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Abstract

Newly designed titanium alloys composed of vital elements are being researched to represent alternatives to commercial alloys.
Ti-10Mo alloy with different Zr additions was investigated through corrosion tests in saline media. All studied alloys are in the
a+f region designed using the d-orbital method after applying the equivalent Mo ([Mo]eq) concentrations equation. The
microstructure analysis approved the appearance of a- laths and - grains with varied percentages measured from XRD
diffraction. The  phase amount in the studied alloys is inversely proportional to the corrosion rate. § phase percentages are
94.6%, 47.5 % and 82.3%, opposed to corrosion rates of 0.95451x 103, 1.7819% 1073, and 1.0288x 10-3 mm/year for (Ti-10Mo,
Ti-10Mo-3Zr, and Ti-10Mo-6Zr) alloys, respectively. Large difference between phases induces potential variation, causing
micro galvanic cells to result in high corrosion as achieved in Ti-10Mo-3Zr alloy. Zr addition forms a protective layer over
implant material, that significantly affected the electrochemical properties of Ti-10Mo-6Zr alloy.
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1. Introduction

Titanium and its alloys have proved to attain better
mechanical properties than stainless steel and Co-Cr
alloys; it has been determined that these materials are
most frequently employed as implants. The titanium
alloy most utilized in biomedical applications is Ti-
6Al-4V, with good corrosion resistance [1][2].
Nonetheless, studies have shown that aluminum and
vanadium can both result in neurological problems and
hypersensitive reactions to human tissues [3][4].

Due to its exceptional mechanical qualities,
excellent corrosion  resistance, and superior
biocompatibility, titanium (Ti) finds employment in a
variety of industrial sectors, including biomedical,
petrochemical, automotive, and aerospace [5][6]. Ti

alloys are extensively utilized in biomedical
applications, including bone plates, pacemakers,
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prosthetic knee and hip joints, orthopedic and dental
implants, and screws for fixing fractures [7][8].

Corrosion is a natural phenomenon that follows the
second law of thermodynamics. This law states that a
particular system tends to achieve more excellent
thermodynamic stability. Corrosion is irreversible;
either a chemical or electrochemical reaction happens
when metal and the environment are in contact [9].
Corrosion behavior can be investigated through various
electrochemical methods to judge the amount of metal
corroded inside  the corrosive  medium. The
electrochemical techniques can mainly classified into
open circuit potential, potentiodynamic polarization,
and electrochemical impedance spectroscopy [10].

According to the galvanic metal series, titanium
cannot be counted as intrinsically noble as it has a
© 2025 EKB Publishing
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standard potential value equal to -1.63 V. Despite
titanium behavior in most environments, it shows high
corrosion resistance. This resistance, which approaches
nobility in most environments, mainly refers to the
passive layer formed onto a titanium metal surface and
passivation and  protection  towards
surroundings. This behavior achieved chemical
stability in titanium alloys, making it a great candidate
for corrosion resistance applications, including
the biomedical field [11].

It has been discovered that commercial Ti-6A1-4V,
an o+ titanium alloy, has adverse effects because of its
reduced biocompatibility brought on by specific

causes

alloying components. These substances can potentially
cause health problems by releasing ions into the
bloodstream. Further worries are raised by the
possibility of material escaping from the implant and
entering the surrounding tissues. Debris and ions have
both been linked to an increased risk of diseases such
as metabolic bone abnormalities and Alzheimer's
disease [3].

The two equilibrium phases that make up titanium
alloys are a and B; alloying elements are used to
determine whether these phases stabilize. Three classes
of these elements are distinguished as neutral, (-
stabilizing, and o-stabilizing elements [12]. B type
Titanium alloys, including non-toxic elements such as
Nb, Mo, Zr, Ga, Sn, and Ta, are the safest for bio-
implants; these elements improve biocompatibility,
mechanical properties, wear, and corrosion resistance
[13][14][15][16][17][18]. The oxide layer is formed
upon specific physiological conditions over the metal
surface; this layer is physiochemically affected by the
bulk material chemical composition plus solution
chemistry [19].

Previous work claimed that Ti-Zr alloys released
lower ions than pure Ti; thus, the formed ZrO, layer
achieved higher stability than TiO», so the Zr addition
to Ti element is expected to improve the corrosion
resistance [20]. Pinghua et al. [21] achieved higher
cytocompatibility through the investigated Ti-Zr alloy
rather than CP Ti, and these promising results present
Zr as a favorable alloying element with Ti as a
candidate for bio-implant applications. Previous work
found that Zr element addition to Ti-10Mo alloy
reduced magnetic susceptibilities, representing
a paramagnetic  property suitable during MRI
examination [22].

This work investigates new V-free Ti-alloys as
alternatives to commercial Ti-6Al-4V alloy. The
vanadium toxic influence makes researchers go beyond
this element with newly designed alloys seeking close

https://doi.org/10.21608/ijmti.2025.376536.1120
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mechanical properties to Ti-6Al-4V alloy but better
biocompatibility. The stability of the phases affects the
corrosion resistance of bio-implants, which is the scope
of the current work. The newly designed alloys are non-
allergenic, free of toxic elements and paramagnetic
materials, have high corrosion resistance and good
mechanical properties, and are accepted as cost-
effective.

2. Experimental Procedures

2.1 Alloy design:

Previous studies investigated biomedical Ti-Mo
alloys as a candidate for new vanadium-free bio-
implants and achieved promising results. This work is
an extension of earlier studies focusing on the effect of
Zr element addition to Ti-10Mo alloy after applying
thermo-mechanical treatment using hot forging.
Superior research work on modified alloying systems
targets more investigation on the impact of § plus o
phases stability by altering the percentages of Zr
element addition. The compositions investigated are Ti-
10Mo-xZr, where x has values of 0, 3, and 6 wt%; these
alloys are named after TMZ0, TMZ3, and TMZ6,
respectively.

From empirical approaches, the values of the
e/a and A7 of can represent the kind of deformation
occurring in the alloys. Where e/a is (average electron-
to-atom ratio) and A7 is (atomic radius difference).
e/a -A¥ Graphs the
twinning/stress-induced region as well as the slipping

illustrate estimated

region. Also Bo - Md diagram could approach the
material deformable behavior by obtaining both Bo (the
covalent bond strength between Ti and other alloying
elements) and Md (the with  the

electronegativity and the metallic radius of alloying
elements). This is called the d-electron method and

correlation

applies a relation between the amount of stabilized 3

phase and plastic deformation behavior; the Bo-Md
diagram shows the boundaries separating the phase
stabilization between B, f+a”, f+a, a.

Overall stability assessment of both a and B phases
can be conducted by studying each alloying element's
impact, namely Mo- equivalent ([Moleq).
concentrations. [Mo] equation provided below
represents each element-specific contribution:
(Moeg)o=1.0Mo + 1.25V +0.59 W + 0.28 Nb + 0.22
Ta+1.93 Fe+1.84 Cr+ 1.51 Cu +2.46 Ni + 2.67 Co
+2.26 Mn + 0.30 Sn + 0.47 Zr + 3.01 Si — 1.47 Al (wt

pet). [23]
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Fig. 1 : Boundaries of expected deformation mechanisms obtained for (TMZ0, TMZ3, and TMZ6)

alloys[24].

Table 1. Different values of the current alloys studied.

Md () Bo e/a AT Moeq
T™MZ0 2.421 2.804 4.105 -0.147 0.1
T™MZ3 2.429 2.810 4.107 0.069 0.1141
TMZ6 2.437 2.815 4.108 0.293 0.1282
2.2 Material preparations
Titanium, molybdenum, and zirconium, raw is (10mm*10mm*8mm). All samples were applied to

materials with high purity of up to 99.99%, were
applied to the ultrasonic cleaning device after being
immersed in both distilled water and high-purity
ethanol for 15 minutes each time. Each element was
weighed with a digital balance with accuracy up to the
third digit. The materials were produced using an
electric arc furnace and melting media, which included
argon inert gas. Each sample was flipped twice and
remelted, seeking high homogeneity; the final ingot
was around 100 g.

Three ingots were produced using the arc furnace
with compositions in wt%: Ti-10Mo, Ti-10Mo-3Zr,
and Ti-10Mo-6Zr. All the ingots were applied to the
homogenization treatment in which all samples were
placed in a muffle furnace at a temperature above [-
transus (900° C) for 30 minutes. Then, all ingots were
applied to hot forging processing and quenched in
water.

2.3 Material examination
Microstructural analysis

Specimens were cut for microstructure examinations
using a wire-cutting machine; each sample dimension
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the grinding desk wheels and polished with sandpaper
with grades starting with 180 grits and up to 4000 grits.
Colloidal silica suspension is used to polish samples up
to the mirror surface, followed by using Kroll etchant.
The optical microscope model (ZEISS AXIO Imager
Alm device) was used for observing the micro-
structure. X-ray crystallography (Shimadzu -6100) is
used for phase detection with a range from 30° to 90°;
the diffraction is used to calculate entire phase
percentages.

Corrosion behavior

To determine the corrosion behavior of Ti—10Mo—xZr
alloys, electrochemical testing was performed using a
standard three-electrode setup connected to an
AUTOLab PGSTAT 30 potentiostat. Platinum foil
served as the counter electrode, a saturated calomel
served as the reference electrode, and the Ti—10Mo—
xZr alloy served as the working electrode.

The samples were examined in saline media; the
saline was prepared in the laboratory with a
composition of 9 gm/liter of sodium chloride (NaCl)
salt dissolved in distilled water.
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3. Results and Discussions
3.1. Microstructure Analysis

The micrographs show the stabilized phases in all
studied alloys, which are presented in Figure 2. All
alloys included both B grains and o laths; the percentage
of each phase varied as presented; these results agree

with Bo-Md calculations in which all designed alloys
are located in the a+f region, as shown in Figure 1.
Shear bands appeared through the grains, which are
generated by the effect of hot forging. Elmay et al.

TMZ3

TMZ6

https://doi.org/10.21608/ijmti.2025.376536.1120

discussed the deformation stress effect on [ phase
stability, which initiated the formation of another
allotropic phase [25].

Previous work on Ti-7.5Mo-xZr alloys studied
solution treatment effects related to § phase formation,
which was suppressed upon thermal treatment [26].
Correa et al. investigated the influence of Zr and Mo
elements added to Ti-alloys; both elements provided 3

phase stabilization[27]. The thermomechanical

treatments and amount of Zr addition have different
influences on the phase stabilizations, as concluded by
the previous studies.

Fig.2 Microstructural optical micrographs for TMZ0, TMZ3, and TMZ6 alloys.

The phase percentages in hot forged TMZ0, TMZ3,
and TMZ6 alloys are presented in Figure 3. The XRD
test was used for the calculation of the phase
percentages, the card numbers (PDF 01-086-2610)
were used to detect the p phase, and (PDF 01-077-
3481,PDF 01-077-3484) were used for plotting the o
phase. B phase is the predominant phase in both TMZ0

44

and TMZ6 alloys, with weight percentages equal to
94.6% and 82.3%, respectively. TMZ3 alloy exhibited
a higher a phase amount with a value of 52.5%. The
dual effect of the influence of thermo-mechanical
treatment  and Zr element addition achieved the
differences in stabilized phases.
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Fig. 3 Phases percentages in TMZ0, TMZ3, and TMZ6 alloys.

3.2 Corrosion analysis

The corrosion behavior for Ti-10Mo-xZr alloys with
varying percentages of Zr element addition and phase
stabilized amounts was studied through saline media at
room temperature. The alloying components,
microstructure, phase quantity, production methods,
and porosity influence corrosion behavior [28]. The
corrosion results are summarized and listed in Table 2.
All the tested alloys displayed a closed activation-
controlled manner through the cathodic zone; the entire
linear polarization and electrochemical impedance
spectroscopy (EIS) curves are plotted in Figure 4.

Linear polarization is presented in Figure 4(a), in
which the passive behavior was achieved as no pitting
occurred on tested sample surfaces. Rapid potential
increase was exhibited in all alloys at -100, -130, and -
160 mV for TMZO0, TMZ3, and TMZ6 alloys,
respectively. The formation of a more stable and
compact Zr oxide coating on the surface may be linked
to the increased corrosion resistance resulting from
adding Zr [29][30].

According to the authors, stable passivation coatings
and abilities were formed as the corrosion rate
decreased [31]. From the literature, the micro galvanic
cell produced by the potential difference between the
local corrosion potentials of the dual phases had a lower
current when the proportion of the o phase was less
[32]. The Tafel slope is used to obtain both corrosion
potential (Ecorr) and corrosion current density (icorr).
The lowest icorr was achieved in TMZO0 alloy with a
value of 0.0976* 10° A/cm2; TMZO0 exhibits the
highest obtained corrosion resistance with the lowest
CR value equal to 0.95451* 10~ mm/year.

The dual effect of the Zr addition and phases stabilized
percentages with contrast influence explains the non-
linear behavior achieved.

EIS charts are shown in Fig. 4. The Nyquist plot is
presented in Figure 4 (b), which shows the formation of
a passive and protective layer that has the same shape
and an incomplete semicircle arc in all the cases that
were studied. The bigger diameter of the TMZO0 alloy
compared to the other alloys indicates more favorable
corrosion resistance behavior. The phase shift and Bode
plot along the frequency range are displayed in Figure
4 (c, d). All the alloys under examination demonstrated
capacitive behavior for the passive along the frequency
range from 0.1 to 100 Hz. It is possible to implant the
alloys in a negative-sloped straight line. For TMZ0
alloy, however, the same trend was seen; for instance,
the alloy line had a greater negative slope than the
TMZ3 alloy line. For TMZ0, TMZ3, and TMZ6 alloys,
the phase angle is near -76, -62, and -61 °, respectively.
From previous work, with a very stable passive film
over the surface, the phase angle was 90° for pure
capacitive behavior [33]. The phase angle, where both
resistive and capacitive responses coexist, was below
the levels discussed above. In all cases, the phase angle
approaches zero at frequencies (log F) greater than 10*
Hz, resulting in the impedance plateau and electrolyte
resistance.

Phase stability and corrosion resistance under the
chemical composition conditions were enhanced by the
Mo and Zr additions in the current work. The amount
of B phase decreased to 47.5% with the addition of 3
wt% Zr, as opposed to 94.6% and 82.3% with 0 wt% Zr
and 6 wt% Zr, respectively. Additionally, by creating a
more consistent, stable, and protective MoOs layer on

45



EKB Publishing

Keshtta et al.

IJMTI vol. 5, issue 1 (2025) 41-49

the corrosive surface, the addition of Mo improved the
corrosion resistance. TiO,, MoOs, and ZrO, made up
the passive layers on the corrosive surface [34].
Previous work discussed the effect of oxide on the
implant texture with different corrosion parameters;
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thus, rough surface texture enhanced implant
adaptation with bone [35, 36]. The current findings also
agree with another study that investigated the corrosion
behavior of Ti-Mo-Zr alloys in saline media and
discussed the effect of Zr and Mo additions [37].
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Fig. 4 (a) Potentiodynamic polarization, (b) Nyquist plot, (c) Phase angle, (d) Bode plot of hot forged TMZ0,

TMZ3, and TMZ6 alloys.

The Randles circuit, which is shown as an inset in
Fig. 5, is used to match the EIS spectra to better analyze
the physical behavior. Table 2 contains the results of
the testing. The electrolyte,
polarization resistance, constant phase element, and
ideal factors are presented by the electrical parameters,
which are Rs, Rp, Q, and n, respectively. For the
conditions under study, the Rs of the saline alloys that
were tested fell within a narrow range of 19.22 to 21.36
Q. The passive layer's capacitance in the 0.78—0.84 n
range was found to be less than optimum (n < 1). The
Rp is associated chiefly with corrosion resistance and is

electrochemical

inversely proportional to icor and corrosion rate (CR).
With an Rp of about 1881.7 €, the results showed that

the TMZO0 alloy had the best corrosion resistance. The
TMZ3 alloy, in contrast, showed the lowest Rp of about
970.08 Q, which consists of the highest icorr determined
by the potentiodynamic tests.

Fig. 5 Randles circuit of TMZ0, TMZ3, and TMZ6
alloys
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Table 1: Electrochemical parameters of hot forged TMZ0, TMZ3, and TMZ6 alloys

Alloy Ecorr icorr (A/em?) | Rs(Q) Rp(Q) N Q (uMho CR(mm/
(mV/cm?) *10°6 *SN) year)*10°3
T™MZ0 -3.703 0.0976 19.22 1881.7 0.78734 73.5 0.95451
TMZ3 -3.706 0.1776 19.473 970.08 0.84044 99.9 1.7819
TMZ6 -3.549 0.1007 21.36 1683.9 0.82014 67.8 1.0288

The corrosion rate findings obtained from the
current work are compared with the outcomes of the
previous paper in Figure 6. Prior work investigated the
corrosion rate of Ti-12Mo-6Zr and Ti-15Mo-6Zr alloys
through different manufacturing processes, which are
elemental blend (EB) and mechanical alloying (MA)
[37]. The effect of Mo element addition to Ti-Mo-Zr
alloys on the phase stability showed that Mo addition
stabilized the p phase. Molybdenum (Mo) element was
proved to lower P-transus temperature in Ti-alloys
acting as P stabilizer element [13][38].

For both techniques, Mo element addition in Ti-15Mo-
6Zr alloy showed a higher B amount than Ti-12Mo-6Zr
alloy. Subsequently, Ti-15Mo-6Zr alloy achieved a
lower corrosion rate than Ti-12Mo-6Zr alloy for both
(EB) and (MA) techniques. These findings agree with
the current study as the corrosion rate is inversely
proportional to  phase amount. From Figure 6, TMZ0
alloy has the lowest corrosion rate among current work
with a value of 0.95451 *10°3 mm/year; also, TMZ0 has
the highest  phase percentage, equal to 94.6%.

Ti-12Mo-6Zr (EB)
Ti-15Mo-6Zr (EB)
Ti-12Mo-6Zr (MA)
Ti-15Mo-6Zr (MA)
T™™Z0

TMZ3

TMZ6

0 0.5

1 15 2

CR(mm/year)*1073

Fig. 6 Corrosion rate of Ti-Mo-Zr alloys compared to previous studies [37].

Conclusions

This study discussed the effect of stabled phases on
corrosion behavior for novel Ti-10Mo-xZr, as X=0, 3,
6 wt%. The following are the outputs;

1. The improvement in beta stability in this study is
responsible for the improvement in corrosion
resistance. Besides, the alloys with a more
significant fraction of [ phase have better
corrosion properties; for example, the CR of TMZ0
alloy is 0.95451x 10 mm/year, and the CR of
TMZ3 alloy is 1.7819x 103 mm/year. This is
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because the fractions of the B phase are more
prominent, at 94.6% and 47.5%, respectively.

2. Thermo-mechanical treatment, as well as Zr
addition to Ti-10Mo, were the factors affecting the
phase stabilization behavior.

3. The lowest Corrosion rate was achieved in TMZ0
alloy, as the predominant phase is 3 and the highest
percentage in all studied alloys as f phase has more
resistance to corrosion.

4. The corrosion rate of TMZ3 alloy was the
maximum value achieved in this study, as the high
o percentage causes a localized galvanic cell that
initiates the corrosion process.
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