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ARTICLE INFO ABSTRACT

Keywords: In order to create alloys with exceptional properties for orthopedic uses, this study focuses on the impact of
Ti-Nb-Zr alloys zirconium (Zr) content on the structural, electrochemical, and tribological qualities of nanostructured Ti-25Nb-
Na'nobio.materials ) xZr [x =5, 10, 15, 20, 25, and 30 atomic (at.) %] alloys. The structural evolution was investigated using XRD and
g:rbr‘;ls"iil:al behavior SEM techniques. The mechanical characteristics of the produced alloys, including Vickers hardness and Young’s

modulus, were measured. In addition, the corrosion tests were performed using the OCP, EIS, and PD methods in
Ringer’s solution within the independent pH range at 37 °C. A ball-on-disc tribometer was used to investigate the
tribological behavior of the alloys under various loads and wet conditions using the Ringer solution. It has been
verified that Zr content (at. %) in the alloys had an impact on their morphologies, structural evolution, and
mechanical characteristics. According to the morphological analysis, the particle and crystallite size decreases
with increasing Zr content. Young’s modulus and Vickers hardness show the same tendency. The EIS data
demonstrated that a single passive film formed on the alloy surfaces, and the addition of Zr enhanced the
corrosion resistance of the passive films. The polarization curves demonstrate that the alloys had low corrosion
current densities and large passive areas without the passive films disintegrating. Likewise, the inclusion of Zr
resulted in a reduction in the corrosion and passive current density values. All of these results suggested that the
titanium alloys exhibit a more noble electrochemical activity caused by Zr. From the tribological perspective, it
was found that the friction coefficient of the alloys reduced with increasing Zr content.

Ringer’s solution
Biomedical applications

1. Introduction

The mechanical properties of bones can deteriorate due to abnormal
endogenous self-healing mechanisms or excessive stress, osteoarthritis,
degenerative diseases, and trauma [1-5]. The creation of artificial bio-
materials that can be surgically implanted in the proper morphology to
enable the restoration of damaged systems is one of the solutions to
these problems [1-5]. The biocompatibility of these materials is a sig-
nificant problem, as tissue neoformation with posterior characteristics
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develops on the implanted devices [6]. Therefore, these basic charac-
teristics of the implanted materials, such as their microstructure,
morphology, content, and organic properties, dictate their efficiency
[2].

Therefore, the materials produced must be biocompatible, have high
corrosion resistance, and exhibit the correct mechanical properties to be
considered excellent candidates for biomedical applications [7,8].
Numerous biomaterial alloys with significantly improved characteristics
have been created in the last few decades. However, most of these newly
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discovered materials and alloys are dense, which causes a biomechanical
mismatch that can cause harmful responses and a number of other is-
sues. The three most widely used metallic alloys in modern times are
stainless steel, Co alloys, and Ti alloys [8-10]. However, these materials
have shown a tendency to fail after extended usage for a number of
reasons, including poor corrosion resistance and excessive Young’'s
modulus [1-4].

Actually, titanium alloys have drawn much interest because of their
possible applications [11] due to their exceptional corrosion resistance.
They replace conventional materials like SS 316 L and Co-Cr alloys in
the majority of biomedical applications because they offer significant
advantages over those materials [12]. Numerous studies on the fabri-
cation of Ti alloys with various elements are found in the literature [13].
However, the most commonly utilized Ti-6Al-4V alloy is harmful to
human health and may cause mutagenic cytology and hypersensitive
reactions [14,15]. Therefore, Ti-Al-Nb and Ti-Al-F alloys were devel-
oped [10-12] to replace the V in the titanium alloys. These alloys have
extremely high Young’s modules, which causes stress shielding due to
significant variations in mechanical characteristics compared to the
ones of bones [16].

The development of titanium alloys, which consist of strengthening
and stabilizing alloying elements like Nb, Mo, Ta, and W [1-16], was
forced to overcome this challenge further. Numerous structures, such as
Ti-Zr-Al-V, Ti-Zr or Ti-Mo have been suggested [17-20]. However,
each of these structures has its benefits and drawbacks. For example, it
was shown that Mo causes significant compatibility problems with
human tissue in the Ti-Mo system [18,20].

Based on current research, the elastic modulus of Ti- (20-50 at. %)
Nb alloys is approximately 61 GPa [21,22]. Furthermore, an increase in
Nb content tends to stabilize the titanium p-phase while lowering the
Young’s modulus of these alloys [21-24]. For demanding biomedical
applications, a metastable Ti-33Nb-4Sn alloy with good characteristics
has recently been developed [25]. Since Zr was discovered as a
biocompatible and neutral alloying element for titanium [7,8,26],
Ti-Nb-Zr alloys with superior qualities were created. The inclusion of Zr
improves the biocompatibility of the alloys. It decreases the production
of undesirable phases, such as the omega phase () [27,28], which is
well-known to increase the elastic modulus [29].

Additionally, it was shown that the Zr addition enhanced the
superelastic behavior and shape memory effects (SME) of the Ti-Nb
system, which is advantageous for biomedical applications [30]. Despite
it being one of the controlling elements that determine many
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characteristics of the alloy, there are — to the authors’ best knowledge —
few studies in the literature that published the effect of Zr addition on
the structural and tribological behaviors of Ti-Nb-Zr structures [20,21].
Therefore, these issues, together with the mechanical and corrosion
characteristics of nanostructured Ti-25Nb-xZr alloys with (x =5, 10, 15,
20, 25, 30) formed using ball milling were investigated for the first time
in the current work.

2. Experimental
2.1. Samples preparation

The ternary Ti-25Nb-xZr (x = 5, 10, 15, 20, 25, and 30 at. %) alloys
are manufactured using highly pure powders of Ti (99.98 %), Nb (99.97
%), and Zr (99.98 %) acquired through the SIGMA-Aldrich society
(Fig. 1). Their compositions and properties are presented in Table 1.

A ball mill type (Pulverisette P7) was used to create uniform powder
combinations. 80 mL hardened metallic vials were milled with 10 mm
diameter balls with BPR of 20:1. The grinding cycle takes 30 min of
grinding at 400 rpm, followed by 30 min of rest.

The milled powders were processed by utilizing a HIP process at 300
MPa to form cylindrical samples with a diameter of 13 mm. After that,
the HIPed specimens were sintered in a high vacuum furnace operating
at 10° bars for 4 h at 1250 °C with a heat/cool rate of 12 °C.min!
(Fig. 1).

2.2. Structural characterization
The particle morphology was evaluated using an SEM (SEM, Zeiss

Table 1
Characteristics of the elemental powders employed for manufacturing the
Ti-25Nb-xZr alloys [22].

Ti Nb Zr
Particle size <100 pm
O (at.%) 0.057 0.314 0.212
Fe (at.%) 0.0052 0.00034 0.0002
N (at.%) 0.0015 0.0018 0.00330
H (at.%) 0.005 0.00023 0.00090
C (at.%) 0.04 0.0074 0.001
Atomic radius (nm) 0.148 0.145 0.161
Melting temperature (°C) 1668 2477 1855

Ball to powders: 20: 1 !

Rotation: 400 tr/mn
Milling time: 48 h

Characterization techniques

I
I Efficiency of pollutant degradation
Wear resistance + corrosion resistance

Tribological
characterization

Electrochemical
characterization

Friction coefficient
1 | Wear rate + Wear volume

Fig. 1. Sample production process and characterization techniques.
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DSM 960A at a voltage of 20 kV) (Fig. 2). A Mini Flex600 X-ray
diffractometer from Rigaku Corporation was used to identify the various
stages in the samples. The specimens’ hardness was measured with a
Zwick ZHV2.0 outfitted with a Vickers diamond indenter.

2.3. Electrochemical characterization

The electrochemical analysis was conducted utilizing a standard
corrosion 3-electrode cell; the platinum (Pt) was used as the counter
electrode, (SCE) saturated calomel electrode as the reference electrode,
and the working electrode (WE) was the Ti-25Nb-xZr samples. To
imitate human body fluid, Ringer solution, with a pH value of roughly
7.4, was used as an electrolyte (Table 2). All studies were carried out
with a Solartron 1287 potentiostat and a Solartron 1260 frequency
response analyzer equipment (ENSAM Lille, France) at 37 °C (Fig. 3).

EIS measurements were done using a frequency range of (10~210°
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Hz) and a potential amplitude of 10 mV in an open-circuit potential.
Zview 2.1b was used as a suitable model for quantification of the
equivalent circuit in order to provide the quantitative data for the dis-
cussion of the experimental EIS results. To ensure that the steady-state
condition was reached, the tests were started after 1 h of holding time.

Using a Solartron 1287 potentiostat, initial studies on the potentio-
dynamic properties of the Ringer solution were carried out. The scan-
ning rate ranged from —500 to +2400 mV /scg, with a potential of 1 mV/
s. The polarization curves were produced using a data acquisition system
(Cview. 2 version). The potential and the corrosion rate were determined
using Tafel plots, utilizing both cathodic and anodic branches.

2.4. Tribological characterization

In compliance with the ISO 7148-1:2012, ASTMG 99, and ASTM
G133-95 standards, tribological tests were performed utilizing a

Fig. 2. SEM images of the particles of the pure powders: a)-Ti, b)-Nb, ¢)-Zr. and p)- phase diagram of Ti-Nb-Zr system at 500 °C [17].
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Table 2
Ringer solution’s chemical composition [9].
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Components NaCl CaCl, KCl CeH1206 CgH;8N>04S (Glucose) Hepes Buffer
gl™? 6.44 0.26 0.20 1.82 2.40 / Hepes Buffer
Current A,
detection Potentiostat | €2— Electrockmical Impedunct Spechrorcty S - w=1/RpCdl
/l\:s:mt - Ru Ru+Rp
pplicatio
v CE RE| ws||WE \ / -
— 7 et
v(t) e ‘
CE RE WE
Electrolyte solution

Orientation direction of (A) response current flow during oxidation. ( B) electrons flow during oxidation

Fig. 3. Scheme of an experimental 3-electrode electrochemical cell.

tribometer (Tribotester) with a ball-on-plate configuration (Fig. 4) under
wet conditions with Ringer solution as simulated body fluid [9]. The
experiments were conducted using a 6 mm alumina ball (Al;03) with an
elastic modulus, hardness, and density of (E = 324 GPa, HV o3 = 2454,
and = 3.98 g cm® correspondingly) as the counterface, sliding at a speed
of 15 mm/s.

3. Results and discussion
3.1. Structural characterization

3.1.1. Morphological characterization

The effect of different Zr content on the microstructure of Ti-25Nb-
xZr powders after mechanical milling is presented in Fig. 5. The mi-
crographs distinctly demonstrate the gradual changes in the shape and
size of the particles at varying Zr content levels (Zr = 5, 10, 15, 20, 25,
and 30 at. %). In accordance with the typical properties of the milling
process, the size of the milled powder particles first increased and sub-
sequently dropped [31]. It may be suggested that the alloys’ grain sizes
were refined with Zr addition [32].

The agglomerate structure and particle size distribution displayed in
the micrographs suggest that the initial substrate powders were

Sliding Direction

Fig. 4. Scheme of a ball-on-disc type oscillating Tribotester.

continuously subjected to cold welding and fracture. As reported in a
previous study, these agglomerates or rising particle sizes are the result
of the plastic deformation that was induced and the increased temper-
ature during mechanical milling [33]. The numerous nanoparticles in
the milled powder were created by the continuous plasticization,
hardening, breaking, and cold-welding of a metal powder due to ball and
extrusion impacts [34].

With 5 at. % Zr content (Fig. 5a), the powder charge had at least 15%
by volume of the ductile phase of the alloys. In this case, the particle size
was relatively distributed uniformly, and particles were agglomerated,
which got smaller and rounder as the proportion of Zr increased. Particle
size increases as a result of the particles’ ability to bind with one another
on the newly formed surfaces [35]. According to Fig. 5 b-d, samples with
10, 15, and 20 at. %, respectively, show that the fatigue mechanism
causes the deformation to continue and the particles to harden and oc-
casionally fracture.

When there are no substantial agglomeration dynamics, the frag-
ments formed by this mechanism can further reduce in size to reach the
nanometric scale [36,37]. The grinding bodies’ constant impact
continuously refines the particle structure, but the particle size stays
constant [38]. Consequently, the proportion of each particle’s lamellar
structures increases, and interlamellar distances decrease [39].

For specimens with 25 and 30 at. % of Zr content (Fig. 5 e and f), the
range of particle sizes is limited at this point because larger particles
typically divide into smaller ones. In contrast, smaller pieces tend to
agglomerate and grow larger until they reach the micrometer scale. The
crystallites’ size is progressively reduced to nanometric dimensions, and
the interlamellar distance is smaller between milling for a few minutes
to an hour [40]. To summarize, the shape of the particles that make up
the Ti-25Nb-xZr compound after the milling process has the sizes and
shapes shown in Fig. 5.

3.1.2. XRD analysis

The XRD spectra of the milled powders are displayed in Fig. 6a. The
XRD pattern for the sample with 5 at. % Zr reveals the presence of p and
o phases. The o-Ti phase is represented by the peaks located near 26 =~
36.7, 40, 64, 78, and 110°, and the p-Ti phase is represented by the peaks
located at 26 =~ 41.8, 54.5, 72.4, 87, and 115°.

The intensity of the peaks related to the o and B-Ti phases, which are



M. Fellah et al.

Journal of Science: Advanced Materials and Devices 9 (2024) 100695

Fig. 5. SEM micrograph of Ti-25Nb-XZr as a function of the Zr content milled for 18 h..

positioned between 50° and 90°, dropped significantly with increasing
Zr content, to the point where they nearly vanished in the sample with
30 at. % Zr. It is also valid for the peak positioned at 20 = 110°.
However, the neighboring peak at 26 = 110° retained its intensity but
shifted to lower 20 values. Hence, p-Ti peaks disappeared, which can be
ascribed to the excessive Zr content, suggesting that a-Ti is predominant.
The intense peaks near 20 ~ 36.7, 40, and 41.8° also shifted to lower
angles, as shown in Fig. 6b, with a remarkable reduction in intensity. As
the Zr content increased, a broadening of the peak profile occurred, as
indicated clearly in Fig. 6b, resulting from milling-induced plastic
deformation and particle size refinement, which caused a change in the
cell parameters. Concurrently, a peak displacement to lower angles,
attributed to crystal structure distortion and a variation in the Ti lattice
parameters, most likely as a lattice strain consequence caused by the Nb
and Zr insertion in the Titanium matrix [1,2], can be observed in Fig. 6b.
It is crucial to note that the increase in Zr content causes a more
substantial shift compared to other processing parameters, such as sin-
tering temperature [1] and Milling time [3]. It can be explained mainly
by the Zr content: excessive amounts of Zr, like 25 or 30 at. %, initiate
severe distortion of the Ti lattice. Comparing the atomic radii of Ti with
0.147 nm, Nb with 0.144 nm, and Zr with 0.160 nm, the Zr atom is much
larger than both Ti and Nb atoms. Hence, during phase transition, the
insertion of Zr in the Titanium matrix produces significant distortion.

3.1.3. Lattice parameters, microstrain, and crystallite size evolution

Fig. 7 illustrates the progression of the lattice parameters, micro-
strain, and crystallite size of the Ti-25Nb-xZr systems as a function of the
Zr content (at. %). A substantial increase in the lattice parameters (ap)
from 3.314 to 3.334 A was observed with the addition of Zr, as shown in
Fig. 7a. It corresponds to a cell extension by 1.07% in volume. The lattice
parameter values of the Ti-25Nb-xZr samples with the addition of Zr
were similar to those presented previously [42].

Obviously, the increasing Zr content decreased the crystallite size
from 65 nm at 5% Zr to the lowest value of 31 nm at 30 at. % Zr.
Conversely, the mean values of microstrain grew from 0.31 to 0.94%
when the Zr content increased from 0 to at. 35%. The above conclusions
and observations can be attributed to phase transition resulting in
induced stress and matrix expansion. In agreement with the binary
Ti-Nb alloys [22], the inclusion of Nb increases the p phase lattice
parameter.

Fig. 7b illustrates the influence of Zr addition on the crystallite size.
By adding 30 at.% Zr, a fine crystallite size of less than 31 nm is ach-
ieved. The reduction in the diffusion coefficient due to the addition of Zr
can be responsible for the refinement of the crystallite size. The nano-
crystalline allows alloys with high strength, polishability, and good
workability to be produced [21].
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3.2. Mechanical characterization

3.2.1. Porosity and relative density

Fig. 8 shows the evolution of relative density and porosity of com-
pacted Ti-25Nb-xZr specimens with Zr (at. %) added. The porosity (%)
reduced from 0.19 to 0.16, 0.10, 0.009, and 0.007 (%), and the pore size
decreased from 58 to 53, 44, 41, and 38 nm, with the Zr content
increasing from 5 to 10, 15, 20, 25, and 30 at. %, respectively. The re-
sults show that the density values increase with Zr addition in such a
way that alloys with 30 at. % Zr present a higher value of ~91.3% than
the alloys with 5, 10, 15, 20, and 25 at. % Zr with values of 72, 81, 86,
and 90%, respectively.

As reported in the literature [16], the Zr addition to the Ti alloys acts
as an element that hinder the improvement of hardness. The larger
amount of Nb and Zr seems to eliminate the o phase so that the Ti-Nb-Zr
system becomes more susceptible to indentation and, therefore, has a
lower hardness [26]. This result suggests that Ti-Nb-Zr may be partic-
ularly ductile with increasing Zr content and should, therefore, exhibit
better forming compared to Ti-25Nb-xZr systems with low amounts of
Zr (0 and 5 at. % Zr).

3.2.2. Young’s modulus and hardness characterizations

The results of elastic modulus and microhardness obtained by micro
indentation of the sintered and compacted Ti-25Nb-xZr samples with
various Zr additions (5, 10, 15, 20, 25, and 30 at. %) are displayed in
Fig. 9. Young’s modulus (elastics modulus) and hardness reduce with the
addition of Zr, which results from the suppression of the precipitation
phase (®) and the increase of the f lattice parameter upon reaching 20
and 30 at. % Zr, hardness, and Young’s modulus stabilize at a low level.

Interatomic forces influence the elastic modulus and decrease when
the interatomic distance increases. The addition of 25 at.% Zr lowers the
Young’s modulus value significantly. The trends in Fig. 9 show that the
samples with 5 at. % Zr have higher values of 300 HV and 76 GPA than
the samples with 30 at. % Zr with values of 233 HV and 60 GPa for
HVj 02 and E, respectively. Elastic modulus should be close to that of
human bone for use in biomedical applications [16].

Therefore, the Ti-25Nb-25Zr system can be an appropriate candi-
date for biomedical applications. For Nb >22%, a stable bcc () phase
occurs in the Ti-Nb system. Thus, Ti-25Nb was found to be the best
composition (with E~82 GPa). Furthermore, the Zr element is chosen to
be added to the Ti25-Nb composition, primarily to reduce the formation
energy of the B-phase and to decrease its Elastics modulus [16]. The
Elastics modulus (E~ 61 GPa) is correspondingly low for the composi-
tion Ti-25Nb-30Zr.

0.22
=%/ = Mean pore size, (nm)
=@ = Porosity, (%) 4 0.20 1%
60 b == Relative density, (%) 493
N == = 1 0.18
190
N \ 7’
N\ 4 1 0.16 87
50 f N\ 4014 84
141N
AR 012 181
/ N -
40 / N \é\ I 1 0.10 8
3 ~ — 1
— 175
/ ~ T Y qoos
£ &~ o {72
2 i i i i ¥ 0.06
0 5 10 15 20 25 30 35

Zr content, (at.%)

Fig. 8. Evolution of Porosity and the relative density of Ti-25Nb-xZr versus Zr
content (at. %).
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Fig. 9. Evolution of Young’s modulus and Hardness of Ti-25Nb-xZr alloys with
variable Zr (at. %) content.

3.3. Electrochemical characterization

3.3.1. Open circuit potential (OCP)

The OCP evolution of the Ti-25Nb-xZr alloys with different Zr con-
tents after 1-h immersion in Ringer solution is presented over time in
Fig. 10. By adding Zr, most of the OCP curves were displaced to the
noblest values because passive films are forming [43,44]. The OCPs of
the samples reach a stable state and are extremely close to each other
after a 10-min immersion. The OCP values were —115.11, —111.43,
—96.23, —72.5, —71.84, and —60.52 mv/SCE, respectively, which is in
accordance with the values obtained by Ref. [45] for Ti-15Nb-xZr in
Hank’s solution [45,46].

A passive coating mainly consisting of ZrO,, NbyOs, or TiO, was
formed on the homogenous corrosion surfaces of all Ti-25Nb-xZr sam-
ples [47,48]. The polarization is regulated to produce a change of Ti;O3
or TiO to TiOy (Greater stability) over 1.2 V/SCE, which increases
corrosion resistance in contrast to the layers that formed spontaneously
in the air [49]. Potentiodynamic polarization is responsible for the
increased OCP values for the samples containing a high Zr
concentration.

3.3.2. Electrochemical impedance spectroscopy (EIS) and equivalent circuit
analysis

To evaluate the effect of Zr addition on the resistance of the
Ti-25Nb-xZr samples to uniform corrosion, EIS measurements were

(1] 8 S5at.% ; — 20 at.%
— 15 at.% ; 25 at.%
50k 10 at.% ; = 30 at.%
—
S -100 b
E
« =150
Q
172}
&5 200
-250
=300
=350 k. " M M L
0 1000 2000 3000 4000
Time, (s)

Fig. 10. The open-circuit potential of the Ti-25Nb-xZr samples vs. immersion
time in ringer solution.
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performed in Ringer solution, which simulates the physiological fluid of
the body. Fig. 11 presents the experimental EIS curves for Ti-30Nb-xZr
(x=5,10, 15, 20, 25, and 30 at. %). A similar behavior of the samples in
the tested environment characterizes the Bode and Nyquist diagrams.

As shown in Fig. 11a, the samples with higher Zr levels have a larger
impedance modulus (Z) than the ones with lower Zr contents. The
Nyquist plots in the impedance diagrams can be described by a large flat
semicircle whose diameter increases with the addition of Zr. These
qualitative findings, along with the impedance parameters (capacitances
and resistances) displayed in Table 3, demonstrate that the Ti-25Nb-xZr
system exhibits a better electrochemical behavior as the Zr content in-
creases (see Table 4).

The Bode-magnitude plots given in Fig. 11b show that there are two
separate regions. The first is at a high frequency (2.5 MHz-5 kHz), where
the curves show a smooth section (slope~0), which is due to the elec-
trolyte response. The second range is at medium and low frequencies,
where the impedance diagram has a linear slope (slope~1), which is due
to the passive film response’s usual capacitive characteristic [50-52].

Three areas can be recognized in the Bode-phase plots. In the high-
frequency range, the phase angle decreased to 5° with the electrolyte
resistance response. In comparison, the phase angle in the medium
frequency remains constant at almost 80°, which indicates a charac-
teristic passive oxide on the surface and an almost capacitive response of
the passive layer. The phase angle decreases to a small value at low
frequencies due to the passive film resistance contribution [50-52].

The addition of Zr increases the frequency range above the maximum
phase angle and the phase angle close to 0°, suggesting an improvement
in the passive film’s capacitive behavior. The important electrochemical
characteristics result from the phase angle and the higher impedance
[53,54]. When using simulated body fluid, increasing the Zr content
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Fig. 11. The electrochemical impedance spectra of the Ti-25Nb-XZr as a
function of the Zr content (at. %) after 1 h immersion in Ringer solution at 37 °C
with neutral pH value 7.4, a) Nyquist plots and d) Bode plots present the
impedance modulus and dephasing versus frequency.
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Table 3

Impedance parameters resulting from the adaption of the equivalent circuit model fitting in Fig. 3 to the experimental EIS results in the Ringer solution.
Alloys Rel (Qem ™ 2) Zcpe1) (Qem™?) nl R1 (Qecm ) (10° porous Zcpe(2) (Qem™?) n2 R2 (Qcm2) 10° barrier X2 (107
Ti-25Nb-5Zr 123 25 (£1.1) 0.98 0.5 28 (+1.1) 0.97 1.12 2.5
Ti-25Nb-10Zr 118 21 (+0.9) 0.99 7.1 25 (£1.3) 0.98 1.89 2.6
Ti-25Nb-15Zr 110 17 (£1.2) 0.99 16 19 (+0.6) 0.98 2.45 1.7
Ti-25Nb-20Zr 106 15(+1.0) 0.98 27 14 (+£1.0) 0.99 2.87 4.01
Ti-25Nb-25Zr 95 11(+0.8) 0.99 30 13 (+0.3) 0.97 3.09 3.1
Ti—25Nb-30Zr 89 9 (+0.3) 1.0 35 12 (+0.2) 0.99 3.34 1.5

Table 4

Electrochemical parameters were extrapolated from the polarization curves I = f (E) and the corrosion speed corresponding to the Ti-25Nb-xZr surfaces (n = 5).

ALLOYS OCP E = f(t), mV VS ECS Potentiodynamic parameters

Ecorr/mV Vs ECS Leorr (pA.cm?) pe/mV pa/mV Veorr (mm.y ™) RP (Q cm®)
Ti-25Nb-5Zr -115.11 —410 1.40 x 107° 315.44 1044.8 0.144 6.26 x 10*
Ti-25Nb-10Zr 111.43 —-336 3.16 x 1077 177.5 610.5 0.0166 6.65 x 10*
Ti-25Nb-15Zr 96.23 -316 3.15 x 1077 131.56 497.2 0.0039 8.09 x 10*
Ti-25Nb-20Zr 72.5 —-308 2.51 x 1077 148.19 375.3 0.0038 1.16 x 10°
Ti-25Nb-25Zr 71.84 —246 2.32 x 1077 132.16 229.3 0.0029 1.30 x 10°
Ti-25Nb-30Zr 60.52 —203 2.04 x 1077 164.64 4.90 x 10° 0.0029 1.94 x 10°

improves the passive film resistance of the Ti—-25Nb-xZr system [55-61],
as demonstrated in Fig. 13. We have already covered the importance of
the suggested equivalent circuit [55-61]. The superb agreement be-
tween the fitted and experimental data means that the suggested
equivalent circuit fits the experimental results nicely. This was esti-
mated by x2 ~ 10* [55] (Table 3).

The proposed equivalent circuit model (Fig. 12) is commonly utilized
to fit single films on Ti-alloy surfaces [52-68]. According to the model,
the oxide layer on the investigated samples is made up of an inside layer
that resembles a barrier and a porous exterior layer. The parameters
fitted by this model are shown in Table 3,

Where Rel represents the electrolyte resistance (Ringer’s solution) at
(F > 1Hz) a high-frequency limit in the Bode spectra, R2 and R1 are
resistances of the barrier and the porous layer, respectively [56-60],
associated with the charge transfer resistance due to the participation of
the adsorbed intermediates and the porous layer (the resistances of the
inner and outer layers). Zcpg(1) is the porous layer’s capacitance, and
Zcpr(2) is the barrier layer’s capacitance, which is related to the creation
of the double-layer.

For simplicity’s sake, the capacitance was used as a constant phase
that represented a transfer from an ultimate capacitor. The phase
element impedance is uniquely described as Z¢cpg = [C (jo)n]—1, where
o is the frequency, C is the capacitance, and —1<n < 1. The non-uniform
current distribution caused by surface imperfections and roughness is
related to the n value [35,39]. Comparing the capacitances Zcpg(1) and
Zcpr(2) of the Ti-25Nb-XZr alloys (X =0, 5 10, 15, 20, 25, and 30 at. %)
shows that the Ti-25Nb samples have higher capacitances values (Zcpg
@) and Zcpg(z) of ~16 and 106 Qs ™" cm? or 16 and 18chm’2, respec-
tively) than the Ti-25Nb-XZr (X = 5 10, 15, 20, 25, and at. 30%) alloys.

- z

Fig. 12. Proposed equivalent circuit for fitting the impedance data for the
analyzed Ti-25Nb-xZr samples in a Ringer solution.

Conversely, in the examined alloys, the polarization resistances of
the porous layers (R1) are substantially lower than those of the inner
barrier layer (R2). This suggests that the inner barrier layer provides the
majority of the protection, as was also observed for the Ti-alloys [45,49].

The values of Zcgpgz) were analyzed in conjunction with the R2
values. It appears that the high phase angles at low frequencies are
caused by the Zcpg(2) modulus. For the Ti—25Nb alloy, Zcpg(1) and Zcpg(2)
are analogous (=20 chm’z); nevertheless, the resistance of the barrier
layer (R2) is higher by a factor ~ 103. With Zr additions, the porous
layer’s (ZCPE(1)) capacitance is approximately 2-20 times greater than
the barrier layer’s (ZCPE (2)) capacitance [5,9].

Low capacitances are linked to an increase in the passive film’s
thickness [69,70] and a reduction in the dielectric constant of the oxide
film [61]. A more noble electrochemical corrosion behavior is attributed
to the combination of high polarization resistances and low capacitances
[55,58,59].

Consequently, these EIS parameters (Table 3) suggest that the
addition of Zr to mechanically alloyed and milled Ti— 25Nb enhances
their electrochemical behavior. They also point out that both the outer
and inner film can improve corrosion protection.

As a result, polarization enhances the corrosion resistance of Ti al-
loys. According to the literature, the applied potential often causes the
oxide film’s thickness to increase [41,42]. There have also been reports
of an increase in the inner barrier oxide density layer and/or the oxide
film thickness [63]. The same potentiodynamic polarization behavior
has been documented in binary Ti-Nb alloys owing to the production of
a thicker oxide film, leading to a reduction in corrosion rates [64].

Usually, the electrochemical behavior of Ti-alloy can be enhanced
mainly by adding Zr. In this research, it is observed that Zr enhances the
noble properties of the alloys. It also contributes to the p-phase stabili-
zation and provides refining of grain size.

3.3.3. Potentiodynamic polarization results

Fig. 13 shows experimental polarization curves in the Ringer solu-
tion for the studied samples with Zr content. The corrosion potential
(Ecorr) and the corrosion current densities (Icorr) Were determined by
Tafel plots from the polarization curves with anodic and cathodic
branches. These results confirm the tendency of the electrochemical
behavior in favor of the Ti-25Nb-xZr milled alloys. The data indicates
that the Igo value reduces as the Zr content increases, with Ti-25Nb
exhibiting the highest value (Ico).

for all samples, The current density partially stabilizes in the range of
2 and 3 x 107% A.cm™2, which is ascribed to the oxide layer’s
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Fig. 13. Experimental polarization curves (the Ringer’s solution, neutral pH, at
37 °C) for the studied systems with different Zr content (at. %).

development. However, this oxide layer becomes steady at ~ 0.1V.
Many passive current densities (IPP) are related to the corrosion po-
tential for every specimen. In Fig. 13, the Ti-25Nb sample shows the
highest value of IPP (zlSA.cm’z), the middle value of the
Ti-25Nb-15Zr (z7Acm’2), and the lowest of the Ti-20Nb-30Zr samples
(~3.5 Acm™2). The values of polarization (Icor and IPP) and the EIS
parameters reveal the noble electrochemical behavior of the
Ti-25Nb-30Zr sample compared to the samples with lower Zr content.

At potentials of 1000, 1100, 1200, 1310, 1710, and 2310 mV /sck), a
breakdown passive film can be seen for Ti-25Nb-30Zr, Ti-25Nb-25Zr,
Ti-25Nb-15Zr, Ti-25Nb-10Zr, Ti-25Nb-5Zr, and Ti-25Nb, respec-
tively. While a passive Ti-oxide film is produced on the surface of the
specimens, the high IPP values indicate that defects in the oxide layer
can be formed with the tendency of the formation of an additional
porous or irregular oxide film [66].

A stable interface in the development of bone implants is significant
for dental and orthopedic applications. Several strategies have been
proposed to produce positive host-implant interactions, e.g., osteo-
conductive coatings for implant surfaces, porous surfaces, and macro-
scopic irregularities (e.g., calcium phosphate coatings or
hydroxyapatite) [65].

The advantages of biological porous surfaces can be increased by
their ability to generate micro-mechanical bone interlocking, which
results in higher implant fixation compared to a smooth surface. The
bone interconnections involve slight roughness in conjunction with
valleys and/or adequate shape peaks that enable bone retention and/or
growth [65,66]. Porous surfaces may be helpful for the establishment of
micromechanical anchoring between bone and implant and for bone
ingrowth to obtain a lengthy implant lifetime.

In this research, the electrochemical tests showed that the electro-
chemical characteristics of the milled Ti-Nb sample significantly in-
crease with increasing Zr addition [67]. The Ti-25Nb-XZr samples with
low Zr content revealed a rougher oxide layer than other Ti-Nb-Zr
samples with higher Zr content. This latter fact can be very significant
for osseointegration enhancement.

3.4. Tribological characterization

Fig. 14 presents the variation of mean friction coefficients (CoF) for
the Ti-25Nb-xZr samples with varying Zr contents. It can be observed
that the CoF tends to reduce as the Zr content increases due to the
reduction in particle and grain size reduction. The sample containing 30
at. % Zr had the lowest friction coefficient, while samples containing 10
at. % Zr had higher values. The mean values (Fig. 14) at an average load
of 2 N ranged from 0.3 to 0.50. At the same time, they vary from 0.4 to
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Fig. 14. Mean friction coefficients of the Ti-25Nb-xZr samples.

0.72 at 10 N and 0.50-0.91 at 20 N with decreasing Zr content from 35
to 10 at. %, respectively, which is also confirmed by the Hall-Petch
equation (D’l/ 2).

As seen in Fig. 15a, the wear volume of the Ti-Nb-xZr samples
demonstrated a decreasing tendency with Zr addition from O to 30 at%
and normal loads from 2 to 20 N. This corresponds to the reduction in
wear volume of 14.3, 29.05, 41.16, 65.6, and 65.8%. As illustrated in
Fig. 15b, the wear rate reduces with increasing Zr content at steady
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Fig. 15. Evolution of a) wear volume, b) wear rate of the Ti-25Nb-xZr alloys.
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loads. In contrast, the wear rate rises as the applied load increases. It
seems that the addition of Zr has an essential impact on both wear and
volume rates.

Finally, wear behavior and the friction coefficient of Ti-NbZr sam-
ples depend significantly on the Zr content and the experimental con-
ditions. As shown in Figs. 13 and 15, the p-phase Ti-alloys with 25 and
30 at% Zr (Ti-25Nb-25Zr and Ti-25Nb-30Zr) reveal good tribological
behavior and high wear resistance due to the improved mechanical
properties owing to grain size refinement. With increasing Zr content
and load (N), wear rates and friction coefficients increase. The transfer
layer was well compacted due to the frictional heat. Temporarily, both
wear rate and friction were decreased by increasing the coverage area of
the transfer layer. At the same time, alloys containing 30 and 35 at. % of
Zr have a poorer hardness and a higher volume and wear rate when
compared to alloys containing O to 30 at. % of Zr.

4. Conclusion

Ti-25Nb-xZr (x = 5, 10, 15, 20, 25, and 30 at. %) alloys for
biomedical applications, especially for bone implants, were successfully
produced by means of powder metallurgy (PM). The principle findings
show that the increase in Zr content improved the microstructural
properties such as lattice parameters, crystallite sizes, microstrain
values, porosity, pores size, and relative density. The structural evolu-
tion of the milled alloys, morphologies, and mechanical properties were
sensitive to their Zr concentration. An increase in the Zr concentration
decreased the crystallite and the particle size. Both the Vickers hardness
and the Young’s modulus decreased with increasing Zr.

The EIS results showed the production of a single passive film on the
surfaces of the alloy, and the inclusion of Zr enhanced the passive films’
resistance to corrosion. The polarization curves display low corrosion
current densities of the alloys with a large passive area without a
breakdown of the passive films. The inclusion of Zr reduced the passive
current density values and corrosion current densities. All results indi-
cate that the titanium alloys have a nobler electrochemical activity due
to the element Zr.

The addition of Zr decreased the hardness and Young’s modulus
while improving the wear resistance and friction of the Ti-25Nb-xZr
alloys. The Ti-25Nb-30Zr alloy exhibits better tribological behavior.
The alloy’s friction coefficient decreased as the Zr amount increased.
Considering the applications for implants, the Ti-25Nb-30Zr sample
proved to be the best candidate with low material loss and Young’s
modulus, similar electrochemical, mechanical, and tribological
behavior, and non-toxic alloying elements.
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