
      

 

 

 

 

This work was carried out in whole or in part within the framework of 

the NOMATEN Center of Excellence, supported from the European 

Union Horizon 2020 research and innovation programme (Grant 

Agreement No. 857470) and from the European Regional 

Development Fund via the Foundation for 

Polish Science International Research Agenda PLUS 

programme (Grant No. MAB PLUS/2018/8). 

  
 
This is a copy of the publication which appeared in: Corrosion Science, Volume 220, 1 August 2023, 

111271, published on: 17 May 2023. 

DOI: 10.1016/j.corsci.2023.111271 

 

 

 

 



Corrosion Science 220 (2023) 111271

Available online 17 May 2023
0010-938X/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Corrosion resistance of β-phase titanium alloys under simulated 
inflammatory conditions: Exploring the relevance of biocompatible 
alloying elements 

A. Sotniczuk a,b,*, J.L. Gilbert c, Y. Liu c, M. Matczuk d, W. Chromiński a,b, D. Kalita b, M. Pisarek e, 
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A B S T R A C T   

In this study we compared the corrosion behavior of single β-phase alloys: (i) Ti-29Nb-13Ta-4.6Zr and (ii) Ti- 
45Nb, that contain similar amount of β-phase stabilizers. Corrosion resistance was analyzed in the PBS+H2O2 
solution, which simulates the conditions as can be found during post-operative inflammation. Results of elec
trochemical impedance spectroscopy, and ion-release measurements revealed that Ti-29Nb-13Ta-4.6Zr alloy 
demonstrated significantly higher corrosion resistance compared to Ti-45Nb. Post-immersion microscopic 
analysis demonstrated that a thinner layer of oxidation products was formed on Ti-29Nb-13Ta-4.6Zr alloy sur
face. Overall results allowed to exclude the beneficial role of Nb in tailoring corrosion resistance of Ti-29Nb- 
13Ta-4.6Zr under simulated inflammatory conditions.   

1. Introduction 

In our aging society, demand is continually increasing for long- 
lasting implantable devices such as orthopedic or dental implants. 
Currently, a relatively new group of metastable Ti β-phase alloys is being 
studied extensively with regard to their application for permanent im
plants [1–7]. Their attractiveness results from their ultra-low stiffness, 
which reduces the risk of the stress-shielding effect [2,4,8]. This unde
sirable phenomenon is associated with diminished stresses being 
transferred from the biomaterial to the adjacent bone, which can lead to 
bone resorption around the implant, and/or in the worst case to the 
implant becoming loose [9]. One of the first multicomponent metastable 
Ti β-phase alloys was Ti-29Nb-13Ta-4.6Zr (TNTZ), proposed by Niinomi 
et. al in 1998 [10]. The stiffness of TNTZ alloy (in the solution-treated 
state) is much lower (ETNTZ=60–62 GPa) [11,12] than that of the bio
materials currently used for permanent implants (ECoCr = 200–220 GPa, 
ETi,Ti6Al4V = 100–120 GPa) [5,8,13]. Moreover, the β-phase in TNTZ 
alloy is relatively stable, which provides an opportunity to perform 

additional mechanical treatments without the risk of undesirable phase 
transformations that could consequently increase its stiffness [7,14,15]. 
Additional benefits of TNTZ alloy are its advantageous biological and 
corrosion performance [7,16]. All of the alloying elements in TNTZ alloy 
are biocompatible, non-genotoxic, and non-cancerogenic [2]. According 
to the results of in vitro tests (using hOBs or MG63 cells), TNTZ alloy (in 
the solution-treated state) demonstrated a cellular response similar to 
that of typical Ti-based biomaterials [15,17]. Moreover, TNTZ alloy also 
exhibited high corrosion resistance in the standard solutions used for 
testing biomaterials, such as minimum essential media (MEM) or 
simulated body fluid (SBF) [18,19]. 

Our previous research showed that the oxide layer that forms in air 
on the TNTZ alloy surface shows unique stability under inflammatory 
conditions (PBS+H2O2) [7,20]. It was found that TNTZ alloy demon
strated better short-term corrosion resistance in PBS+H2O2 compared 
with standard commercially pure Ti (CP-Ti) having different micro
structures and crystallographic textures [7,21]. Acute inflammation, 
which lasts about one week, is an inevitable part of immunological 
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response [22]. A desirable effect of this process is to eliminate pathogens 
introduced and to trigger the healing of tissue damaged during the 
invasive implantation procedure [20]. During inflammatory reaction, 
immunological cells, that are recruited to inflamed site (e.g. neutrophils 
or macrophages [23]), produce reactive oxygen species (ROS) such as 
H2O2. It have to be mentioned that inflammatory products (such as 
H2O2) can accelerate the corrosion of metallic biomaterials, including 
commonly used Ti-based biomaterials such as CP-Ti and its two-phase 
Ti-6Al-4V alloy [22,24–32]. Analysis of retrieved orthopedic implants, 
fabricated from Ti-6Al-4V, revealed inflammatory-induced selective 
dissolution of the β-phase [33]. This was confirmed by further top-view 
microscopic observations of the Ti-6Al-4V surfaces corroded in the 
H2O2-rich biological solutions using scanning electron microscopy 
(SEM) and atomic force microscopy (AFM) [34]. Further research were 
devoted to analyze H2O2-induced degradation of Ti-6Al-4V by micro
scopic observations on its cross-section, using the combination of 
focused ion beam and scanning electron microscopy (FIB-SEM) [26]. 
Recent study has shown that privileged degradation of β-phase can be 
observed under cathodic polarization of Ti-6Al-4V [35]. Implant’s ma
terials could undergo to the cathodic domain during tribocorrosion 
events, that typically occur during the lifespan of orthopedic re
placements [30]. Thereby, nowadays a huge attention is paid to un
derstand the mechanisms of Ti-6Al-4V degradation induced by 
tribocorrosion which is known also as mechanically assisted corrosion 
[36–38]. Metal ions released into the peri-implant environment can 
stimulate further, undesirable chronic inflammatory processes. It was 
found that the wear debris, released to the peri-implant environment, 
could induce the new phenotype of macrophages, which accelerates the 
degradation of metallic implants [39]. Thereby, interaction between the 
implant’s surface and biological response can be described as a two-way 
positive feedback mechanism (corrosion of the metal or wear debris 
generated during tribocorrosion induce inflammation, and inflamma
tion induces further corrosion of the implant) [22]. Reducing the metal 
dissolution induced by H2O2 is essential to avoid a cascade of unwanted 
chronic inflammatory reactions [40]. 

One hypothesis that explains the enhanced short-term corrosion 
properties of TNTZ in the presence of inflammatory products (compared 
with standard CP-Ti) is the lower number of anion vacancies in the oxide 
layer formed on its surface [7]. The alloying elements that stabilize the β 
phase in Ti-based alloys (e.g. Nb and Ta), have higher valences than Ti. 
The presence of Nb2O5 or Ta2O5 can compensate for the presence of 
anion vacancies in the oxygen-deficient Ti oxide layer associated with a 
certain amount of TiO and Ti2O3 [41]. This permits the assumption that 
a relatively high oxide layer stability under simulated inflammation 
should also be achievable in the case of the widely studied binary 
β-phase alloys from the Ti-Nb system [42–46]. One of the most 
frequently studied alloys from the binary Ti-Nb system is Ti-45Nb [1,42, 
44,47]. Like TNTZ, Ti-45Nb offers lower stiffness than standard Ti-based 
biomaterials (ETi-45Nb=c.a. 70 GPa – solution-treated state [1]). The 
main focus of this study, then, was to compare the time-dependent 
corrosion resistance under simulated inflammatory conditions 
(PBS+H2O2) of two, widely investigated biomedical β-phase Ti alloys: 
binary Ti-45Nb and quaternary Ti-29Nb-13Ta-4.6Zr. This enabled us to 
verify whether the origin of the relatively high stability of TNTZ alloy in 
PBS+H2O2 is associated with a reduction in Ti dissolution due to the 
presence of alloying elements with higher valences than Ti. 

2. Materials and methods 

2.1. Materials and microstructural characterization 

In order to obtain single β-phase alloys of homogenous chemical 
composition and similar microstructures, the as-received quaternary 
and binary alloys were subjected to homogenization (heat treatment) 
and fast cooling (solution treatment) in water. The homogenization 
parameters were as follows: (i) TNTZ: 950 ◦C/30 min, (ii) Ti-Nb: 

1000 ◦C/120 min. Before the heat treatment, both samples were 
enclosed in glass capsules filled with argon in order to avoid surface 
oxidation. The microstructure of the samples was characterized using a 
Hitachi SU-70 Scanning Electron Microscope (SEM) in the Electron 
Backscattered Diffraction (EBSD) mode. The samples subjected to the 
EBSD measurements were ground up to #1200 and ion-milled using a 
Hitachi IM 4000. 

2.2. Solutions and corrosion tests 

Corrosion tests (both electrochemical and immersion) were per
formed in pure PBS enriched with H2O2 (PBS+0.1 % H2O2). Firstly, a 
pure PBS solution was made by dissolving PBS tablets (Sigma Aldrich, 
pH=7.2–7.6) in distilled water. Then, in order to simulate inflammatory 
conditions, a few droplets of H2O2 (30 wt% in H2O, Sigma Aldrich) were 
added to the PBS solution in order to obtain PBS+ 0.1 % H2O2. 
Considering the unstable nature of H2O2, all of the solutions were pre
pared directly before the corrosion tests. 

Electrochemical tests were conducted using an Autolab PGSTAT 302 
N potentiostat/galvanostat connected to a three-electrode system in 
which a saturated Ag/AgCl electrode acted as the reference electrode 
(RE), a graphite rod was the counter electrode (CE), and TNTZ or Ti-Nb 
alloy acted as the working electrode (WE). The surface area of WE 
exposed to the solution was the same for all samples (0.1 cm2) and was 
limited by the home-made Teflon element. The electrochemical 
response of the tested alloys was evaluated based on: (i) monitoring of 
the open circuit potential (OCP) values, (ii) electrochemical impedance 
spectroscopy (EIS) tests. The EIS tests were performed after 2 h, 24 h, 48 
h and 336 h of immersion. All of the EIS tests were carried out at OCP 
with an amplitude ± 10 mV and a frequency range of 10,000–0.005 Hz. 
Analysis of the EIS results was performed with NOVA software (version 
2.1.4) which enabled to designate (i) the numerical values of electro
chemical parameters, (ii) estimated errors related to the fitting of 
particular electrical elements and (iii) chi-square values for selected 
electrical circuits. 

Additionally, the samples were subjected to the immersion tests in 
PBS+H2O2 for the same time-points as in the case of the EIS tests. Im
mersion tests were performed in sterile, disposable Falcon tubes (1 mL of 
PBS+H2O2 per 1 cm2 of the sample). After completing the immersion 
tests, the remaining solutions were collected and used in ICP-MS tests. In 
case of both EIS and ICP-MS, the solution was not changed during the 
whole immersion period. The solutions collected from Falcon tubes were 
digested using nitric acid (HNO3, 69 %, Fluka, Trace metal basis) for 30 
min, diluted in water with yttrium as an internal standard (10 µg/L final 
concentration, Sigma-Aldrich) and filtered using 0.45 µm syringe filters 
prior to analysis. The total concentration of metals (Ti, Nb, Ta, Zr) in the 
samples was determined using an inductively coupled plasma tandem 
mass spectrometer working as an element-specific detector. An Agilent 
8900 ICP Triple Quadrupole Mass Spectrometer (Tokyo, Japan) was 
equipped with a 2.5 mm quartz torch and Pt-cones in the interface. The 
position of the torch and the nebulizer gas flow were adjusted daily, with 
emphasis paid to increasing the signal-to-noise ratio using a 1 µg/L so
lution of Co, Y, and Tl in 2 % (v/v) HNO3 and 2 % (v/v) HNO3, 
respectively. The RF power was 1550 W, nebulizer gas flow – 1.10 L/ 
min, reaction gasses flows (the mixture of hydrogen and oxygen) – 8,0 
and 0,1 mL/min [48], respectively. The total concentrations of the 
selected metals were calculated as a result of monitoring the Q1 and Q2 
mass/charge ratio changes: 48Ti→64Ti, 90Zr→106Zr, 93 Nb→109 Nb, 
181Ta→197Ta registered in the shift-mass mode after the production in 
the plasma and collision-reaction cell of singly-positively charged ions, 
recalculating the isotopes’ natural abundances, and normalizing 
(89Y→105Y) after daily external calibration against 10-point calibration 
lines (0–500 µg/L, with minimum R2 > 0.9990). 

The samples for all the corrosion tests (electrochemical and ion- 
release measurements) were ground up to #4000 and polished with a 
silica suspension (OP-S, Struers) using an automatic polishing machine. 
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The ICP-MS samples were polished on both sides. After preparation, the 
surfaces of the samples were ultrasonically cleaned, first with iso
propanol and then with distilled water. The cleaned samples were dried 
with compressed air and put into a desiccator for 2 h before their im
mersion in the PBS+H2O2 solution. For the ICP-MS tests, the samples 
were enclosed in sterile disposable centrifuge tubes filled with particular 
solutions (1 mL/1 cm2 of the alloy surface). Both the electrochemical 
and immersion tests were conducted in an incubator at a constant 
temperature of 37 ◦C. 

2.3. Surface analysis 

The surface analysis included characterizing the topography, chem
ical composition and thickness of the oxide layers formed on the TNTZ 
and Ti-Nb alloy surfaces. The samples’ topography was analyzed using 
AFM analysis (with a Bruker Dimension ICON). AFM investigations were 
performed in the contact mode using a ScanAsyst-Fluid probe. The 
chemical composition was characterized based on the results of an XPS 
analysis (with a Thermo Electron Microlab 350). The XPS measurements 
were performed using a non-monochromatic X-ray exiting source with 
an energy of 1486.6 eV at a power of 300 W. The HR-XPS spectra were 
solved using Avantage software (Thermo Fisher Scientific) using the 
Gauss-Lorentz function with a constant G/L ratio = 0.35 (+/- 0.05). The 
background was corrected using a Smart model. A quantitative analysis 
of the content of particular states was performed considering Scofield 
data. Analysis conditions were as follows: (i) Ti2p (Ti oxides): energy 
difference between spins 3/2 and 1/2–5.54 ± 0.2 eV, peak area ratio 
2:1, (ii) Ti0 (metallic Ti): energy difference 6.17 ± 0.2 eV (2:1), (iii) 
Nb3d (Nb oxides and metallic Nb): energy difference between 5/2 and 
3/2–2.72 ± 0.2 eV, peak area ratio 3:2, (iv) Ta4f (Ta oxide and metallic 
Ta): energy difference between 7/2 and 5/2–1.91 ± 0.2 eV, area ratio 
4:3, and (v) Zr3d (Zr oxide and metallic Zr); energy difference between 
5/2 and 3/2–2.43 ± 0.2 eV, peak area ratio 3:2. The binding energy for 
all of the detected chemical elements was corrected considering the 
carbon peak C1s = 285.0 eV. The final results were normalized to 100 % 
for metallic elements to show the share of individual oxides in the oxide 
layers. 

The chemical composition profiles, which made it possible to assess 
the thickness of the oxide layers, were evaluated based on the AES 
analysis (with a Thermo Electron Microlab 350). The oxide atomic 
monolayers were progressively removed using Ar+ ions with the 
following parameters: beam energy: 2 keV, beam current c.a. 1 μA, 
etched area: 3 × 3 mm. The ion etching rate, evaluated based on the 
SiO2/Si standard, was about 0.09 nm/s. Additionally, the thickness and 
phase structure of the oxide layers after alloys’ exposure to the simu
lated inflammatory environment was analyzed based on TEM and HR- 
TEM observations respectively. Electron transparent samples for the 
TEM studies were prepared by a Focused Ion Beam (FIB) lift-out tech
nique using a Helios 5 UX DualBeam (Thermo Fisher Scientific) micro
scope. During thinning, the beam acceleration voltage was gradually 
decreased to 2 kV in order to minimalize the impact of Ga ions on the 
microstructure of the materials. Transmission electron microscopy ob
servations were carried out with Thermo Fischer Scientific Spectra 200 
operated at 200 kV. 

2.4. Statistical Analysis 

In order to verify whether the differences within the designated 
values of the oxide layer resistances and the amount of the metallic ions 
released are statistically important, a one-way analysis of variance 
(ANOVA) together with post hoc Tukey tests were performed. It was 
assumed that the difference at p < 0.01 can be considered to be highly 
significant [1]. For all of the EIS and ICP-MS measurements at least three 
independent samples from each group were tested. 

3. Results 

3.1. Microstructural features 

The EBSD studies revealed that Ti-Nb and TNTZ alloys contained 
equiaxed β-phase grains (Fig. 1), with the following average size and 
grain size distribution: (i) Ti-Nb: Avg (d2) = 79 µm, SD (d2) = 49 µm, (ii) 
TNTZ: Avg (d2) = 93 µm, SD (d2) = 53 µm. Obtaining similar grain sizes 
of the β phase in the Ti-Nb and TNTZ alloys was possible by subjecting 
the materials to solution treatment at 1000 ◦C and 950 ◦C for the binary 
and quaternary alloys, respectively. It is well known that the micro
structure of the substrate, mainly the phase structure and grain size, can 
affect the properties of protective air-formed passive layers, and thereby 
the corrosion resistance of Ti and its alloys [49,50]. Therefore, in order 
to compare the corrosion resistance of the Ti-Nb and TNTZ alloys only 
with regard to their chemical composition, it was necessary to eliminate 
the possible impact of differences in their microstructural features that 
could affect their electrochemical behavior. 

3.2. Corrosion resistance under simulated inflammatory conditions 
(PBS+H2O2) 

A quantitative comparison of the corrosion resistance of Ti-Nb and 
TNTZ was performed based on both electrochemical impedance spec
troscopy (EIS) and ion-release measurements (ICP-MS). The EIS studies 
were conducted under steady state conditions (OCP potential). For both 
alloys, virtually no changes in the OCP values were observed within the 
first 48 h of immersion in the PBS+H2O2 (Table 1). Prolonged exposure 
to simulated inflammatory conditions did result in a slight increase in 
the OCP value (for c.a. 0.2 V for Ti-Nb and c.a. 0.15 V for TNTZ). This 
slight growth in the OCP value could be related to the suppression of 
anodic reaction (oxidation of Ti and alloying elements) and thickening 
of the corrosion products layer during prolong immersion of the alloys in 
the PBS+H2O2. 

The EIS studies were performed as a function of exposure time, 
precisely after 2 h, 24 h, 48 h and 336 h of immersion of the material in 
a solution that simulates inflammatory conditions (Fig. 2). Performing 
EIS tests after different exposure times made it possible to gain knowl
edge about the evolution of the properties of the oxide layer during 
prolonged exposure to PBS+H2O2. Bode Plots illustrating the results of 
the EIS tests are presented in Fig. 2. Symmetry of the phase angle part of 
the Bode plots across the frequency indicated that simple, single-time 
constant electrical circuit, (Randles-Constant Phase Element, Randles- 
CPE) should correctly describe electrochemical behavior of tested al
loys [51]. The validity of Randles-CPE circuit was confirmed also by 
finding the lowest fitting errors designated for particular elements, 
amongst the electrical circuits that were previously used for analysis of 
the corrosion behavior of biomedical alloys under simulated inflam
mation: R(RQ)(RQ) [52], R(Q[RW]) [53], and R(Q[W(RC)]) [27]. The 
physical meaning of the Randles-CPE circuit elements are as follows: (i) 
Rs corresponds to the PBS+H2O2 resistance, (ii) Rox describes oxide layer 
resistance, and (iii) CPE is correlated to the capacitance of the real, 
non-ideal oxide layer that could contain some impurities, a certain level 
of roughness and surface defects. CPE is represented by two parameters 
(Q and n) which, together with Rox and Rs could be exploited to calculate 
the effective capacitance (Ceff) according to the equation described by 
Brug et.al. [54,55]. 

Ceff =

[

Q (
1

Rs
+

1
Rox

)
n− 1

]1/n

(1) 

This type of equation has been exploited, e.g., to describe the semi
conductive properties of the titanium alloys tested in the simulated 
physiological solutions [3,56]. The values of Ceff calculated are in a 
range of 10− 6 F×cm− 2 (Table 2). The statistical analysis performed did 
not reveal any significant differences between the Ceff values calculated 
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for the Ti-Nb and TNTZ alloys, or between the values designated for 
particular alloys after different immersion times in PBS+H2O2 (Table 2). 
Almost unvaried Ceff values during the immersion of both Ti-Nb and 
TNTZ alloys indicate that the compact oxide layer that was formed on 
their surfaces did not change its thickness during the whole immersion 
time in the simulated inflammatory conditions. On the other hand, 
prolonged, two-week exposure in PBS+H2O2 resulted in an increase in 
the Rox values calculated for Ti-Nb and TNTZ (from 104 to 105 

Ohm×cm2) (Table 2, Fig. 3). This indicates an enhancement of the oxide 
layer properties after the initial H2O2-induced corrosion attack. Similar 

Fig. 1. Microstructure of tested binary and quaternary alloys: EBSD results.  

Table 1 
OCP variations during Ti-Nb and TNTZ immersion in PBS+H2O2.    

OCP [V]    
2 h 24 h 48 h 336 h 

Ti-Nb -0.22 ± 0.02 -0.25 ± 0.02 -0.25 ± 0.01 -0.03 ± 0.02 
TNTZ -0.21 ± 0.02 -0.17 ± 0.02 -0.17 ± 0.04 -0.02 ± 0.01  

Fig. 2. Bode plots illustrating EIS results performed in PBS+H2O2 after different immersion times.  
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results were previously observed for CP-Ti [21,27] and Ti-6Al-4V [52]. 
An analysis of the time-dependent variation of the Rox value revealed 
differences in behavior between the Ti-Nb and TNTZ alloys (Fig. 3). For 
the binary alloy, the Rox values calculated from the EIS tests performed 
after 2 h of immersion were close to 0.03 MOhm×cm2 and did not 
change significantly during the first 48 h of immersion in PBS+H2O2. 
The growth in the Rox value (by one order of magnitude) took place 
between 48 h and 336 h of exposure (Fig. 3). In contrast, in the case of 
the TNTZ alloy, a rapid increase in Rox (from c.a. 
0.08–0.23 MOhm×cm2) was observed within the first 24 h, and the Rox 
value then stabilized over the next 24 h of immersion in the solution 

(Fig. 3). Prolonged immersion of TNTZ in PBS+H2O2 (up to 336 h) 
resulted in further growth in the Rox value. Apart from the differential 
characteristic of the time-dependent evolution of Rox, differences were 
also found between the numerical values of the resistance of the oxide 
layer calculated for the alloys (Fig. 3). The EIS data revealed that, for all 
of the analyzed immersion times, the Rox value was greater for the 
quaternary TNTZ alloy (p < 0.01). Therefore, it can be concluded that 
the corrosion resistance of the TNTZ alloy is significantly greater than 
that of the Ti-Nb alloy. In order to confirm this finding, the levels of 
corrosion resistance of TNTZ and Ti-Nb were then compared by means of 
spectrometric measurements that made it possible to calculate the total 
amount of metallic ions released during the samples’ exposure to 
PBS+H2O2. 

The calculated average values of particular types of released ions (in 
the mmol/cm2 [57]) are presented in Table 3 and Fig. 4. The ICP- MS 
tests revealed that, in both tested alloys, the majority of metallic ions 
were released during the first 48 h of immersion (Table 3, Fig. 4). The 
less pronounced increase in the amount of metallic ions released during 
the further immersion period could be related to a progressive decom
position of the H2O2 and thereby a reduction in the oxidation power of 
the solution; this was previously reported, e.g., for CP-Ti [27]. It can be 
noticed that, for all immersion times, the total amount of ions released 
from the Ti-Nb alloy was noticeably higher than from the TNTZ alloy 
(p < 0.01). Moreover, the concentration of Ti ions was more significant 
in the case of the binary alloy (p < 0.01), despite its having a metallic Ti 
content similar to that of the quaternary alloy. Comparing the amount of 
particular chemical elements released to the PBS+H2O2, with chemical 
composition of the alloys, allows to verify if any preferential dissolution 
takes place. For both alloys, the proportion of released ions was close to 
the bulk composition ratio in the metallic substrates (Ti-30Nb at%, and 
Ti-20Nb-4.6Ta-3.2Zr at%). This trend was observed in case of the whole 

Table 2 
Electrochemical parameters calculated from the EIS results (maximum fitting errors of particular EIS parameters are provided in brackets).   

Time 
[h] 

Q 
[× 10− 5 Ω− 1 cm− 2 sn] 

n Ceff 

[× 10− 6 F cm− 2] 
Rox [MOhm×cm2] χ2 

max 

Ti-Nb 2 2.22 ± 0.39 (0.71 %) 0.93 
(0.17 %) 

5.74 ± 2.58 0.03 ± 0.008 
(0.84 %)  

0.02 

24 3.14 ± 0.93 
(0.78 %) 

0.93 
(0.17 %) 

7.63 ± 1.11 0.03 ± 0.002 
(0.69 %)  

0.02 

48 3.71 ± 0.78 
(0.77 %) 

0.92 
(0.17 %) 

7.72 ± 1.25 0.03 ± 0.007 
(0.77 %)  

0.03 

336 2.18 ± 0.05 
(0.46 %) 

0.94 
(0.11 %) 

6.86 ± 0.32 0.16 ± 0.028 
(1.07 %)  

0.02 

TNTZ 2 1.95 ± 0.45 
(0.67 %) 

0.94 
(0.15 %) 

5.75 ± 0.53 0.08 ± 0.006 
(0.92 %)  

0.02 

24 1.72 ± 0.15 
(0.61 %) 

0.94 
(0.17 %) 

4.78 ± 0.73 0.23 ± 0.032 
(1.53 %)  

0.03 

48 1.86 ± 0.26 
(0.49 %) 

0.94 
(0.12 %) 

6.12 ± 0.73 0.21 ± 0.071 
(0.87 %)  

0.02 

336 2.00 ± 0.29 
(0.49 %) 

0.94 
(0.12 %) 

6.05 ± 0.46 0.52 ± 0.072 
(1.54 %)  

0.03  

Fig. 3. Oxide layer resistance calculated from the results of the EIS tests per
formed in PBS+H2O2. 

Table 3 
The average concentration values and standard deviation [mmol/cm2] of metallic ions released into the PBS+H2O2 solution after different immersion times (n = 3).  

Alloy Time [h] Concentration of metallic ions [mmol/cm2]  

Ti Nb Ta Zr 

Ti-Nb 2 9.1E-05 ± 3.1E-06 2.4E-05 ± 7.4E-06 0 0 
24 3.7E-04 ± 4.0E-05 2.1E-04 ± 2.1E-05 0 0 
48 6.5E-04 ± 5.2E-06 2.9E-04 ± 1.4E-05 0 0 
336 7.7E-04 ± 4.2E-07 2.9E-04 ± 7.5E-07 0 0 

TNTZ 2 1.3E-05 ± 6.3E-07 5.1E-06 ± 6.5E-07 9.4E-07 ± 5.5E-08 4.9E-07 ± 1.2E-08 
24 8.4E-05 ± 2.5E-06 4.1E-05 ± 4.5E-06 5.7E-06 ± 4.4E-07 3.7E-06 ± 3.3E-07 
48 1.4E-04 ± 4.0E-06 6.2E-05 ± 1.7E-07 1.3E-05 ± 1.7E-07 4.7E-06 ± 2.8E-07 
336 2.6E-04 ± 9.0E-06 8.4E-05 ± 2.8E-07 1.6E-05 ± 2.7E-07 6.5E-06 ± 8.4E-07  
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immersion period (Table 3). Corrosion response is closely related to the 
topography, thickness and chemical composition of the oxide layers. In 
order to gain knowledge about the evolution of the oxide layers under 
inflammatory conditions, all of the features mentioned above were 
evaluated in the as-polished state, as well as after a prolonged immer
sion of 336 h in PBS+H2O2. 

3.3. Oxide layers characteristics – topography 

A quantitative AFM analysis showed that the level of surface 
roughness for the as-polished samples was virtually the same (for both 
Ti-Nb and TNTZ the largest difference between “peak” and “valleys” was 

lower than 0.5 nm). It can therefore be assumed that all of the differ
ences in surface topography observed after the immersion tests were 
related only to the interaction between the alloys’ surfaces and the so
lution. The AFM results did not demonstrate the presence of any 
microscopic cracks or other corrosion-induced damage. However, the 
interaction between the alloy surfaces and the H2O2 resulted in the 
formation of a nanoscale topography without any specific ordering 
(Fig. 5). Although the corrosion-induced changes are subtle in both al
loys, the AFM analysis revealed that the surface topography was more 
stable in the case of the TNTZ alloy (Fig. 5). For the TNTZ, the largest 
difference between the “peaks” and “valleys” was less than 1.5 nm, 
while for the Ti-Nb it was c.a. 6 nm. Considering the fact that the 
interaction between H2O2 and the Ti surfaces resulted in Ti oxidation 
and a further repassivation of the more developed oxide layer, the AFM 
results supported the assumption that TNTZ is less prone to dissolution 
under simulated inflammation. This finding correlates with the 
conclusion drawn from the EIS and ICP-MS measurements. 

3.4. Oxide layer characteristics – thickness and phase structure 

The characterization of the surface topography was supplemented by 
an analysis of oxide layer thickness in the as-polished state (by AES) and 
after 336 h of immersion in PBS+H2O2 (by AES, and TEM). In AES 
studies, the border between the oxide layer and the alloy was assumed to 
be the point having approx. 66 % of the maximum oxygen value (Fig. 6). 
According to this criterion, the thickness of the air-formed passive layer 
formed on the Ti-Nb and TNTZ alloys did not exceed a dozen nanome
ters. AES measurements revealed that two weeks of immersion in the 
simulated inflammatory environment resulted in the substantial built-up 
of the oxidation products on the alloys’ surfaces (Fig. 6). Moreover, it 
was found that the layer of deposited oxides was approximately two 
times thicker for Ti-Nb alloy. Using spectroscopic techniques, one can 
only assess the order of magnitude of the thickness of the re-passivated 
film. Therefore, the thickness of the oxidation products zone, that 

Fig. 4. Concentration of ions released into the PBS+H2O2 solution after 
different immersion times (average values). 

Fig. 5. Changes in the surface topography induced by 336 h of immersion in PBS+H2O2 (AFM studies).  
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growth during the 336 h of alloys’ immersion in PBS+H2O2 was addi
tionally analyzed by TEM observations of FIB-lamellas that were pre
pared for the cross section of the samples. The microscopic observations 
revealed the presence of the compact and continuous oxide layer with 
approx. 5–10 nm in thickness (Fig. 7). Moreover, for both alloys the 
porous and non-continuous area of the oxidation products that were re- 
passivated on the alloys’ surfaces can be distinguished. The high 
porosity of the re-passivated layer was confirmed by large number of 
gold particles that penetrated the corrosion products during sputtering 
of the protective gold layer in FIB. The thickness of re-passivated layer 
deposited on the Ti-Nb was about 30 nm, and on the TNTZ about 10 nm 
(Fig. 7). Another factor that could be important in terms of corrosion 
resistance is the phase structure of the oxide layer [58]. HR-TEM mi
crographs, performed at the boundary between the oxide layer and the 
substrate, indicated that the character of the oxide layer was amorphous. 
This observation was confirmed by the fast Fourier transforms (FFT) 
registered from the oxide area (Fig. 7). 

3.5. Oxide layer characteristics – chemical composition 

Knowledge about the evolution of the chemical composition of the 
oxide layers in the PBS+H2O2 was possible to gain by deconvoluting the 
HR-XPS spectra (Fig. 8, Fig. 9). Revealing the peaks from the metallic 
elements for the as-polished samples confirmed the nanometric thick
ness of the passive layers formed on their surfaces (Fig. 8, Fig. 9). For 
both as-polished alloys, different Ti (TiO, Ti2O3, TiO2) as well as Nb 
oxides (NbO, NbO2, Nb2O5: Ti- Nb; NbO, Nb2O5: TNTZ) were detected 
within the oxide layers formed on their surfaces (Fig. 10). Additionally, 

for the TNTZ alloy, the HR-XPS spectra revealed peaks from Ta and Zr at 
their highest oxidation states (Ta2O5 and ZrO2, respectively). The 
absence of Ta and Zr sub-oxides could be related to their higher ten
dency to oxidize compared with Ti and Nb, which was confirmed by the 
thermodynamic calculations [59]. For both the Ti-Nb and TNTZ alloys, 
two weeks of exposure in PBS+H2O2 produced noticeable changes in the 
stoichiometry of the oxide layers. Firstly, oxidation of Ti and Nb 
sub-oxides took place, and for both alloys the oxide layer was composed 
only from alloying elements at the highest oxidation states (TiO2, Nb2O5, 
Ta2O5, and ZrO2) (Fig. 10). The content of TiO2 and Nb2O5 detected for 
the Ti-Nb alloy was approximately proportional to the composition of 
the substrate. In the case of the TNTZ alloy, a substantial increase in 
ZrO2 was observed. The content of ZrO2 in the surface went up from 
about 4.0–17.5 %. (Fig. 10). Considering the fact that both β-phase al
loys demonstrated the same type of microstructure (virtually the same 
average grain size and grain size distribution) and very similar surface 
topographies in the as-polished state, the differences in the chemical 
composition of the compact oxide layers should be responsible for the 
different corrosion behavior of the Ti-Nb and TNTZ alloys. 

4. Discussion 

Currently, relatively new groups of Ti β-phase binary Ti-Nb and 
quaternary Ti-Nb-Ta-Zr (TNTZ) alloys are attracting a lot of scientific 
interest because of their potential application in long-lasting implan
tology [45,60–62]. This is mainly due to their unique mechanical 
properties and simultaneous lack of potentially harmful alloying ele
ments. However, the success of an implantation is also related to the 

Fig. 6. Thickness of the air-formed passive layers and oxide corrosion products deposited during 336 h of immersion in PBS+H2O2 evaluated by AES studies 
(boundary between the oxide layer and metal is marked by vertical lines). 
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Fig. 7. Thickness and phase structure of the oxide layers evaluated based on TEM and HR-TEM observations of the surfaces cross-sections performed after 336 h of 
immersion in PBS+H2O2 (compact film is marked by black arrow and the layer of corrosion products by yellow arrow). (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. HR-XPS spectra recorded for TNTZ alloy before and after 336 h of immersion in PBS+H2O2.  
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surface properties of the materials used, such as their corrosion resis
tance. This study compared the corrosion resistance of Ti-Nb and 
Ti-Nb-Ta-Zr under simulated inflammatory conditions that resembled 
the peri-implant environment more realistically than the standard so
lutions used for testing biomaterials. The overall results revealed that 
quaternary the TNTZ alloy exhibited significantly better corrosion 
resistance than the Ti-Nb alloy (p < 0.01). Both the EIS and the ICP-MS 
tests confirmed the TNTZ’s superior corrosion properties, during initial 
exposure in PBS+H2O2 (2 h) and after prolonged solution immersion 
times (24 h, 48 h, 336 h). Better corrosion resistance of TNTZ was 

reflected by the larger values of Rox and by the lower amount of metal 
ions released to the PBS+H2O2. It have to be added that for both alloys’ 
the Rox value increased after prolong immersion in the solution, which 
indicate on the enhancement of their corrosion resistance. Contrary to 
the Rox values, Ceff designated from the EIS data did not change during 
the whole immersion period (considering the standard deviation values 
– Table 2). This indicates that thickness of the compact oxide layer, 
which contributes to the high corrosion resistance, remains stable dur
ing the whole exposure period in PBS+H2O2. Generally, when the Rox 
value increasing, decrease of Ceff value can be observed [63,64]. At the 
early immersion stages, Rox was the lowest because H2O2-rich solution 
enforces alloys’ oxidation. Titanium oxide (and also complex oxides that 
are formed on TNTZ and Ti-Nb surfaces) can be classified as n-type 
semiconductor and chemical reactions are taking place at the sub
strate/compact oxide interface. Then, metal ions are transported across 
the film, and can remain in the solution (as was found based on ICP-MS) 
or can be further re-deposited on the surface in the form of oxides (as 
was shown in TEM micrographs). Hydrogen peroxide is unstable com
pound, so after longer immersion time its decomposition taking place, 
and the solution is losing its oxidation power. Consequently, the resis
tance of the compact oxide layer increases, but its thickness remains 
unchanged. The lack of growth of the compact oxide layer in PBS+H2O2 
was confirmed also based on the post-immersion TEM observations 
which revealed that its thickness was similar to those assessed for the 
native passive layer based on the AES studies (Fig. 6, Fig. 7). For both 
samples thickness of the compact oxide film after EIS tests did not 
exceed 10 nm. However, differences were found in the thickness of the 
corrosion products layer, which was more than a twice as thick for Ti-Nb 
than for TNTZ alloy. Less intensive increase in the thickness of the layer 
of corrosion products after prolonged immersion in PBS+H2O2 
confirmed the higher stability of the TNTZ surface under simulated 

Fig. 9. HR-XPS spectra recorded for Ti-Nb alloy before and after 336 h of immersion in PBS+H2O2.  

Fig. 10. Changes in the chemical composition of the surface induced by 336 h 
of immersion in PBS+H2O2. 
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inflammation, which was reflected by the larger Rox values and lower 
amount of metal ions released to the solution. 

The differences observed in the protective properties of the oxide 
layers formed on the Ti-based alloys tested could be related to the 
following factors: (i) the different chemical composition, and (ii) distinct 
microstructural features of the substrates. It is well known that grain 
boundaries act as privileged sites for chemical reactions, and conse
quently, a high number of these defects could enhance both dissolution 
and further repassivation processes. The similar microstructure and 
grain size of the Ti-Nb and TNTZ alloys, achieved by varying the heat- 
treatment parameters, permitted the inference that the beneficial 
corrosion behavior of the TNTZ alloy was strictly related to its more 
complex chemical composition. Previous EIS data indicated that TNTZ 
alloy is less likely to react chemically with H2O2 than is the widely used 
biomedical CP-Ti [7]. In accordance with the proposed hypothesis, this 
effect could be explained by the presence of alloying elements having 
higher valences than Ti. The passive layer that is air-formed on the Ti 
surface contains a certain amount of oxygen vacancies whose origin is 
related to the presence of Ti oxides at lower oxidation states than TiO2 
[41]. Literature data have shown that the highest protectiveness of an 
air-formed oxide layer on Ti and its alloys, is usually achieved in case of 
the lowest amount of TiO and Ti2O3 [65,66]. It is believed that the 
presence of Nb5+ and/or Ta5+ cations within the passive layer could 
compensate for the existence of oxygen vacancies [67,68]. For this 
reason, in previous studies binary Ti-Nb alloys were also found to be 
more corrosion resistant than CP-Ti [69,70]. However, it should be 
added that, in those cases, this beneficial effect was visible in acidic 
solutions enriched with fluorides that simulated the conditions in the 
oral cavity. Similar findings were also reported for the multicomponent, 
microcrystalline TNTZ alloy, which demonstrates better initial corrosion 
resistance in fluoridated saliva than CP-Ti [11]. These results permit the 
conclusion that the presence of Nb2O5 and/or Ta2O5 in the oxide layer 
formed on Ti-based alloys impedes Ti dissolution in the conditions that 
facilitate their local corrosion. Nevertheless, the results presented in this 
study revealed that TNTZ demonstrates significantly higher corrosion 
resistance in PBS+H2O2 compared with Ti-Nb, despite having a similar 
content of alloying elements with higher valences than Ti. Therefore, the 
effect of Nb and Ta on corrosion resistance in highly oxidizing conditions 
is not straightforward, and the presence of alloying elements with higher 
valences than Ti cannot simply explain the beneficial corrosion behavior 
observed for TNTZ. While in other works corrosion resistance was 
evaluated based on the oxygen vacancies concept, our manuscript 
documented increased corrosion resistance of TNTZ in the PBS+H2O2 
solution based on the combined experimental evidence that includes 
electrochemical (EIS), ion-release (ICP-MS), and microscopic analysis 
(AFM, TEM). 

The surface chemical composition, and its corrosion-induced 
changes provided increased understanding for the better protection 
achieved by the oxide film formed on TNTZ. The XPS studies demon
strated that additionally to Ti and Nb oxides that were found on the Ti- 
Nb surface, native compact film formed on TNTZ surface contains also 
Ta and Zr oxides. After 336 h of TNTZ immersion in PBS+H2O2, a sub
stantial increase in the ZrO2 content was revealed. This could be 
explained by considering the energy necessary for oxide formation, 
which is lower for Zr than for Ti and Nb [59]. According to Taylor et.al. 
[59], the calculated value of that energy is similar for Zr and Ta. How
ever, cohesive energy, which acts as an indicator of the metal-metal 
bond strengths, is significantly higher in Ta, meaning that the oxida
tion of Zr and the formation of Zr oxides should be energetically 
favorable in the highly oxidizing conditions that are found under in
flammatory conditions. An enrichment of the surface in ZrO2 was sug
gested as a possible reason for the better corrosion properties in 
PBS+H2O2 reported for the binary Ti-Zr biomedical alloy (compared 
with the conventional CP-Ti) [71]. In this work it was found that, con
trary to titanium oxides, ZrO2 is resistant to dissolution induced by 
H2O2. Although ZrO2 does not undergo a chemical reaction with H2O2, 

its surface provides catalytic support for the decomposition of H2O2 
[72]. Presence of the ZrO2 in the oxide layer formed on TNTZ alloy 
might cause a faster reduction in the solution’s oxidizing power in the 
case of TNTZ, which could in turn be the reason of faster growth of the 
Rox value with the immersion time than in the case of the Ti-Nb alloy. 
Both high resistance to dissolution and the catalytic character of ZrO2 
could be responsible for the suppressed release of metal ions. In turn, the 
lower content of metal ions in the solution resulted in thinner layer of 
oxide products that were re-deposited on the TNTZ surface after corro
sion process. The origin of the thicker oxide layer observed for the bi
nary alloy could be related to the larger amount of released metal ions 
that were able to take part in the formation of the re-passivated layer of 
corrosion products, in the form of oxides, in the case of prolonged im
mersion in PBS+H2O2. 

Based on presented results supported by literature data, we hy
pothesize that Zr could play important role in tailoring TNTZ corrosion 
resistance under simulated inflammatory conditions. However, the 
investigation performed in this study cannot answer whether the 
observed behavior of the TNTZ alloy is governed only by the presence of 
Zr or by the combined effect of Zr and other alloying elements with 
higher valences. For this reason, it would be worth comparing the 
corrosion behavior of TNTZ with a binary alloy having similar Zr content 
(e.g. Ti-5Zr). Nevertheless, it must be considered that the TNTZ and Ti- 
Zr alloys have different phase compositions, owing to the fact that Zr is 
not a strong β-phase stabilizer in Ti. Moreover, the experiments 
described in this study do not exclude the important role of Ta in 
tailoring TNTZ’s corrosion behavior in PBS+H2O2. However, in the case 
of binary Ti-Ta alloys, the almost single β phase can only be obtained at a 
high content of Ta [73], and so comparing TNTZ with a binary alloy of 
similar Ta content would not provide information about the separate 
role of Ta, owing to the differences in the phase structures of the tested 
alloys. Finally, it have to be mentioned that in this study the effect of 
chemical composition on the corrosion behavior under simulated 
inflammation was studied for alloys with the microstructures composed 
from equiaxed and defect-free micrometric grains. Future studies are 
needed to gain the knowledge about the combined influence of 
biocompatible alloying elements and the alloys’ density of defects of 
crystallographic structure (e.g. grain boundaries, dislocations), which is 
related to the selected path of manufacturing process. 

5. Conclusions 

In this work, the time-dependent corrosion resistance of biomedical 
titanium β-phase alloys of reduced stiffness (Ti-Nb and Ti-Nb-Ta-Zr: 
TNTZ) was compared in a solution simulating post-operative inflam
matory conditions (PBS+H2O2). Developing alloys having the same type 
of microstructure and virtually the same grain size permitted us to un
derstand the separate role of chemical composition on corrosion 
behavior. The experimental results led to the following conclusions:  

• Ti-Nb-Ta-Zr (TNTZ) demonstrated significantly higher corrosion 
resistance in PBS+H2O2 solution than the Ti-Nb alloy did, despite a 
similar content of alloying elements with higher valences (β-phase 
stabilizers) than those of Ti (Ti-Nb: 45 wt% Nb, TNTZ: 29 wt% 
Nb+13 wt% Ta).  

• Better corrosion resistance of TNTZ compared to Ti-Nb was 
confirmed by both higher values of oxide layer resistance and lower 
concentration of released metal ions to the PBS+H2O2 after initial 
(2 h, 24 h, 48 h) as well as prolong immersion (336 h) in the 
solution.  

• After prolong exposure in the simulated inflammatory environment, 
re-passivated layer of the oxidation products formed on the TNTZ 
surface was more than a double as thin as those formed on Ti-Nb 
alloy. Moreover, TNTZ immersion in PBS+H2O2 resulted in lower 
development of surface topography compared to Ti-Nb alloy. 
Described observation indicate that the corrosion process and further 
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built-up of the corrosion products was less intensive for TNTZ alloy. 
Thereby, results of surface analysis correlates with findings derived 
from electrochemical and ion-release tests.  

• Surface chemical composition analysis revealed that 336 h of TNTZ 
immersion in PBS+H2O2 resulted in the substantial enrichment in 
the Zr oxide. The content of ZrO2 in the surface exceeded 17.5 % 
despite less than 5 wt% of metallic Zr in the TNTZ substrate. Overall 
results allows to conclude that amongst other chemical elements in 
TNTZ, Zr oxidize preferentially and does not show a tendency to 
interact with H2O2. 

• Ti-Nb alloy demonstrated suppressed rate of Rox growth with im
mersion time compared to TNTZ during exposure in PBS+H2O2. 
Although Nb is known to enhance Ti resistance to local corrosion, 
overall results presented in this work allow to exclude its beneficial 
role in case of corrosion behavior under simulated inflammatory 
conditions. Considering the fact that the interaction between a 
biomaterial and the human body involves two-way positive feed
back, both of the above findings are valuable in terms of corrosion 
behavior of Ti β-phase alloys in the real peri-implant inflammatory 
environment. 
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[29] P. Tengvall, I. Lundström, L. Sjöqvist, H. Elwing, L.M. Bjursten, Titanium-hydrogen 
peroxide interaction: model studies of the influence of the inflammatory response 
on titanium implants, Biomaterials 10 (1989) 166–175, https://doi.org/10.1016/ 
0142-9612(89)90019-7. 

[30] E. Brooks, M. Tobias, K. Krautsak, M. Ehrensberger, The influence of cathodic 
polarization and simulated inflammation on titanium electrochemistry, J. Biomed. 
Mater. Res. Part B Appl. Biomater. 102 (2014) 1445–1453, https://doi.org/ 
10.1002/jbm.b.33123. 

[31] A. Mace, J. Gilbert, A mass balance analysis of the tribocorrosion process of 
titanium alloys using a single micro-asperity: voltage and solution effects on plastic 
deformation, oxide repassivation, and ion dissolution, J. Mech. Behav. Biomed. 
Mater. 136 (2022), 105531, https://doi.org/10.1016/j.jmbbm.2022.105531. 

[32] Y. Liu, D. Zhu, J.L. Gilbert, Sub-nano to nanometer wear and tribocorrosion of 
titanium oxide-metal surfaces by in situ atomic force microscopy, Acta Biomater. 
126 (2021) 477–484, https://doi.org/10.1016/j.actbio.2021.03.049. 

[33] J.L. Gilbert, S. Sivan, Y. Liu, S.B. Kocagöz, C.M. Arnholt, S.M. Kurtz, Direct in vivo 
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[41] M. Metikos-Huković, A. Kwokal, J. Piljac, The influence of niobium and vanadium 
on passivity of titanium-based implants in physiological solution, Biomaterials 24 
(2003) 3765–3775, https://doi.org/10.1016/S0142-9612(03)00252-7. 

[42] R. Schmidt, A. Gebert, M. Schumacher, V. Hoffmann, A. Voss, S. Pilz, 
M. Uhlemann, A. Lode, M. Gelinsky, Electrodeposition of Sr-substituted 
hydroxyapatite on low modulus beta-type Ti-45Nb and effect on in vitro Sr release 
and cell response, Mater. Sci. Eng. C 108 (2020), 110425, https://doi.org/ 
10.1016/j.msec.2019.110425. 
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