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INTRODUCTION

Over the past two decades, the concept of multicomponent alloys designed in equimolar
or near-equimolar proportions, known as high-entropy alloys (HEAs), has revolutionized the
field of metallic materials. Thanks to their high configurational entropy, these materials exhibit
exceptional thermodynamic stability, crystal-lattice distortions that lead to superior hardness,
and unexpected synergies among their constituent elements, offering mechanical and functional
properties that are difficult to achieve with conventional alloys. At the same time, in biomedical
applications, the need for metallic implants with enhanced corrosion resistance,
biocompatibility, and antibacterial activity has driven the development of alloys based on
combinations of Ti, Nb, Mo, Zr, Hf, Ta, Ag, and Cu.

In this research, the base material chosen was the Ti-20Zr-5Ta-2Ag alloy, developed
and patented in 2019 under patent number RO 132031 B1 [1]. This alloy was selected because
of the unique synergy between Ti (biocompatibility and mechanical strength), Zr (chemical
stability), Ta (corrosion resistance), and Ag (antibacterial activity). The focus of the study is to
investigate the multifunctionality conferred on this base material.

The doctoral thesis combines two research directions: on the one hand, the theoretical
and experimental foundation of HEAs, with an emphasis on surface treatments and their
properties; and on the other, the synthesis and characterization of bioactive coatings applied to
the Ti-20Zr-5Ta-2Ag alloy. The overall approach embraces the concept of multifunctionality:
the study of the heat-treatment effects on microstructure and electrochemical behavior is geared
toward demanding industrial applications—aiming to optimize both corrosion resistance and
mechanical durability—while the development and evaluation of bioactive coatings target
biomedical performance, specifically biocompatibility and antibacterial efficacy.

The objectives of the thesis are to characterize the microstructure of the Ti-20Zr-5Ta-
2Ag alloy after various surface-preparation treatments; to assess the effects of heat treatment
on its crystalline structure, chemical composition, and mechanical and electrochemical
properties; and to synthesize and characterize a series of bioactive coatings deposited by
different techniques, with comparative evaluation of their corrosion resistance and antibacterial
activity.

Chapter 1 reviews current trends in high-entropy alloy research, covering the historical
evolution of the HEA concept, design strategies for these materials, the classification of major

HEA subtypes, and their principal industrial applications.
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Chapter 2 examines the structure—property relationships in HEAs, analyzing
fundamental mechanisms—conFiguretional entropy, lattice distortion, and the “cocktail”
effect—and how they correlate with microstructure, mechanical behavior, and electrochemical
performance.

Chapter 3 focuses on bioactive coatings, describing preparation methods, essential
characterization criteria, and the functional properties they impart to implants.

Chapter 4 presents a comparative study of two surface-preparation treatments for the
Ti-20Zr-5Ta-2Ag alloy, emphasizing morphological and chemical surface characterization as
well as contact-angle and microhardness measurements.

Chapter 5 investigates the effects of heat treatment on the alloy’s structure and
properties, detailing the applied conditions, microstructural modifications, phase
transformations, and the outcomes of mechanical and electrochemical tests conducted in
corrosive environments.

Chapter 6 analyses how bioactive coatings influence corrosion behaviour and
antibacterial activity, comparing two deposition techniques, evaluating coating adhesion and
surface topography, and reporting corrosion-resistance and antimicrobial-efficacy test results.

Chapter 7 describes, for the first time, the electrochemical deposition of polypyrrole
films loaded with naproxen from a natural deep-eutectic solvent onto the Ti-20Zr-5Ta-2Ag
alloy, confirming drug incorporation by FT-IR, demonstrating markedly improved
hydrophilicity and corrosion resistance, and characterizing sustained naproxen release kinetics.

The final conclusions and outlook section synthesizes the main findings, highlights the
original contributions of the thesis, and proposes future research directions to optimize and

extend the applicability of the studied materials.
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STATE OF DEVELOPMENT AND APPLICATION POTENTIAL OF
HIGH-ENTROPY ALLOYS

Chapter 1: Current trends in high-entropy alloy research

High-entropy alloys (HEA) represent a revolution beyond the conventional alloying
paradigm, in which one principal element dominates, while the others are added in small
proportions for specific improvements [2]—[4]. In 2004, Cantor et al. first reported the formation
of equimolar multicomponent alloys, such as FeissCr20Mn20Ni20Co020, which crystallize in an
FCC solid solution through rapid solidification [5]. Subsequently, publications in this field have
grown exponentially, exceeding 3,000 articles during 2024.

The strict definition of HEA based on mixing entropy presupposes a random distribution
of atoms, but numerous non-equiatomic or dual-phase systems are nevertheless considered
HEA on compositional or single-phase solid-solution criteria. In these materials, high entropy
confers thermodynamic stability, lattice distortion influences hardness and conductivity, slow
diffusion contributes to microstructural stability, and the “cocktail” effect highlights
unexpected synergies among elements, leading to exceptional mechanical and catalytic
properties [6]—[8].

HEA production includes liquid-state processing, solid-state processing, and additive
manufacturing [7]. In particular, additive manufacturing paves the way toward high-entropy
refractory alloys (RHEA), with superior mechanical and thermal resistance [9]. Microstructure
control is achieved by adjusting cooling rate, composition, and heat treatments, influencing the
formation of FCC, BCC, or intermetallic phases [10], [11]. Moreover, severe plastic
deformation refines grains and enhances yield strength and hardness, generating ultrafine
microstructures for extreme operating conditions [12].In industry, HEAs are being explored for
steam turbines, heat exchangers, aerospace, marine, nuclear, cryogenic, and biomedical
applications, due to their unique combination of thermal, mechanical, and anticorrosive
resistance [13]-[17].

The transition from conventional alloys to multicomponent systems has raised new
questions regarding thermodynamic stability, element diffusion, and structural behaviour, and
subsequent research has confirmed that HEAs do not exclude classical alloying methods but
rather complement them, offering innovative alternatives for advanced metallic materials [18]—

[20].
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Chapter 2: Structure-property relationships in high entropy alloys

High entropy alloys develop random solid solutions that can be single-phase, with
simple crystal structures (FCC, BCC, HCP), or multiphase, such as FCC/BCC combinations or
intermetallic L12/B2. The initial composition, synthesis method and heat treatments govern the
nature of the phases and the resulting microstructure [21]-[23]. Grain refinement and chemical
homogenization, for example through severe plastic deformation, can transform bicrystalline
structures into single-phase nanocrystalline networks, amplifying the strengthening effects of
solid solution and Hall-Petch [24]. In parallel, manipulating solidification conditions under
ultra-high pressure leads to fine nanoparticle precipitation and controlled phase
transformations, enhancing hardness and yield strength [25].

Strengthening mechanisms in HEA combine lattice distortion—caused by variations in
atomic sizes and differing moduli—with dislocation accumulation at grain boundaries and
thermal effects under high strain rates. In refractory alloys, selecting elements with contrasting
shear moduli refines grains and limits atomic diffusion, achieving an optimal balance between
strength and ductility without promoting brittle phases [26]. Heat treatments, by tuning
annealing temperature and duration, alter the proportion of ordered versus embrittling phases
(e.g., L1o vs. 0), enabling fine adjustment of the strength—ductility trade-off [27].

The mechanical properties of HEA result from the interplay of solid-solution
strengthening, mechanical twinning, and work-hardening. Twinning creates additional barriers
to dislocation motion, while geometric dislocation accumulation in heterogeneous
microstructures sustains strength increases without sacrificing ductility [28]-[30]. At the same
time, electrochemical properties depend on microstructure and phase distribution; lamellar
stratifications can generate micro-galvanic cells that influence corrosion mechanisms,
underscoring the need for optimized post-solidification treatments for high anticorrosive
performance [31].

For optimal HEA design, computational methods are essential: CALPHAD predicts
phase stability, density functional theory provides insights into electronic structure and
formation energies, molecular dynamics explores atomic movements during deformation, and
finite-element analysis evaluates mechanical behaviour and substrate—coating interactions.
Machine learning complements this toolkit, accelerating the discovery of new compositions and
interatomic potentials, thus fully integrating theoretical and experimental data to optimize

properties [23], [32], [33].
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Chapter 3. Bioactive coatings: preparation, characterization and properties

Surfaces of multiprincipal alloys can be functionalized through various deposition
techniques, adapted to each substrate and each molecule of interest. Thermal methods, such as
laser cladding after vacuum melting, rapidly densify the film by controlled solidification, while
physico-chemical techniques, magnetron sputtering or layer-by-layer additive manufacturing,
offer fine tuning of film composition and thickness [34], [35].

Electrodeposition in deep eutectic solvents extends the electrochemical window and
allows direct incorporation of bioactive ions and molecules (polymers, antibiotics, peptides)
without additional post-treatment steps [36]-[38]. Micro-arc oxidation or anodization form
porous oxide layers (TiO: nanotubes) with nano-/microporous architectures that favour
hydroxyapatite nucleation and osteointegration, while voltage parameters and electrolyte
composition control pore size and layer thickness [39]-[42].

Characterization of the coatings combines electrochemical methods to quantify
corrosion current and polarization resistance with structural and thermogravimetric analyses
and contact-angle measurements for physico-chemical stability [38], [43]-[45]. Mechanical and
adhesion properties are evaluated by nano-indentation and scratch tests, and tribo-corrosion
“ball-on-disc” assemblies permit simultaneous study of wear and anodic response [46].
Transmission electron microscopy reveals actual layer thickness and nanometric porosity [47],
while biological assays (cell viability and adhesion, micro-CT, antimicrobial studies) correlate
porous architecture and bioactive composition with osteointegration and bacterial inhibition
[48], [49].

The developed coatings combine anticorrosive barrier mechanisms (passivation by
stable oxides, dense film formation) with biological functions (controlled release of ions or
bioactive molecules, nanotubular structures for osteoconduction). Film formation free energy,
electrochemical synergies and mechanical barriers translate into elastic moduli matched to the
substrate, increased hardness and resistance to cyclic loading [34].

Integration of therapeutic molecules (antibiotics, antimicrobial peptides, vitamins) into
the coating matrix ensures sustained release profiles, biofilm inhibition and osteogenic
stimulation, transforming HEA coatings into multifunctional platforms for next-generation

implants [50]-[54].

Chem. Radu NARTITA 8



SUMMARY
Integrated Approaches to Investigating the Multifunctionality of the Multicomponent Alloy
Ti-20Zr-5Ta-2Ag

ORIGINAL CONTRIBUTIONS

Chapter 4: Study of surface preparation treatments of the Ti-20Zr-5Ta-2Ag
alloy

The study of surface-preparation treatments on the Ti-20Zr-5Ta-2Ag alloy revealed
significant changes in topography, chemical composition, surface energy, and mechanical
properties depending on the chemical nature of the applied procedure. Scanning electron
microscopy (SEM) showed that, in the untreated state, the surface appears relatively smooth
due to the native oxide layer (Figure 4.1), whereas the acid-treated (P2) and alkaline-treated
(P3) samples display grinding-induced features followed by the topographical modifications

from the chemical treatments.

Figure 4.1. SEM images of the Ti-20Zr-5Ta-2Ag alloy surface for untreated (P1), acid treated
(P2), and alkaline treated (P3) samples

Atomic force microscopy (AFM) measurements indicated a progressive increase in
average roughness Ra from 34 nm (P1) to 58 nm (P2) and 72 nm (P3) (Table 4.1), reflecting a

more pronounced relief under NaOH influence.

Table 4.1. Surface-roughness parameters determined by AFM
Parameter Pl (untreated) P2 (acid treated) P3 (alkaline treated)
Ra (nm) 34,03+ 7,30  58,17+9,93 72,23 + 11,15
RMS (nm) 44,82+948 75,06+ 12,09 92,43 + 13,36
Skewness  -0,0576 £0,31 -0,4196+0,29  0,2922 + 0,29
Kurtosis 1,844 £ 0,67 2,456+ 1,70 1,219+ 1,73

Energy-dispersive X-ray spectroscopy (EDX) confirmed a homogeneous element

distribution on the untreated surface, but composition varied markedly after treatment: the acid
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sample showed a decrease in oxygen from 35 at.% to 21 at.% (P2), indicating dissolution of the
oxide layer, while the alkaline treatment raised oxygen content to nearly 58 at.% and introduced

sodium into the matrix (P3), suggesting formation of sodium titanates and zirconates (Table

4.2).

Table 4.2. Surface chemical composition by EDX for P1, P2, and P3 (in atomic %)

Element P1 (untreated) P2 (acid treated) = P3 (alkaline treated)
Ti 55,07 £2,42 66,65 + 1,21 35,65+0,75

Zr 8,36 + 0,52 9,99 + 0,32 5,41 +0,31

Ta 0,83 +0,14 0,93 + 0,09 0,51 0,09

Ag 0,64 +0,14 0,85+ 0,05 0,50 = 0,06

O 3511 +2,72 21,59 £ 1,41 57,70 £ 0,74

Na - - 0,23 + 0,07

Physico-chemical properties were evaluated via contact-angle and microhardness
measurements: P2 became partially hydrophobic, while P3 became more hydrophilic,
consistent with oxide-layer loss and formation of a hydrated titanate layer. Regarding
microhardness, the alkaline attack conferred the highest value, exceeding the slightly elevated

level of the acid-treated sample (Table 4.3).

Table 4.3. Contact-angle and microhardness values for the analysed samples

Parameter P1 (untreated) P2 (acid treated) P3 (alkaline treated)
Contact angle (°) 81+£3.2 100 £ 1.8 56+2.6
Microhardness (HV) 269 +7.2 272 £4.6 326 £5.1

The NaOH reaction mechanism involves partial dissolution of TiO: and stepwise
formation of Ti(OH)s« species and negatively charged titanates, explaining the observed
topographical and chemical transformations [55]-[57]. Thus, for a hydrophilic surface with
enhanced mechanical strength and good coating adhesion, alkaline treatment is preferred. For
a more reactive surface amenable to further functionalization, a mild acid etch remains an
effective option. These results will guide optimization of titanium-based alloy processing for

biomedical and industrial applications.
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Chapter 5: Effects of heat treatment on the structure and properties of the

Ti-20Zr-5Ta-2Ag alloy

After heat treatment, the Ti-20Zr-5Ta-2Ag samples exhibited a visibly altered oxide
layer, with colour evolving from light metallic to shades of brown—orange (300 °C), blue (500
°C), and yellow—orange (800 °C), indicative of successive oxide thickening (Figure 5.1) [58]—
[60].

Control 300 °C 500 °C 800 °C

>
’ l“‘ s

0 50 100 150
Oxide thickness [nm]

Figure 5.1. Estimated oxide-layer thickness as inferred from sample color changes after

heat treatment

SEM micrographs showed that the native oxide layer of only a few nanometres (control)
transforms at 300 °C into a thin, still-transparent film over the polishing scratches, while at 500
°C the oxides uniformly cover the surface, and at 800 °C compact oxide particles form and

cracks appear, indicating excessive layer embrittlement (Figure 5.2).

Figure 5.2. SEM micrographs of Ti-20Zr-5Ta-2Ag samples:
(a) control; (b) heat treated at 300 °C; (c) heat treated at 500 °C; (d) heat treated at 800 °C

Chem. Radu NARTITA 11
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AFM analysis revealed that the average roughness Ra rises from 56.7 nm (control) to
85.2 nm (300 °C), decreases to 60.7 nm due to oxide alignment in ridges (500 °C), and reaches
363 nm when large oxide crystals dominate the surface (800 °C) (Figure 5.4; Table 5.1).
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°
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— Height distribution
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a 2
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......... R e e R
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Figure 5.4. AFM topography and roughness analysis of Ti-20Zr-5Ta-2Ag samples: (left)
3D topography images and (right) corresponding height histograms for P1 — control; P2 — 300
°C; P3 - 500 °C; P4 — 800 °C

Table 5.1. TiZrTaAg statistical parameters of surface roughness for Ti-20Zr-5Ta-2Ag samples

Sample Average roughness RMS roughness Skewness Kurtosis
[nm] [nm]

Control 56.7 09.2 -0.454 -0.479

300°C 85.2 105.0 0.045 -0.136

500°C 60.7 87.6 -1.58 4.56

800°C 363 433 -0.212 -0.804
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XPS spectroscopy confirmed intensification of the TiOz, ZrO-, and Ta:Os peaks up to
500 °C, with silver remaining predominantly metallic and only weak Ag.O signals; at 800 °C
increased noise and mixed-oxide phases reflect a complex oxidation chemistry. XRD revealed
that the hexagonal P6s/mmc structure is retained up to 500 °C, with a slightly contracted unit
cell volume and increased crystallite size (14.8 — 22.0 nm), while at 800 °C a partially formed

triclinic phase appears, confirming the structural transition (Figures 5.15-5.18; Table 5.2).

Control

11,1.00
TRK]

" ®
q o <
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2000 4

1000 -
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o

30 40 50 60 70 80
20
Figure 5.15. XRD model of the control sample (P1). Dashed yellow lines indicate reference

positions for the crystal phase; blue lines correspond to experimental peaks. The bottom curve

shows the residual difference between experimental data and theoretical model.
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Figure 5.16. XRD model of the sample treated at 300 °C (P2). Dashed yellow lines indicate

reference positions for the crystal phase; blue lines correspond to experimental peaks. The

bottom curve shows the residual difference between experimental data and theoretical model.
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Figure 5.17. XRD model of the sample treated at 500 °C (P2). Dashed yellow lines indicate
reference positions for the crystal phase; blue lines correspond to experimental peaks. The

bottom curve shows the residual difference between experimental data and theoretical model.
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Figure 5.18. XRD model of the sample treated at 800 °C (P2). Dashed yellow lines indicate
reference positions for the crystal phase; blue lines correspond to experimental peaks. The

bottom curve shows the residual difference between experimental data and theoretical model.

Table 5.2. Unit cell volumes and crystallite sizes of Ti-20Zr-5Ta-2Ag samples
Sample  Unit cell volume (A3%) Crystallite size (nm)

P1 (control) 37,0 14,8
P2 (300°C) 36,9 18,6
P3 (500°C) 36,6 22,0
P4 (800°C) 9,8 36,2

Vickers microhardness increased from 232 HV (control) to 264 HV (300 °C) and 274
HV (500 °C) due to the ceramic oxide layer; testing at 800 °C was not feasible because of
surface degradation.

Electrochemical testing showed that the 300 °C samples exhibited the lowest corrosion
current density and highest polarization resistance (0.811 pA/cm?, 1090 kQ-cm?), followed by

the 500 °C samples, while corrosion dramatically increased at 800 °C (90 pA/cm?, 29 kQ-cm?)
Chem. Radu NARTITA 15
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(Table 5.4; Figure 5.20). EIS spectra confirmed that the 300 °C oxide layer is dense and
capacitive (R1 =328 kQ; low CPE1), whereas the 800 °C sample required a Warburg element,
indicating enhanced diffusion through cracks (Figure 5.21; Table 5.5).

10.5_. = P1 (control)
e P2 (300)
A P3(500)
1 v P4(800)
10-6—E
—~ _7_
< 193
10 4
°
10° 4 A ® Y
3 I T I T I T I ! I T I ' I ' 1
-05 -04 -03 -02 -01 0.0 0.1 0.2 0.3

E vs. Ag/AgCI (V)

Figure 5.20. Tafel curves for Ti-20Zr-5Ta-2Ag samples

Table 5.4. Corrosion parameters calculated from Tafel curves

Sample Ba |Be| Ecorr Jeorr Corrosion rate ~ Polarisation
(Vdec!) (Vdech) V) (A cm?) (um year 1) resistance
(kQ cm?)
P1 (control)  0.13318 0.51393 -0.32079  7.5865E-08 2.8579 605.49
P2 (300°C)  0.06033 0.51766 = -0.20529 = 2.1538E-08 0.8114 1089.50
P3 (500°C)  0.10004 0.52191 -0.32727 = 5.5656E-08 2.0966 655.08
P4 (800°C)  0.26577 0.40194  -0.01958 @ 2.3989E-06 90.3690 28.96
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Figure 5.21. EIS results: (a) Bode phase plot, (b) Bode magnitude plot, (c) Nyquist plot

detail for P4, and (d) equivalent circuits used to fit the EIS data

Table 5.5. Equivalent-circuit element values obtained from EIS fitting

N1

Sample

1 control
P2 300
P3 500
P4 800

Rs R1
Q (KQ
cm?) cm?)
35.5 32.8
209 328
122 22
35.5 4.82

CPE1

(UF cmr

%)
14.3
3.71
6.04
1.02

0.904
0.87
0.858
0.835

R2 CPE2 N2 W
(KQ (UF cm’ (UF cmr
cm?) ?) %)
518 9.64 0.648 -
699 7.67 0.796 -
275 18.3 0.846 -
5.79 6.24 0.416 325

Thus, heat treatments between 300 °C and 500 °C form a uniform oxide layer that

enhances hardness, structural stability, and corrosion protection, whereas exposure to 800 °C

generates brittle oxides, cracks, and electrochemical degradation—making it advisable to

optimize thermal processing below 500 °C for biomedical and industrial applications.
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Chapter 6: Influence of different bioactive coatings on the corrosion

resistance and antibacterial activity of the Ti-Zr-Ta-Ag alloy

In this chapter, the way two types of bioactive coatings—chitosan—bioglass—ZnO and
chitosan—bioglass—GO—deposited either by doctor-blade or by MAPLE, affect the
electrochemical stability and antibacterial action of the Ti-20Zr-5Ta-2Ag alloy, was
investigated. SEM and EDX analyses showed that, after etching, the bare substrate exhibits
irregular grooves and 400-500 nm pores, with local Ag accumulations (Figures 6.1-6.2),
whereas the chitosan coating visually smooths the topography and partially masks the substrate
signal. Introduction of ceramic ZnO particles (200300 nm) and bioglass particles (500-2 500
nm) produces a homogeneous surface with discrete agglomerates, suggesting their integration

into the polymer matrix.

Figure 6.1. SEM micrographs of the samples: (a) bare Ti-Zr-Ta-Ag; (b) Ti-Zr-Ta-Ag +
Chitosan; (c) Ti-Zr-Ta-Ag + Chitosan + Bioglass + ZnO
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EDS Layered Image

EDS Layered Image
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T %‘@

Figure 6.2. EDX maps of the samples: (a) bare TiZrTaAg; (b) TiZrTaAg + Chitosan;
(c) TiZrTaAg + Chitosan + Bioglass + ZnO;

When the bare control is immersed in saline, prismatic TiOx and ZrOx structures
gradually develop, filling and evening out the polishing grooves after 60 days. The Chi-BG—
ZnO film swells progressively, initially releasing ZnO particles and later bioglass fragments,
while the Chi-BG—-GO film retains its particles fully embedded, showing a rapid initial swelling
and stable height histograms after 30 days (Figures 6.3-6.4).
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Figure 6.3. AFM microtopographies of the Ti-Zr-Ta-Ag substrate and coated samples
at different immersion times: (a) bare substrate before immersion; (a’) after 30 days; (a”) after
60 days; (b) Chi-BG—ZnO film before immersion; (b’) after 30 days; (b”) after 60 days; (c)
Chi—-BG—GO film before immersion; (c’) after 30 days; (c”) after 60 days.
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Figure 6.4. Height histograms from AFM after immersion in 0.9 % NaCl for 0, 30, and
60 days: (a) bare substrate; (b) Chi-BG—ZnO film; (¢) Chi-BG—-GO film.

Average roughness (Ra) decreases from 0.9 um for the bare alloy to 0.6 pm under
chitosan and increases to 1.4 pm under the Chi—-BG—ZnO composite (Figure 6.5), whereas for
MAPLE-deposited films, Chi-BG-ZnO yields the smoothest surface and Chi-BG-GO

undergoes a pronounced roughness increase after 30—60 days (Figure 6.6)
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Figure 6.5. Mean Ra values after immersion for: (a) bare TiZrTaAg; (b) TiZrTaAg +
Chitosan; (c) TiZrTaAg + Chitosan + Bioglass + ZnO;
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Figure 6.6. Mean Ra values after 0, 30, and 60 days in 0.9 % NacCl for:
(a) bare substrate; (b) film Chi-BG-ZnO, (c) film Chi-BG-GO.

Adhesion evaluations by tip—sample force—distance curves and pull-off tests revealed a
maximum adhesion force of 24 nN for the oxidized substrate, reduced to 6 nN under the
chitosan film and increased to 16 nN in the presence of ceramic particles (Figure 6.7), while

pull-off tests confirm the best adhesion for Chi-BG-ZnO (Figures 6.8—6.9).

Force [nN]

Distance [nm]
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Figure 6.7. AFM F—Z adhesion curves for P1, P2, and P3 by doctor-blade
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Figure 6.8. Pull-off adhesion forces for doctor-blade coatings.
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Figure 6.9. Pull-off adhesion forces for MAPLE coatings

Regarding corrosion, Tafel plots for the doctor-blade samples show a significant

decrease in current density from the bare alloy to the Chi-BG-ZnO composite, while for

MAPLE films, Chi-BG-GO achieves the lowest currents and corrosion rates after 60 days

(Table 6.1).

Table 6.1. Corrosion parameters from Tafel curves

JCOH
a C ECOIT
Sample Zi P I (nA cmr
(Vdec!) (Vdec) (V) )

TiZrTaAg — doctor blade 0 0.160 0.134 0.107 355.74
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TiZrTaAg — MAPLE
TiZrTaAg + Chi+ BG+ ZnO
— doctor blade
TiZrTaAg + Chi+ BG+ ZnO

— MAPLE

TiZrTaAg + Chi+ BG+ GO
— MAPLE

30
60

60

Ti-20Zr-5Ta-2Ag

0.169
0.091
0.070

0.405

0.133
0.119
0.113
0.167
0.067
0.205

-0.331
-0.258
-0.218

0.128

-0.071
-0.064
-0.078
-0.078
-0.179
-0.056

-0.230 24.09 1.94
0.005 17.61 1.26
-0.020 12.09 0.92
-0.108 34.24 0.64
-0.220 10.33 0.88
0.046 7.40 0.69
-0.060 8.27 0.75
-0.293 9.70 0.64
-0.030 4.52 0.38
0.023 7.33 0.42

The best performance was observed for the Chi-BG-GO coating, which exhibited

significantly lower corrosion currents and rates compared to all other samples.

EIS plots and equivalent circuits confirm a superior barrier effect for the GO-containing

composition, with high Ry and R_f values and low Qx and Q h values (Figures 6.12-6.13;

Tables 6.2—6.3).
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Figure 6.12. EIS Bode (a) magnitude and (b) phase plots; (¢) Nyquist plots; (d)

(@

equivalent circuits for fitting in 0.9 % NaCl.
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Figure 6.13. Nyquist and Bode plots during 0, 30, and 60 days immersion: (a) bare Ti-
Zr-Ta-Ag; (b) Ti-Zr-Ta-Ag + Chi + BG + ZnO; (¢) Ti-Zr-Ta-Ag + Chi + BG + GO; (d)

equivalent circuits used.

Table 6.2. Equivalent-circuit elements from EIS fitting (doctor blade)

Rs Rx x
Q 10°(Q

cm?)  cm?)
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TiZrTaAg 109
TiZrTaAg
+ 110
Chitosan
TiZrTaAg
+
Chitosan 84
+BG +

Zn0O

Table 6.3. Equivalent-circuit elements from EIS fitting (MAPLE)

Sample

TiZrTaAg

TiZrTaAg/Chi
+BG + ZnO

TiZrTaAg/Chi
+BG + GO

Zi

30
60
0
30
60

1.08

13.1

Rs

215

18.5

0.84

0.88

Ri

Ti-20Zr-5Ta-2Ag

76.1 0.64

Qi x10°¢

(Q-cm?)  (kQ-cm?) (Q7!-scm?)

33.8
33.0
324
335
33.6
33.5
36.8
34.5
33.9

20.7
306
276
360
693
489
468
721
840

6.58
7.60
7.36
4.92
5.49
6.70
341
4.12
5.31

23

1.4

0.999
0.942
0.957
0.865
0.970
0.962
0.999
0.959
0.964

9.26

R>

0.918 -

- 31.7

Q: x10°¢

(kQ-cm?) (Q'-smcm?)

498
787
942
1112
2189
1810
6123
9864
3585

22.86
10.95
9.12
15.42
10.20
12.96
8.36
3.66
6.38

2.2

0.01829

0.03113

43.8  0.00909

0.924
0.834
0.866
0.884
0.916
0.958
0.855
0.724
0.778

XZ

0.00032
0.00026
0.00041
0.00039
0.00027
0.00035
0.00029
0.00012
0.00016

ICP-MS showed that, while the bare substrate releases only trace Ti, the Chi-BG—ZnO

film progressively delivers Si (up to ~90 ppm), Ca, P, and Zn, whereas Chi-BG—GO partially

retains release, with Si = 90 ppm at 60 days and a slower Zn release rate (Figure 6.14).
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Figure 6.14. Ion-release profiles over 60 days in 0.9 % NaCl for: (a) TiZrTaAg; (b)
TiZrTaAg + Chi + BG + ZnO; (c) TiZrTaAg + Chi + BG + GO.

In antibacterial assays against E. coli and S. aureus, all coatings reduce ODsoo in the first
48 hours, but Chi-BG—GO shows the strongest inhibition—up to 83 % for S. aureus and 71 %
for E. coli—supported by the largest inhibition-zone diameters (Figures 6.15-6.17).
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Figure 6.15. Antibacterial activity against (a) E. coli and (b) S. aureus; (c) Bacterial-

growth-inhibition index
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Figure 6.16. Antibacterial activity against (a) E. coli and (b) S. aureus; (c) Bacterial-

growth-inhibition index
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Figure 6.17. Inhibition-zone diameters after 24 hours

Overall, comparison of the two deposition techniques confirms that the Chi-BG-GO
film offers the best compromise between anticorrosive protection, mechanical strength of the
layer, and antimicrobial activity, via a compact structure, controlled ion release, and GO’s

“contact killing” mechanism (Figure 6.18) [61], [62].
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Figure 6.18. Proposed mechanism for film evolution during immersion:

(a) bare Ti-Zr-Ta-Ag; (b) TiZrTaAg + Chi + BG + ZnO; (¢) TiZrTaAg + Chi + BG + GO.
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Chapter 7: Simultaneous electrodeposition of polypyrrole-naproxen from a

natural deep eutectic solvent (NADES) onto the Ti-20Zr-5Ta-2Ag alloy

Chapter 7 describes the electrochemical synthesis of polypyrrole films loaded with
Naproxen (PPy—NAP) directly from a natural deep eutectic solvent (NADES) onto the Ti-20Zr-
5Ta-2Ag alloy and their morphological, electrochemical and pharmacokinetic characterization.
Cyclic voltammograms revealed clear anodic and cathodic peaks associated with pyrrole

oxidation and polymer reduction, intensified in the presence of Naproxen (Figures 7.1-7.2).
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Figure 7.1. Cyclic voltammograms of electrodeposition on Ti—Zr—Ta—Ag alloys recorded at

different scan rates for (a) PPy and (b) PPy+NAP
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Figure 7.2. Comparative cyclic voltammograms recorded for Ti—Zr—Ta—Ag in monomer-free

electrolyte, with pyrrole monomer, and with pyrrole + Naproxen, at 200 mV-s™
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Electropolymerization of pyrrole on Ti-20Zr-5Ta-2Ag was carried out simultaneously

by chronoamperometry and chronopotentiometry to obtain both neat PPy and PPy loaded with

Naproxen. In potentiostatic mode, the I-t curves showed a sharp current spike at initiation—

most pronounced at 1.6 V—followed by a gradual decay due to mass-transport limitations;

Naproxen amplified the peak current densities, suggesting accelerated charge transfer. In

galvanostatic mode, the potential reached a steady level at | mA faster and at higher values than

at 0.5 mA, indicating formation of thicker films and conductivity changes induced by drug

incorporation. Q-t plots showed a proportional increase of charge with applied potential or

current, demonstrating the ability to tune film thickness by deposition parameters (Figures 7.3—
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Figure 7.3. Chronoamperometric and chronopotentiometric profiles for PPy (a) and PPy—NAP
(b) electrodeposition on Ti-20Zr-5Ta-2Ag in NADES
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Figure 7.4. Comparative charge—time (Q-t) plots for PPy+NAP films deposited
potentiostatically (1.2 V, 1.4 V, 1.6 V) and galvanostatically (0.5 mA, 1 mA)

Optical and SEM micrographs showed that neat PPy uniformly covers the substrate,
while Naproxen incorporation alters polymer nucleation into a sponge-like nodular network
(potentiostatic deposition) or a denser, more compact film (galvanostatic deposition) (Figure
7.5).

Figure 7.5. Optical micrographs of bare Ti-20Zr-5Ta-2Ag and after coating: a, a’ — bare alloy;
b, b’ — PPy; ¢, ¢’ — PPy+NAP (potentiostatic); d, d — PPy+NAP (galvanostatic); a—d: 10x,

scale bar 10 um; a’—d": 20x, scale bar 5 pm.
Overlaid FT-IR spectra confirm the presence of polypyrrole bands (N-H, C=C, C—N) and
Naproxen signals (aromatic C—-H, COO~, C-O-C), demonstrating chemical integration of the

drug into the matrix (Figure 7.7).
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Figure 7.7. Overlaid FT-IR spectra (4000—600 cm™) for Ti-20Zr-5Ta-2Ag+PPy and Ti-20Zr-
5Ta-2Ag+PPy-NAP coatings

Contact-angle measurements show a transition from 31° (bare alloy) to 11-13° under
PPy and to 4-10° under PPy—NAP, creating a superhydrophilic surface favorable for protein
adsorption and cell proliferation (Figure 7.8).
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Figure 7.8. Static contact-angle measurements (mean = SD, n = 5) for bare Ti-20Zr-5Ta-2Ag

and coated with PPy or PPy—NAP (potentiostatic and galvanostatic)

In simulated body fluid (SBF), open-circuit potentials of PPy and PPy—NAP films
stabilize in ~20 min and shift positively relative to the bare alloy, indicating an effective
electrochemical barrier. Tafel plots show that for PPy, corrosion current density drops from

~754 pA-cm? (bare alloy) to 6.8 pA-cm™? (potentiostatic, 1.6 V, 2 C) and 4.5 pA-cm™
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(galvanostatic, 1 mA, 2 C), while for PPy-NAP, i, ranges between 1.26 and 5.52 pA-cm™

depending on deposition conditions. Corrosion potential (Ecorr) shifts positively and

polarization resistance (Rp) increases from 0.063 kQ-cm? (bare) to 5.9-11.2 kQ-cm? (PPy) and

9.8-37.8 kQ-cm? (PPy—NAP), confirming the films as very effective corrosion barriers.
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Figure 7.11. Potentiodynamic polarization curves in SBF for PPy coatings deposited
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Figure 7.12. Potentiodynamic polarization curves in SBF for PPy—NAP coatings deposited
potentiostatically at 1.6 V (1.6 C, 2 C, 2.2 C), 1.8 V (1.6 C) and galvanostatically at 0.5 mA
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Figure 7.13. Comparative Tafel plots (Q =2 C) in SBF for bare alloy, PPy-coated and PPy—
NAP-coated: (a) potentiostatic (1.6 V, 2 C); (b) galvanostatic (1 mA, 2 C)

Table 7.1. Polarization parameters for Ti-20Zr-5Ta-2Ag coated with PPy and PPy +

Naproxen
Tafel slope extrapolation Polarization resistance Pi P
(%) (%)
Material Depqs.ition Eeor, fcorr, . Kg, , 1 Veorr, Ry, fcorr,
conditions mV PA X cm ™ g x m*X h }rzr:r _><1 KO % em? pA x cm
Alloy —373 754 10.65 14.22 0.063 722
(bare) +0.5 +1.2 +0.3 +0.1 +0.02 +1.5 ) j
2C; 1.6V —69 6.81 0.096 0.128 6.80 6.04 99.09 3.85x10*
+0.3 +0.02 +0.005 +0.03 +0.7 +0.05 +0.01 +0.03
PPy/Alloy 2C; ImA =59 4.5 0.064 0.085 11.15 421 99.40 2.11x10*
+0.3 +0.04 +0.002 +0.001 0.5 +0.01 +0.01 +0.02
1.6C; 1.6V -19 7.02 0.099 0.132 5.9 6.97 99.07 2.62x10°*
+0.2 +0.08 +0.003 +0.005 0.3 +0.02 +0.01 £0.01
PPy-Nap 2C;1.6V -34 1.65 0.023 0.031 29.7 1.35 99.57+ 6.1x107°
/Alloy +03 +0.03 + 0.001 +0.001 £0.5 +0.01 0.02 + 0.005
1.6C;1.6V -39 5.52 0.078 0.104+ 9.8 5.14 99.27+ 1.95x10™*
+0.2 +0.04 +0.003 0.01 +0.1 +0.02 0.005 +0.02
2.2C;1.6V 125 1.35 0.019 0.025« 335 1.35 99.82+ 1.02x107°
+0.9 +0.01 +0.001 0.002 +0.5 +0.02 0.01 +0.04
1.6C;1.8V 59 2.852 0.040 0.054=+ 19.0 2.34 99.62+ 3.61x 107
+0.4 +0.02 +0.003 0.005 +0.2 +0.02 0.02 +0.01
2C;1mA -46 1.26 0.018 0.024= 37.8 1.25 99.83+ 5.44x 107
+0.3 +0.02 +0.001 0.001 +0.5 +0.02 0.005 +£0.01
2C;0.5mA 37 2.96 0.042 0.056=+ 17.5 2.72 99.61+ 4.93x 107
+0.1 +0.04 +0.002 0.002 +0.2 +0.02 0.02 +0.02

EIS confirmed these results. The introduction of Naproxen into the PPy matrix further

amplifies the barrier effect. For example, a PPy—NAP film deposited at 1.6 C/1.6 V provides an
Reoat of approximately 1.4x10'" Q-cm?, compared to only 6.4x10° Q-cm? for a similar PPy film.
In parallel, Rt increases from ~0.77 kQ-cm? (1.6 C at 1.6 V) to nearly 15kQ-cm? (2.2 C at
1.6V).
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Figure 7.15. Nyquist (top) and Bode (bottom) for PPy—NAP in SBF: potentiostatic
depositions at 1.6 V (1.6 C, 2 C, 2.2 C), 1.8 V (1.6 C) and galvanostatic at 0.5 mA and 1 mA
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Figure 7.16. Comparative Nyquist (left) and Bode (right) for bare alloy and coated with PPy
or PPy—NAP in SBF, prepared in NADES: left panels—chronoamperometric (potentiostatic)

deposits; right panels—chronopotentiometric (galvanostatic) deposits

Table 7.2. Fitting parameters of the equivalent circuit obtained by EIS modeling

Rs, Rct, CPEdl CPEdl Rcoat, Q x CPEcnat CPEcoat Chi-
. Deposition Qx |KQ |—T,uF |—P cm’ —T,Fx |—P squared
Material 2 5 3
parameters cm X X cm cm 2)
cm’
- 429 |339 | 640 0.84 19.25 0.86x 10" | 0.87 5.1x107
3
2C; 1.6V 25.1 1.35 | 36.6 0.787 4280 1.44x 10" | 0.766 4.1x 107
3
2C; ImA 196 |6.02 |32 0.718 7.43x10° | 3.19x 10" | 0.572 1.7 x 107
3
1.6C; 1.6V 2275 | 1.11 | 28.2 0.898 6.41x10° | 1.75x 10" | 0.638 1.6x 10
3
2C;1.6V 23.37 | 642 | 26.2 0.871 2.59x 10* | 0.39x 10" | 0.68 4.8x 10"
3
1.6C;1.6V 13.84 | 0.77 | 57.8 0.887 1.43x 2.5x 107 | 0.655 1.1x 107
1011
2.2C;1.6V 24.4 1498 | 8.92 0.836 9.3x10° | 4.44x 10 | 0.59 1x 107
PPy+Nap !
1.6C;1.8V 16.37 | 6.15 | 17.2 0.947 5.95x% 9.66% 0.548 | 8x 10*
103 104
2C;1mA 2433 | 11.53 | 4.16 0.944 11.86% 5.4x10° | 0.684 6.3x 107
10°
2C;0.5mA 18.68 | 12.2 | 16 0.918 10.36x10° | 5.75x 10" | 0.562 5.3x 107
4
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Release kinetics of Naproxen in SBF at 37 °C were evaluated by UV—Vis at 230 nm:
the potentiostatic film shows an initial burst of ~21 % in 3 h and ~94 % release at 192 h, while

the galvanostatic film shows ~12 % at 3 h and ~98 % at 192 h (Figure 7.19).
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Figure 7.19. Cumulative Naproxen-release profiles in SBF at 37 °C for PPy—NAP (fixed
charge = 2 C): (a) potentiostatic deposition (1.6 V); (b) galvanostatic deposition (1 mA)

Empirical model analysis showed that the Peppas—Korsmeyer model best fits the data
(R?>0.99), with exponent n = 0.505 (Fickian diffusion) for the potentiostatic film and n = 0.667

(anomalous non-Fickian diffusion) for the galvanostatic film (Table 7.3).

Table 7.3. Kinetic parameters from empirical model fitting of release data

Zero order First order Higuchi Hixson-Crowell | Peppas-Korsmeyer
Deposition In(100 — V100 — %R .
%R = kot %R = kot %R = k,\/t
R2 k() R2 k] R2 k2 R2 k3 R2 k4 n
Potentiostatic | 0,9797 | 2,62 0,9851 | 0,0428 | 0,9885 | 12,82 | 0,963 0,053 0,9929 | 13,29 | 0,505
Galvanostatic | 0,9931 | 1,88 0,9956 | 0,024 | 0,9734 | 8,51 0,9931 | 1,65 0,9973 | 7,73 0,667

In conclusion, by tuning electrochemical parameters (potential, current, charge),
synthesis in NADES enables reproducible PPy—NAP films with controlled morphology,
superhydrophilicity, enhanced corrosion resistance and sustained Naproxen release. These

multifunctional coatings are promising for protective and localized drug-delivery applications.
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FINAL CONCLUSIONS

In the present doctoral thesis, the integrated properties and behavior of the
multicomponent Ti-20Zr-5Ta-2Ag alloy—a novel material patented in 2019 for biomedical
applications—were investigated.

The main objective was to evaluate the multifunctional character of this alloy, which
combines favorable mechanical properties (high strength, low elastic modulus), excellent
chemical stability in physiological media, and specific biological activity (biocompatibility and
antibacterial effect). Accordingly, surface modifications and treatments were optimized to
confer a broad spectrum of functional properties, useful in both biomedical applications and
aggressive industrial environments. The results confirm that the alloy exhibits complex and
versatile behavior, simultaneously delivering mechanical strength, electrochemical stability,
biocompatibility, and antibacterial action.

First, surface pre-treatment studies showed that both acid and alkaline etches can be
used as complementary tools to calibrate surface topography and energy. Acid etching induced
fine roughness, which can enhance adhesion of subsequent functional films. In contrast,
alkaline conditioning produced a dense, hydrophilic oxide layer associated with increased
microhardness and enhanced chemical inertness. This versatility allows rapid adaptation of the
substrate to distinct requirements, from accelerated osteointegration to high abrasion and
corrosion resistance.

Second, controlled thermal oxidation between 300 °C and 500 °C generated a uniform
oxide layer that doubled microhardness and reduced corrosion current by an order of magnitude
without compromising structural integrity. Exceeding 800 °C proved counterproductive, as
accelerated grain growth promoted spallation and cracking, diminishing the protective effect of
the passive layer. This direct structure—property correlation underscores the necessity of strictly
defining the optimal thermal window (300 — 500 °C) as a prerequisite for industrial applications.

On the biofunctionalization front, coatings based on chitosan, bioglass, and graphene
oxide outperformed those with ZnO, thanks to GO’s dense architecture and barrier properties.
The Chi + BG + GO film maintained high anticorrosive protection over 60 days and exhibited
pronounced inhibition of Staphylococcus aureus, demonstrating its potential to simultaneously
reduce electrochemical degradation and microbial colonization.

Concurrently, the electrochemical deposition of polypyrrole-Naproxen films from a

natural deep eutectic solvent introduced a multifunctional surface concept that provides an
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anticorrosive barrier of up to 10> Q-cm? and controlled release of the anti-inflammatory drug.
The biphasic release profile—an initial burst followed by sustained diffusion over nearly a
week—meets clinical demands for immediate post-implant prophylaxis alongside short-term
local therapy.

Correlation of these four experimental stages highlights the value of a hierarchical
“defense-in-depth™ strategy: chemical pre-treatment optimizes roughness and reactivity;
thermal oxidation consolidates microhardness and the passive barrier; bioactive coatings impart
antibacterial protection; and conductive polymer films add controlled drug-release
functionality. Each level contributes additively to corrosion-current reduction and
biocompatibility enhancement, yielding performance that significantly exceeds that of any
single method.

Original contributions of the thesis include an investigation of how heat treatment
influences the structure and properties of the Ti-20Zr-5Ta-2Ag alloy; a comparative analysis of
doctor-blade versus MAPLE techniques applied to Chi+BG systems with ZnO versus GO
additives, and demonstration of PPy—NAP coatings from natural deep eutectic solvents. Finally,
the work maps in detail the relationship between processing parameters, surface structure, and
electrochemical/biological performance.

Limitations of the study lie in its predominantly in vitro character. Future stages should
include in vivo validation, cyclic-fatigue testing, and advanced modeling of film-tissue
interactions at the cellular scale.

In conclusion, this thesis demonstrates that Ti-20Zr-5Ta-2Ag can be transformed,
through a carefully sequenced set of treatments, into an advanced materials platform that
integrates mechanical strength, electrochemical stability, biocompatibility, and controlled drug
release. In doing so, the work not only advances fundamental knowledge but also provides

concrete technological premises for the development of next-generation materials.
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