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In this study, the surface and in vitro corrosion behaviors of Ti–Zr–Nb–Ta–Ag high-entropy alloys (HEA) 
processed through mechanical alloying and spark plasma sintering (SPS) were investigated to assess 
their potential for dental bioimplant applications. The results showed that the SPS HEA yielded a dual-
phase body-centered cubic structure and an ultrafine Zr-based phase. The HEA exhibits nearly double 
the hardness (8.2 GPa) and significantly higher resistance to plastic deformation (H³/E² =0.0312 GPa) 
compared to Ti6Al4V, which showed a hardness of 4.11 GPa, and H³/E² value of 0.00349 GPa. X-ray 
photoelectron spectroscopy revealed the formation of biocompatible surface oxides including TiO2, 
ZrO2, Nb2O5, Ta2O5 and Ag. The potential of HEA for dental implant applications was evaluated by 
examining its corrosion behavior in artificial saliva (AS) at different pH values. Compared with Ti6Al4V, 
the HEA exhibited significantly enhanced corrosion resistance at all pH values. The HEA exhibited the 
highest charge transfer resistance (1.0805 × 107 Ω⋅cm²) and the lowest double-layer constant phase 
element value (0.085 µΩ⁻¹⋅cm⁻²⋅sn), indicating more stable and protective passive film formation. 
The improved surface characteristics and in vitro corrosion resistance of SPSed HEA demonstrate its 
potential in dental bioimplants.
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Dental implants have become the cornerstone of restorative dentistry, as they offer functional and aesthetic 
solutions for tooth replacement. The success of these implants depends on key factors including biocompatibility, 
mechanical strength, and resistance to corrosion in a complex oral environment1. Titanium (Ti) and Ti6Al4V 
alloys are commonly used in biomedical implants owing to their excellent mechanical properties, high strength-
to-weight ratio, and corrosion resistance1. However, concerns regarding the release of aluminum (Al) and 
vanadium (V) ions1, which can cause harmful biological reactions, have led to the pursuit of safer and more 
advanced alternatives. High-entropy alloys (HEAs) have received considerable attention in recent years owing to 
their superior mechanical properties, thermal stability, toughness, wear resistance, and corrosion resistance2,3. 
HEAs are composed of multiple principal elements, with nearly equal or unequal atomic ratios. The presence of 
a high mixing entropy in HEA helps stabilize the solid-solution phase. This high mixing entropy also simplifies 
the crystal structure of the alloy, eliminating the possibility of a complex intermetallic phase formation2. Because 
of these unique properties, HEAs allow the tailoring of alloy compositions for optimal biological and mechanical 
performance3,4. TiZrNbTaMo HEA was developed for orthopedic implants with a high compressive yield 
strength (σy = 1390 ± 75  MPa) and plastic strain (εp ≈ 6%) before failure5. The TiZrHfNbTa HEA has been 
reported to have promising biocompatibility, low modulus, and excellent mechanical characteristics6. An 
equiatomic TiZrNbTa HEA with enhanced mechanical properties was investigated7. All the HEA systems 
mentioned above were synthesized via arc melting. Previous studies8,9 have indicated that arc melting and its 
variant, vacuum arc melting (VAM), are frequently used synthetic techniques for HEAs. However, VAM-
synthesized HEAs frequently exhibit unfavorable characteristics, including elemental segregation, dendritic 
microstructures, and coarse grains, which are difficult to regulate. These microstructures frequently exhibit 
subpar mechanical characteristics, which restricts the use of HEAs in several applications10. To address these 
challenges, powder metallurgy approaches, particularly mechanical alloying (MA) followed by spark plasma 
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sintering (SPS), have emerged as effective alternatives. MA enables the production of ultrafine-grained, 
compositionally uniform powders11 without melting, whereas SPS offers rapid densification with limited grain 
growth owing to its short processing time. Together, MA and SPS provide superior control over the microstructure 
and enhance mechanical and electrochemical properties. When alloy elements have a wide range of melting 
temperatures, casting procedures potentially lack uniformity in the finished alloy12. Hence, mechanical alloying, 
a fully solid-state powder processing technology, can be regarded as a possible alternative method for overcoming 
the limitations encountered in casting processes. MA is well-known for its simplicity, versatility, economic 
viability, and scalability for large-scale production. HEAs are typically composed of refractory elements with 
high melting temperatures, including Ti, Zr, Hf, Nb, Ta, Cr, and Mo13–15. The MA approach allows the synthesis 
of solid solution powders with ultrafine grains and a uniform content16. The SPS technology has emerged as a 
rapid and efficient consolidation technique for metals and amorphous materials. It employs rapid heating and 
cooling to produce bulk alloy samples with precise control over their microstructure and density. The obvious 
advantage of SPS is that it reduces grain coarsening owing to the short sintering time17. Recent research has 
highlighted the growing relevance of SPS in biomaterial development beyond that of HEAs. For instance, 
magnesium-based alloys produced via SPS have shown promising mechanical and physical properties tailored 
for lightweight and biocompatible applications18. Hydroxyapatite has been combined with bioactive glasses (e.g., 
45S5) via SPS to produce laminated ceramic composites with improved mechanical integrity19. Jayasree et al.20 
fabricated a bi-layered Ti6Al4V–YSZ dental implant using SPS in a single-step process. Similarly, Moayedee et 
al.21 employed SPS to develop a functionally graded 3Y-TZP/Ti6Al4V system for dental applications with 
excellent densification (> 99%), high microhardness, and tunable mechanical properties across a gradient. By 
expanding the material base, Ma et al.22 produced bioactive Ti–Zn composites using SPS, achieving core–shell 
microstructures with a balance between strength and elasticity, the SPS technique ensured homogeneous 
diffusion and microstructure control. Using a different approach, SPS-processed Ti–Mn alloys have been 
reported to exhibit enhanced mechanical properties23,24. Kondo et al.25 pioneered the use of SPS for fabricating 
TiN/hydroxyapatite functionally graded material implants that exhibited excellent mechanical strength and 
osseointegration in vivo. Similarly, Gali et al.26 used SPS to densify zirconia-reinforced fluormica glass for dental 
restorations and achieved reduced porosity and enhanced strength, making it suitable for crowns and bridges. 
Tao et al.27 reviewed recent developments in TiZr dental alloys and suggested SPS as a potential route for 
achieving high strength and corrosion resistance in narrow-diameter implants. These studies demonstrate that 
SPS offers a powerful consolidation strategy for dental implant materials with tailored mechanical, structural, 
and biological performances. Despite these advances, most SPS-based implant systems still rely on binary or 
composite systems, with limited studies on HEA specifically tailored for biomaterial and dental bioimplant 
applications. Razumov et al.28 investigated high-entropy boride ceramics synthesized using a combined approach 
of MA and SPS and reported their outstanding material characteristics. Similarly, Naser-Zoshki et al.29 
demonstrated that a non-equiatomic W10Mo27Cr21Ti22Al20 HEA processed via MA and SPS formed a BCC 
solid-solution phase and exhibited excellent compressive strength. These findings underscore the potential of the 
MA–SPS route to tailor the performance characteristics of HEAs for advanced structural applications. Previous 
studies have explored how various alloying elements can enhance the biocompatibility and performance of 
dental materials. Among the various HEAs investigated, the incorporation of biocompatible and corrosion-
resistant elements such as zirconium (Zr), niobium (Nb), tantalum (Ta), and silver (Ag) into Ti-based HEAs has 
garnered particular interest for dental implant applications30. Zr improves corrosion resistance and 
osteoconductivity, thereby supporting bone integration31. Studies have shown that adding Zr to Ti alloys 
promotes better cellular responses32. Nb and Ta are valued for their outstanding corrosion resistance and bioinert 
properties, which limit their ionic release and reduce adverse biological reactions in vivo33,34. Ag is commonly 
incorporated into dental materials owing to its strong antimicrobial properties and enhanced corrosion 
properties1. Despite the growing interest in SPS-processed HEAs, there are no prior reports on the surface and 
mechanical in vitro corrosion behavior in artificial saliva (AS) of a Ti-Zr-Nb-Ta-Ag HEA developed via MA and 
SPS for dental implant applications. This study addresses this gap by reporting the surface characteristics and in 
vitro corrosion performance of artificial saliva of a Ti-Zr-Nb-Ta-Ag HEA fabricated using the MA–SPS route for 
dental bioimplants. The phase composition and microstructure of the HEA were analyzed using X-ray diffraction 
(XRD) and field emission-scanning electron microscopy (FE-SEM). The mechanical properties were assessed 
using microindentation testing. Surface characteristics, including wettability and surface chemistry, were 
evaluated using contact angle measurements and X-ray photoelectron spectroscopy (XPS). The corrosion 
properties of the HEA were tested in AS to provide insights into the suitability of the alloy for dental bioimplant 
applications. The performance of the SPS HEA was compared to that of the commercial Ti6Al4V alloy.

Materials and methods
Material processing
The Ti–Zr–Nb–Ta–Ag (HEA) was processed using a combination of high-energy ball milling and SPS. High-
purity elemental powders of Ti, Zr, Nb, Ta, and Ag were weighed to obtain the desired compositions of 35% 
Ti, 35% Zr, 20% Nb, 5% Ta, and 5% Ag (atomic percentage). The weighed powders were loaded into tungsten 
carbide (WC) vials with WC balls at a weight ratio of 10:1. To prevent oxidation and contamination, the vials 
were sealed in high-purity argon atmosphere. The powders were ball milled in a planetary ball mill (Micro Mill 
PULVERISETTE 7 premium line) at 300 rpm for 20 h. Subsequently, the resulting HEA powder was transferred 
to a graphite die (20 mm inner diameter) lined with 0.2 mm graphite paper to prevent adhesion during sintering. 
SPS process was conducted under a controlled vacuum atmosphere, maintaining a vacuum level of approximately 
5 × 10⁻² mbar using an HPD5 system (FCT GmbH, Germany). During sintering, a uniaxial pressure of 50 MPa 
was applied and the temperature was increased to 1200 °C for 10 min at a rate of 200 °C/min. To ensure accuracy, 
the temperature was measured using a thermocouple and a pyrometer. After sintering, the compact was cooled 
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to room temperature, and the applied pressure was maintained. The final sintered discs obtained from SPS 
measured approximately 20 mm in diameter and 5 mm in height. Figure 1 shows the schematic of the SPS setup. 
Several precautions were taken during the mechanical alloying and SPS processes. To reduce oxidation and 
attrition-related losses, the sealed milling vials were kept in an argon atmosphere of high purity. Furthermore, 
SPS parameters, such as a short sintering time (10 min) and controlled heating rates, were optimized to reduce 
volatilization. Post-sintering elemental analyses revealed negligible elemental losses, confirming the integrity of 
the target alloy composition after processing.

Fig. 1.  Schematics of SPS process used for fabrication of Ti–Zr–Nb–Ta–Ag HEA.
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Material characterizations
The Ti-Zr-Nb-Ta-Ag HEA was characterized using XRD, FE-SEM, and elemental mapping. X-ray diffraction 
(XRD) analysis was performed using a diffractometer with Cu Kα radiation at a characteristic wavelength of 
0.154 nm. Diffraction patterns were collected over a 2θ range of 20°–90° to identify the crystalline phases present 
in the alloy. The obtained diffraction peaks were analyzed to determine the phase evolution after mechanical 
alloying and sintering. For microstructure assessment, samples were prepared using a standard procedure that 
commenced by employing SiC grinding discs in a series of grit sizes ranging from 240 to 800, followed by fine 
Al2O3 powder to polish the surface until a highly reflective, mirror-like surface was achieved. Subsequently, the 
samples were etched in a solution containing 5% hydrofluoric acid (HF) and 5% nitric acid (HNO3) for 3 s to 
reveal their phases and grain structures. Elemental mapping was performed to visualize the spatial distribution 
of each constituent element in the HEA.

Micro indentation
The microhardness and modulus of the developed Ti-Zr-Nb-Ta-Ag HEA and the commercial Ti6Al4V alloy 
were determined using an Anton Paar micro-combi tester with a V-M 53 Vickers indenter with a diamond tip. 
A controlled force of 100 mN was applied at a loading rate of 200 mN/min, with a 5-second dwell time at the 
maximum load to ensure uniformity. To obtain representative data, nine indentations were made at 0.5 mm 
intervals across the sample surface. The Oliver-Pharr method35 was used to calculate the hardness and modulus 
values based on the load-unload curves. The contact stiffness, which indicates the resistance of the material to 
deformation, is calculated using the initial slope of the unloading curve. This method provides detailed insights 
into the mechanical properties of HEA, allowing for a direct comparison with commercial Ti6Al4V alloys.

Surface analysis of HEA
The surface chemistry, roughness, and wettability of the SPS-ed Ti-Zr-Nb-Ta-Ag HEA were assessed using XPS, 
a 3D optical profilometer, and contact angle measurements, respectively.

XPS analysis
The surface composition of the oxide layer was analyzed using a Thermo K-Alpha XPS system (Thermo Scientific, 
Inc.) with a monochromatic Al Kα anode (Kα = 1.486 keV). The measurements were performed using a spot size 
of 650 μm and an energy step size of 0.1 eV. The surface was subjected to quantitative chemical analysis using the 
Avantage software to determine the elemental composition and chemical states.

Surface roughness analysis
The surface roughness parameters were evaluated using a 3D optical profilometer (Profilm 3D, Filmetrics, USA) 
in accordance with the ISO 25,178 standards. To ensure statistical accuracy, arithmetic mean height (Sa), root 
mean square height (Sq), and maximum height (Sv) were measured at three locations on the sample surface. The 
Profilm 3D software was used to analyze the data, and the average values were reported to describe the surface 
topography. Prior to the surface roughness measurements, the samples were ground using silicon carbide paper 
ranging from 120 to 800 grit size. After grinding, the samples were polished on an emery cloth using a 0.1 μm 
size Al2O3 suspension. Subsequently, they were degreased with acetone and air dried.

Surface wettability analysis
The wetting behavior of the HEA surface was evaluated by measuring contact angles of water and glycerol 
droplets using a goniometer. Droplets (~ 3 µL) were dispensed from a height of 5 mm to maintain consistent 
shape and volume. Measurements were performed on polished surfaces to reduce interference from surface 
roughness. A high-resolution camera equipped with image analysis software was used to capture and analyze the 
droplet profile, resulting in accurate measurement of contact angles with the HEA surface.

In vitro corrosion behavior in Artificial saliva medium
The corrosion behaviors of the SPSed HEA and commercial Ti6Al4V alloy were evaluated in AS using an 
electrochemical potentiostat (Gamry Reference 3000, USA). Three electrode cell sets were utilized, in which 
the SPS-HEA samples (exposure area of 1.76 cm2) acted as the working electrode, whereas a graphite rod and 
saturated Ag/AgCl electrode were used as the counter and reference electrodes, respectively. AS (Fusayama–
Meyer type) contained 0.400  g/L NaCl, 0.400  g/L KCl, 0.795  g/L CaCl₂·2H₂O, 0.690  g/L NaH₂PO ₃ ·2H₂O, 
0.005  g/L Na₂S·9  H₂O, and 1.000  g/L urea, with the pH adjusted to approximately 6.75–7.00. Corrosion 
tests were performed using AS solutions with pH values of 3.0, 4.9, and 6.8, representing possible intraoral 
environments36. Before each set of corrosion measurements was conducted, the open-circuit potential (OCP) 
was observed for approximately 1800  s to ensure that the system under investigation attained steady-state 
conditions. Electrochemical impedance spectroscopy (EIS) tests were performed in the frequency range of 1 kHz 
to 1 mHz. Electrochemical frequency modulation (EFM) tests were performed by applying an amplitude of 10 
mV to the potential perturbation signal and selecting two sine waves (at frequencies of 2 and 5 Hz). Further, 
potentiodynamic polarization (PDP) experiments were conducted over a potential range from + 250 mV versus 
OCP to − 2000 mV versus Ag/AgCl at a sweep rate of 1 mV s⁻¹. All corrosion tests were conducted at least three 
times to verify reproducibility.

Results and discussion
Structure and microstructure analysis
After mechanical alloying for 20 h, the XRD pattern (Fig. 2-a) reveals the formation of a single-phase solid-solution 
BCC phase indexed with crystallographic planes of (110), (200), (211), and (220). The decrease in peak intensity 
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and increase in FWHM after MA, as compared to the blended HEA Powders, indicate a reduced crystallite 
size37. The XRD analysis of the Ti-Zr-Nb-Ta-Ag HEA after 20 h of MA followed by SPS, as depicted in Fig. 2-
b, provides important insights into the phase evolution and crystallinity of the HEA. Initially, the mechanical 
alloying process of HEA resulted in a single-phase body-centered cubic (BCC) structure, indicating that the 
constituent elements (Ti, Zr, Nb, Ta, and Ag) were successfully homogenized into a solid solution. However, 
the subsequent SPS process resulted in the formation of two distinct BCC phases, BCC1 and BCC2, as well as a 
Zr-based phase. The XRD pattern of the as-blended HEA powder before ball milling revealed a crystallite size 
of 27.59 nm and a calculated lattice strain of 0.32%. The low lattice strain indicates that the as-blended powder 
had a stable and relaxed crystal structure with little internal stress or defects. Mechanical alloying via ball milling 
considerably affects the crystallite structure and strain of the HEA powder. Ball milling induces severe plastic 
deformation and introduces significant dislocation densities, resulting in a dramatic reduction in the crystallite 
size to 3.78 nm and an increase in the lattice strain to 1.98%. This is consistent with the grain refinement and 
strain-hardening mechanisms typically associated with high-energy milling processes38. The increased strain is a 
direct result of the mechanical alloying process, which introduces many flaws and dislocations into the material. 
Subsequently, spark plasma sintering of HEA led to additional microstructural changes that resulted in partial 
recovery and recrystallization. The XRD pattern of the SPS-treated sample revealed two BCC phases, BCC1 and 
BCC2, and a Zr-containing phase. The crystallite size increased to 21.7 nm for the BCC1 phase, 15.8 nm for 
the BCC2 phase and 23 nm for the Zr-containing phase indicating a significant coarsening relative to the ball-
milled powder while still significantly finer than the as-blended powder. This increase in crystallite size was due 
to the thermal energy delivered by SPS, which stimulated the grain growth and recrystallization. The reduced 
lattice strain of 0.546% in the SPS-ed material suggests a partial relaxation of the residual stresses introduced 
during ball milling, which is facilitated by the thermal and pressure conditions inherent in SPS. The formation 
of a Zr-based phase alongside the BCC1 and BCC2 phases indicated partial Zr segregation during the sintering 
process. The larger atomic size of Zr, which possesses three to four orders of magnitude greater mobility than Ta, 

Fig. 2.  XRD pattern of mechanically alloyed and SPS HEA: (a) MA, (b) SPSed HEA.
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Nb, and Ti, explains this segregation39. The morphologies of the as-received blended powders and ball-milled 
HEA powders have been previously explained40. The microstructural analysis of the SPSed-HEA using FE-SEM 
is shown in Fig. 3. Post-SPS, the HEA exhibited a microstructure dominated by a primary BCC1 phase grain, a 
BCC2 minor phase, and a minor Zr-rich phase grain boundary. The observed minor Zr-rich phase segregations, 
primarily located at the grain boundaries, are attributed to the larger atomic radius and higher diffusion rate 
of Zr relative to other elements. It is essential to emphasize that these segregations are uniformly distributed 
and integrated within the alloy matrix rather than forming isolated particles, thus maintaining overall alloy 
homogeneity. The microstructure of the SPS-ed HEA consisted of a fine-grained composition that included two 
BCC phases, labeled BCC1 and BCC2, along with a Zr-rich phase (Fig. 3b). Furthermore, the EDS mapping of 
HEA elements, as depicted in Fig. 3c, indicated minimal segregation of elements and a uniform microstructure 
as a result of MA and the subsequent SPS process. The line EDS spectrum also confirmed the Zr-rich phase in the 
microstructure of the SPS-treated HEA, as shown by the sharp Zr peak in the equiaxed dark phase represented 
in the microstructure. Both the mapped and line EDS results confirm the composition of the elements used in 
the development of the SPS-treated HEA samples. The transformation from a single BCC phase formed after 
MA to dual BCC and Zr-rich phases in the SPS-HEA may be ascribed to various factors. Mechanical alloying 
produces a high concentration of defects and dislocations in the material, which serve as nucleation sites for 
new phases and promote the formation of multiple phases. Moreover, mechanical alloying facilitates atomic 
diffusion by augmenting particle contact and minimizing diffusion distances, thereby enabling the segregation 
of various elements and the development of distinct phases. Phase separation has been documented to obstruct 
the development of a singular BCC solid solution phase41. The higher energy input and enhanced diffusion rates 
can surpass high-entropy stabilization, leading to the emergence of multiple phases. Consequently, empirical 
observations suggest that the high-entropy effect does not consistently provide robust stabilization for a singular 
solid-solution phase. The details of the phase separation phenomenon and thermodynamic calculations have 
been discussed and explained elsewhere30,40.

Micro indentation
The results of the ambient-temperature microindentation tests on the SPS-ed HEA sample and commercially 
available Ti6Al4V sample are presented in Table 1, and the corresponding loading and unloading curves are 
presented in Fig. 4. The SPS-ed HEA sample exhibited a significant improvement in hardness compared to that 
of the commercial Ti6Al4V alloy. The hardness of the SPS-ed HEA was nearly twice that of Ti6Al4V and higher 
than that of the same HEA processed using the conventional sintering technique30 (Table  1). The improved 
hardness of the SPS-HEA can be attributed to its refined microstructure, multicomponent alloying effects, and 
presence of multiple phases. The significantly smaller crystallite sizes and higher lattice distortion resulting from 
severe plastic deformation during ball milling coupled with controlled recrystallization during SPS led to an 
enhanced resistance to dislocation motion. Additionally, the synergistic strengthening effects of elements such as 
Nb, Ta, and Zr, combined with the unique phase interactions, contribute to the superior mechanical properties. 
These factors collectively enable the SPS-ed HEA to achieve a higher hardness, making it a promising candidate 
for dental applications in which implants are subjected to wear, deformation, and surface damage due to 
repetitive chewing and other mechanical actions. The superior hardness of HEAs enhances their wear resistance 
and durability, thereby contributing to implant longevity and minimal risk of surface damage during extended 
usage. These properties are critical in high-stress regions of the oral cavity, where traditional materials may fail 
owing to wear-induced deterioration42. The elastic modulus of the SPS-ed HEA was slightly higher than that of 
Ti6Al4V. Although materials with lower elastic moduli are generally preferred to reduce stress shielding30, the use 
of high-modulus materials in dental implants, such as Ti6Al4V (~ 110–140 GPa), can still be justified based on 
several factors. These materials offer high mechanical strength and corrosion resistance, which are essential for 
long-term durability and structural integrity of dental implants under high occlusal loading conditions. The high 
modulus ensures minimal elastic deformation, which maintains implant stability and prevents micromotion at 
the bone–implant interface, a critical requirement during the early stages of osseointegration43. While efforts are 
ongoing to develop low-modulus β-type titanium alloys to address stress shielding44, conventional high-modulus 
materials continue to be accepted owing to their proven reliability and biocompatibility. Another critical factor is 
resistance to plastic deformation, as indicated by the H³/E² ratio45. For SPS-ed HEA, this ratio was calculated as 
0.0312 GPa, which is significantly higher than that of 0.00349 GPa for Ti6Al4V. This higher ratio reflects a higher 
resistance to plastic deformation, further enhancing the wear resistance of HEAs compared to that of traditional 
titanium alloys. Wear resistance is especially critical for dental implants as it directly correlates with reduced 
material degradation and enhanced implant performance over time46. The superior mechanical properties of 
the SPS-ed HEA can be attributed to its refined microstructure and the presence of multiple strengthening 
mechanisms, including solid-solution strengthening and grain boundary strengthening, resulting from its 
multicomponent composition and optimized SPS conditions. The advanced SPS processing method promotes 
grain refinement and increases material density, significantly reducing porosity while enhancing the hardness 
and mechanical performance47. The high density and fine microstructure of HEAs provide additional benefits 
in reducing fatigue failure, which is a common concern for dental implants that are usually subjected to cyclic 
loading and abrasive forces. Ti6Al4V, which is extensively used in biomedical applications, has raised concerns 
owing to the presence of alloying elements. Al has been implicated in neurological disorders and V toxicity 
has also been documented, raising the potential risk of adverse biological reactions48. In contrast, the HEA 
composition (Ti-Zr-Nb-Ta-Ag) consists of elements known for their biocompatibility30,40,49. These elements are 
biocompatible and have no toxic effects, making them particularly suitable for biomedical applications including 
dental implants. Furthermore, the inclusion of Ag in HEAs enhances their antibacterial properties, a critical 
factor in preventing peri-implant infections, which are a leading cause of implant failure50.
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Wetting characteristics and surface energy measurement
The wettability of the Ti-Zr-Nb-Ta-Ag HEA was determined by measuring the contact angles of the water and 
glycerol droplets on the polished surface, and the results were compared with those of the Ti6Al4V alloy. The 
surface energies of the samples were determined using the Owens-Wendt method, which involves measuring 
the contact angles of two liquids. The contact angles were measured as described elsewhere51. The developed 
HEA had larger contact angles for both water (83.9°) and glycerol (65.1°) than Ti6Al4V (65.41° and 55.96°, 

Fig. 3.  FE-SEM backscattered images of SPSed HEA at (a) Lower and (b) Higher magnification showing 
different phases, (c) EDS elemental mapping, and (d) Line scan profile.

 

Scientific Reports |        (2025) 15:33089 7| https://doi.org/10.1038/s41598-025-16657-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


respectively) (Table  2), (droplet images are depicted in Fig. S1), indicating a moderately more hydrophobic 
surface. This difference in wettability is attributed to the refined microstructure and surface chemistry imparted 
by the SPS process. Surface energy calculations performed via the Owens-Wendt method confirmed that the HEA 
possessed a notably lower surface energy (44.25 mN/m) compared to Ti6Al4V (65.93 mN/m). A lower surface 
energy typically correlates with decreased wettability, which in biomedical contexts can significantly impact 
protein adsorption and initial cellular responses52. Although hydrophilic surfaces are considered favorable for 
biocompatibility, recent clinical evidence indicates that moderately hydrophobic surfaces have been successfully 
employed in biomedical implants, demonstrating robust osseointegration53. Moreover, surface roughness plays a 
vital role in mediating dynamic wettability within biological environments. Despite its moderate hydrophobicity, 
the microscale roughness of HEA (Sa = 0.206 μm) facilitates enhanced protein adsorption owing to the Wenzel 
effect, significantly reducing the effective contact angle upon exposure to physiological fluids54. Importantly, 
moderate hydrophobicity confers additional clinical advantages, including a reduced risk of bacterial colonization. 
Surfaces with lower surface energies and modest hydrophobic characteristics can limit bacterial attachment and 

Fig. 4.  Loading and unloading curves of SPSed HEA in comparison to Ti6Al4V alloy.

 

Sample Hardness (GPa) Modulus (GPa) H3/E2 (GPa) Refs.

SPS-HEA 8.20 ± 0.2 132.8 ± 16.3 0.0312 This work

Ti6Al4V 4.11 ± 0.1 141.0 ± 5.1 0.00349 This work

Bio-HEA-1 3.93 87.9 ± 6.31 0.00786 30

Bio-HEA-2 5.188 113.26 ± 13.13 0.01089 30

Table 1.  Hardness and modulus of SPS HEA in comparison to Ti6Al4V alloy and related literature.
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biofilm formation, which are critical factors in reducing peri-implant infections, thereby enhancing implant 
longevity and clinical outcomes55. In addition, hydrophobic surface characteristics are beneficial for corrosion 
resistance, further contributing to improved implant durability in physiological environments. Furthermore, 
reduced surface interactions with body fluids can reduce infection concerns, which are critical to implant 
success. The hydrophobic characteristics also help improve corrosion resistance, which increases the endurance 
and longevity of the implant. Surface roughness is a critical parameter in biomedical applications that influences 
cell adhesion, protein adsorption, and biomaterial-tissue interactions.

Figure 5 shows the 3D surface profiles and features of (a) Ti6Al4V and (b) HEA-SPS; the corresponding 
surface roughness parameters are listed in Table 2. The arithmetic mean height (Sa), root mean square height 
(Sq), and maximum peak-to-valley height (Sv) were measured following ISO 25,178, which standardizes 3D 
surface texture characterization. The Sa value of Ti6Al4V is nearly double that of HEA-SPS, suggesting a rougher 
surface for the former. Surface roughness plays a crucial role in dental implants by affecting cell adhesion and 
bone integration. Studies have shown that moderate surface roughness (Sa between 0.2 and 1.5 μm) enhances 
osteoblast attachment and proliferation, which are essential for successful osseointegration56. Although Ti6Al4V 
falls within this range, its higher Sa value could increase the risk of bacterial colonization and biofilm formation, 
particularly in the oral environment, which is prone to microbial activity57. HEA-SPS, with its lower Sa, offers 
a smoother surface that reduces bacterial adhesion while maintaining sufficient roughness to promote tissue 
integration. The Sq value of Ti6Al4V was higher than that of HEA-SPS. Sq reflects the standard deviation of the 
surface heights, emphasizing surface peaks and valleys. For dental implants, the higher Sq values in Ti6Al4V 
may lead to increased wear under repetitive mechanical loads encountered during chewing. In contrast, the 
lower Sq value of HEA-SPS suggests a smoother and more uniform surface, which may exhibit superior wear 
resistance and extend the implant lifespan. Sv was also higher for Ti6Al4V than for HEA-SPS. Higher Sv values 
in Ti6Al4V indicate more pronounced surface irregularities, which can promote initial mechanical interlocking 
with bone tissue and enhance the primary stability during the early stages of implantation. However, these 
pronounced irregularities may act as stress concentration points under cyclic loading, potentially leading to 
fatigue failures. HEA-SPS, with its lower Sv, provides a smoother interface, reducing stress accumulation and risk 
of fatigue-related failure. For dental implants, where cyclic forces are continuously applied, a smoother surface 
can enhance long-term performance. Dental implants are particularly susceptible to bacterial colonization 
owing to their high microbial load in the oral environment. Rougher surfaces, such as those of Ti6Al4V, offer 
a greater surface area and microenvironment for bacteria to adhere to and form biofilms. This can lead to peri-
implantitis, which is a major cause of implant failure58. The lower surface roughness of HEA-SPS, characterized 
by reduced Sa, Sq, and Sv values, minimized the bacterial adhesion and biofilm formation. This smooth surface 
enhances its potential for use in infection-prone environments, making it particularly advantageous for dental 
applications59,60. HEA-SPS offers moderate surface roughness, which strikes a balance between promoting bone 
cell adhesion and reducing the inflammatory response. This is critical for dental implants in which successful 
osseointegration ensures implant stability and functionality. The smoother surface of HEA-SPS, combined with 
its biocompatible alloying elements, provides an ideal interface for bone-implant integration while reducing 
the risk of adverse biological reactions61. The superior surface characteristics of HEA-SPS, such as lower Sa, 
Sq, and Sv, significantly contributed to improved wear resistance, reduced bacterial colonization, and enhanced 
biomechanical compatibility. These properties are crucial for dental implants, for which durability and resistance 
to infection are paramount.

X-ray photoelectron spectroscopy analysis
Figure 6 shows the XPS results for the TiZrNbTaAg HEA processed by SPS. XPS data revealed the presence of 
all five constituent elements (Ti, Nb, Ag, Ta, and Zr), along with carbon and oxygen, on the alloy surface. The 
presence of oxygen suggests the formation of oxides, such as TiO2, ZrO2, Nb2O5, and Ta2O5 on the alloy surface. 
These oxides are essential for creating a passivation layer that protects the alloy from degradation in corrosive 
environments such as the oral cavity. For instance, TiO₂, confirmed by Ti 2p peaks at 458.19  eV, is widely 
recognized for its role in enhancing biocompatibility and corrosion resistance62. This oxide not only shields the 
alloy from physiological corrosion but also provides an ideal surface for bone cell adhesion, thereby promoting 
osseointegration17. Similarly, Zr 3d peaks at 181.98 eV indicate the formation of ZrO₂, a biocompatible oxide 
that improves mechanical stability and supports direct bonding with the bone tissue35. In addition, the Nb 3d 
peaks at 206.69 eV confirm the presence of Nb2O5, a stable oxide known for its exceptional corrosion resistance 
and ability to withstand the cyclic loading conditions typical in dental applications. Likewise, the presence of 
Ta2O5, indicated by Ta 4f peaks at 25.56 eV, contributes significantly to the alloy’s chemical stability63. Tantalum 
oxides are bioinert and enhance the longevity of implants by protecting against oxidative degradation and ion 
release, both of which can lead to adverse biological reactions37. Furthermore, the XPS results show metallic 
silver peaks at 364.7  eV and 359.5  eV, with a low atomic percentage (0.28%). Controlled distribution of Ag 
is advantageous for dental applications. Metallic silver releases Ag⁺ ions, which provide potent antimicrobial 

Sample Water contact angle Glycerol contact angle Surface energy (mN/m) Sa (µm) Sq (µm) Sv (µm)

HEA-SPS 83.9 65.1 44.25 0.2062 0.2628 2.274

Ti6Al4V 65.41 55.96 65.93 0.4148 0.5049 3.708

Table 2.  Contact angle, surface energy, and surface roughness values of SPS-HEA in comparison to Ti6Al4V 
alloy.
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properties that are essential for preventing bacterial adhesion and biofilm formation. This feature is critical for 
reducing the risk of peri-implantitis, a common cause of implant failure in dental procedures. Importantly, a 
low concentration ensures effective antimicrobial action without compromising biocompatibility or inducing 
cytotoxicity38. Despite the tendency of Ag to oxidize, it remained predominantly in its metallic state on the 
alloy surface. This stability is likely due to the protective oxide layer formed by TiO₂, ZrO₂, Nb₂O5, and Ta2O5, 
which act as barriers, shielding Ag from environmental oxidation. This unique behavior not only preserves the 
antimicrobial efficacy of Ag but also maintains the overall chemical stability of the alloy. The detection of carbon 
in XPS spectra, attributed to surface contamination or hydrocarbon adsorption during handling, is a common 
observation in XPS studies. This contamination does not detract from the functional properties of the alloy 
because passivation oxides and metallic silver dominate the surface characteristics that are critical for implant 
performance. In dental applications, where implants are exposed to a complex oral environment characterized 
by fluctuating pH, enzymatic activity, and mechanical stress, the surface properties of the TiZrNbTaAg HEA 
provide distinct advantages. A stable oxide layer ensures excellent corrosion resistance and reduces the risk 
of material degradation and ion release, which can otherwise lead to inflammatory responses. Additionally, 
the biocompatibility of oxides, such as TiO₂ and ZrO₂, facilitates effective bone-implant integration, while the 
antimicrobial properties of silver help mitigate infection risks.

In vitro corrosion study in AS medium
Figure 7(a-f) show the EFM intermodulation curves, which plot the measured current against the investigated 
frequencies for the SPS-HEA and Ti6Al4V alloys in AS solutions with varying pH levels. The intermodulation 
and harmonic peaks, with an amplitude of approximately 100 µA, were clearly visible in response to the excitation 

Fig. 5.  3D surface profile and characteristics of (a) Ti6Al4V, and (b) SPS-HEA.
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frequencies (2 and 5 Hz) and were used to calculate the EFM parameters. Table 3 displays the electrochemical 
parameters, including the corrosion current density (icorr), casualty factors (CF-2 and CF-3), and corrosion rate 
(CR) for the SPS-HEA and Ti6Al4V alloys. CFs generally validate EFM parameters by ensuring consistency with 
hypothetical values of 2 and 3, as deviations indicate noise interference64. As shown in Table 3, the CF2 and CF3 
values are close to the theoretical values, confirming the reliability of the obtained results.

As shown in Table 3, the icorr values for the SPS-HEA alloy remarkably declined by at least one order of 
magnitude at all the studied pH levels in comparison with those of the Ti6Al4V alloy, signifying the improved 
corrosion resistance of the SPS-HEA alloy owing to the formation of a compact and inert passive film on its 
surface. Moreover, the corrosion rate values of the SPS-HEA alloy at different pH values, particularly at pH of 
6.8 and 4.9 were found to decrease by one order of magnitude in comparison with the Ti6Al4V alloy, which 
validated the improved corrosion protection performance of the SPS-HEA alloy in the AS medium.

Figure 8 (a) and (b) show the potentiodynamic polarization curves for the SPS-HEA and Ti6Al4V alloys 
recorded in AS solutions at varying pH levels. Additionally, the electrochemical parameters, including the 
corrosion potential (Ecorr), icorr, and passivation current density (ipass), were determined using the established 
Tafel method, and the resulting values are presented in Table  3. All the investigated alloys displayed active-
passive behavior. The cathodic branches exhibited no notable differences, suggesting that cathodic reactions 
on the alloy surface remained consistent at different pH levels. A comparison of the Ecorr values of the Ti6Al4V 
and SPS-HEA alloys revealed that the SPS-HEA alloy had a higher Ecorr than Ti6Al4V. This indicates that the 
SPS-HEA alloy had a more positive Ecorr value, thus exhibiting superior corrosion resistance in the AS medium 
at pH 6.8. The SPS-HEA alloy exhibited the lowest ipass, whereas the Ti6Al4V alloy exhibited the highest ipass. 
Corrosion resistance is better when icorr and/or CR, as well as ipass, are low65. Considering all these parameters, it 
is evident that the SPS-HEA alloy immersed in AS at pH 6.8 demonstrates the highest corrosion resistance, with 
the lowest icorr and ipass values when compared to the other commercial alloys. This behavior can be attributed 
to the microstructure of the SPS-HEA alloy, where the synergistic strengthening effects of elements such as Nb, 
Ta, and Zr, along with unique phase interactions, promote the formation of a spontaneous passive film66. This in 
turn shifts the corrosion potential to more noble values.

The effect of the pH on the AS solution revealed a significant decline in the corrosion resistance of the 
investigated Ti alloys. In particular, at pH 3.0, the corrosion resistance of the Ti6Al4V alloy is significantly 
diminished, and the passive film provides inadequate protection to the underlying matrix67. In contrast, the SPS-
HEA alloy exhibited substantial corrosion resistance, which was attributed to the stabilizing effects of Nb and Zr 
oxides on the passive films. In general, HEA alloys containing Nb, Zr, and Ta demonstrate excellent corrosion 
resistance compared with CP-Ti and Ti6Al4V alloys in acidic fluoride-containing environments67, highlighting 
their promising potential for advancements in the field of bio-implants.

Electrochemical impedance spectroscopy (EIS) tests were conducted to analyze the electrochemical behavior 
at the interfaces of the solution, oxide layer, and matrix of the investigated samples at their open-circuit potentials 
(OCPs). The results presented in Fig. 9 (a-b) depict the Bode diagrams of the Ti6Al4V and SPS-HEA alloys in AS 

Fig. 6.  XPS results for SPS-HEA (a) Ti2p, (b) Zr3d, (c) Nb3d, (d) Ta4f, (e) Ag3d, and (f) O1s.
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solutions with varying pH levels. The SPS-HEA alloy demonstrated enhanced impedance at lower frequencies 
and exhibited nonideal capacitive behavior, as reflected by a phase angle greater than − 80° (Fig. 9a). In the Bode 
plots (Fig. 9a), the modulus of impedance (│Z│) of the SPS-HEA alloy is higher than that of the Ti6Al4V alloy, 
indicating an enhancement in the corrosion resistance of the protective oxide layer on the SPS-HEA alloy in 
the AS solution. Furthermore, the SPS-HEA alloy exhibited the largest phase angle (− 85°) compared with the 
Ti6Al4V alloy (− 75°), suggesting the presence of a more protective passive film on the SPS-HEA alloy in the AS 
solution at pH 6.8.

Nyquist plots of the Ti6Al4V and SPS-HEA alloys in AS solutions with varying pH levels are presented 
in Fig. 10 (a-f). At pH 3.0, the Nyquist plot of the Ti6Al4V substrate exhibited a capacitive semicircular arc, 
whereas the HEA substrates showed a capacitive arc with a linear trend, suggesting that the passive films on 
the HEA alloys effectively impeded charge transfer at the metal–electrolyte interface. The distinct quarter-arcs 
observed in the Nyquist plots of the investigated samples at different pH values in Fig. 10 indicate capacitive 
behavior, with their radii reflecting the level of corrosion resistance. The radii of the semicircular arcs are 

Samples/test

EFM PDP

icorr (A cm−2) × 10−8 CF2 CF3 CR (mpy) × 10−3 Ecorr (V) icorr (A cm−2) × 10−8 ipass (A cm− 2) × 10−8

SPS HEA

 pH-6.8 0.101 1.89 2.85 0.345 0.217 0.1842 2.128

 pH-4.9 0.118 1.87 2.84 0.381 0.031 1.254 18.880

 pH-3.0 1.348 1.87 2.81 4.662 -0.191 2.358 106.489

Ti6Al4V

 pH-6.8 0.834 1.90 2.87 2.881 -0.168 1.076 14.825

 pH-4.9 1.230 1.88 2.84 4.252 -0.104 2.584 60.891

 pH-3.0 8.764 1.88 1.79 30.305 -0.186 10.251 1227.145

Table 3.  EFM and PDP parameters of SPS HEA in AS medium with different pH levels in comparison to 
Ti6Al4V alloy (The standard deviation of the obtained values was found to range between 0.75% and 5.25%).

 

Fig. 7.  EFM curves of (a) pH6.8, (b) pH4.9, (c) pH3.0 of SPS HEA alloys and (d) pH6.8, (e) pH4.9 and (f) 
pH3.0 of Ti6Al4V alloy in AS medium.
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directly associated with the charge-transfer resistance, which in turn is directly related to the corrosion rate of 
the material. Therefore, an increase in the polarization resistance corresponded to a decrease in the corrosion 
rate. Accordingly, the SPS-HEA samples exhibited larger capacitive arcs across all studied pH levels, indicating 
lower corrosion kinetics compared to the Ti alloy.

The Bode plots revealed that the Ti6Al4V alloy in the AS solution had the lowest impedance and phase 
angle at pH 3.0, indicating the highest corrosion kinetics. In contrast, the SPS-HEA samples exhibited higher 
impedance and phase angles, suggesting lower corrosion kinetics than the Ti6Al4V alloy.

Fig. 8.  PDP curves of (a) SPS-HEA and (b) Ti6Al4V alloys in AS with different pH levels.
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Based on this analysis, two equivalent circuits were employed to quantify the differences in the physicochemical 
behaviors of the Ti6Al4V and SPS-HEA alloys in AS at different pH values, as illustrated in Fig. 11 (a-b). For 
pH 3.0, the circuit model in Fig. 11a was used to fit the obtained EIS curves, whereas for pH 4.9 and pH 6.8, the 
circuit model in Fig. 11b was used. These circuits primarily consist of resistance components (R) and constant-
phase elements (CPE). In this study, CPEs were used instead of capacitors to account for the distribution of 
relaxation times, as the surface heterogeneity of the electrodes influences the charge-transfer capacity and 
capacitance of the passive film at the metal–electrolyte interface68. The extracted parameter values are listed 

Fig. 9.  Bode curves of (a) SPS-HEA and (b) Ti6Al4V alloys in AS with different pH levels.
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in Table 4. The Chi-squared (χ²) values for all samples are of the order of 10⁻⁵, indicating excellent agreement 
between the experimental data and the fitting results.

As shown in Table  4, the Rct values of the investigated samples decreased with decreasing pH of the AS 
solution. Furthermore, under normal human oral conditions (pH 6.8), the SPS-HEA alloy exhibited the highest 
Rct value (1.0805 × 107 Ω⋅cm²) and lowest CPEdl value (0.085 µΩ⁻¹⋅cm⁻²⋅sn), indicating the formation of a dense 
passivation film on its surface. At pH 3.0, the Rct value of Ti6Al4V was on the order of 10⁻⁴, suggesting that the 
passive film formed on the surface of the Ti6Al4V alloy exhibited poor stability at higher H + concentrations as 
the pH value decreased.

Fig. 10.  Nyquist plots of (a) SPS-HEA in pH3.0, (b) Ti6Al4V in pH3.0, (c) SPS-HEA in pH4.9, (d) Ti6Al4V in 
pH4.9, (e) SPS-HEA in pH6.8, and (f) Ti6Al4V in pH6.8.
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At pH 4.9, the Rct values of the Ti6Al4V alloy were significantly lower than those of the SPS-HEA. At pH 3.0, 
the Rct value of the Ti6Al4V alloy was at least one order of magnitude smaller than that of the SPS-HEA alloy, 
indicating significant damage to the passive films on the surface of the Ti6Al4V alloy, leading to the corrosion 
of the metal matrix. In contrast, the higher Rct values of the SPS-HEA alloy suggest that the passive film on this 
alloy provided better protection, which can be attributed to the stable oxides of Nb, Zr, and Ta.

In summary, the comprehensive evaluation of the Ti–Zr–Nb–Ta–Ag HEA developed via MA and SPS 
demonstrates its combined mechanical, surface, and in vitro corrosion performance in artificial saliva, highlighting 
its potential for dental biomaterial applications. The elastic modulus was measured to be approximately 132 
GPa. Although this value is slightly higher than that of commercially pure titanium (~ 110 GPa)69, it remains 
significantly lower than those of conventional dental alloys, such as cobalt–chromium (Co–Cr, ~ 210–253 GPa) 
and stainless steel (~ 190 GPa)69, which are still commonly used in clinical practice. More importantly, the 
developed HEA exhibited a synergistic combination of desirable properties, including high hardness (8.2 GPa), 
resistance to plastic deformation (H³/E² = 0.0312 GPa), and outstanding corrosion resistance across a wide range 
of pH values in artificial saliva, compared to the Ti6Al4V alloy. These features, along with the formation of a 
chemically stable and biocompatible passive oxide layer composed of TiO₂, ZrO₂, Nb₂O ₃, Ta₂O ₃, and metallic 
Ag, are expected to promote long-term mechanical durability, biological compatibility, and osseointegration. 
Collectively, these results suggest that SPS-processed HEA are promising candidates for next-generation dental 
bioimplants.

Future work should focus on further optimizing the elastic modulus and reducing potential stress shielding. 
This may be achieved through compositional adjustments, such as increasing the β-phase stabilizing elements 
and refined control of microstructural features via advanced processing strategies. Additionally, the introduction 
of controlled porosity through processing could effectively lower the effective modulus without compromising 
the mechanical integrity or surface functionality of the alloy. These combined approaches aim to enhance the 
biomechanical compatibility of the developed HEA while retaining its favorable electrochemical and biological 
performance, thereby advancing its translational potential in clinical dental applications.

Conclusion
This study reports the synthesis of Ti-Zr-Nb-Ta-Ag HEA via mechanical alloying and SPS and evaluates its 
potential for dental bioimplant applications. A thorough examination of the phase composition, microstructure, 
mechanical properties, surface characteristics, and corrosion resistance of the alloys is summarized below.

	1.	 Microstructure analyses reveal the formation of a homogeneous microstructure with dual phases BCC struc-
ture and an equiaxed Zr-rich phase using the SPS process.

	2.	 The micro hardness of SPS-ed HEA is 8.2 GPa, nearly double that of Ti6Al4V (4.11 GPa).
	3.	 Surface characterization using XPS revealed the formation of surface oxides of TiO2, ZrO2, Nb2O5, and 

Ta2O5 alongside Ag.

Samples/test Rs (Ω⋅cm²) Rct (kΩ⋅cm²) CPEdl (µΩ⁻¹⋅cm⁻²⋅sn) ndl χ² × 10−5

SPS HEA

 pH-6.8 56.58 10805.083 0.085 0.96 1.586

 pH-4.9 48.58 1241.654 0.254 0.90 3.589

 pH-3.0 52.38 216.000 1.589 0.87 2.568

Ti6Al4V

 pH-6.8 58.26 3179.083 0.485 0.94 5.684

 pH-4.9 55.21 169.534 1.894 0.91 2.548

 pH-3.0 51.24 19.481 10.258 0.87 6.981

Table 4.  EIS parameters of investigated alloys in AS medium with different pH levels (The standard deviation 
of the obtained values was found to range between 0.75% and 5.25%).

 

Fig. 11.  EIS circuit models for the Ti6Al4V and SPS-HEA alloys in AS medium in different pH, (a) pH3.0 and 
(b) pH 4.9 and pH6.8.
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	4.	 In vitro corrosion testing results in artificial saliva confirmed that the SPSed HEA alloy outperformed 
Ti6Al4V in terms of corrosion resistance, even at acidic pH, by showing higher impedance values and lower 
corrosion current densities.

	5.	 These findings highlight that the combination of the mechanical strength of the SPS-ed Ti-Zr-Nb-Ta-Ag 
HEA and enhanced in vitro corrosion resistance demonstrates its suitability as a promising candidate for 
dental bioimplant applications.

Future studies should focus on the in vivo evaluation and long-term performance assessment of the developed 
HEA under real oral conditions.
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