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A B S T R A C T 
 

A R T I C L E    I N F O R M A T I O N 

The potentiodynamic polarization behavior of as-cast and accumulative roll-bonded 
(ARB) Ti–10Zr–5Nb–5Ta alloys was investigated in neutral Ringer solution at 37 °C 
to assess the influence of microstructural refinement on corrosion resistance and 
passivation. Using the Tafel equation, the potentiodynamic behavior of the as-cast and 
ARB-processed alloys was modeled to quantify electrochemical performance, with 
results indicating that ARB processing significantly modifies passive film 
characteristics. Model predictions were compared with experimental data, showing 
good agreement. The models were then coupled with Monte Carlo simulation to 
account for uncertainties in experimental data and fitting parameters, enabling 
probabilistic predictions of corrosion behavior. This integrated approach provides a 
robust evaluation of variability and reliability in electrochemical performance, 
offering a comprehensive assessment of the alloy’s stability in physiological 
environments. The findings demonstrate that ARB processing can enhance corrosion 
resistance, supporting its potential for the development of durable titanium-based 
biomaterials for demanding biomedical and dental applications. 
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1. Introduction 

Owing to their high mechanical performance, remarkable 
resistance to corrosion, and favorable compatibility with biological 
tissues, titanium and its alloys are extensively utilized in implant 
fabrication [1, 2]. Among these, pure titanium and the ternary Ti–
6Al–4V alloy are the materials most frequently utilized [3-6], 
largely because of their outstanding mechanical characteristics. 
However, studies have shown that ions released from Ti–6Al–4V, 
specifically vanadium and aluminum, can cause cytotoxicity and 
neurological issues, respectively [7, 8]. In addition, prolonged use 
of this alloy can result in inadequate load transmission to nearby 
bone, which in turn promotes bone resorption and eventual implant 
loosening [9-11]. 

For implant applications, a vanadium-free α + β alloy—most 
prominently Ti–6Al–7Nb—has also been employed [12-14]. The 
metal blend demonstrates outstanding strength, high resistance to 
corrosion, and good compatibility with biological tissues; 
however, its aluminum component has been associated with a 
higher likelihood of developing Alzheimer’s disease [15]. 

The Ti–13Nb–13Zr alloy [7, 16-20] was developed as a near β-
phase material, incorporating titanium, niobium, and zirconium—

elements known for their biocompatibility [21, 22] and corrosion 
resistance. Additionally, the alloy exhibits a relatively low elastic 
modulus of approximately 80 GPa to 90 GPa, promoting improved 
osseointegration. 

Since the addition of niobium and zirconium lowers the 
Young’s modulus, researchers have developed new binary and 
ternary alloys with higher niobium content, including Ti–22Nb and 
Ti–22Nb–6Zr [23], as well as Ti–30Nb (around 100 GPa), Ti–
30Nb–7.5Zr (about 70 GPa), and Ti–30Nb–15Zr (approximately 
60 GPa) [24]. These alloys showed improved electrochemical 
stability under physiological conditions and heightened surface 
reactivity, both of which can support better osseointegration. In the 
last ten years, new quaternary alloys have been designed to fulfill 
the stringent demands for mechanical strength, corrosion 
resistance, and biocompatibility in implant applications. These 
alloys provide a unique combination of superior strength and 
fatigue durability while maintaining low density and elastic 
modulus, in addition to excellent wear resistance, 
biocompatibility, and corrosion resistance, all without exhibiting 
cytotoxic effects. Notable examples are the Ti–15Mo–5Zr–3Al 
[24, 25] and the Ti–5Al–2Nb–1Ta alloy [26] alloys, both of which 
have shown excellent mechanical and biological performance. The 
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Ti–15Zr–4Nb–4Ta alloy  [27-29] is composed solely of non-toxic 
elements and exhibits outstanding mechanical strength, corrosion 
resistance, fatigue performance, and biocompatibility. Despite 
these advantages, its Young’s modulus, at 97 GPa, still exceeds the 
typical range for bone, which lies between 6 and 20 GPa [30]. The 
β-phase Ti–29Nb–13Ta–4.6Zr alloy, composed exclusively of 
safe, non-toxic elements, features a Young’s modulus of 60 GPa 
and maintains strong durability in Hank’s physiological solution 
[31, 32]. The β-Ti alloys Ti–34Nb–9Zr–8Ta and Ti–13Mo–7Zr–
3Fe, which exhibit a relatively low elastic modulus near 89 GPa, 
have been examined and shown to display a uniform 
microstructural arrangement. Two new alloys, Ti–29Nb–11Ta–
5Zr and Ti–29Nb–6Ta–5Zr, were recently created using an 
electron-based design method and then manufactured [33]. 
Lowering the tantalum proportion from 11% to 6% led to a drop in 
the intrinsic elastic modulus, decreasing from 60 GPa to 43 GPa. 
   Another strategy is to apply combined thermo-mechanical 
processing to titanium alloys for biomedical use, aiming to achieve 
both enhanced strength and a reduced elastic modulus. Among 
these, Severe Plastic Deformation (SPD) techniques stand out as 
metal forming methods that introduce extremely large plastic 
strains into bulk materials, resulting in ultrafine-grained 
microstructures with exceptional mechanical properties [34, 35]. 
Within the family of SPD processes, Accumulative Roll Bonding 
(ARB) has emerged as a novel and effective method for bulk 
material fabrication. This technique involves repeated stacking and 
conventional roll bonding of materials [36]. ARB, when applied 
with an equivalent plastic strain exceeding 2, can produce ultrafine 
or nanocrystalline structures in multiphase bulk materials and even 
induce solid-state amorphization in multilayered systems [37]. The 
ARB process has successfully generated ultrafine and 
nanocrystalline microstructures in various metals, including 
titanium and its alloys [38, 39], interstitial-free steel [40, 41], and 
other materials [42, 43]. 
    Raducanu and co-workers introduced a novel Ti–Zr–Nb–Ta 
multi-component alloy made exclusively from non-toxic elements 
and employed it to develop an advanced accumulative roll bonding 
(ARB) technique aimed at enhancing its microstructure and 
mechanical properties. The material exhibits a distinctive chemical 
structure within the realm of complex multi-element systems. Its 
design focuses on ensuring both local and systemic 
biocompatibility by including elements such as Ti, Zr, Nb, and Ta, 
which are known for their strong passivation and minimal ion 
release, making the alloy suitable for biomedical use. Furthermore, 
the composition is tailored to provide favorable mechanical 
performance, combining strength with a low elastic modulus 
through structural modifications. The ARB process has been 
applied to this alloy for the first time as a means to refine its 
microstructure, offering the added benefit of straightforward 
scalability compared to other severe plastic deformation methods. 
In their study, the mechanical properties and corrosion behavior of 
the ARB-processed Ti–10Zr–5Nb–5Ta (wt%) alloy were 
evaluated in a simulated body fluid and compared with those of the 
as-cast condition [44]. 
    This study will evaluate and model the potentiodynamic 
polarization behavior of as-cast and ARB-processed Ti–10Zr–
5Nb–5Ta alloys in neutral Ringer solution at 37 °C (as 
experimentally studied by Raducanu et al. [44]). The goal of this 
study is to evaluate key electrochemical parameters to better 
understand the influence of ARB processing on the alloy's 
corrosion resistance and passivation behavior. This evaluation is 
critical when considering the long-term stability and 
biocompatibility in a physiological environment for the implant 
and dental material uses of the alloys. Modelling the 
potentiodynamic behavior will clarify how parameters of 
microstructural refinement impact performance, and may 

ultimately aid the development of titanium-based biomaterials 
with greater durability and reliability for clinical use. Monte Carlo 
simulation will be included to consider the uncertainties related to 
the model parameters and experimental approaches. This gives rise 
to a probabilistic approach, which can provide a thorough 
reliability analysis of the corrosion predictions, supporting such 
understanding of the alloy's electrochemical performance. With 
respect to stability and suitability for demanding biomedical 
implant and dental applications where consistent corrosion 
resistance is important, the use of Monte Carlo simulation provides 
excellent support in this understanding. 

 
2. Materials and methods  

2.1. The Tafel equation 

Julius Tafel (1863–1919) established a fundamental 
relationship in electrode kinetics in 1905, now known as the Tafel 
equation, often referred to as the “first law of electrode kinetics” 
[45]. This formula connects the overpotential (η) with the current 
density (j) in an electrochemical process, and can be written as: 

𝜂𝜂 = 𝑎𝑎 + 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (1) 

where j is the current density in (A/cm2), and a and b are 
constants determined experimentally. The parameters a and b are 
related to the exchange current density and charge transfer 
coefficient, respectively, and is determined using experimental 
data. 

The overpotential, denoted as η, represents the deviation of the 
applied electrode potential, E, from the corrosion potential, Ecorr, 
as defined below: 

𝜂𝜂 = 𝐸𝐸 − 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (2) 

Here, E is measured in volts (V). 
This equation is derived as an approximation of the Butler-

Volmer equation, which governs electrode kinetics by accounting 
for both anodic and cathodic processes: 

𝑗𝑗 = 𝑗𝑗0(𝑒𝑒
𝛼𝛼𝑎𝑎𝐹𝐹𝐹𝐹
𝑅𝑅𝑅𝑅 − 𝑒𝑒−

𝛼𝛼𝑐𝑐𝐹𝐹𝐹𝐹
𝑅𝑅𝑅𝑅 ) (3) 

In this equation, j stands for the net current density, J0 is the 
exchange current density, αa and αc correspond to the anodic and 
cathodic charge transfer coefficients, F represents Faraday’s 
constant, R is the universal gas constant, and T denotes the absolute 
temperature. 

At sufficiently high anodic or cathodic overpotentials, one 
exponential term dominates and the other can be neglected. For 
large anodic overpotentials, the cathodic term is negligible, 
reducing the equation to: 

𝑗𝑗 ≈ 𝑗𝑗0𝑒𝑒
𝛼𝛼𝑎𝑎𝑎𝑎𝑎𝑎
𝑅𝑅𝑅𝑅  (4) 

Taking the logarithm of both sides produces the linear Tafel 
form, enabling extraction of kinetic parameters from experimental 
polarization data. 

In the study of corrosion, the Tafel equation is commonly 
employed to obtain key metrics, like corrosion current density and 
corrosion potential, from polarization data, providing vital insight 
into the metal’s corrosion performance under varying conditions. 
The Tafel slope reflects important mechanistic details such as 
charge transfer coefficients and electron transfer steps [45]. 

Within biomedical materials research, especially for titanium 
alloys, Tafel analysis is a key tool for evaluating passivation 
behavior and the robustness of protective oxide layers on alloy 
surfaces. Broad passive potential windows and minimal passive 
current densities, as revealed by Tafel curves, indicate superior 
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corrosion resistance and stable passive films, both of which are 
critical for implant longevity and biocompatibility [45]. 

2.2. Success probability: Probability of meeting design 
criteria 

The parameters a, b, and Ecorr, include uncertainties caused by 
measurement noise, variability among samples, and constraints in 
model fitting. To systematically assess the effect of these 
uncertainties on the model’s predictions, Monte Carlo simulations 
are applied [46]. These parameters are drawn from probabilistic 
distributions defined by their confidence intervals. Integrating this 
stochastic approach with the equation outlined in Sec. 2.1 provides 
a robust method for evaluating how the probability of successful 
performance, where the system remains within its intended safe 
and operational limits, varies over the applied electrode potential. 

 
3. Results and discussion  

3.1. Modeling and validation for the potentiodynamic 
polarization behavior Ti–10Zr–5Nb–5Ta alloys in both 
their as-cast and ARB-processed forms 

According to a study [44], the Ti–10Zr–5Nb–5Ta (wt%) alloy 
was fabricated via a cold crucible semi-levitation melting method, 
which ensured a homogeneous composition and prevented 
contamination during casting. The alloy underwent thermo-
mechanical processing, including two stages of cold rolling with 
intermediate recrystallization at 850°C, resulting in precursor 
samples approximately 90 µm thick for the process of 
accumulative roll bonding (ARB). The ARB cycles involved 
repeated stacking, surface cleaning, and 50% thickness reduction 
rolling to achieve severe plastic deformation, performed three 
times in this study. Tensile and corrosion test specimens were 
machined from both as-cast and post-ARB alloy states, with tensile 
samples measuring 3 mm × 0.4 mm × 10 mm gauge length, and 
corrosion samples as 10 mm squares with 2 mm thickness. The 
corrosion behavior was assessed in Ringer’s solution at 37 °C 
under aerated conditions. Cyclic potentiodynamic polarization 
experiments, conducted from −0.5 V to +2.0 V versus SCE, were 
used to determine corrosion and passivation potentials, current 
densities, and the stability of the passive film. Additionally, linear 
polarization measurements, performed within ±50 mV of the open 
circuit potential, provided values for polarization resistance, 

corrosion current density, corrosion rate, and ion release rates, 
calculated using standard equations. Now, the Tafel equation 
presented in Sec. 2.1 is employed to predict the potentiodynamic 
polarization behavior of both Ti–10Zr–5Nb–5Ta alloys, both in the 
as-cast state and after ARB processing, tested in neutral Ringer’s 
solution at 37 °C. For this purpose, the experimental dataset from 
Raducanu et al. [44] was divided into a training subset and a testing 
subset. The training subset was utilized to estimate the unknown 
parameters in Eq. (1), while the testing subset served to evaluate 
the predictive accuracy of the model. The training dataset is used 
to estimate the unknown parameters in Eq. (1), and the relationship 
between current density and applied electrode potential for both 
for Ti–10Zr–5Nb–5Ta alloys in either the as-cast or ARB-
processed state is presented as follows: 

𝑗𝑗 = 100.88(−5.39+𝐸𝐸) for Ti–10Zr–5Nb–5Ta alloys in 
as-cast processed form (5) 

𝑗𝑗 = 100.84(−6.67+𝐸𝐸) for Ti–10Zr–5Nb–5Ta alloys in 
ARB-processed form (6) 

Since the Tafel equation inherently expresses the relationship 
between overpotential (η) and the logarithm of the current density 
(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙), the comparison between model predictions and 
experimental data was performed in the logarithmic domain. The 
predicted 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 values obtained from the model are plotted against 
the corresponding experimental 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙.  Fig. 1 illustrates the 
comparison between the predicted and measured current density of 
Ti–10Zr–5Nb–5Ta alloys in either the as-cast or ARB-processed 
state. The findings demonstrate a good agreement between the 
model’s predictions and experimental data, confirming that the 
developed model reliably estimates the current density for the as-
cast and ARB-modified Ti–10Zr–5Nb–5Ta alloys, with overall 
coefficients of variation of 3.75% and 2.14%, respectively, based 
on the test dataset [44]. In Fig. 2 The corrosion behavior of as-cast 
and ARB-modified Ti–10Zr–5Nb–5Ta alloys was evaluated in 
neutral Ringer’s solution at 37 °C, revealing significant 
improvements in corrosion resistance following ARB processing. 
The ARB alloy exhibited substantially lower corrosion current 
densities across the entire potential range, starting at 
approximately 10−5.95 A/cm² compared to 10−5.11 A/cm² for the 
as-cast alloy, and maintaining this advantage even at higher 
potentials (10−3.93 A/cm² vs. 10−2.99 A/cm²). This reduction in 
current density indicates a slower corrosion rate and suggests the 
formation of a more stable and protective passive oxide film on the 
ARB alloy surface.

  

(a) (b) 

Fig. 1. Comparison of the logarithm of predicted and measured [44] current density of (a) the as-cast and (b) the ARB processed Ti–10Zr–5Nb–5Ta alloys [44]. 
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In contrast, the as-cast alloy demonstrated higher current 
densities, implying less effective passivation or a more rapid 
breakdown of the passive layer. Although exact corrosion 
potentials were not explicitly determined, the ARB alloy is inferred 
to possess a more noble corrosion potential, consistent with its 
enhanced corrosion resistance. Such enhancements result from 
microstructural refinement and the elimination of defects caused 
ARB process, which facilitate the formation of a uniform, stable 
passive layer and improve the alloy’s performance in physiological 
environments. 

 

Fig. 2. Potentiodynamic curves for as-cast and ARB-modified Ti–10Zr–
5Nb–5Ta alloys. 

3.2. Success probability: Probability of meeting design 
criteria for the potentiodynamic polarization behavior 
of Ti–10Zr–5Nb–5Ta alloys in both their as-cast and 
ARB-processed forms 

This work utilizes the experimental results reported by 
Raducanu et al. [44] to formulate the limit state functions (LSFs). 
Drawing on the potentiodynamic behavior data of the as-cast and 
ARB-modified Ti–10Zr–5Nb–5Ta alloys, as presented in the 
previous section, the LSFs are defined as follows: 

log𝑖𝑖 < −5 (7) 

The parameters a, b, and 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, in Eq. (1), are considered using 
normal probability distributions. Their specific attributes are listed 
in Table 1 for the as-cast and ARB-modified Ti–10Zr–5Nb–5Ta 
alloys. To assess the probability of success, 100,000 random 
values are produced for each parameter within their defined limits. 
These values are then employed to determine the chance that the 
logarithm of current density remain inside the designated 
functional safety zone, based on the established model. 

Table 1 
Parameter ranges applied in the Monte Carlo simulation, adapted from 

Raducanu et al. [44]. 
Parameters Process Mean (μ) Std. Dev. (σ) 
a as-cast 5.84 0.2 
b as-cast 1.13 0.05 
𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 as-cast -0.45 0.01 
a ARB 7.12 0.2 
b ARB 1.19 0.05 
𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ARB -0.45 0.01 

Fig. 3 shows the computed success probabilities of logarithm 
of current density in terms of applied voltage. The orange and blue 
circular markers, respectively, represent data obtained from Monte 
Carlo simulations of the current density of as-cast and ARB-
modified Ti–10Zr–5Nb–5Ta alloys, while the overlaid polynomial 
regression curves are fitted to these data points. In the regression 
equations, y denotes the success probability and x represents 
applied voltage. It is obtained that the success probability of the 
as-cast and ARB-modified Ti–10Zr–5Nb–5Ta alloys is lower than 

the success probability for ARB processed Ti–10Zr–5Nb–5Ta 
alloy. 

 
Fig. 3. The success probability of log(current density) in terms of applied 

voltage for Ti–10Zr–5Nb–5Ta alloys in both their as-cast and ARB-
processed forms.

 

4. Conclusion 

Considering the experimental database in Ref. [44], the 
corrosion behavior of as-cast and accumulative roll-bonded (ARB) 
Ti–10Zr–5Nb–5Ta alloys in neutral Ringer’s solution at 37 °C was 
modeled. The Tafel-based model reliably predicted current 
densities, exhibiting low coefficients of variation of 3.75% for the 
as-cast alloy and 2.14% for the ARB-processed alloy, 
demonstrating strong agreement with experimental data. The 
ARB-processed alloy showed significantly lower corrosion current 
densities across the potential range, indicating slower corrosion 
rates and the formation of a more stable, protective passive oxide 
film compared to the as-cast alloy.  

These improvements are attributed to microstructural 
refinement and defect reduction resulting from ARB processing, 
which promote a uniform and durable passive layer. Monte Carlo 
simulations further enhanced the analysis by providing a 
probabilistic evaluation that accounts for uncertainties in both 
measurements and model parameters. Overall, these findings 
confirm that ARB processing improves corrosion resistance and 
enables accurate performance predictions, supporting its potential 
for producing durable titanium-based biomaterials for demanding 
biomedical and dental applications. 
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