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ABSTRACT: This study presents a novel synthesis route for high-
entropy alloys (HEAs) and high-entropy metallic glass (HEMG)
using radio frequency (RF) magnetron sputtering and controlling
the HEA phase selection according to atomic size difference (δ)
and film thickness. The preparation of HEAs using sputtering
requires either multitargets or the preparation of a target
containing at least five distinct elements. In developing HEA-
preparation techniques, the emergence of a novel sputtering target
system is promising to prepare a wide range of HEAs. A new HEA-
preparation technique is developed to avoid multitargets and
configure the target elements with the required components in a
single target system. Because of a customizable target facility,
initially, a TiZrNbMoTaCr target emerged with an amorphous
phase owing to a high δ value of 7.6, which was followed by a solid solution (SS) by lowering the δ value to 5 (≤6.6). Thus, this
system was tested for the first time to prepare TiZrNbMoTa HEA and TiZrNbMoTa HEMG via RF magnetron sputtering. Both
films were analyzed using X-ray diffraction (XRD), X-ray photoelectron spectroscopy, field emission scanning electron microscopy
cross-sectional thickness, and atomic force microscopy (AFM). Furthermore, HEMG showed higher hardness 10.3 (±0.17) GPa,
modulus 186 (±7) GPa, elastic deformation (0.055) and plastic deformation (0.032 GPa), smooth surface, lower corrosion current
density (Icorr), and robust cell viability compared to CP-Ti and HEA. XRD analysis of the film showed SS with a body-centered cubic
(BCC) structure with (110) as the preferred orientation. The valence electron concentration [VEC = 4.8 (<6.87)] also confirmed
the BCC structure. Furthermore, the morphology of the thin film was analyzed through AFM, revealing a smooth surface for HEMG.
Inclusively, the concept of configurational entropy (ΔSmix) is applied and the crystalline phase is achieved at room temperature,
optimizing the processing by avoiding further furnace usage.

1. INTRODUCTION
High-entropy alloys (HEAs) have attracted significant interest
and emerged as a new research area since they were first
reported in 2004 by Cantor et al. and Yeh et al.1−3 HEAs have
at least five elements, each with a similar accommodating
probability in a crystal lattice site.4 The existence of numerous
mixing elements in HEAs favors a high configurational
entropy.5,6 Surprisingly, even with this novel concept in alloy
development, researchers have managed to produce only solid
solutions (SS) of various HEAs prepared thus far. Moreover,
after the commercial use of alloys, the most advanced type of
alloy development has become a subject of debate regarding
overcoming the limitations of conventional alloys (CAs) that
can be used in a wide range of applications, e.g., biomedical
and energy sector, and making them environment friendly.6

Some prominent features distinguishing HEAs from CAs in a
wide temperature range include sluggish diffusion, lattice
distortion, high mixing entropy, and cocktail effect.4 A

combination of these effects affects the corrosion, tribocorro-
sion, strength, hardness, ductility, oxidation/wear, and erosion
resistance of the alloys.4

The study of HEAs has significantly advanced during the last
decade, producing numerous research papers and using various
techniques for developing HEAs with optimum properties, e.g.,
powder metallurgy, laser cladding, spraying, casting, and
electrochemical and electrospark deposition.4 However, it is
still important to consider the results of various manufacturing
processes because the properties of HEAs are highly
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dependent on the processing route.7 Most of these techniques
require high temperatures, material usage, cost, and processing
time and cause inhomogeneity.7 However, thin film synthesis
through RF magnetron sputtering can be considered a feasible
method for realizing coating on various substrates and
applications in extremely harsh environments such as
radiations, the aerospace industry, and cutting instruments.4

Researchers from the materials science community have
struggled to develop bioengineered alloys that can bridge the
gap of the limitations caused by some of the prominent bio-
implants, which cause severe allergic and adverse effects,
causing ultimate failure and inflammations.8−10 The developed
HEAs have shown promising applications as biomaterials and
have surpassed the limitations of bioengineered materials.11

Some of the most widely used bioengineered alloys that have
not been completely successful are 316 L stainless steel, CoCr
alloys, commercially pure titanium (CP-Ti), Ti-6Al-4V, and
NiTi.11

Researchers have investigated the preparation of HEAs
owing to the use of HEAs in a wide temperature range and
limited research on the synthesis of HEAs for prospective
applications.4 HEAs are considered to have excellent
mechanical properties under high-temperature usage, repre-
senting a new class of materials with unique properties.12

Further, researchers have discovered several applications of
HEAs in harsh environments, such as coating on cutting tools,
resistance to radiation, aerospace industry, wear resistance, and
biomedical implants.4 Thus, HEA synthesis is crucial for a wide
range of applications and to overcome the limitations of CAs.
Various thermodynamic parameters, e.g., δ, electronegativity,
valence electron concentration (VEC), mixing entropy
(ΔSmix), and mixing enthalpy (ΔHmix), are rationalized
statistically for the synthesis of SSs or amorphous phase in
HEAs.13,14 The most critical parameters in synthesizing SSs are
δ, ΔHmix, and ΔSmix.

13,15 Moreover, is it possible to design and
predict the HEA phase as an SS or amorphous phase? Yes, if δ
≤ 6.6, −11.6 kJ/mol <ΔHmix <3.2 kJ/mol, and 12 ≤ ΔSmix ≤
17.5 (J/K·mol) (or ΔSmix ≥ 1.61R).

Herein, we report the development of a novel method
specialized for HEAs in a single target to avoid multitargets
and configure the target elements with the required
components, thereby avoiding target preparation, high equip-
ment usage, and high processing time. Surprisingly, crystalline-
phase TiZrNbMoTa (HEA) is obtained at room temperature
(RT), and the phase structure is controlled by tailoring δ,
ΔHmix, ΔSmix, and film thickness. The surprising achievement
of this study is that crystallinity at RT is obtained and is
attributed to the sluggish diffusion caused by the high
configurational entropy (ΔSmix) effect in HEAs. Thus, the SS
obtained is metastable, stable at high temperatures, and frozen

at RT, similar to the amorphous phase obtained at a rapid
cooling rate.14 This phenomenon makes the high-entropy
effect a factor involved in creating SS phases in HEAs at RT.14

Furthermore, crystallinity control with film thickness is
attributable to the high-quenching rate of magnetron
sputtering (>106 K/s) for sputtered atoms during film
synthesis.12 This high-quenching-rate phenomenon leads to
the synthesis of an amorphous phase (HEMG) with a low film
thickness (833 nm) deposited for 30 min.12 However, the
coating thickness for the crystalline region is 3.3 μm, deposited
over a period of 2 h, providing enough time for growth as a
well-defined crystalline phase. The δ parameter for TiZrNb-
MoTa is brought in the SS range, i.e., δ = 5 (≤6.6) from 7.6 in
the case of TiZrNbMoTaCr. By using the prominent
thermodynamic parameters δ, ΔHmix, and ΔSmix, a validation
criterion for preparing SS of HEAs and the selection of
elements with high biocompatibility, i.e., Ti, Zr, Nb, Mo, and
Ta for orthopedic implants are preferred. Thus, TiZrNbMoTa
HEA and HEMG were coated on a CP-Ti substrate as the
main composition to modify its surface properties for
biological applications. The cell viability, corrosion analysis,
hardness, and modulus were considerably improved for the
HEMG.

2. EXPERIMENTAL SECTION
2.1. Target Preparation. The target materials were

procured individually from Thifine Korea and cut into pieces
by electrical discharge machining with an angle of 18°,
configurating 20 pieces at a time. The target pieces shown in
(Figure 1a) were configured in a single target system with a
ceramic screw. Thus, a new target system capable of tailoring
the composition for desired HEAs for a wide range of
applications was developed. In addition, the position of each
element and the number of elements are important for
maintaining a constant alloy composition. The target materials
were polished with emery paper and configured. A fast
sputtering process and reproducible sputtering target are
required to replace or change the target composition for
prospective applications.
2.2. Thin Film Coating. All of the coatings were prepared

using RF magnetron sputtering. An argon atmosphere was
provided to sputter the target elements for thin film growth on
the substrate. Silicon wafer substrates were used for X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD),
field emission scanning electron microscopy (FE-SEM) cross-
sectional analysis, energy-dispersive X-ray spectroscopy (EDS),
and nanoindentation characterizations. A CP-Ti substrate was
provided for the evaluation of cell viability (MC3T3-E1
osteoblast cells) and corrosion analysis. Ti samples were well
cleaned by polishing with emery paper of grit size 400−1200

Figure 1. (a) Schematic representation of RF/DC magnetron sputtering target setup and (b) digital photograph of the target.
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and ultrasonically for 5 min each in ethanol and distilled water.
The target elements were pre-sputtered for 10 min to remove
adherent contaminants, and then the samples were loaded
using a load lock chamber. The process was performed for 2 h
for HEA and 30 min for HEMG with a substrate rotation of 10
rpm at RT. The parameters used are given in Table 1.

2.3. Thin Film Characterization. XRD measurement
(with Cu Kα radiation) was performed to analyze the
crystallinity and phase structure of the prepared films. The
scan rate was kept low (1°/min) for better resolution. The step
size, omega, and 2θ range were 0.02, 1.5, and 10−90°,
respectively. Further, the operating voltage was 45 kV. The
thin films’ thickness measurement and EDS analysis were
performed using FE-SEM (model: Gemini 500). EDS
(Oxford) was employed to evaluate the homogeneity of the

deposited thin films, and surface chemistry and oxidation states
before and after the argon etching were analyzed by XPS
(model: K-α +) using an Al Kα X-ray analyzer. AFM analyses
were performed in an ambient environment using the NX20
atomic force microscope with the noncontact mode for surface
morphology. A piezo scanner (size: 100 × 100 × 15 μm3) was
used for the fine movement. A maximum load of 3 mN was
applied for nanoindentation measurements using a nano-
indenter (Type: Berkovich, serial number: BBB-39, material:
Diamond). Both hardness and modulus values were calculated
using loading and unloading conditions. Corrosion analysis
was conducted using the VSP-300 potentiostat/galvanostat
model number KKR-21738740-40000018 in a K0235 flat cell
type with a maximum volume of 250 mL. EC-Lab V11.33
version was used to analyze the corrosion results. A coating
film was used as the working electrode (exposed area = 1 cm2),
a platinum mesh was used as a counter electrode, and Ag/AgCl
(saturated KCl filling solution) was used as a reference
electrode. Argon gas was supplied constantly to prevent ions
from settling in aqueous Ringer’s physiological solution. The
electrolytes used were NaCl (9 g/L), CaCl2 (0.24 g/L), KCl
(0.43 g/L), and NaHCO3 (0.23 g/L).
2.4. Biocompatibility Assay. MC3T3 osteoblast cells

were used for testing cell viability. Seeding was performed at a
density of 5 × 104 cells/well (25% confluency) using 24-well
plates in 1 mL α MEM media (LM008-53) for MC3T3 cells.
The cells were allowed to attach to the bottom for three days
at 37 °C under a 5% CO2 environment. After three days of

Table 1. Parameters Used for the Synthesis of Thin Films

deposition temp room temperature (RT)

base pressure 2.4 × 10−5 torr
argon gas 30 sccm
pre-sputtering 10 mTorr
working pressure 5 mTorr (C)
RF power 200 W
rotation 10 rpm
deposition time 120 min (HEA), 30 min (HEMG)
deposition rate 27.5 nm/min

Figure 2. Controlling the phase structure by tailoring δ at room temperature (RT): (a) configuration of target elements of TiZrNbMoTaCr, (b)
configuration of target elements of TiZrNbMoTa, (c) amorphous structure obtained for TiZrNbMoTaCr [δ = 7.46 (≥6.6)], and (d) Crystalline
structure obtained for TiZrNbMoTa by the removal of Cr [δ = 5.1 (≤6.6)] after 120 min of deposition.
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incubation, the media was removed and washed with 1×
phosphate-buffered saline (PBS) twice, followed by 0.1 mg/
mL MTT (3-(4,5-dimethylthiazol2-yl)-2, 5-diphenyltetrazo-
lium bromide) with the addition of 540-μL α-MEM growth
media and 60 μL MTT assay in each well (10% MTT assay).
After two hours in the incubator, the media was replaced with
600 μL of MTT solvent dimethylsulfoxide (DMSO). The
absorbance was taken at 570 nm using the Varioskan LUX
reader to evaluate cell viability.

3. RESULTS AND DISCUSSION
A single target system was designed to reduce preparation time
and optimize costs, as illustrated in Figure 1. It was configured

using HEAs (TiZrNbMoTaCr or TiZrNbMoTa). The target
could comprise a maximum of 20 pieces, which could be used
as an advantage for tailoring the composition. The purity of
each ingredient was always 99.9%.

The XRD analysis for the TiZrNbMoTaCr HEA thin film on
the silicon substrate is presented in Figure 2. The enthalpy of
mixing, ΔHmix, calculated for both targets was −6 and −1.3,

which was in the range −11.6 ≤ ΔHmix ≤ 3.2 kJ/mol, a
validation criterion for preparing the SS.16 The range for
atomic size difference is δ ≤ 6.6, an additional compulsory
parameter to achieve a crystalline structure.17−19 ΔHmix, δ, and
other parameters can be calculated using the following
equations, and the corresponding calculated values are given
in Table 4.

=
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i i j
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mix
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mix
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=
=
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where Tm = ∑l ̈ = 1
N Ci (Tm)i

Ci belongs to the atomic percentages, and (VEC)i is the
valance electron concentration of ith element, R = 8.314 J/K·
mol is the universal gas constant. ΔHmixAB is the enthalpy of
mixing for binary elements given in Table S4.

Figure 3. Controlling the phase structure with film thickness: (a) target element combination, (b) amorphous phase with a film thickness of 833
nm after 30 min of deposition, and (c) solid solution phase with a film thickness of 3.3 μm after 120 min of deposition, analyzed using X’Pert
HighScore Plus software.

Table 2. Crystallite Size Measured Using XRD Data for
HEA and HEMG

TiZrNbMoTa (HEA) TiZrNbMoTa (HEMG)

2θ crystallite size (nm) crystallite size (nm)
38.13 0.28 0.04
54.79 0.22
69.11 0.19
81.47 1.97
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The atomic size difference is reduced and brought within the
crystalline region, i.e., δ ≤ 6.6. Reduction of δ to bring it within
the SS range is achieved by removing Cr from the target
composition. The SS range cannot be controlled by a single
mixing entropy factor and enthalpy of mixing.13 Rather, it is
statistically defined that the SS phase can be controlled by

controlling three main factors simultaneously: ΔHmix, ΔSmix,
and δ.13 Furthermore, the most dominating factor for
developing a SS is δ, which has been considered the most
critical parameter.13 Removing Cr is not the criterion involved
in controlling the SS phase. One can use Cr, but the
combination of elements should satisfy ΔHmix, ΔSmix, and δ
simultaneously for the SS phase.13 Thus, our target system
enables reconsideration of the target combination of
TiZrNbMoTa, where the values for ΔHmix, ΔSmix, and δ are
satisfied simultaneously in creating the SS phase, as revealed by
Table 4 and Figure 2d. The XRD analysis of TiZrNbMoTa
(HEA) after the removal of Cr revealed a well-defined
crystalline, as shown in (Figure 2d). A film thickness of 3.3
μm was obtained in a deposition period of 120 min. Various
peaks appeared at 38.1, 54.7, 69, and 81.6° corresponding to
(110), (200), (211), and (220), respectively, upon analysis
with X’Pert HighScore Plus, conforming to the BCC phase.
However, a complete amorphous structure is obtained with a
target configuration of TiZrNbMoTaCr due to δ = 7.46, ≥6.6
as shown in Figure 2c. Furthermore, the similar target
configuration of TiZrNbMoTa crystallinity is controlled by
low film thickness, as shown in (Figure 3b), forming an
amorphous phase (HEMG) with a film thickness of 833 nm
and a crystalline phase (HEA) with a film thickness of 3.3 μm.
The crystallite size measured using the Scherrer equation for
both TiZrNbMoTa HEA and HEMG is

=L
k
cos (6)

where L is the grain size, k is the shape factor (0.89), λ is the
wavelength (Cu kα = 0.154 nm), θ is the diffraction angle, and
β is the full width at half-maximum obtained from XRD data.
The crystallite size thus obtained for an SS and amorphous
TiZrNbMoTa is given in Table 2.

The lattice parameter calculated for each plane, using the
following equations, was 3.3 Å.20

Figure 4. Thin Film coating of (a) HEA with 120-min deposition, (b) HEA highlighting different phase regions at a higher magnification after 120
min deposition, and (c) HEMG after 30 min deposition.

Figure 5. Chemical composition of TiZrNbMoTa HEA and HEMG
deposited with different coatings evaluated through EDS analysis.

Table 3. Similar Compositions for TiZrNbMoTa HEA and
HEMG

elements atom % (HEA) atom % (HEMG)

Ti 18.2 18.6
Zr 18.7 18.5
Nb 22.3 22.4
Mo 17.2 18
Ta 23.8 22.5
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= + +a d h k l2 2 2 (7)

where d is calculated by

= d2 sin (8)

The cross-sectional thickness of the thin film coatings is
shown in Figure 4. The thickness for the crystalline region
prepared with 120 min of deposition was 3.3 μm, and the
amorphous structure controlled with the film thickness had a
film thickness of 833 nm after 30 min of deposition, as shown
in Figure 4a,c. Both films were grown with a constant

deposition rate of 27.5 nm/min under the same sputtering
conditions. Figure 4b, which shows a high-magnification
image, reveals that initially, the film grows as amorphous and
then starts growing in the crystalline region. Figure 5 compares
the chemical composition obtained with different coatings,
analyzed through EDS, showing similar compositions. In
addition, all the elements were found to be homogeneously
distributed, as confirmed by EDS-layered cross-sectional
imaging, as shown in Figure S1. The composition is
summarized in Table 3. Furthermore, the morphology of the

Figure 6. Detailed analysis of the oxidation of TiZrNbMoTa HEMG after merging the peaks before (blue) and after Ar+ etching (orange) obtained
through XPS analysis: (a) Ti 2p, (b) Zr 3d (c) Nb 3d, (d) Mo 3d, (e) Ta 4f, (f) f(a) XPS survey spectra after Ar+ etching, and f(b) before Ar+
etching.
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thin film was analyzed through AFM to determine the surface
roughness, revealing a porous structure for HEA and a
smoother surface for HEMG, as shown in Figure 8. Rq (root-
mean-square roughness) = 9.2 and Ra (average roughness) =
5.4, indicating that a structure with higher roughness and
highly porous was obtained. At the same time, HEMG had no
porosity and was smoother, with Rq = 3.7 and Ra = 2.88,
showing considerably lower roughness compared to HEA.

The CP-Ti surface modified with coatings of different phase
structures showed different cell viabilities and corrosion-related

properties; in particular, HEMG showed considerably better
cell proliferation. Similar significant cell viability for
TiZrNbMoTa alloy was observed for osteoblasts and stem
cells.22 This highly biocompatible nature of TiZrNbMoTa
HEMG is attributed to the stable oxide-layer formation, which
further reduces the chances of further corrosion owing to its
natural passivation.22 Accordingly, a detailed surface analysis
was performed by XPS to study the functional groups of
TiZrNbMoTa. Furthermore, XPS analysis was limited to the
surface with a probing depth up to 10 nm.23 Meanwhile, the

Figure 7. Binding energy obtained through the XPS analysis of TiZrNbMoTa HEMG to analyze the chemical bonding state of the sample surface:
(a) Ti 2p, (b) Zr 3d, (c) Nb 3d, (d) Mo 3d, (e) Ta 4f, and (f) comparison of relative atomic compositions at different surface levels (surface, sub-
surface, and bulk EDS).
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surfaces of the alloys have a tendency to form an oxide layer in
an open environment.24 Therefore, XPS analysis was
performed to study the effect of etching with Ar plasma
(Ar+) for 20 min to expose the inner native coating surface.
The XPS survey spectra and electron spectra at the core level
were acquired, and the effect of Ar+ plasma etching was
extensively studied; overlapped peaks for before Ar+ plasma
etching (blue curves) and etching with Ar+ (orange curves)
were observed, as shown in Figure 6. The surface before Ar+
plasma etching was found to be in a highly oxidized state, while

the surface after Ar+ plasma etching (sub-surface) showed a
significant reduction in the O 1s peak and limited the C 1s
peak appearance as shown in Figure 6fa. Furthermore, the
metallic species intensity increased and became more evident
with Ar+ plasma etching. These results are consistent with ref.4

The corresponding binding energies are listed in Table S1. The
individual electron spectra at the core level before Ar+ plasma
etching were for the oxidized form.25 However, the individual
spectra were obtained at lower energy states after Ar+ plasma
etching (during XPS analysis), corresponding to pure metallic
conditions.26 As shown in Figure 6a,b, both Ti and Zr
compositions were higher, which is also confirmed by Table
S2. Further, the XPS survey spectra in Figure 6fa show a
significant decrease in the O 1s peak compared to the sub-
surface (before Ar+ plasma etching). Thus, the high-intensity
O1s peak before etching is attributed to transition metallic
oxides, namely, Nb5+ (Nb2O5), Ta5+(Ta2O5), Ti4+ (TiO2),
Zr3+ (Zr2O3), Zr2+ (ZrO2), and Mo6+ (MoO3).

26−28 This high-
intensity O1s peak is more clearly explained in Figure 7f,
showing the relative atomic composition, where the surface has
a higher percentage of oxygen (55.49%), 17.8 (sub-surface),

Table 4. Parameters for Designing the Solid Solution16,21

parameters literature values
experimental values

(RHEA)

ΔSmix 12 ≤ ΔSmix ≥ 17.5 (J/K·mol) 1.6R = 13.315 J/K·mol
ΔHmix −11.6 <ΔHmix <3.2 (kJ mol−1) −1.306
Ω ≥1.1 26.9 (>1)
δ ≤6.6% 5.14
VEC VEC ≥ 8.0 (FCC)

VEC ≤ 6.87 (BCC) 6.87
<VEC <8.0 (BCC + FCC)

4.8 (<6.87) (BCC)

Figure 8. Surface morphology obtained by AFM: (a)TiZrNbMoTa HEA top surface analysis, (b) TiZrNbMoTa HEMG top surface analysis, (c)
3D topography analysis of TiZrNbMoTa HEA, and (d) 3D topography analysis of TiZrNbMoTa HEMG.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c02222
ACS Omega 2023, 8, 28333−28343

28340

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02222/suppl_file/ao3c02222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02222/suppl_file/ao3c02222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02222/suppl_file/ao3c02222_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02222?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02222?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02222?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02222?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and 17.9 (bulk), as given in Table S2. The HEA and HEMG
alloys were prepared with a similar and nearly equiatomic
composition, as given in Table 3. Figure 7f further highlights
that Ti and Zr have a higher composition on the surface, which

decreases going deeper into the native film surface, indicating
near equiatomic compositions in deep cross-sectional EDS
analysis (Table 4).

The XPS survey spectra were further deconvoluted for every
individual peak both for the as-deposited HEMG (Figure 7)
and HEA (Figure S3). Figures 6 and 7 show different graphs:
Figure 6 shows the detailed XPS analysis of the surface [before
Ar+ etching (blue curves)] and sub-surface analysis [after Ar+
etching (orange curves)], and Figure 7 shows the chemical
bonding state of the sample surface obtained through XPS
analysis for individual elements. The bonding energies at the
electron core level are listed in Table S1. A careful examination
of the individual spectra of each element in both amorphous
and crystalline phases revealed that the crystalline-phase
individual spectra showed the oxidation state along with a
robust peak for each individual pure metallic peak for Ti, Zr,
Nb, Mo, and Ta, as shown in Figure S3. However, in the case
of HEMG, no obvious peak was observed at the metallic state
except for Ta, Nb, and minor for Zr. This implies that the
surface composition of HEMG is highly homogeneous
compared to that of HEA (Figure 8).26 This difference can
be seen as a function of oxygen concentration in Tables S2 and
S3.

The electrochemical measurements were performed in
aqueous Ringer’s physiological solution. The electrolytes
used were NaCl (9 g/L), CaCl2 (0.24 g/L), KCl (0.43 g/L),
and NaHCO3 (0.23 g/L). Figure 9a shows that the corrosion
analysis started in a stable condition. In addition, it shows that
after immersing the samples in a solution for sufficient time, an
outstanding, steady state was obtained for HEA compared to
HEMG. Figure 9b shows a comparison of the potentiodynamic
curves of both amorphous (HEMG) and polycrystalline
(HEA) TiZrNbMoTa with the control (Ti without coating).
The values obtained from EC-lab software, namely, Icorr, Ipass,
Ecorr, and corrosion rate (Figure 9), are listed in Table 5. The
potentiodynamic curves (Figure 9) and Table 5 indicate that
both HEA and HEMG exhibited no significant difference in

Figure 9. (a) Open-circuit potential (Eoc) for TiZrNbMoTa RHEA, RHEMG, and CP-Ti immersed in physiological Ringer’s solution at RT prior
to obtaining potentiodynamic curves and (b) potentiodynamic polarization curves of TiZrNbMoTa HEA (red), HEMG (blue), and CP-Ti (black)
are included for comparison.

Table 5. Electrochemical Characterization in Ringer’s Solution at RT for TiZrNbMoTa (RHEA and RHEMG) for Comparing
the Corrosion Resistance

samples Ecorr (V) Icorr (μA/cm2) βa (V) βc (v) CR (mmpy)

Ti (control) 0.19 0.15 0.177 0.612 1.23 × 10−3

TiZrNbMoTa (HEA) 0.25 0.25 0.154 1.98 0.17
TiZrNbMoTa (HEMG) 0.28 0.22 0.13 1.3 0.15

Figure 10. MTT assay analysis for A10 cell viability.

Figure 11. Nanoindentation plot with a 10% depth (80 nm) of load
against penetration depth.
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corrosion current density (Icorr) and corrosion potential (Ecorr)
but showed better Icorr and corrosion rate (CR) for an
amorphous film, which is well inconsistent with the
literature.26 Nevertheless, both films had well-established
passive regions.26 In particular, the Icorr (0.25 μA/cm2 for
HEA and 0.22 μA/cm2 for HEMG) value was considerably
better for the thin films prepared compared with the bulk form
of TiZrNbMoTa, which exhibited an Icorr of 0.89 μA/cm2.29

Furthermore, no pitting potential was observed because of the
stable oxide layer.29

Nanoindentation analysis was performed with a maximum
applied load of 3 mN and a holding time of 3 s. The graph for
load vs. penetration depth was plotted. The maximum
admissible penetration depth was up to 10% of the film
thickness to avoid the substrate effect.4 Both amorphous and
polycrystalline coatings exhibited high hardness and good wear
resistance regarding mechanical applications. However, the
amorphous coating (HEMG) exhibited higher hardness (10.3
GPa) and modulus (186 GPa) compared to the polycrystalline
(HEA) coating, which exhibited a hardness of 10 GPa and
modulus of 139 GPa. This higher hardness and modulus for
the amorphous coating is considered to be due to the lower
crystallite size (Table 2).

Furthermore, the prepared thin films (HEA and HEMG)
were subjected to in vitro biocompatibility analysis. A coating
was deposited on a CP-Ti substrate, which has been
extensively used in medical implants,25,30,31 to enhance and
modify its surface properties as an implant. The amorphous
coating exhibited significantly high cell viability for MC3T3-E1
osteoblast cells, as shown in Figure 10. The reason for the high
cell viability for HEMG is attributed to the smoother,
nonporous, and sufficiently homogeneous surface confirmed
by AFM, cross-sectional SEM, and XPS surface analyses. The
higher cell proliferation is also due to the higher Ti and Zr
contents on the surface (Figure 11).26

The high cell viability for HEA and HEMG over CP-Ti can
also be attributed to the nontoxic, stable passive layer made of
biocompatible elements, namely, Ti, Zr, Nb, Mo, and Ta,
which are strongly bonded, thereby avoiding the release of
toxic ions. Therefore, HEA and HEMG are also suggested for
prospective application to implants (Table 6).29,32,33

4. CONCLUSIONS
This research was initiated to evaluate the effect of various
thermodynamic parameters and determine the most effective
parameters for preparing the crystalline phase of TiZrNbMoTa
at RT. A novel system specialized for synthesizing HEAs using
a customizable target system was designed and developed. This
system is useful in preparing thin films of desired elements.
HEMG showed better results regarding high hardness,
modulus, corrosion resistance, high elasticity, and plastic
deformation. The EDS composition was the same in both
types of coatings, i.e., HEMG and HEA. Further, the phase
structure was controlled by ΔSmix, ΔHmix, δ, and film thickness.
The crystalline phase was obtained with a thickness of 3.3 μm,

and the amorphous phase was obtained with a thickness of 833
nm. In short, both alloys have excellent potential for use in
biomedical applications. The results revealed that the coating
made of HEMG exhibited an outstanding in vitro biological
response, which could be modified for further use in
biomedical applications. The highly oxidized native layer
(Nb2O5, Ta2O5, TiO2, ZrO2, Zr2O3 MoO2, and MoO3), minor
metallic state for HEMG, and higher contents of Ti and Zr
make HEAMG increasingly noncytotoxic and bioinert
compared to HEA. The findings of this work could contribute
to breakthroughs in the field of biomedical implants.
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sample E (GPa) H (GPa) H/E H3/E2

TiZrNbMoTa (HEA) 139 (±5.9) 10.0 (±0.34) 0.07 0.052
TiZrNbMoTa (HEMG) 186 (±7) 10.3 (±0.17) 0.055 0.032

aThe modulus and hardness values were obtained from nanoindentation.
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