 h. Film thicknesses and surface
morphologies were examined using a field emission scanning electron microscope (JSM-
IT700HR, JEOL, Tokyo, Japan). The chemical compositions of the films were determined
using a field-emission electron probe microanalyzer (JXA-iHP200F, JEOL, Tokyo, Japan).
Three measurements for each sample were used for calculating the standard deviations of
thickness and compositions. Phase identification was conducted using grazing incident X-
ray diffraction (GIXRD; X’Pert PRO MPD, PANalytical, Almelo, The Netherlands). Lattice
constants (a0) of the films were decided from GIXRD reflections by using the equation [19]:

a = a0 + K × cos2 θ

sin θ
(1)

where a is the lattice constant for a distinct reflection, K is a constant, and θ is the diffraction
angle. Although standard deviations are not provided, the uncertainty in lattice constant
estimation is primarily influenced by instrumental resolution, peak fitting accuracy, and
alignment. Based on typical GIXRD setups and analysis methods, the relative uncertainty
is estimated to be within ±0.5%. The hardness and elastic modulus of films were measured
using a nanoindentation tester (TI-900 Triboindenter, Hysitron, Minneapolis, MN, USA)
equipped with a Berkovich diamond probe tip, and the data calculations were performed
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using the Oliver–Pharr method [20]. The indentation depth was controlled at 80 nm to
minimize substrate influence. Six measurements for each sample were used to determine
the standard deviation. Residual stress in the films was determined using the curvature
method [21]. Corrosion experiments of the films prepared on SUS420 substrates were
carried out in a 3.5 wt.% NaCl aqueous solution with a pH value of 6.3 using a potentiody-
namic polarization test setup (SP-200, BioLogic, Seyssinet-Pariset, France) with an Ag/AgCl
reference electrode and a Pt counter electrode. The samples with C and Pt protective layers
for transmission electron microscopy (TEM, JEM-2010F, JEOL, Tokyo, Japan) observation
were prepared using a focused ion beam system (NX2000, Hitachi, Tokyo, Japan).

Figure 1. Schematic of the co-sputtering apparatus.

Table 1. Target, power arrangements, and thickness values for co-sputtering TiZrHf (Ta, Y, Cr) films.

Sample Gun 1 Gun 2 Gun 3 Gun 4 TF
1 (nm) TI

2 (nm)

PTi
3 PHf PZr

Ti31Zr33Hf36 120 80 100 796 ± 9 131 ± 0

PTi PHf PZr PTa
Ti24Zr23Hf27Ta26 120 80 120 80 916 ± 8 143 ± 3
Ti30Zr20Hf25Ta25 170 80 120 80 1058 ± 10 135 ± 1
Ti21Zr30Hf25Ta24 120 80 170 80 795 ± 8 181 ± 8
Ti20Zr18Hf38Ta24 120 130 120 80 923 ± 13 163 ± 3
Ti17Zr17Hf26Ta40 120 80 120 130 685 ± 5 102 ± 8

PTi PHf PZr PY
Ti24Zr23Hf27Y26 130 80 90 100 1046 ± 7 117 ± 1
Ti29Zr21Hf26Y24 180 80 90 100 1110 ± 10 117 ± 6
Ti22Zr30Hf27Y21 130 80 140 100 1145 ± 3 115 ± 7
Ti21Zr19Hf42Y18 130 130 90 100 1189 ± 6 117 ± 6
Ti19Zr18Hf26Y37 130 80 90 150 1272 ± 2 124 ± 1

PTi PHf PZr PCr
Ti29Zr19Hf26Cr26 150 90 100 60 1133 ± 7 139 ± 9
Ti31Zr17Hf28Cr24 200 90 100 60 1129 ± 10 137 ± 0
Ti24Zr26Hf27Cr23 150 90 150 60 1119 ± 11 90 ± 10
Ti22Zr15Hf41Cr22 150 140 100 60 1165 ± 5 125 ± 2
Ti21Zr16Hf25Cr38 150 90 100 110 1200 ± 7 107 ± 0

1 TF: film thickness. 2 TI: interlayer thickness. 3 P: powers applied on the targets. Power unit: watts.
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3. Results and Discussion
3.1. Chemical Compositions and Phases

Table 2 lists the chemical compositions of the TiZrHf(Ta, Y, Cr) films. The O contents
in the TiZrHf, TiZrHfTa, and TiZrHfY films were in the range of 3.4–6.5 at.%, whereas the
TiZrHfCr films had a lower O content of 0–2.6 at.%. These TiZrHf(Ta, Y, Cr) films were
denoted by their metallic compositions. The calculated VEC, δ, ∆Hmix, and ∆Smix values,
without considering the oxygen content, are shown in Table 2. The ∆Smix of Ti31Zr33Hf36

film was 9.11 J/mol K or 1.10 R, whereas the ∆Smix values of all the prepared TiZrHf(Ta, Y,
Cr) films were in the range of 1.31–1.38 R, classified as MEAs. The equilibrium state of Ti,
Zr, and Hf at room temperature is a close-packed hexagonal (HCP) structure (ICDD 00-044-
1294, 00-005-0665, and 00-038-1478). It is expected that the TiZrHf alloys should exhibit a
single HCP structure [22]. However, Tsai et al. [23] reported a TiZrHf film exhibiting a body-
centered cubic (BCC) structure. This discrepancy may arise due to the non-equilibrium
nature of the sputtering process involving high-energy particle collisions, leading to the
formation of high-temperature phases for the TiZrHf films. In this study, a co-sputtered
Ti31Zr33Hf36 film exhibited an HCP phase, as shown in Figure 2a. Figure 2b displays
that all the surveyed TiZrHfTa films exhibited a single BCC phase, either for the near-
equiatomic Ti24Zr23Hf27Ta26 or Ti-enriched Ti30Zr20Hf25Ta25, Zr-enriched Ti21Zr30Hf25Ta24,
Hf-enriched Ti20Zr18Hf38Ta24, and Ta-enriched Ti17Zr17Hf26Ta40 films. The presence of
(321) reflection, the seventh one, of the Ti24Zr23Hf27Ta26 film indicates that this phase
is a BCC phase, not a simple cubic phase. The lattice constants of Ti24Zr23Hf27Ta26,
Ti30Zr20Hf25Ta25, Ti21Zr30Hf25Ta24, Ti20Zr18Hf38Ta24, and Ti17Zr17Hf26Ta40 films were de-
termined to be 0.3438, 0.3426, 0.3449, 0.3452, and 0.3426 nm, respectively, which interlaid
those of BCC Ti (0.33065 nm, ICDD 00-044-1288), Zr (0.35453 nm, ICDD 00-034-06570), Hf
(0.35 nm, ICDD 01-089-5154), and Ta (0.33058 nm, ICDD 00-004-0788). The high-entropy
and rapid quenching effects resulted in the high-entropy alloys (HEAs) forming single-
phase structures rather than complex intermetallic compounds. The δ values were 3.79% for
the Ti31Zr33Hf36 film and 4.54–4.82% for the TiZrHfTa films, which implied the formation
of solid solutions as δ < 6.5% [17]. Moreover, the VEC value was 4.00 for the Ti31Zr33Hf36

film and 4.24–4.40 for the TiZrHfTa films, indicating their solid solutions were HCP and
BCC phases [11], respectively. In contrast, the GIXRD patterns of TiZrHfY films exhibited
an HCP phase (Figure 2c), whereas the TiZrHfCr films seemed nanocrystalline (Figure 2d).
The δ, ∆Hmix, and VEC values were 6.81–8.07%, 6.89–10.91 kJ/mol, and 3.63–3.82 for the
TiZrHfY films, respectively, whose structures could not be identified according to the
δ-∆Hmix phase selection rule proposed in [17] ascribed to limited data. Braic et al. [22]
reported that the TiZrHfY film with a δ of 7.6% had two HCP phases, whereas the TiZrY
film with a high δ of 8.6% was amorphous. Ti, Zr, Hf, and Y tend to form HCP phases.
The large Y atom has a 16% expansion related to the average atom size of Ti, Zr, and Hf,
which enlarges the lattice constants of an HCP structure for TiZrHfY films. By contrast, the
small Cr atom reveals a −19% shrinkage related to the average atom size of Ti, Zr, and Hf,
which makes the lattice unstable and reduces long-range order crystallinity. Therefore, the
fabricated TiZrHfCr films were nanocrystalline or X-ray amorphous. The δ, ∆Hmix, and
VEC values were 8.87–10.41%, 6.19–8.61 kJ/mol, and 4.44–4.77 for the TiZrHfCr films in this
study. δ plays a critical role in forming amorphous phases [24]. Regarding kinetics, mag-
netron sputtering technology’s lattice distortion and rapid quenching effects alleviate the
diffusion of deposited atoms, promoting the emergence of nanocrystalline and amorphous
composite structures in thin films.
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Table 2. Chemical compositions, valence electron concentration, atomic-size difference, mixing
enthalpy, and mixing entropy of TiZrHf(Ta, Y, Cr) films.

Sample
Chemical Composition (at.%) VEC 1 δ 2 ∆Hmix

3 ∆Smix
4

Ti Zr Hf Ta/Y/Cr O (%) (kJ/mol) (J/mol K)

Ti31Zr33Hf36 28.9 ± 0.4 31.5 ± 0.6 34.5 ± 0.3 - 5.1 ± 0.1 4.00 3.79 0 9.11

Ti24Zr23Hf27Ta26 22.7 ± 0.0 21.2 ± 0.4 25.9 ± 0.4 24.9 ± 0.2 5.3 ± 0.4 4.26 4.70 1.82 11.50
Ti30Zr20Hf25Ta25 28.7 ± 0.3 19.1 ± 0.2 23.9 ± 0.3 23.1 ± 0.3 5.2 ± 0.4 4.24 4.62 1.62 11.44
Ti21Zr30Hf25Ta24 20.2 ± 0.4 27.8 ± 0.2 23.9 ± 0.1 22.5 ± 0.1 5.6 ± 0.3 4.24 4.74 1.77 11.47
Ti20Zr18Hf38Ta24 18.6 ± 0.8 16.6 ± 0.5 36.1 ± 0.5 22.7 ± 0.6 6.0 ± 0.4 4.24 4.54 1.82 11.12
Ti17Zr17Hf26Ta40 15.7 ± 0.8 16.5 ± 0.4 24.9 ± 0.2 37.7 ± 0.4 5.2 ± 0.5 4.40 4.82 2.35 10.97

Ti24Zr23Hf27Y26 22.0 ± 0.4 21.3 ± 0.5 25.4 ± 0.3 24.8 ± 0.7 6.5 ± 1.7 3.73 7.72 9.09 11.50
Ti29Zr21Hf26Y24 27.9 ± 0.5 20.0 ± 0.1 24.2 ± 0.2 23.0 ± 0.2 4.9 ± 0.3 3.76 7.85 8.79 11.47
Ti22Zr30Hf27Y21 20.4 ± 0.9 28.3 ± 0.5 25.8 ± 0.5 20.0 ± 0.8 5.5 ± 0.2 3.79 7.12 7.57 11.43
Ti21Zr19Hf42Y18 19.9 ± 0.4 18.4 ± 0.2 40.7 ± 1.5 17.6 ± 0.9 3.4 ± 3.0 3.82 6.81 6.89 10.94
Ti19Zr18Hf26Y37 18.1 ± 0.5 16.5 ± 0.5 24.3 ± 0.0 34.9 ± 0.3 6.2 ± 0.4 3.63 8.07 10.91 10.94

Ti29Zr19Hf26Cr26 28.4 ± 0.4 18.2 ±0.6 25.3 ± 0.3 25.7 ± 0.4 2.4 ± 0.5 4.53 9.29 6.96 11.42
Ti31Zr17Hf28Cr24 30.2 ± 0.2 17.0 ± 0.3 27.8 ± 0.5 23.3 ± 0.1 1.7 ± 0.3 4.47 8.96 6.42 11.34
Ti24Zr26Hf27Cr23 23.6 ± 0.6 25.3 ± 0.4 26.3 ± 0.3 22.2 ± 0.6 2.6 ± 1.2 4.46 9.10 6.61 11.51
Ti22Zr15Hf41Cr22 21.7 ± 0.3 14.1 ± 0.2 40.4 ± 0.4 21.6 ± 0.3 2.2 ± 0.2 4.44 8.87 6.19 10.91
Ti21Zr16Hf25Cr38 20.5 ± 0.1 16.0 ± 0.1 25.2 ± 0.0 38.3 ± 0.2 0.0 ± 0.0 4.77 10.41 8.61 11.08

1 VEC: valence electron concentration. 2 δ: atomic-size difference. 3 ∆Hmix: mixing enthalpy. 4 ∆Smix:
mixing entropy.

  
(a) (b) 

  
(c) (d) 

Figure 2. GIXRD patterns of the (a) TiZrHf, (b) TiZrHfTa, (c) TiZrHfY, and (d) TiZrHfCr films.
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Our previous studies have reported the TEM observations of BCC TiZrHfTa [25] and
HCP TiZrHfY [26] films, which exhibit coarse columnar structures. Figure 3a depicts the
cross-sectional TEM (XTEM) image of the Ti29Zr19Hf26Cr26 film, distinguishing the Ti
interlayer and the Ti29Zr19Hf26Cr26 film. The Ti29Zr19Hf26Cr26 film exhibits a featureless
morphology, indicating the formation of an almost amorphous or nanocrystalline structure.
The selected area electron diffraction (SAED) pattern reveals diffused rings, implying the
formation of a nanocrystalline structure (Figure 3b). Figure 3c shows a high-resolution TEM
(HRTEM) image with no distinct crystalline regions in which no well-defined crystalline
domains are observed, further indicating that the crystallites are extremely fine. Structural
characterization, including GIXRD and HRTEM analysis, confirms that the Ti29Zr19Hf26Cr26

thin film possesses a nanocrystalline structure.

 
(a) (b) 

 
(c) 

Figure 3. (a) XTEM, (b) SAED, and (c) HRTEM images of the Ti29Zr19Hf26Cr26 film.

3.2. Mechanical and Anticorrosive Properties of TiZrH(Ta, Y, Cr) Films

Table 3 lists the hardness (H) and elastic modulus (E) values of TiZrHf, TiZrHfTa,
TiZrHfY, and TiZrHfCr films. The Ti31Zr33Hf36 film had H and E values of 7.4 and
179 GPa, respectively, an elastic recovery (We) of 31%, and a residual stress of
−0.13 GPa. The TiZrHfTa films had H and E values of 4.6–5.4 and 100–114 GPa, respectively,
lower than those of the Ti31Zr33Hf36 film. The TiZrHfTa films had We values of 28–33%
and residual stresses ranging from 0 to −0.23 GPa, comparable to those of the Ti31Zr33Hf36

film. The TiZrHfY films had H and E values of 6.0–7.9 and 106–134 GPa, respectively. The
H values of the TiZrHfY films were comparable to those of the Ti31Zr33Hf36 film, accom-
panied by higher We values of 33–38% and larger compressive residual stresses between
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−0.41 and −0.74 GPa. However, the E values of the TiZrHfY films were at low levels of
106–134 GPa. The TiZrHfCr films had H and E values of 5.3–8.4 and 91–113 GPa, respec-
tively, We values of 43–48%, and residual stresses ranging from −0.15 to −0.43 GPa. The
TiZrHfY film exhibited enhanced mechanical performance and higher compressive residual
stress, primarily attributed to Y’s relatively large atomic radius. Incorporating Y atoms
increases the lattice parameters of the HCP structure, thereby intensifying lattice mismatch
and structural stress. Additionally, the significant atomic size difference between Y and the
other constituent elements promotes solid solution strengthening, further contributing to
the improved mechanical properties of the TiZrHfY film.

Table 3. Mechanical properties and residual stresses of TiZrHf(Ta, Y, Cr) films.

Sample H 1

(GPa)
E 2

(GPa)
We

3

(%)
σ 4

(GPa)

Ti31Zr33Hf36 7.4 ± 0.8 179 ± 14 31 −0.13 ± 0.00

Ti24Zr23Hf27Ta26 4.7 ± 0.6 104 ± 9 32 −0.23 ± 0.00
Ti30Zr20Hf25Ta25 4.6 ± 0.3 100 ± 4 28 0.00 ± 0.00
Ti21Zr30Hf25Ta24 5.0 ± 0.3 101 ± 3 33 −0.14 ± 0.24
Ti20Zr18Hf38Ta24 5.1 ± 0.5 105 ± 6 30 −0.04 ± 0.11
Ti17Zr17Hf26Ta40 5.4 ± 0.3 114 ± 3 30 −0.14 ± 0.05

Ti24Zr23Hf27Y26 6.0 ± 0.6 106 ± 6 33 −0.48 ± 0.02
Ti29Zr21Hf26Y24 7.4 ± 0.5 114 ± 6 37 −0.54 ± 0.01
Ti22Zr30Hf27Y21 7.9 ± 0.5 131 ± 7 36 −0.41 ± 0.13
Ti21Zr19Hf42Y18 7.9 ± 0.5 134 ± 9 38 −0.46 ± 0.07
Ti19Zr18Hf26Y37 6.1 ± 0.3 106 ± 4 37 −0.74 ± 0.04

Ti29Zr19Hf26Cr26 6.6 ± 0.1 105 ± 3 45 −0.24 ± 0.00
Ti31Zr17Hf28Cr24 6.8 ± 0.0 104 ± 1 44 −0.27 ± 0.01
Ti24Zr26Hf27Cr23 5.3 ± 0.4 91 ± 5 44 −0.15 ± 0.00
Ti22Zr15Hf41Cr22 6.5 ± 0.0 105 ± 1 43 −0.43 ± 0.01
Ti21Zr16Hf25Cr38 8.4 ± 0.1 113 ± 1 48 −0.28 ± 0.01

1 H: hardness. 2 E: elastic modulus. 3 We: elastic recovery. 4 σ: residual stress.

Figure 4 depicts the potentiodynamic polarization curves of SUS420 substrate,
Ti31Zr33Hf36, TiZrHfTa, TiZrHfY, and TiZrHfCr films tested in a 3.5 wt.% NaCl aqueous
solution and the relevant data are summarized in Table 4. While only one specimen was
tested per film, possible uncertainties in corrosion parameters may result from variations in
surface condition, measurement reproducibility, and reference electrode stability. Based on
experience with similar tests, the accuracy of polarization resistance (Rp) values is estimated
to be within ±10%. The Ti31Zr33Hf36 film exhibited an Icorr value of 0.338 µA/cm2 and an
Ecorr value of −354 mV, along with a high polarization resistance Rp of 1.9 × 105 Ω·cm2,
indicating excellent corrosion resistance. Numerous studies have reported that refractory
metals in TiZr-based refractory high-entropy alloys tend to form dense and highly protec-
tive oxide layers on the surface, thereby imparting superior corrosion resistance [27–30].
Compared to the Ti31Zr33Hf36 film, adding Ta did not enhance the corrosion resistance.
In contrast, the film with Y addition exhibited the poorest corrosion resistance, likely due
to the formation of Y oxides that provide active pathways for corrosive species, thereby
facilitating penetration and compromising the film’s protective capability [31,32]. The
TiZrHfCr film demonstrated significantly improved corrosion resistance, as Cr is known
to be one of the most effective elements for enhancing the corrosion resistance of coatings.
The incorporation of an appropriate amount of Cr promotes the formation of a continuous
and uniform Cr2O3 passivation layer on the surface, which effectively protects the coating
from corrosion [33,34].
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(a) (b) 

 
(c) 

Figure 4. Potentiodynamic polarization curves of SUS420 substrate, Ti31Zr33Hf36 film, and
(a) TiZrHfTa, (b) TiZrHfY, and (c) TiZrHfCr films tested in a 3.5 wt% NaCl aqueous solution.

Table 4. Corrosive characteristics of the bare SUS420 substrate and TiZrHf(Ta, Y, Cr) films.

Sample Ecorr
1

(mV)
Icorr

2

(µA/cm2)
Rp

3

(Ω·cm2)
βa

4

(mV)
βc 5

(mV)
Rp

Ratio

SUS420 −345 4.826 7.7 × 103 132.6 238.5 1.0

Ti31Zr33Hf36 −354 0.338 1.9 × 105 472.3 221.1 25.2

Ti24Zr23Hf27Ta26 −714 2.129 2.4 × 104 169.4 360.1 3.1
Ti30Zr20Hf25Ta25 −281 1.497 1.7 × 104 66.3 443.2 2.2
Ti21Zr30Hf25Ta24 −388 1.330 3.4 × 104 139.6 396.2 4.4
Ti20Zr18Hf38Ta24 −199 0.231 1.0 × 105 65.5 366.7 13.6
Ti17Zr17Hf26Ta40 −251 0.221 1.2 × 105 88.4 178.2 15.1

Ti24Zr23Hf27Y26 −619 6.291 2.9 × 103 47.4 318.8 0.4
Ti29Zr21Hf26Y24 −372 0.418 6.9 × 104 95.3 216.9 9.0
Ti22Zr30Hf27Y21 −578 18.120 3.1 × 103 178.2 470.9 0.4
Ti21Zr19Hf42Y18 −199 15.414 1.2 × 103 46.1 473.2 0.2
Ti19Zr18Hf26Y37 −997 0.551 8.3 × 104 254.3 179.2 10.8

Ti29Zr19Hf26Cr26 −225 0.269 2.0 × 105 359.3 190.1 26.2
Ti31Zr17Hf28Cr24 −202 0.064 4.5 × 105 101.9 184.8 58.1
Ti24Zr26Hf27Cr23 −180 0.140 3.5 × 105 301.6 176.7 45.1
Ti22Zr15Hf41Cr22 −243 0.319 7.8 × 104 78.3 215.1 10.2
Ti21Zr16Hf25Cr38 −201 0.133 3.3 × 105 318.5 146.6 42.7

1 Ecorr: corrosion potential. 2 Icorr: corrosion current density. 3 RP: polarization resistance. 4 βa: anodic Tafel slope.
5 βc: cathodic Tafel slope.
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3.3. Thermal Stability of TiZrHf(Ta, Y, Cr) Films

The thermal stability of TiZrHf(Ta, Y, Cr) films was evaluated by annealing these
films in a vacuum tube furnace. Figure 5 displays the GIXRD patterns of the Ti31Zr33Hf36

films annealed at 500, 700, and 800 ◦C. The structure of the Ti31Zr33Hf36 film annealed at
500 ◦C maintained an HCP phase, whereas the Ti31Zr33Hf36 films annealed at 700 and
800 ◦C showed an additional oxide phase (ICDD 00-042-1164). Figure 6 depicts the surface
morphologies of the annealed Ti31Zr33Hf36 films. Granular oxide particles were observed
on the surfaces of 700 and 800 ◦C-annealed Ti31Zr33Hf36 films. After annealing at high
temperatures, the phase splitting for multi-principal element alloys was not observed
for the Ti31Zr33Hf36 films. The hardness value of the Ti31Zr33Hf36 film was 7.4 GPa at
the as-deposited state and was increased to 11.6 and 18.8 GPa, and then decreased to
17.6 GPa as the film was annealed at 500, 700, and 800 ◦C, respectively. The elastic modulus
value was 179 GPa at the as-deposited state and was varied to 171, 241, and 226 GPa as
the film was annealed at 500, 700, and 800 ◦C, respectively. The oxide phase formation and
randomly disposed geometry increased the mechanical properties of the Ti31Zr33Hf36 films.

Figure 5. GIXRD patterns of the Ti31Zr33Hf36 films annealed at 500, 700, and 800 ◦C for 1 h.

 

Figure 6. Surface morphologies of the Ti31Zr33Hf36 films annealed at 500, 700, and 800 ◦C for 1 h.

Figure 7a depicts the GIXRD patterns of the TiZrHfTa films annealed in a vacuum at
500 ◦C for 1 h. The Ti17Zr17Hf26Ta40 film maintained a BCC phase, namely BCC2; however,
the peak widths broadened, implying recrystallization of the film. Figure 8a depicts an
XTEM image of the 500 ◦C-annealed Ti17Zr17Hf26Ta40 film. The SAED pattern reveals a BCC
structure with (110), (200), (211), (220), and (310) diffraction rings (Figure 8b). Figure 8c
displays the dark-field image related to the (200) diffraction spot shown in Figure 8b,
which exhibits a columnar structure with 36–105 nm widths. The HRTEM image shown in
Figure 8d reveals lattice fringes with a d-spacing of 0.237 nm correlated to the BCC2 (110)
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planes. In contrast, all the other TiZrHfTa films exhibited phase separation after annealing
at 500 ◦C. The as-deposited BCC phase split into two BCC phases (Figure 7a); the new BCC
phase, namely BCC1, had d-spacings larger than those of BCC2. Moreover, an HCP phase
appeared after these TiZrHfTa films were annealed at 700 ◦C (Figure 7b). Yao et al. [35]
and Chen et al. [36] reported that bulk metallic HfNbTaTiZr alloys transformed into a BCC
Ta–Nb, an HCP Hf–Zr, and a BCC matrix after annealing at 500–700 ◦C and 550–700 ◦C,
respectively. The phase separation due to annealing did not occur at 500 and 700 ◦C for the
Ti17Zr17Hf26Ta40 film. Cheng et al. [37] reported that (TiZrHf)x(NbTa)1−x thin films with
0.55 < x < 0.7 exhibited high resistance to crystallization up to 500 ◦C. Figure 9a presents
an XTEM image of the Ti20Zr18Hf38Ta24 film after annealing at 700 ◦C for 1 h. The SAED
image from the outer part of the film reveals two BCC phases, BCC1 and BCC2, and an
HCP phase (Figure 9b). Figure 9c displays a dark-field image related to the BCC2 (110)
diffraction spot shown in Figure 9b. The outer part of the annealed films maintained a
columnar structure with widths of 72–75 nm. Figure 9d shows an HRTEM image, which
reveals lattice fringes with d-spacings of 0.249, 0.235, and 0.268 nm correlating to BCC1
(110), BCC2 (110), and HCP (002) planes, respectively. By contrast, the inner part of the
film adjacent to the Ti interlayer consists of a granular structure, as shown in Figure 9e.
According to the structure-zone model for sputtered films [38], a columnar structure is
familiar. Annealing provides thermal energy that accelerates atomic diffusion. As sputtered
films are annealed, energetic atoms could move along grain boundaries, promote grain
growth and defect annihilation, and form a coarser columnar structure, accompanied by
well-aligned crystallographic orientation. In contrast, recrystallization and grain growth
at high temperatures tend to create a granular structure attributed to the driving force
of reducing free energy. The hardness values of the TiZrHfTa films increased from 4.6 to
5.4 GPa at the as-deposited state to 6.8–7.9 and 11.2–12.5 GPa after they were annealed
at 500 and 700 ◦C, respectively, as shown in Table 5. The elastic moduli increased from
100–114 GPa at the as-deposited state to 128–144 and 182–196 GPa after 500 and 700 ◦C
annealing, respectively.

  
(a) (b) 

Figure 7. GIXRD patterns of the TiZrHfTa films annealed for 1 h at (a) 500 and (b) 700 ◦C.
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(a) (b) 

  
(c) (d) 

Figure 8. (a) XTEM, (b) SAED, (c) dark-field, and (d) HRTEM images of the Ti17Zr17Hf26Ta40 film
after annealing at 500 ◦C for 1 h.

Table 5. Mechanical properties of as-deposited and annealed TiZrHf(Ta, Y, Cr) films.

Sample
Hardness (GPa) Elastic Modulus (GPa)

RT 500 ◦C 700 ◦C RT 500 ◦C 700 ◦C

Ti31Zr33Hf36 7.4 ± 0.8 11.6 ± 0.2 18.8 ± 1.7 104 ± 9 171 ± 2 241 ± 14

Ti24Zr23Hf27Ta26 4.7 ± 0.6 7.9 ± 0.6 12.5 ± 0.4 100 ± 4 138 ± 6 182 ± 3
Ti30Zr20Hf25Ta25 4.6 ± 0.3 7.4 ± 0.2 11.4 ± 1.2 101 ± 3 131 ± 3 196 ± 13
Ti21Zr30Hf25Ta24 5.0 ± 0.3 6.9 ± 0.3 12.2 ± 0.5 105 ± 6 128 ± 5 193 ± 4
Ti20Zr18Hf38Ta24 5.1 ± 0.5 6.8 ± 0.6 11.2 ± 0.4 114 ± 3 135 ± 8 188 ± 5
Ti17Zr17Hf26Ta40 5.4 ± 0.3 7.5 ± 0.3 12.1 ± 0.8 106 ± 6 144 ± 5 192 ± 7

Ti24Zr23Hf27Y26 6.0 ± 0.6 9.1 ± 0.5 10.4 ± 0.6 114 ± 6 139 ± 3 184 ± 9
Ti29Zr21Hf26Y24 7.4 ± 0.5 8.4 ± 0.4 10.8 ± 0.5 131 ± 7 141 ± 7 189 ± 7
Ti22Zr30Hf27Y21 7.9 ± 0.5 8.7 ± 0.3 9.3 ± 0.4 134 ± 9 132 ± 3 172 ± 4
Ti21Zr19Hf42Y18 7.9 ± 0.5 11.6 ± 0.4 8.5 ± 0.4 106 ± 4 199 ± 2 170 ± 4
Ti19Zr18Hf26Y37 6.1 ± 0.3 9.8 ± 0.7 15.8 ± 1.1 104 ± 9 165 ± 6 236 ± 10

Ti29Zr19Hf26Cr26 6.6 ± 0.1 10.5 ± 0.6 16.4 ± 3.1 105 ± 3 142 ± 6 202 ± 23
Ti31Zr17Hf28Cr24 6.8 ± 0.0 11.1 ± 0.2 20.6 ± 0.6 104 ± 1 152 ± 2 241 ± 6
Ti24Zr26Hf27Cr23 5.3 ± 0.4 9.0 ± 0.7 15.0 ± 5.2 91 ± 5 139 ± 10 205 ± 43
Ti22Zr15Hf41Cr22 6.5 ± 0.0 11.3 ± 0.4 19.0 ± 0.4 105 ± 1 154 ± 2 223 ± 3
Ti21Zr16Hf25Cr38 8.4 ± 0.1 11.6 ± 0.1 19.5 ± 0.2 113 ± 1 154 ± 1 234 ± 2
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 9. (a) XTEM image of the Ti20Zr18Hf38Ta24 film after annealing at 700 ◦C for 1 h; (b) SAED,
(c) dark-field, and (d) HRTEM images of the outer part of the film; (e) XTEM image of the inner part
of the film.

Figure 10 depicts the GIXRD patterns of TiZrHfY thin films after they were annealed
at 500 and 700 ◦C for 1 h. The as-deposited HCP phase of most of the TiZrHfY films splits
into a combination of HCP and BCC phases, along with the formation of a cubic Y2O3

oxide [ICDD 00-043-0661] after 500 ◦C annealing. The Ti21Zr19Hf42Y18 film with high Hf
and low Y contents maintained the original HCP phase. All the TiZrHfY films exhibited
similar XRD reflections after 700 ◦C annealing. The standard Gibbs free energies of oxide
formation at 500 ◦C are −1119, −803, −950, and −1001 kJ/(mol of O2) for Y2O3, TiO2,
ZrO2, and HfO2 [39], respectively. Y2O3 is the dominant oxide phase. Figure 11a displays
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an XTEM image of the Ti19Zr18Hf26Y37 after annealing at 500 ◦C for 1 h. Figure 11b shows
an SAED pattern with BCC (110), (200), (211), and (220) and Y2O3 (111), (200), and (311)
signals. The diffraction ring for HCP (100) plans was insignificant, and it lay between Y2O3

(111) and (200) signals. Figure 11c shows a dark-field image correlated to the BCC (110)
diffraction point in the SAED pattern, which displays a columnar structure with widths of
41–59 nm. Figure 11d exhibits an HRTEM image near the sample’s surface, which reveals
lattice fringes with a d-spacing of 0.263 nm belonging to Y2O3 (200) planes. Figure 11e
presents an HRTEM image for the region beneath the sample’s surface, as Figure 11a shows,
which displays lattice fringes with a d-spacing of 0.252 nm for BCC (110) planes. The
hardnesses of the TiZrHfY films increased from 6.0–7.9 GPa at the as-deposited state to
8.4–11.6 and 8.5–15.8 GPa (Table 5) after they were annealed at 500 and 700 ◦C, respectively.
The elastic moduli increased from 104–134 GPa at the as-deposited state to 132–199 and
170–236 GPa after 500 and 700 ◦C annealing, respectively. The increases in mechanical
properties after annealing for the TiZrHfY films were not as significant as those of the
annealed TiZrHfTa and TiZrHfCr films. This may be attributed to the influence of Y2O3

oxides, which possess a low hardness in the range of 8–9 GPa [40]. Xu et al. [41] reported
that cubic Y2O3 films exhibited an optimal hardness of 12 GPa after 350 ◦C annealing,
whereas the hardness decreased to 7–9 GPa after 500–650 ◦C annealing. The improve-
ment on mechanical properties of the annealed TiZrHfY films contributed from oxides
was limited.

  
(a) (b) 

Figure 10. GIXRD patterns of the TiZrHfY films annealed at (a) 500 and (b) 700 ◦C for 1 h.

Figure 12 displays GIXRD patterns of the TiZrHfCr thin films annealed at 500 and
700 ◦C for 1 h. BCC and HCP phases were observed, accompanied by the appearance of
ZrO2 oxide phases. The ZrO2 phases were monoclinic (ICDD 00-037-1484) and tetragonal
(ICDD 00-042-1164) at 500 and 700 ◦C, respectively. The hardnesses of the TiZrHfCr films
increased from 5.3–8.4 GPa at the as-deposited state to 9.0–11.6 and 15.0–20.6 GPa (Table 5)
after they were annealed at 500 and 700 ◦C, respectively. The elastic moduli increased
from 91–113 GPa at the as-deposited state to 139–154 and 202–241 GPa after 500 and
700 ◦C annealing, respectively. The mechanical properties of the 700 ◦C-annealed TiZrHfCr
films were the highest values within the studied TiZrHf(Ta, Y, Cr) films. This may be
attributed to the structural transformation of the TiZrHfCr film from an amorphous phase
in the as-deposited state to a mixed BCC and HCP phase after 1 h of annealing. Moreover,
hardness values of 12–19 GPa were reported for ZrO2 thin films [42–44], which implied the
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oxide phase could contribute to the enhancement of mechanical properties for the annealed
TiZrHfCr films.

(a) (b) 

(c) (d) 

(e)

Figure 11. (a) XTEM, (b) SAED, and (c) dark-field images of the Ti19Zr18Hf26Y37 film after annealing
at 500 ◦C for 1 h; HRTEM images at the near-surface region (d) and the inner part (e) of the film.
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(a) (b) 

Figure 12. GIXRD patterns of the TiZrHfCr films annealed at (a) 500 and (b) 700 ◦C for 1 h.

4. Conclusions
In this study, a series of TiZrHf-based multi-principal element alloy thin films were

successfully fabricated, and the effects of incorporating Ta, Y, and Cr on their phase struc-
ture, mechanical properties, corrosion resistance, and thermal stability were systematically
investigated. The TiZrHf film, with appropriate mixing entropy, atomic size mismatch, and
valence electron concentration, formed a hexagonal close-packed solid solution, represent-
ing a typical medium-entropy alloy thin film system. Adding Ta stabilized the formation
of a single-phase body-centered cubic structure, although no significant improvement in
corrosion resistance was observed. In contrast, incorporating Y resulted in the poorest
corrosion performance, likely due to the formation of porous Y2O3 oxides that act as active
pathways for corrosive agents. On the other hand, the Cr addition markedly enhanced
both corrosion resistance—through forming a dense and continuous Cr2O3 passivation
layer—and mechanical strength. The Ti31Zr17Hf28Cr24 film exhibited an Icorr value of
0.064 µA/cm2 and an Ecorr value of −202 mV, along with the highest Rp (4.5 × 105 Ω·cm2),
which was 58.1 and 2.3 times higher than that of the SUS420 substrate and Ti31Zr33Hf36

film, respectively. Regarding thermal stability, the TiZrHfCr film exhibited the highest
hardness and elastic modulus even after annealing at elevated temperatures up to 700 ◦C.
It indicates superior structural integrity and mechanical performance, making it a promis-
ing candidate for high-temperature protective coatings. Overall, the results demonstrate
that compositional engineering is a practical approach to tailoring the phase formation
and functional properties of TiZrHf-based thin films, providing a fundamental basis for
developing advanced multi-principal element alloy coatings.

Author Contributions: Conceptualization, Y.-I.C.; validation, Y.-I.C. and L.-C.C.; investigation, T.-Y.O.
and Y.-Z.L.; resources, Y.-I.C. and L.-C.C.; supervision, Y.-I.C.; funding acquisition, Y.-I.C. and L.-C.C.
All authors have read and agreed to the published version of the manuscript.

Funding: The National Science and Technology Council, Taiwan, funded this research, grant numbers
111-2221-E-019-064, 112-2221-E-019-014-MY3, and 113-2224-E-131-001. The National Taiwan Ocean
University funded the APC.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Materials 2025, 18, 3672 16 of 17

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: The analysis support from the Instrumentation Center at NTHU for the EPMA
analysis is appreciated. The analysis support from the Joint Center for High Valued Instruments at
NSYSU for the FIB is acknowledged.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Yeh, J.W.; Chen, S.K.; Lin, S.J.; Gan, J.Y.; Chin, T.S.; Chun, T.T.; Tsau, C.H.; Chang, S.Y. Nanostructured high-entropy alloys with

multiple principal elements: Novel alloy design concepts and outcomes. Adv. Eng. Mater. 2004, 6, 299–303. [CrossRef]
2. Gludovatz, B.; Hohenwarter, A.; Catoor, D.; Chang, E.H.; George, E.P.; Ritchie, R.O. A fracture-resistant high-entropy alloy for

cryogenic applications. Science 2014, 345, 1153–1158. [CrossRef]
3. Sahlberg, M.; Karlsson, D.; Zlotea, C.; Jansson, U. Superior hydrogen storage in high entropy alloys. Sci. Rep. 2016, 6, 36770.

[CrossRef]
4. Hsiao, Y.T.; Tung, C.H.; Lin, S.J.; Yeh, J.W.; Chang, S.Y. Thermodynamic route for self-forming 1.5 nm V-Nb-Mo-Ta-W high-entropy

alloy barrier layer: Roles of enthalpy and mixing entropy. Acta Mater. 2020, 199, 107–115. [CrossRef]
5. Gruber, G.C.; Kirchmair, M.; Wurster, S.; Cordill, M.J.; Franz, R. A new design rule for high entropy alloy diffusion barriers in Cu

metallization. J. Alloys Compd. 2023, 953, 170166. [CrossRef]
6. Zhang, Y.; Zhang, Z.; Wang, X.; Yao, W.; Liang, X. Structure and properties of high-entropy amorphous thin films: A review. JOM

2022, 74, 794–807. [CrossRef]
7. Todai, M.; Nagase, T.; Hori, T.; Matsugaki, A.; Sekita, A.; Nakano, T. Novel TiNbTaZrMo high-entropy alloys for metallic

biomaterials. Scr. Mater. 2017, 129, 65–68. [CrossRef]
8. Wang, S.; Wu, D.; She, H.; Wu, M.; Shu, D.; Dong, A.; Lai, H.; Sun, B. Design of high-ductile medium entropy alloys for dental

implants. Mater. Sci. Eng. C 2020, 113, 110959. [CrossRef]
9. Zhang, Y.; Zhou, Y.J.; Lin, J.P.; Chen, G.L.; Liaw, P.K. Solid-solution phase formation rules for multi-component alloys. Adv. Eng.

Mater. 2008, 10, 534–538. [CrossRef]
10. Guo, S.; Ng, C.; Lu, J.; Liu, C.T. Effect of valence electron concentration on stability of fcc or bcc phase in high entropy alloys. J.

Appl. Phys. 2011, 109, 103505. [CrossRef]
11. Yuan, Y.; Wu, Y.; Yang, Z.; Liang, X.; Lei, Z.; Huang, H.; Wang, H.; Liu, X.; An, K.; Wu, W.; et al. Formation, structure and

properties of biocompatible TiZrHfNbTa high-entropy alloys. Mater. Res. Lett. 2019, 7, 225–231. [CrossRef]
12. Yamabe-Mitarai, Y.; Yanao, K.; Toda, Y.; Ohnuma, I.; Matsunaga, T. Phase stability of Ti-containing high-entropy alloys with a bcc

or hcp structure. J. Alloys Compd. 2022, 911, 164849. [CrossRef]
13. Chen, Y.I.; Chen, Y.J.; Lai, C.Y.; Chang, L.C. Mechanical and Anticorrosive Properties of TiNbTa and TiNbTaZr Films on Ti-6Al-4V

Alloy. Coatings 2022, 12, 1985. [CrossRef]
14. Raabe, D.; Sander, B.; Friák, M.; Ma, D.; Neugebauer, J. Theory-guided bottom-up design of β-titanium alloys as biomaterials

based on first principles calculations: Theory and experiments. Acta Mater. 2007, 55, 4475–4487. [CrossRef]
15. Hussein, A.H.; Gepreel, M.A.; Gouda, M.K.; Hefnawy, A.M.; Kandil, S.H. Biocompatibility of new Ti–Nb–Ta base alloys. Mater.

Sci. Eng. C 2016, 61, 574–578. [CrossRef]
16. Praveen, S.; Kim, H.S. High-entropy alloys: Potential candidates for high-temperature applications–an overview. Adv. Eng. Mater.

2018, 20, 1700645. [CrossRef]
17. Guo, S.; Hu, Q.; Ng, C.; Liu, C.T. More than entropy in high-entropy alloys: Forming solid solutions or amorphous phase.

Intermetallics 2013, 41, 96–103. [CrossRef]
18. Senkov, O.N.; Miracle, D.B. Effect of the atomic size distribution on glass forming ability of amorphous metallic alloys. Mater. Res.

Bull. 2001, 36, 2183–2198. [CrossRef]
19. Cullity, B.D.; Stock, S.R. Elements of X-Ray Diffraction, 3rd ed.; Prentice Hall: Upper Saddle River, NJ, USA, 2001.
20. Oliver, W.C.; Pharr, G.M. An improved technique for determining hardness and elastic modulus using load and displacement

sensing indentation experiments. J. Mater. Res. 1992, 7, 1564–1583. [CrossRef]
21. Janssen, G.C.A.M.; Abdalla, M.M.; van Keulen, F.; Pujada, B.R.; van Venrooy, B. Celebrating the 100th anniversary of the Stoney

equation for film stress: Developments from polycrystalline steel strips to single crystal silicon wafers. Thin Solid Films 2009, 517,
1858–1867. [CrossRef]

22. Braic, M.; Braic, V.; Vladescu, A.; Zoita, C.N.; Balaceanu, M. Solid solution or amorphous phase formation in TiZr-based ternary
to quinternary multi-principal-element films. Prog. Nat. Sci. 2014, 24, 305–312. [CrossRef]

23. Tsai, D.C.; Chang, Z.C.; Kuo, B.H.; Liu, Y.C.; Chen, E.C.; Shieu, F.S. Structural, electro-optical, and mechanical properties of
reactively sputtered (TiZrHf)N coatings. Ceram. Int. 2016, 42, 14257–14265. [CrossRef]

https://doi.org/10.1002/adem.200300567
https://doi.org/10.1126/science.1254581
https://doi.org/10.1038/srep36770
https://doi.org/10.1016/j.actamat.2020.08.029
https://doi.org/10.1016/j.jallcom.2023.170166
https://doi.org/10.1007/s11837-021-05107-w
https://doi.org/10.1016/j.scriptamat.2016.10.028
https://doi.org/10.1016/j.msec.2020.110959
https://doi.org/10.1002/adem.200700240
https://doi.org/10.1063/1.3587228
https://doi.org/10.1080/21663831.2019.1584592
https://doi.org/10.1016/j.jallcom.2022.164849
https://doi.org/10.3390/coatings12121985
https://doi.org/10.1016/j.actamat.2007.04.024
https://doi.org/10.1016/j.msec.2015.12.071
https://doi.org/10.1002/adem.201700645
https://doi.org/10.1016/j.intermet.2013.05.002
https://doi.org/10.1016/S0025-5408(01)00715-2
https://doi.org/10.1557/JMR.1992.1564
https://doi.org/10.1016/j.tsf.2008.07.014
https://doi.org/10.1016/j.pnsc.2014.06.001
https://doi.org/10.1016/j.ceramint.2016.06.055


Materials 2025, 18, 3672 17 of 17

24. Feng, X.; Zhang, K.; Zheng, Y.; Zhou, H.; Wan, Z. Effect of Zr content on structure and mechanical properties of (CrTaNbMoV)Zrx

films. Nucl. Instrum. Methods Phys. Res. Sect. B-Beam Interact. Mater. At. 2019, 457, 56–62. [CrossRef]
25. Ou, T.Y.; Chang, L.C.; Annalakshmi, M.; Lee, J.W.; Chen, Y.I. Effects of nitrogen flow ratio on the mechanical and anticorrosive

properties of cosputtered (TiZrHfTa)Nx films. Surf. Coat. Technol. 2024, 477, 130410. [CrossRef]
26. Ou, T.Y.; Chang, L.C.; Chen, Y.I.; Yu, C.S. Characterization of cosputtered (TiZrHfY)Nx films. Surf. Coatings Technol. 2024, 483,

130815. [CrossRef]
27. Wang, W.; Yang, K.; Wang, Q.; Dai, P.; Fang, H.; Wu, F.; Guo, Q.; Liaw, P.K.; Hua, N. Novel Ti-Zr-Hf-Nb-Fe refractory high-entropy

alloys for potential biomedical applications. J. Alloys Compd. 2022, 906, 164383. [CrossRef]
28. Yang, W.; Liu, Y.; Pang, S.; Liaw, P.K.; Zhang, T. Bio-corrosion behavior and in vitro biocompatibility of equimolar TiZrHfNbTa

high-entropy alloy. Intermetallics 2020, 124, 106845. [CrossRef]
29. Zhou, Q.; Sheikh, S.; Ou, P.; Chen, D.; Hu, Q.; Guo, S. Corrosion behavior of Hf0.5Nb0.5Ta0.5T1.5Zr refractory high-entropy alloy

in aqueous chloride solutions. Electrochem. Commun. 2019, 98, 63–68. [CrossRef]
30. Wang, X.; Hu, T.; Ma, T.; Yang, X.; Zhu, D.; Dong, D.; Xiao, J.; Yang, X. Mechanical, corrosion, and wear properties of TiZrTaNbSn

biomedical high-entropy alloys. Coatings 2022, 12, 1795. [CrossRef]
31. Wei, Z.; Attarilar, S.; Ebrahimi, M.; Li, J. Corrosion and wear behavior of additively manufactured metallic parts in biomedical

applications. Metals 2024, 14, 96. [CrossRef]
32. Kotan, H.; Tekin, M.; Bayath, A.; Bayrak, K.G.; Kocabas, M.; Ayas, E. Effect of in-situ formed oxide and carbide phases on

microstructure and corrosion behavior of Zr/Y doped CoCrFeNi high entropy alloys prepared by mechanical alloying and spark
plasma sintering. Intermetallics 2023, 162, 107998. [CrossRef]

33. Liu, Y.; Xiang, D.; Wang, K.; Yu, T. Corrosion of laser cladding high-entropy alloy coatings: A review. Coatings 2022, 12, 1669.
[CrossRef]

34. Jiang, Y.Q.; Li, J.; Juan, Y.F.; Lu, Z.J.; Jia, W.L. Evolution in microstructure and corrosion behavior of AlCoCrxFeNi high-entropy
alloy coatings fabricated by laser cladding. J. Alloys Compd. 2019, 775, 1–14. [CrossRef]

35. Yao, J.Q.; Liu, X.W.; Gao, N.; Jiang, Q.H.; Li, N.; Liu, G.; Zhang, W.B.; Fan, Z.T. Phase stability of a ductile single-phase BCC
Hf0.5Nb0.5Ta0.5Ti1.5Zr refractory high-entropy alloy. Intermetallics 2018, 98, 79–88. [CrossRef]

36. Chen, S.Y.; Tong, Y.; Tseng, K.K.; Yeh, J.W.; Poplawsky, J.D.; Wen, J.G.; Gao, M.C.; Kim, G.; Chen, W.; Ren, Y.; et al. Phase
transformations of HfNbTaTiZr high-entropy alloy at intermediate temperatures. Scr. Mater. 2019, 158, 50–56. [CrossRef]

37. Cheng, C.; Feng, R.; Lyu, T.; Zou, Y. Accelerated discovery of (TiZrHf )x(NbTa)1−x high-entropy alloys with superior thermal
stability and a new crystallization mechanism. Adv. Mater. 2024, 36, 2403632. [CrossRef]

38. Thornton, J.A. Influence of apparatus geometry and deposition conditions on the structure and topography of thick sputtered
coatings. J. Vac. Sci. Technol. 1974, 11, 666–670. [CrossRef]

39. Barin, I. Thermochemical Data of Pure Substances, 3rd ed.; VCH: New York, NY, USA, 1995.
40. Rice, R.W.; Wu, C.C.; Boichelt, F. Hardness–Grain-Size Relations in Ceramics. J. Am. Ceram. Soc. 1994, 77, 2539–2553. [CrossRef]
41. Xu, S.; Yao, Z.; Zhou, J.; Du, M. Effects of post-deposition annealing on the chemical composition, microstructure, optical and

mechanical properties of Y2O3 film. Surf. Coat. Technol. 2018, 344, 636–643. [CrossRef]
42. Goedicke, K.; Liebig, J.S.; Zywitzki, O.; Sahm, H. Influence of process parameters on the structure and the properties of ZrO2

coatings deposited by reactive pulsed magnetron sputtering (PMS). Thin Solid Films 2000, 377–378, 37–42. [CrossRef]
43. Koski, K.; Hölsä, J.; Juliet, P. Properties of zirconium oxide thin films deposited by pulsed reactive magnetron sputtering. Surf.

Coat. Technol. 1999, 120–121, 303–312. [CrossRef]
44. Zegtoul, H.; Saoula, N.; Azibi, M.; Bait, L.; Madaoui, N.; Khelladi, M.R.; Kechouane, M. Influence of substrate bias voltage on

structure, mechanical and corrosion properties of ZrO2 thin films deposited by reactive magnetron sputter deposition. Surf. Coat.
Technol. 2020, 393, 125821. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.nimb.2019.07.010
https://doi.org/10.1016/j.surfcoat.2024.130410
https://doi.org/10.1016/j.surfcoat.2024.130815
https://doi.org/10.1016/j.jallcom.2022.164383
https://doi.org/10.1016/j.intermet.2020.106845
https://doi.org/10.1016/j.elecom.2018.11.009
https://doi.org/10.3390/coatings12121795
https://doi.org/10.3390/met14010096
https://doi.org/10.1016/j.intermet.2023.107998
https://doi.org/10.3390/coatings12111669
https://doi.org/10.1016/j.jallcom.2018.10.091
https://doi.org/10.1016/j.intermet.2018.04.023
https://doi.org/10.1016/j.scriptamat.2018.08.032
https://doi.org/10.1002/adma.202403632
https://doi.org/10.1116/1.1312732
https://doi.org/10.1111/j.1151-2916.1994.tb04641.x
https://doi.org/10.1016/j.surfcoat.2018.03.092
https://doi.org/10.1016/S0040-6090(00)01381-X
https://doi.org/10.1016/S0257-8972(99)00501-0
https://doi.org/10.1016/j.surfcoat.2020.125821

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Chemical Compositions and Phases 
	Mechanical and Anticorrosive Properties of TiZrH(Ta, Y, Cr) Films 
	Thermal Stability of TiZrHf(Ta, Y, Cr) Films 

	Conclusions 
	References

