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A B S T R A C T   

Tribo-electrochemical behavior in physiological solution of two β-type (100-x)(Ti-45Nb)-xGa (x = 4, 8 wt%) 
alloys, alongside β-Ti-45Nb and medical grade Ti-6Al-4V ELI, was investigated. Microstructure and mechanical 
behavior were evaluated by X-ray diffraction, microhardness and ultrasonic method. Tribocorrosion tests (open 
circuit potential, anodic potentiostatic tests) were performed using a reciprocating pin-on-disk tribometer under 
constant load. Degradation mechanisms are similar for the alloys: plastic deformation, delamination, abrasive 
and adhesive wear. Among the β-Ti-Nb alloys, an improved wear resistance with lower damage was remarked for 
β-92(Ti-45Nb)-8Ga alloy, attributed to increased microhardness. Content of Ga3+ ions released in the test so
lutions were found to be in very low amounts (few ppb). Addition of Ga to Ti-45Nb resulted in improved 
corrosion resistance under mechanical loading.   

1. Introduction 

Titanium (Ti) and its alloys are extensively used in the biomedical 
field due to their high strength-to-weight ratio, excellent corrosion 
resistance and biocompatibility, mainly due to the spontaneous forma
tion of a stable thin passive oxide film. Ti-6Al-4V (α + β) is a well- 
established metallic biomaterial for orthopedic and dental implant ap
plications. However, its high Young’s modulus (E ≅ 115 GPa) may favor 
stress-shielding due to a large mismatch with the stiffness of living tis
sues and the toxicity of the alloying elements Aluminium (Al) and Va
nadium (V) can represent a serious clinical concern in cases where large 
amounts of ions are released [1,2]. Research has recently focused on the 
development of novel β-type Ti alloys containing non-toxic elements 
such as Niobium (Nb), Molybdenum (Mo), Zirconium (Zr) and Tanta
lium (Ta) [3]. Ti-Nb based alloys are versatile candidates for biomedical 
applications for a number of reasons, including a low Young’s modulus, 
high phase stability, good workability and ductility and outstanding 

corrosion resistance and biocompatibility [4–7]. Further, Ti and Nb have 
a beneficial effect on the alloy corrosion resistance, and eventual release 
of metal ions is reduced as the stable barrier-type passive films provide 
protection to the underlying implant material [8]. Additionally, β-TiNb 
alloys in the solution-treated state exhibit low Young’s modulus (E ≅
60 GPa) [9], closer to that of human cortical bone (Ebone ≅ 10–32 GPa), 
thus decreasing the risk of the stress shielding phenomenon, which is 
caused by a large mismatch between the stiffness of the implant and of 
the surrounding bone tissues. In spite of the biocompatible composi
tions, improved corrosion resistance and low modulus, the serious as
pects limiting the efficacy of Ti alloys for biomedical applications are 
poor wear resistance in body fluids and inability to prevent bacterial 
infection during early stages of recovery [10]. The latter can be tackled 
by alloying with antibacterial elements such as Copper (Cu), Zinc (Zn), 
Silver (Ag), Gallium (Ga) [11]. Ga recently gained attention due to its 
attractive antimicrobial properties [12]. Cochis et al. [13] have 
demonstrated that minor additions of Ga (1–2 wt%) to Ti alloys 
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demonstrate a highly efficient time-increasing antibacterial activity 
without any cellular toxicity. Our group recently reported the beneficial 
effect on the mechanical behavior of Ga addition to β-TiNb alloys, which 
resulted in improved strength while maintaining a low Young’s modulus 
(78 GPa) [14]. 

Mechanically-assisted corrosion phenomena, such as tribocorrosion, 
critically affect the passive oxide film integrity, thereby accelerating 
material degradation. Even though Ti and its alloys are considered ad
vantageous for implant applications, because of their biochemical 
characteristics, wear and corrosion still occur, especially in extreme 
environments like the human body [15]. Implants inserted in a human 
body encounter a particularly aggressive environment, being sur
rounded by body fluids for which chloride, dissolved oxygen and pH 
levels are critical from a corrosion perspective. The capacity of the oxide 
film to regenerate itself plays a key role in further determining the 
corrosion behavior of the implant; the sooner the film is repaired, the 
lower the amount of metal ions released in the body. Metallic ion release 
during tribocorrosion is critical as it can adversely affect the mechanical 
integrity as well as the biocompatibility [16]. Low wear resistance is also 
responsible for the appearance of wear debris, the accumulation of 
which in periprosthetic tissues can result in osteolysis and subsequent 
aseptic loosening [17]. Studies have shown that wear particles from 
Ti-6Al-4V alloys could induce the release of inflammatory mediators 
affecting the tissues surrounding prosthesis and cause osteolysis [18]. 
Corrosion behavior of β-Ti alloys is mainly governed by the role of the 
β-stabilizing agents on the oxide film. For example, a beneficial effect on 
the passivation behavior has been observed for Nb, attributed to its 
capacity of reducing anion vacancies in the oxide film, mainly composed 
of Ti- and Nb-oxides [19]. Extensive studies exist on the wear behavior 
of Ti-6Al-4V in both dry and wet conditions [20–22], but only limited 
wear data is available for β-type Ti-Nb-based alloys [23–25]. Further
more, the synergistic interplay between corrosion and wear is often 
overlooked for such alloy systems. Because of the complexity of involved 
phenomena, the mechanisms of corrosion and wear due to specific 
combinations of materials, loadings and environments can be chal
lenging to predict, therefore experimental studies are needed. 

This work is part of an extended study focused on the development of 
antibacterial Ti-Nb-based alloys for load-bearing implant applications 
[14,26]. The novelty of the present study lies in reporting the tribo
corrosion behavior of low modulus Ga-bearing β-TiNb alloys, namely 
(100-x)(Ti-45Nb)-xGa (x = 4, 8 wt%), alongside with Ti-6Al-4V ELI 
(grade 23) and Ti-45Nb, in physiological phosphate-buffered saline so
lution (PBS). The variations in open circuit potential, anodic current and 
friction coefficient as a function of time were measured in situ. Resulting 
wear tracks reveal the prevalent wear mechanisms. X-ray diffraction 
(XRD), ultrasonic and microhardness studies were performed to corre
late phase composition and mechanical behavior to the observed elec
trochemical response under mechanical loading. Modelling was based 
on existing wear-accelerated corrosion models, and they accurately 
predicted the tribo-electrochemical response of the studied alloys. This 
work is fundamental in assisting the screening of candidates for 
next-generation implant biomaterials. 

2. Materials and experimental methods 

2.1. Preparation of the alloys, phase analysis and mechanical properties 

Four different alloys are investigated in this work: medical grade Ti- 
6Al-4V Extra Low Interstitials (ELI, ASTM F136 grade 23), Ti-45Nb, 96 
(Ti-45Nb)-4Ga and 92(Ti-45Nb)-8Ga. All compositions are given in wt 
%. Ti-6Al-4V ELI in form of disks was provided by Anthogyr SAS. Ti- 
45Nb was purchased from ATI - Specialty Alloys & Components. The 
two (100-x)(Ti-45Nb)-xGa alloys were prepared by arc melting and cold 
crucible casting from Ti-45Nb (99.9%, ASTM B348–13 grade 36) and 
high purity (99.99%) metallic Ga (purchased from Haines & Maassen 
Metallhandelsgesellschaft mbH). Ti-6Al-4V ELI was used as received, 

while the other three alloys were subjected to a homogenization treat
ment (1000 ◦C, 24 h, in Ar atmosphere) followed by water quenching 
with the aim of preparing a chemically uniform state. Detailed 
description of these procedures can be found elsewhere [14]. 

Phase analysis of the alloys was carried out with a STOE Stadi P 
diffractometer in transmission geometry using Mo Kα1 (λ = 0.7093 Å) 
monochromatic radiation operated at 50 kV and 30 mA. Identification of 
crystalline phases is based on data from the International Centre of 
Diffraction Data (ICDD) PDF2 database (ICDD no-04–017–4957, β-Ti, 
and ICDD no-00–005–0682, α-Ti). For this reason, samples were me
chanically ground to approximately 50 µm in thickness. Specimens for 
SEM observations were embedded in cold-hardening resin and subse
quently mechanically polished by standard metallographic techniques. 

Vickers microhardness (HV0.1) was measured with an HMV-2 Shi
madzu indenter on mirror-like polished samples with a force of 1 N (100 
gf) and dwell time of 10 s. Average values and deviations are the result of 
12 readings. Young’s modulus (E) and Poisson’s ratio (ν) of the bulk 
alloys were determined with a computer-controlled ultrasonic pulser- 
receiver device (Olympus 5900PR) on mechanically ground disks (Ø =
10 mm, thickness = 1.0 ± 0.2 mm). The setup allows the determination 
of normal and shear velocities of sonic waves by using two high fre
quency transducers (100 MHz and 20 MHz). The sonic waves are then 
related to the elastic properties E and ν [27]. Density (ρ) of the alloys was 
measured by Archimedes’ method. All data are presented as mean ±
standard deviation. 

2.2. Corrosion and tribocorrosion tests 

Disk-shaped (Ø = 10 mm, thickness ~ 2 mm) specimens for elec
trochemical studies were embedded in epoxy resin, mechanically 
ground with SiC emery paper (from 240 to 2400 grit) and then ultra
sonically rinsed in pure ethanol. After that, samples were stored for 24 h 
in natural air conditions to stabilize the native passive film. 

A three-electrode setup was used for corrosion and tribocorrosion 
assessment. The setup consisted of the embedded Ti-based specimen as 
working electrode (WE), a platinum coil as counter electrode (CE) and a 
saturated silver chloride (Ag|AgCl) electrode as RE (EAg|AgCl = +0.197 V 
vs SHE). The total volume of electrolyte was 14 ( ± 0.03) mL. The setup 
as described was connected to a Gamry ref 600 potentiostat, which was 
controlled using Gamry Framework software. The electrochemical 
configuration was suitable to the measurement of the OCP as well as of 
the current under dynamic potential (potentiodynamic test) and fixed 
potential (potentiostatic test), with or without sliding under mechanical 
loading. All tests were conducted in air-saturated physiological 
phosphate-buffered saline solution (PBS, pH ~ 7.4, composition: NaCl 
140 mM, KCl 3 mM, phosphate buffer 10 mM, purchased from Merck 
KGaA) at room temperature. 

2.2.1. Corrosion tests in absence of wear 
Corrosion behavior was studied by standard electrochemical tech

niques: OCP monitoring followed by dynamic polarization. Open circuit 
potential (OCP) was monitored for 3600 s before the polarization. The 
linear dynamic anodic polarization was started at − 0.2 V below the last 
OCP potential value (− 0.2 V vs OCP) and increased with a constant 
sweep rate of 0.5 mV/s up to a value of + 1.0 V vs. Ag|AgCl. Each test 
was performed at least three times to verify the repeatability of the re
sults. By graphical extrapolation, the characteristic corrosion parame
ters (Ecorr, jcorr and jpass at +1 V vs. Ag|AgCl) were determined from the 
curves. 

2.2.2. Tribocorrosion tests 
Sliding tests were performed with a reciprocating pin-on-disk trib

ometer. The tribometer has a fixed frame that holds the pin support, 
while the stage holding the electrochemical cell is mobile (Fig. 1). The 
translation movements and load, fixed at 5 N, were applied using a 
lifting table (Norelem). Normal load and shear force were measured by a 
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three-axis strain gauge force sensor (Testwell). On top of the sensors, the 
whole electrochemical cell was mounted and fixed in position. The co
efficient of friction (COF) was calculated by the ratio between shear 
force and normal force. The horizontal displacement was driven by a 
linear voice coil actuator (H2W Technologies). Sliding displacement was 
set to 1.6 mm with a reciprocating frequency of 0.5 Hz for 1800 s (2 s/ 
cycle, which corresponds to 3.2 mm/cycle) and sinusoidal waveform 
profile. This leads to an experimental total sliding distance of 2.9 m for 
each test. The tribometer was controlled by LabVIEW (National In
struments) software, which allows real time visualization of normal 
force, tangential force and horizontal displacement [28]. 

The contact was defined by the Ti alloys as first body and a cylin
drical (Ø = 6 mm) alumina (Al2O3) pin with a curvature radius of 
26 mm (measured by profilometry) as second body. This type of ceramic 
pin was selected in order to limit severe adhesive wear which typically 
occurs during metal-metal contact [29]. Moreover, mechanical proper
ties of the Al2O3 pin are higher than the tested Ti alloys, therefore wear 
was exclusively expected on the metal specimens. The pin was polished 
with SiC emery paper (grit 4000) before every test with an in-house built 
pin holder, designed to maintain the same curvature radius. Mechanical 
properties of the pin are reported elsewhere [30]. According to Hertz’s 
elastic theory, calculations give initial maximum contact pressures of 
240, 180, 190, 200 MPa and mean contact pressures of 160, 120, 130, 
130 MPa for Ti-6Al-4V ELI, Ti-45Nb, 96(Ti-45Nb)-4Ga and 92 
(Ti-45Nb)-8Ga, respectively. Chosen contact mechanics conditions are 
far from real joint replacement biomechanics, where contact pressures 
for hip joints, ankle replacements and knee joints are in the range of few 
tens of MPa [28]. Chosen conditions may therefore seem harsh but are 
needed for a fundamental mechanistic study. 

The tribometer operated integrated with the electrochemical setup 
described above. Two types of tribo-corrosion tests were carried out: i) 
sliding during OCP monitoring and ii) sliding at applied anodic potential 
(0 V vs last measured OCP potential). The first method simulates a real 
system, where the WE potential is controlled only by the physiochemical 
properties of the surrounding solution and the tribological conditions of 
the contact. The second method allows real time in situ measurement of 
depassivation and repassivation kinetics. Tests described below were 
repeated twice for reproducibility.  

i. Open circuit potential (OCP) measurements: Initially, OCP was 
monitored in static conditions for 3600 s, and subsequently with 
sliding for 1800 s to gain insights on the OCP evolution under the 
applied 5 N load. Sliding was then stopped and OCP was further 
measured for 3600 s. Data collection frequency was set to 10 Hz to 
ensure high resolution curves during sliding tests. 

ii. Potentiostatic tests: After OCP stabilization for 3600 s, potentio
static experiments were performed at an applied anodic potential of 
0 V vs OCP to understand the mutual action of corrosion and wear 

during tribocorrosion. This indicates that the last measured OCP 
potential value at 3600 s after OCP monitoring was chosen as applied 
potential for the subsequent potentiostatic test. Initially, current 
measurements were carried out without sliding for 300 s, after which 
sliding took place for 1800 s. Sliding was then stopped and current 
was monitored for 600 s more. 

2.3. Ex-situ surface characterization of wear tracks 

Wear tracks morphologies were observed with a Zeiss Leo Gemini 
1530 scanning electron microscope (SEM) operated at an accelerating 
voltage of 20 kV. Total wear volume (Vtot) and depth (D) were evaluated 
with a non-contact S Neox 3D confocal optical profiler equipped with a 
20X Nikon - EPI objective (resolution: 0.65 µm/pixel), driven by Sen
somap standard (v. 6.7) software. The process to compute volume loss 
consists of four steps:  

i. the 3D topography of wear track and surrounding plane surface is 
measured,  

ii. a mathematical reference plane is constructed from a least-square 
fit of the plane surface around the wear track,  

iii. non-measured empty points are refilled by nearest neighbors 
smoothing,  

iv. the total wear volume is computed by subtracting the wear track 
topography from that of the modelled plane surface. 

2.4. Quantification of wear 

In a tribocorrosion system, many degradation mechanisms take place 
simultaneously contributing to material loss. According to Mischler’s 
model [31–33], the overall material degradation or volume loss (Vtot), is 
caused by a combination of mechanical removal (Vmech), 
wear-accelerated corrosion (Vwac) and corrosion outside the wear track 
(Vcorr). The latter can be assumed negligible in passive alloys such as 
Ti-Nb-based alloys [5,34], therefore the overall material loss can be 
expressed as follows: 

Vtot = Vmech +Vwac (1) 

Volume loss due to wear-accelerated corrosion (Vwac) can be deter
mined from the average current during wear (iwear) by using Faraday’s 
law (Eq. 2). According to this formula, the excess current (iexc) produced 
by sliding at a passive potential corresponds to an equivalent oxidized 
metal volume (Vwac): 

Vwac =
iexc • trub • Mmol

n • F • ρ (2)  

Where iexc [A] is excess current, trub [s] is sliding time (always 1800 s), 
Mmol [g mol− 1] is the molar mass of the alloy, n is charge number, F is 

Fig. 1. (a) Scheme of the tribo-electrochemical setup, (b) side view and (c) top view (without pin holder).  
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Faraday’s constant (96,485.3 C mol− 1) and ρ [g cm− 3] is density. Excess 
current iexc was determined by subtracting the initial current (before 
sliding) from the value of iwear. This calculation is needed to eliminate 
the contribution of eventual current coming from outside the wear track, 
which is negligible as mentioned earlier. The average iexc coming from 
two independent tests is used for determination of Vwac. The charge 
number (n) was calculated from the alloy atomic ratio by assuming the 
following oxidation states of 4, 5, 3 for Ti, Nb, Ga and 3 and 5 for Al and 
V, respectively. Excess current iexc, and therefore volume loss due to 
wear-accelerated corrosion in OCP conditions, can also be determined 
according to the galvanic cell model proposed by Vieira et al. [35]. 
Corrosion potential of the alloys determined by polarization tests in 
absence of wear, cathodic kinetics, potential attained during sliding and 
anode-to-cathode area ratio are considered for the calculation of the 
anodic current flowing through the wear track: 

logiexc =
Ecorr − Ewear + Bc

Ba
− log(

Aa
Ac

) (3)  

where Ecorr is the corrosion potential, Ewear is the potential measured 
during rubbing, Bc and Ba are Tafel constants graphically extracted by 
linear regression from the polarization curves. Aa corresponds to the 
anode area (wear track), determined ex situ by 3D confocal microscopy, 
Ac corresponds to the cathode area, which can be approximated by the 
sample surface area. The total wear volume (Vtot) was determined by 3D 
confocal microscopy. Therefore, it becomes possible to calculate the 
mechanical wear (Vmech) due only to the sliding action from Eq. 1 by 
subtracting the chemical losses from the total losses. 

2.5. Metal ion release after tribocorrosion tests 

The metal ion concentration in the electrolyte solutions after the 
tribocorrosion tests was measured by Inductively Coupled Plasma - Mass 
Spectrometry (ICP-MS) using an iCAP TQe (ThermoFisher) instrument. 
For this purpose, the solutions coming from the sliding tests under OCP 
conditions were retrieved by pouring the electrochemical cell content 
into sterile plastic containers. For the analyses, 500 µL of test solution 
were mixed with 49.5 mL of a nitric acid HNO3 solution (2–4% v/v), 
such dilution is chosen to minimize non-spectroscopic interference 
coming from easily ionizable ions such as Sodium (Na) and Potassium 
(K), present in very large concentrations in the electrolyte. Rhodium at 
500 ppb is used as an internal standard to correct for non-spectroscopic 
interference. The metal ions analyzed were Ti-48, Nb-93 and Ga-71, 
which have detection limits of 21 ppt, 10 ppt and 2.7 ppt, respec
tively. Fresh PBS solution was also measured as blank. Tests were 

repeated twice, with solutions coming from two independent sliding 
tests. 

3. Results 

3.1. Microstructure and mechanical properties 

XRD diffractograms of Ti-45Nb, 96(Ti-45Nb)-4Ga, 92(Ti-45Nb)-8Ga 
and Ti-6Al-4V ELI are shown in Fig. 2a. It is evident that the three Ti-Nb- 
based alloys consist of a single bcc β-phase, suggesting that all elements 
are in solid solution, while Ti-6Al-4V ELI shows reflections belonging to 
both hcp α- and bcc β-phases. SEM studies reveal equiaxed β-grains for 
the three TiNb-based alloys and a biphasic microstructure consisting of 
elongated grains for Ti-6Al-4V ELI [36]. Further details about micro
structural features of these β-type alloys can be found elsewhere [14,26]. 
Vickers microhardness (HV0.1) values are listed in Table 1. The lowest 
microhardness is obtained for the reference Ti-45Nb alloy (147 HV0.1), 
then it increases with Ga addition to 226 HV0.1 (Ga 4 wt%) and 232 
HV0.1 (Ga 8 wt%). The greatest microhardness is observed in 
α + β-Ti6Al-4V alloy (354 HV0.1), in agreement with what is generally 
reported [37]. Young’s modulus (E) of the bulk alloys was measured by 
means of ultrasonic pulse-echo method. Results, together with other 
properties of the alloys are listed in Table 1. The reference β Ti-45Nb 
alloy shows the lowest E value of 63 GPa, while the α + β-Ti6Al-4V 
alloy exhibits the highest value of approximately 111 GPa. The devel
oped β-type 96(Ti-45Nb)-4Ga and 92(Ti-45Nb)-8Ga alloys exhibit E 
values of 69 and 79 GPa respectively, such increase could be exerted by 
the presence of Ga atoms in the bcc lattice. These findings are well in 
agreement with those reported for similar α + β- and β-alloys [6,8,38]. 

3.2. Corrosion tests in absence of wear 

Conventional polarization tests to study general corrosion behavior 
in absence of wear are carried out before the actual tribocorrosion tests. 
The potentiodynamic polarization curves without sliding of Ti-45Nb, 96 
(Ti-45Nb)-4Ga, 92(Ti-45Nb)-8Ga and Ti-6Al-4V ELI are shown in Fig. 3. 
All four Ti alloys show very similar corrosion characteristics. Corrosion 
potentials (Ecorr) of the three Ti-Nb-based alloys are in the range of 
− 485 ÷ − 378 mV vs. Ag|AgCl, suggesting a modest increase in noble 
behavior when Ga is added to Ti-45Nb. The observed corrosion current 
densities (jcorr) are low and agree well with literature [37,39,40]: 77 
± 14, 151 ± 11, 89 ± 10 and 107 ± 22 nA/cm2 for Ti-6Al-4V ELI, 
Ti-45Nb, 96(Ti-45Nb)-4Ga and 92(Ti-45Nb)-8Ga, respectively. The 
anodic branch of the curves shows a passive region associated with the 

Fig. 2. (a) XRD diffraction patterns and (b) SEM micrographs of investigated alloys.  
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formation of the protective film. After the anodic oxidation step, a stable 
passive regime can be observed up to + 1 V vs. Ag|AgCl for the four 
alloys, indicating no potential breakdown and high stability of the film. 
Modest differences can be observed in the passive current densities 
(jpass) at + 1 V vs. Ag|AgCl, where the highest jpass is observed for the 
reference Ti-45Nb (5.51 ± 0.16 µA/cm2), then decreases in the order 96 
(Ti-45Nb)-4Ga and 92(Ti-45Nb)-8Ga (4.38 ± 0.35 and 3.48 
± 0.04 µA/cm2, respectively), and the smallest jpass for Ti-6Al-4V ELI 
(2.47 ± 0.07 µA/cm2). These results suggest a slightly more reactive 
surface for the reference Ti-45Nb, and less reactive when Ga is added, 
pointing towards the role of Ga incorporation in modifying the passive 
film properties. 

3.3. Tribocorrosion tests at OCP 

The evolution of the open circuit potential (OCP) over time of the 
four titanium alloys is monitored before, during and after sliding 
(Fig. 4a); electrochemical parameters are summarized in Table 2. Three 
main regions can be detected. The first region, until 3600 s, shows the 
stabilization of the OCP potential. Before the onset of sliding, the 
measured OCPs for all the alloys are stable, with nobler potential 
exhibited by both 96(Ti-45Nb)-4Ga and 92(Ti-45Nb)-8Ga. At 3600 s, 
the second region can be observed, where sliding occurred by applying a 
nominal normal load of 5 N. All four alloys exhibit a substantial and 
abrupt decrease in the potential value, which is the typical tribocorro
sion behavior for passive metals and alloys. This occurs due to the local 
mechanically-accelerated breakdown of the passive film (depassivation 
process). This negative shift indicates the initiation of local electro
chemical activity, during which the fresh bare metallic surface is 
exposed to the chloride-rich corrosive environment, and therefore starts 

to react. In general, during sliding, tribological stresses lead to the 
removal of the passive film on the real contact areas between pin and 
metallic sample. This subsequently leads to the formation of highly 
reactive regions in the wear track, as compared to the surrounding re
gion outside the wear area [41]. The potential value reached during 
sliding (Ewear) results from the galvanic coupling between the worn 
depassivated area (wear track), which acts as a local anode, and the 
surrounding large passive unworn area, which acts as a cathode [42]. 
The lowest drop in sliding potential during the onset of sliding is 
exhibited by Ti-6Al-4V ELI (420 mV), while the potential drop was 
comparatively higher for 96(Ti-45Nb)-4Ga and 92(Ti-45Nb)-8Ga 
(469 mV and 505 mV). The curves of the three β-Ti alloys appear 
noisier than the α + β-Ti-6Al-4V ELI in the initial region. The OCP curve 
of Ti-6Al-4V ELI changes from smooth to noisy after 600 s, which may 
indicate that the surface is subjected to cyclic depassivation and repas
sivation. The fluctuations in the potential observed in Ti-6Al-4V ELI are 
in between - 888 and - 739 mV vs Ag|AgCl. A very similar observation 
was made by Hacisalihoglu et al. [24] in an α + β-Ti-6Al-4V alloy tested 
in SBF solution, where the OCP curve under rubbing became very noisy 
after 600 s. The curves of Ti-45Nb and 96(Ti-45Nb)-4Ga exhibit a 
steady-state trend throughout the sliding, with potential oscillations in 
the range of ~ 100 mV indicating the establishment of a dynamic 
equilibrium between depassivation and repassivation processes. The 92 
(Ti-45Nb)-8Ga alloy shows an increasing drift trend from the moment 
sliding started, suggesting a tendency to spontaneously repassivate even 
during mechanical degradation and with less extent of depassivation. In 
the third region at 5400 s, sliding is stopped and the potential of all four 
alloys increases and reaches values closer to those of pre-sliding con
ditions in the case of Ti-6Al-4V ELI and slightly lower for the three β-Ti 
alloys, as a consequence of the reformation of the passive layer in the 
worn area. The post-sliding potentials could be related to the coverage of 
wear debris over the wear track and thickening of the passive film 
outside the wear track due to accelerated mass transportation during 
sliding [43]. The potential restoration process provides valuable infor
mation on the alloy ability to recover after wear. Time constants of 
repassivation (trepass) are determined by graphical extrapolation as 
shown in Fig. 4c and reported in Table 2. From these results, it seems 
that the addition of Ga is beneficial to the repassivation kinetics with 
values decreasing from 24.1 to 17.3 s with increasing Ga content, while 
Ti-6Al-4V ELI shows the slowest repassivation with 27.9 s 

3.4. Tribocorrosion tests at applied potential 

The results of the tribocorrosion tests performed under potentiostatic 
conditions (0 V vs last OCP value, after 3600 s of OCP stabilization) are 
shown in Fig. 5 and relevant electrochemical parameters summarized in  
Table 3. This methodology was chosen so that the same surface condi
tions around the worn area are attained for each independent test. The 
applied potentials were in the range of − 300 and − 315 mV vs Ag|AgCl 
for all tests. At the applied potential, the whole Ti-based surfaces are 
initially passive and the measured current, before sliding, was below 
10 nA. At the onset of rubbing, current sharply increases due to the 
mechanical detachment of the passive film [44]. During the sliding 
period, the local worn area is forced to an anodic regime, while the 
surrounding unworn areas retain their OCP condition. A steady-state 

Table 1 
Microstructure and relevant properties of the alloys under investigation in the present study.  

Alloy Microstructure Density ρ (g/ 
cm3) 

Molar mass Mmol (g/ 
mol) 

Charge number 
n 

Young’s modulus E 
(GPa) 

Vickers microhardness 
HV0.1 

Poisson’s ratio 
ν 

Ti-6Al-4V ELI α + β  4.45  45.8  4.02 110.8 ± 0.1 354 ± 6 0.333 ± 0.001 
Ti-45Nb β  5.67  61.0  4.29 63.0 ± 0.1 147 ± 3 0.415 ± 0.002 
96(Ti-45Nb)- 

4Ga 
β  5.76  61.5  4.25 69.4 ± 1.5 226 ± 3 0.404 ± 0.006 

92(Ti-45Nb)- 
8Ga 

β  5.78  61.8  4.20 79.1 ± 0.9 232 ± 5 0.391 ± 0.002  

Fig. 3. Potentiodynamic curves recorded at a scan rate of 0.5 mV/s of the four 
alloys in PBS solution after OCP adjustment of 3600 s (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.). 

L.A. Alberta et al.                                                                                                                                                                                                                               



Tribology International 181 (2023) 108325

6

mean value of current is observed for the four alloys throughout the 
course of the tests. However, great differences can be detected between 
Ti-6Al-4V ELI and the three β-Ti alloys. While for Ti-6Al-4V ELI anodic 
current is in the range of ~ 2 ÷ 50 µA, great fluctuations up to 200 µA 
can be observed for the three Ti-Nb-based alloys. Once sliding is inter
rupted at 2100 s, current immediately decreases by approximately two 
orders of magnitude, indicating almost instantaneous repassivation in 
the worn area. The lowest average current after sliding (ifinal), mainly 
flowing through the wear track, is observed for Ti-6Al-4V ELI (0.06 
± 0.05 µA), the highest for Ti-45Nb (0.85 ± 0.63 µA), while the two 
(100-x)(Ti-45Nb)-xGa alloys exhibit intermediate similar values of 0.35 

± 0.16 and 0.30 ± 0.19 µA, respectively. A satisfactory reproducibility 
of the current results with a maximum deviation of 9% from the average 
value was observed. 

3.5. Analysis of worn surfaces 

Morphology of the wear tracks was characterized by 3D optical 
profilometry and SEM, results are shown in Fig. 6. Microstructural in
vestigations were carried out on wear tracks of samples measured under 
OCP conditions, which were strategically selected to study the effect of 

Fig. 4. (a) OCP evolution curves over time during sliding (load 5 N) of an alumina pin against the four Ti alloys in PBS; (b) evolution of friction coefficient (COF) over 
time (900 cycles correspond to 30 min), (c) schematic representation for the determination of the parameters: OCP value before sliding (EOCP), average potential 
during sliding (Ewear), potential drop (ΔE), repassivation time constant (trepass), reported in Table 2. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.). 

Table 2 
Electrochemical parameters determined from the OCP curves under sliding, as shown in Fig. 4c: potential before sliding (EOCP), during sliding (Ewear), potential drop 
(|ΔE|) and repassivation time constant (trepass).  

Alloy Potential before sliding EOCP (mV vs Ag| 
AgCl) 

Potential during sliding Ewear (mV vs Ag| 
AgCl) 

Potential drop |ΔE| (mV vs Ag| 
AgCl) 

Repassivation time constant trepass 

(s) 

Ti-6Al-4V ELI -406 ± 5 -826 ± 11 420 ± 16 27.9 ± 0.8 
Ti-45Nb -298 ± 29 -764 ± 35 466 ± 64 24.1 ± 0.5 
96(Ti-45Nb)- 

4Ga 
-267 ± 3 -736 ± 28 469 ± 31 20.3 ± 1.4 

92(Ti-45Nb)- 
8Ga 

-286 ± 21 -791 ± 34 505 ± 55 17.3 ± 1.5  
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the corrosive environment in presence of a tribological contact without 
the influence of any external potential. All images show plowing grooves 
of varying width, depth and length running parallel to the sliding di
rection. Rubbing scratches become deeper moving from the edge to the 
mid-width of the wear tracks. In order to quantitatively analyze and 
compare the tribological contacts, total wear volume (Vtot) and wear 
depth (D) were calculated from the 3D measurements (Table 4). It is 
evident how the four alloys show substantially different worn surfaces, 
especially between Ti-6Al-4V ELI and the three Ti-Nb-based alloys. The 
former exhibits not so deep scratches, with a depth (D) of 4.05 µm, while 
Ti-45Nb shows a very deep scar of 10.16 µm. These values are similar to 
those reported by Feyzi et al. [45] for a Ti-6Al-4V tested against a zir
conia ball in PBS solution: they measured, by contact profilometry, a 
depth of ~ 10 µm for wear tracks produced by loads of 3.5 and 6 N. In 
terms of 92(Ti-45Nb)-8Ga, Vtot and D were respectively reduced of 49% 
and 44% compared to Ti-45Nb. No significant difference was observed 
in the computed geometric dimensions determined from samples sub
jected to the two types of electrochemical test. 

SEM observations of the wear track patterns (Fig. 6e-p) can offer 
insights into the underlying mechanisms of wear and friction. It is 

evident that the micrographs confirm the observed features present in 
the 3D profiles: visible grooves are evident along the sliding direction. 
As mentioned, a more severe abrasive wear can be confirmed for the 
reference Ti-45Nb, while Ti-6Al-4V ELI exhibits more superficial 
scratches, confirming its well-known wear resistance. Wear particles and 
debris resulting from severe deformation and tearing out (delamination) 
can be observed along the edge of grooves in all alloys. The extent of 
cutting abrasion is lesser for Ti-6Al-4V ELI compared to the three Ti-Nb- 
based alloys. The latter show wear debris (as indicated by yellow arrows 
in relevant images) in important amounts indicating delamination wear 
mechanism, ranging between a few hundred nanometers to approxi
mately 5 µm (Fig. 6m-p). The large particles seem to be agglomerations 
of finer and smaller debris. The formation of such wear debris could act 
as third bodies capable of amplifying the wear during tribocorrosion. No 
damage of the counter body alumina pin could be observed by optical 
microscopy after the tests (Fig. S1), on the contrary, wear debris de
tached from the Ti samples and transferred to the pin can be detected, 
confirming adhesive wear. These results indicate that the wear resis
tance of the two (100-x)(Ti-45Nb)-xGa alloys situates between Ti-6Al- 
4V ELI and Ti-45Nb. 

3.6. Friction and wear 

Evolution of the friction coefficients (COF) over time during sliding 
was recorded simultaneously to the electrochemical signals of both test 
types. Representative curves are shown in Fig. 4b. Values remained 
constant around the average with greater fluctuations for the three Ti- 
Nb-based alloys compared to Ti-6Al-4V ELI, as reported in Table 4. 
Corroborating the changes in potential, oscillations in COF curves were 

Fig. 5. Current evolution with time during sliding (load 5 N) with an alumina pin against (a) Ti-6Al-4V ELI, (b) Ti-45Nb, (c) 96(Ti-45Nb)-4Ga, (d) 92(Ti-45Nb)-8Ga 
at applied potential (0 V vs final OCP) in PBS solution. 

Table 3 
Electrochemical parameters determined from the potentiostatic curves of Fig. 5.  

Alloy Current during wear iwear (µA) Current after wear ifinal (µA) 

Ti-6Al-4V ELI 13 ± 7 0.06 ± 0.05 
Ti-45Nb 65 ± 30 0.85 ± 0.63 
96(Ti-45Nb)-4Ga 75 ± 35 0.35 ± 0.16 
92(Ti-45Nb)-8Ga 61 ± 32 0.30 ± 0.19  
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larger for β alloys as compared to Ti-6Al-4V ELI. No significant differ
ence was observed in the values of COF determined at OCP or under 
applied anodic potential. Similar observations were made by Feyzi et al. 
[45] and concluded that the friction coefficient was independent of the 
imposed potential. 

Table 4 also contains relevant data necessary to evaluate and quan
tify wear: chemical (Vwac) and mechanical (Vmech) contribution to total 
wear volume (Vtot) are determined according to Eqs.1–3, whereas Vtot 
and wear depth (D) are determined by 3D confocal profilometry. 

Wear-accelerated corrosion (Vwac) under applied anodic potential 
represents around 6% of the total wear volume, while at OCP conditions, 
determined by the galvanic cell model [35], is less than 3%. This model 
was successfully applied by Guiñòn Pina et al. [25] to a series of 

Ti-30 Nb-xSn alloys, where wear-accelerated corrosion at passive 
applied potentials represents around 5% of the total wear, while the 
contribution at OCP is less than 0.5%. The lowest volume loss was 
observed for the Ti-6Al-4V ELI alloy, while Ti-45Nb showed the highest. 
A significant decrease in the total wear volume can be noticed when Ga 
content is 8 wt%. These results indicate a limited contribution of 
wear-accelerated corrosion to the total wear, which is mainly deter
mined by the mechanical sliding action. 

3.7. Metal ions release after tribocorrosion 

The metal ion content was measured in the solutions after sliding 
tests under OCP conditions. Applying a potential completely changes the 

Fig. 6. Morphological features of the wear tracks under OCP conditions of the four tested alloys characterized by (a-d) 3D optical profilometry and (e-p) SEM. 
Squares in e-h represent areas of interest shown in i-p (sliding direction, valid for images e-p, is indicated by double arrow in image e). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.). 

Table 4 
Summary of the results extracted from the sliding tests. Total volume loss (Vtot) and depth of the wear track (D) were determined from 3D optical profilometry 
measurements. Volume losses due to wear-accelerated corrosion (Vwac) and to mechanical wear (Vmech) are determined as previously described. D and Vtot are the 
results of characterization of wear tracks coming from two independent tests. Average Vtot is used for the determination of Vmech.  

Alloy COF 
(dimensionless) 

Depth D 
(µm) 

Total volume loss Vtot x 
10− 3 (mm3) 

Volume loss due to wear-accelerated corrosion 
Vwac x 10− 3 (mm3) 

Volume loss due to mechanical wear Vmech 

x 10− 3 (mm3) 

Ti-6Al-4V ELI 0.40 ± 0.03 4.05 
± 0.84 

10.41 ± 4.42 0.70 ± 0.09 9.71 ± 4.33 

Ti-45Nb 0.40 ± 0.02 10.16 
± 1.05 

54.41 ± 3.72 2.81 ± 0.34 51.60 ± 3.38 

96(Ti-45Nb)- 
4Ga 

0.42 ± 0.03 8.60 
± 0.17 

52.74 ± 2.44 3.22 ± 0.40 49.52 ± 2.84 

92(Ti-45Nb)- 
8Ga 

0.38 ± 0.02 5.71 
± 0.11 

27.90 ± 3.98 2.33 ± 0.82 39.86 ± 3.17  
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tribocorrosion conditions; in the case of an anodic potential, metal ion 
release significantly increases [46]. Concentrations of all scanned ele
ments, i.e. Ti, Nb, Ga, were within the cytotoxicity limits reported by 
many authors [13,47,48] in fibroblasts and preosteoblasts progenitor 
cells. Interestingly, an increasing amount of Ga(III) release with Ga 
content in the alloys tested in the same conditions was detected in the 
solutions. The amounts detected for 96(Ti-45Nb)-4Ga and 92 
(Ti-45Nb)-8Ga are 1.69 ( ± 0.38) and 2.88 ( ± 0.04) ppb (or µg/L), 
respectively (Fig. S2). 

4. Discussion 

Poor wear resistance of β-Ti alloys is still a major limiting factor for 
their real use as biomedical implant materials. Thus, the current work 
aimed to evaluate the influence of Ga addition (4 and 8 wt%) to the 
β-type Ti-45Nb alloy on the tribocorrosion response and eventual Ga ion 
release associated with wear-accelerated corrosion. 

The addition of Ga up to 8 wt% to the binary Ti-45Nb retains single 
β-phase microstructure and does not lead to the formation of secondary 
phases (α’’ or ω), which might significantly increase the Young’s 
modulus [49]. On the other hand, Ga addition slightly increases the 
Young’s modulus, measured by pulse-echo ultrasonic method, from 
63 GPa of Ti-45Nb to 69 and 79 GPa for 96(Ti-45Nb)-4Ga and 92 
(Ti-45Nb)-8Ga, respectively (Table 1). This effect is mainly attributed 
to a strengthening effect exerted by the presence of Ga atoms in the bcc 
lattice [14]. Meanwhile, Ga addition has a positive effect on Vickers 
microhardness, with values of 226 and 232 HV0.1, which indicate an 
increase of ~ 54, 58% with respect to the reference Ti-45Nb. 

The addition of Ga to Ti-45Nb has a positive effect on corrosion and 
tribocorrosion response. Lower repassivation time constants (trepass) are 
determined from the OCP curves (Fig. 4) for the two (100-x)(Ti-45Nb)- 
xGa alloys, indicating a faster transient to reach pre-sliding conditions, 
followed by Ti-45Nb and Ti-6Al-4V ELI. During the potentiodynamic 
studies, and despite the limitations of this method, lower jpass is obtained 
for 96(Ti-45Nb)-4Ga (4.38 µA/cm2) and 92(Ti-45Nb)-8Ga (3.48 µA/ 
cm2) compared to Ti-45Nb. In this case, Ti-6Al-4V ELI, which exhibited 
the lowest jpass (2.47 µA/cm2) during corrosion studies, showed the 
highest trepass during tribocorrosion, pointing towards a slower repassi
vation kinetic during mechanical disruption. In general, Ti alloys exhibit 
meagre surface oxide damage even up to 4–5 V during potentiodynamic 
polarization in simulated body fluids [43]. This is consistent with 
several studies where the repassivation trend during corrosion is not 
in-line with that of wear-accelerated corrosion [50]. Among the 
Ga-containing alloys, 92(Ti-45Nb)-8Ga shows an increasing drift trend 
towards higher potential during tribocorrosion (Fig. 4a), suggesting a 
pronounced repassivation state with less depassivation, even during 
mechanical degradation. Interestingly, tests under applied anodic po
tential show great differences between Ti-6Al-4V ELI (α + β) and the 
three Ti-Nb (β) alloys, with large current fluctuations for the latter. 
Being the current before sliding at the applied anodic potential below 
10 nA for all the alloys, it is assumed that the wear current (iwear), as 
reported in Table 3 and which is 3–5 orders of magnitude higher, is 
mainly flowing through the wear track during sliding. There is no sig
nificant difference in iwear of the three Ti-Nb alloys and the influence of 
alloys’ chemical composition on the measured current is also not sig
nificant. The significantly lower iwear of the Ti-6Al-4V ELI indicates that 
this alloy undergoes lower anodic dissolution during sliding. Feyzi et al. 
[45] studied the tribocorrosion behavior of Ti-6Al-4V in PBS solution 
and also observed similar current fluctuations, which increased with the 
potential level and proportionally with the applied load. The periodic 
film removal (depassivation) and formation (repassivation) keeps the 
current at relatively high values. Similar behavior in other passive sys
tems was observed by other authors: α + β-Ti and β-Ti [24,25], CoCrMo 
[42], stainless steels [30,51,52], Zr-based alloys [53]. 

The large fluctuations observed in COF evolution with time during 
sliding (Fig. 4b) for the β-Ti-Nb alloys are mainly attributed to the 

poorer wear resistance and lower microhardness than α + β Ti-6Al-4V 
ELI. The observed phenomenon can also be attributed to the large 
amount of wear debris produced during the sliding tests, particularly for 
the three Ti-Nb-based alloys, which act as third bodies, thus enhancing 
wear and wear-accelerated corrosion. COFs in this work are comparable 
to those of similar alloys tested in similar conditions reported in the 
literature: Hacisalihoglu et al. [24] studied in Kokubo’s solution a series 
of Ti-based alloys, among which Ti-6Al-4V and Ti-45Nb. They observed 
COF values in the range 0.11 ÷ 0.22, obtained using a ball-on-flat 
tribometer under an initial normal load of 2 N against an alumina ball 
(R = 6 mm), which is less than half than the load applied in this work 
(5 N); initial contact pressures are slightly higher in their work, however 
the frictional force depends also on sliding velocity, real contact area 
and lubrication. Considerable fluctuations of COFs during wear in this 
work are also observed and it is attributed to the depassivation products 
caused by rubbing. Guiñòn Pina et al. [25] observed COF values in the 
range of 0.59 ÷ 0.71 in tribocorrosion tests in PBS solution on a series of 
Ti-30Nb-xSn alloys sliding against an alumina ball (R = 6 mm) under an 
applied normal load of 5 N. 

During tribocorrosion contribution analysis (Table 4), mechanical 
material loss (Vmech) is dominant for all tested Ti alloys. In comparison, 
the three β-Ti alloys display higher Vmech compared to α + β Ti6Al-4V. 
Mechanical wear as the weak point during tribocorrosion has been 
well reported for Ti-6Al-4V [54]. No significant differences among the 
three β-Ti-Nb-based alloys can be observed in the computed volumes 
due to wear-accelerated corrosion (Vwac), except for Ti-6Al-4V ELI, 
indicating that Ga has little to no effect on the overall electrochemical 
response. It is important to pinpoint that the addition of Ga to Ti-45Nb 
does improve wear resistance as it can be seen from the total volumetric 
wear data (Vtot), and therefore mechanical wear contribution (Vmech), of 
the wear tracks. According to Archard’s law [55], the material loss is 
inversely proportional to the hardness of the material, which implies 
that materials with high hardness exhibit low volume loss. The alloys 
under investigation have significantly different microhardness, and the 
experimental sliding data shown here correlates well with Archard’s law 
(Fig. 7). The lowest wear loss is observed for the Ti-6Al-4V ELI pos
sessing the highest microhardness (354 HV0.1), while Ti-45Nb exhibits 
the lowest microhardness (147 HV0.1) and the greatest volume loss, the 
two (100-x)(Ti-45Nb)-xGa alloys situate between these two (226, 232 
HV0.1). We can state that wear resistance is mainly controlled by hard
ness, i.e. microstructural effects, and alloy composition. This is also 
supported by the tribocorrosion studies of Cvijović-Alagić et al. [56] on 
Ti-6Al-4V ELI in different states. They observed that the total wear loss 
of a two-phase microstructure α + β Ti-6Al-4V ELI is almost two times 

Fig. 7. Variation per alloy of total volume loss (Vtot) with the contributions of 
mechanical wear (Vmech), wear-accelerated corrosion (Vwac) and wear depth (D) 
measured by 3D optical profilometry, plotted with Vickers microhard
ness (HV0.1). 
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higher than that of martensitic Ti-6Al-4V ELI alloy, because Ti mar
tensites are relatively soft, if compared for example to martensites in 
steel. Besides, in this work volumetric wear data are well supported by 
the microstructural investigations of the wear tracks (Fig. 6). Oxidative 
wear consists of surface oxide islands which are periodically formed and 
mechanically worn away; as such, they are not protective and resulting 
wear becomes severe. In the present investigation, the surface of the 
alloys during the tribocorrosion tests is under continuous contact 
sliding, resulting in reduced wear resistance, due to their inability in 
forming a thicker protective oxide layer. Consequently, total wear loss is 
mainly determined by the hardness, and sub-surface strain deformation 
could also occur during sliding in the near surface zone, increasing the 
scope for further investigation. The processes occurring during wear are 
well described by Long and Rack [57], where they show the detachment 
mechanism of debris in a Ti-35Nb-8Zr-5Ta alloy is related to the plastic 
deformation of superficial layers below the wear track. Overall, the wear 
track analysis suggests that wear is mainly due to plastic deformation, 
abrasive wear, delamination wear and adhesive wear. 

ICP-MS studies on the test solutions reveal the presence of Ga(III) 
ions, indicating minimal dissolution during wear tests. Amounts 
released are well below (~ 4 orders of magnitude) the limits reported by 
Chandler et al. [58], who found no cytotoxicity on L929 mouse fibro
blasts at Ga(III) contents up to 1 mmol/L (70 mg/L). At the released 
concentrations, Ga does not appear to be cytotoxic either to osteoclasts 
or osteoblasts [59,60], however, an eventual bactericidal activity 
against pathogens is expected based on values from other works [48,61], 
therefore further studies are needed in this direction. Moreover, in vitro 
studies showed that Ga ions exhibit antiosteoclastic effects without 
negatively impacting osteoblasts, which therefore makes Ga a potential 
candidate for osteoporosis treatment [62]. The low amounts of ions 
released during tribocorrosion tests from the Ti-Nb-based alloys can be 
attributed to their single-phase microstructure, i.e. solid solution. In 
such a state, elements are uniformly distributed in the alloy matrix and 
uniform corrosion tends to take place, instead of localized corrosion. In 
the investigated potential-pH range, all three elements (Ti, Nb, Ga) form 
stable and passive oxide films, which contribute to the low corrosion 
rates. Moreover, the presence of Ga can lead to the formation of 
Ga─O─Ga bonds in the oxide layer, thus increasing durability, and 
therefore wear resistance [48]. Further enquiries on the surface state to 
confirm the previous statement are currently ongoing. The possibility of 
using these novel Ti-Nb-Ga alloys for biomedical load-bearing implant 
applications represents a promising alternative to Ti-6Al-4V. The 
absence of toxic elements such as Al and V would render these alloys 
safer to be used in the human body. Besides, these β-type alloys exhibit 
the advantage of having low Young’s modulus (E of the two (100-x) 
(Ti-45Nb)-xGa alloys is 29–37% lower than E of Ti-6Al-4V ELI), thus 
reducing the stress shielding phenomenon. Further studies are necessary 
for an eventual real clinical application: in vitro tribo-electrochemical 
testing, including fretting conditions, at body temperature, in a more 
complex medium and in presence of organic molecules, salts and cells. 

5. Conclusions 

In the present study, microstructure, mechanical properties and tri
bocorrosion behavior of novel β-type (100-x)(Ti-45Nb)-xGa alloys 
(x = 4, 8 wt%), compared to medical grade α + β Ti-6Al-4V ELI, were 
investigated and the following conclusions can be drawn. 

The three Ti-Nb-based alloys consist of a bcc β-phase microstructure 
with equiaxed β-grains. Addition of the alloying element Ga in 4 wt% 
and 8 wt% to Ti-45Nb leads to an increase in microhardness (226, 232 
HV0.1, respectively) of ~ 54, 58% and in E (69.4, 79.1 GPa, respectively) 
of ~ 10, 26%. The tested alloys exhibit similar potentiodynamic 
behavior in PBS solution. Under sliding conditions, all alloys tend to 
repassivate and similar tribocorrosion mechanisms occur; plastic 
deformation, abrasive wear, delamination wear and adhesive wear. 
Addition of Ga increased wear resistance of Ti-45Nb. The two Ti-Nb-Ga 

alloys repassivate more rapidly than Ti-6Al-4V ELI alloy. Existing 
models accurately predicted the tribo-electrochemical response of the 
studied alloys. The low modulus β-type 92(Ti-45Nb)-8Ga alloy displays 
the best combination of both corrosion and wear resistance, with a 
repassivation time constant of 17.3 s and spontaneous tendency to 
repassivate even during mechanical degradation. 

The present study represents, from a mechanistic point of view, a 
significant advance: the tribocorrosion mechanisms of these original 
single β-phase (100-x)(Ti-45Nb)-xGa alloys in a simple simulated body 
fluid were disclosed. 
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[61] Kurtjak M, Vukomanović M, Krajnc A, Kramer L, Turk B, Suvorov D. Designing Ga 
(iii)-containing hydroxyapatite with antibacterial activity. RSC Adv 2016;6: 
112839–52. https://doi.org/10.1039/c6ra23424k. 

[62] Verron E, Bouler JM, Scimeca JC. Gallium as a potential candidate for treatment of 
osteoporosis. Drug Discov Today 2012;17:1127–32. https://doi.org/10.1016/j. 
drudis.2012.06.007. 

L.A. Alberta et al.                                                                                                                                                                                                                               

https://doi.org/10.1177/00220345940730091101
https://doi.org/10.1177/00220345940730091101
https://doi.org/10.3390/nano7080229
https://doi.org/10.1111/j.1476-5381.2010.00665.x
https://doi.org/10.1111/j.1476-5381.2010.00665.x
https://doi.org/10.1039/c6ra23424k
https://doi.org/10.1016/j.drudis.2012.06.007
https://doi.org/10.1016/j.drudis.2012.06.007

	Tribocorrosion behavior of β-type Ti-Nb-Ga alloys in a physiological solution
	1 Introduction
	2 Materials and experimental methods
	2.1 Preparation of the alloys, phase analysis and mechanical properties
	2.2 Corrosion and tribocorrosion tests
	2.2.1 Corrosion tests in absence of wear
	2.2.2 Tribocorrosion tests

	2.3 Ex-situ surface characterization of wear tracks
	2.4 Quantification of wear
	2.5 Metal ion release after tribocorrosion tests

	3 Results
	3.1 Microstructure and mechanical properties
	3.2 Corrosion tests in absence of wear
	3.3 Tribocorrosion tests at OCP
	3.4 Tribocorrosion tests at applied potential
	3.5 Analysis of worn surfaces
	3.6 Friction and wear
	3.7 Metal ions release after tribocorrosion

	4 Discussion
	5 Conclusions
	Funding
	Declaration of Competing Interest
	Data Availability
	Acknowledgments
	Statement of originality
	Appendix A Supporting information
	References


