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A B S T R A C T   

β-type Ti–Nb alloys are promising materials for load-bearing implant applications with improved mechanical 
biofunctionality and biocompatibility. In this work, the electrochemical and tribo-electrochemical behaviour of 
laser powder bed fusion (LPBF) produced β-type Ti–42Nb alloy processed via Gaussian and top hat laser was 
investigated and compared with commercial grade β-type Ti–45Nb and α+β-type Ti–6Al–4V ELI. Electrochemical 
impedance spectroscopy (EIS) and potentiodynamic polarization experiments were performed in phosphate- 
buffered saline (PBS) for corrosion behaviour. Tribocorrosion behaviour was studied under open circuit poten
tial (OCP) conditions in PBS by using a reciprocating pin-on-disk tribometer. The passivation nature of the LPBF 
alloys is more decisive than the microstructural particularities for electrochemical behaviour. The overall 
corrosion response is similar due to the protective nature of the passive films formed on Ti alloys. Ti–6Al–4V ELI 
exhibits the best corrosion performance among all tested alloys with lower corrosion and passivation current 
density values. However, LPBF-produced alloys exhibit less reactive surfaces with better passive film properties 
compared to Ti–45Nb. In addition, EIS results revealed that passive film resistance values are higher for LPBF- 
produced alloys than conventionally produced Ti–45Nb. LPBF-produced alloys exhibit better tribo- 
electrochemical behaviour compared to Ti–45Nb. The differences in volume loss are mainly attributed to the 
microhardness of the alloys and the volume loss is dominated by mechanical wear. The alloys produced with 
LPBF show promising corrosion and tribocorrosion performance to be a potential candidate for load-bearing 
implant applications.   

1. Introduction 

Titanium alloys have acquired a predominant position in the 
biomedical field for bone implant applications with mechanical bio
functionality and biocompatibility. However, commonly employed Ti 
alloys (cp-Ti, Ti–6Al–4V) in clinical use have Young’s modulus values 
around 100–120 GPa, whereas reported Young’s modulus values of bone 
are in the range of 4–30 GPa. For load-bearing implants, the mismatch in 

stiffness may cause stress-shielding effects leading to bone resorption [1, 
2]. In addition, Ti–6Al–4V alloy use has been questioned due to the 
presence of Al and V which are elements with a toxicity potential in 
certain chemical forms and conditions [3–5]. Therefore, β-type Ti alloys 
are the focus of current research for mainly two reasons; (i) excellent 
mechanical compatibility with appropriate strength, and (ii) absence of 
toxic alloying elements [6,7]. Among them, Ti–Nb-based alloys received 
significant attention for implant applications. Single-phase β-type 
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homogenized Ti–Nb alloys with 40–45 wt% Nb exhibits a low Young’s 
modulus in the range of 63–70 GPa [8–10]. Material strengthening 
without substantially increasing Young’s modulus values can be ach
ieved by thermomechanical processing [10,11]. In addition, Ti–Nb al
loys exhibit excellent corrosion behaviour with very low metal ion 
release rates owing to their strong passivation ability [12–15]. Their 
high Nb content and appropriate surface nano-roughening yield supe
rior cytocompatibility [14,16,17]. 

Additive manufacturing techniques like laser powder bed fusion 
(LPBF) have received growing interest in medical engineering due to 
their ability to fabricate patient-specific implants in a layer-wise way 
with customized requirements and complex geometries [18–22]. How
ever, the research activities are focused on commercial implant mate
rials [23,24]. Limited studies are available regarding LPBF-produced 
β-type Ti–Nb alloys [25–30]. 

LPBF-produced β-type Ti–Nb alloys exhibit superior mechanical 
properties as compared to counterparts produced with traditional 
manufacturing methods due to their unique microstructures (due to high 
cooling rates during the LPBF process) [30,31]. Additionally, LPBF of
fers the opportunity to control the mechanical properties of the com
ponents by applying different processing parameters (i.e., laser speed, 
laser power, etc.). With this approach, implant materials can be locally 
adapted to the human bone [32–34]. Most of the LPBF devices are 
equipped with a laser with a Gaussian intensity distribution (beam 
diameter is less than 100 μm) [35]. However, this configuration shows 
two primary limitations. Firstly, they are prone to vapour-induced in
stabilities leading to the ejection of spatters. Secondly, their ability to 
increase the build-up rate is constrained by process instabilities. Thus, 
laser sources with an increased spot size are an alternative to Gaussian 
laser configurations to enhance process stability and increase the 
build-up rate [30,35]. 

Recently, Pilz et al. [30] studied the use of a top hat laser to produce 
β-type Ti–42Nb bulk samples with a strong texture, and the mechanical 
properties were compared with the same alloy composition (Ti–42Nb) 
produced with a Gaussian laser configuration. In the end, highly elon
gated grains with a {001} texture parallel to the building direction (BD) 
were generated by utilizing a top hat laser configuration. A Young’s 
modulus (E) of 44 GPa was obtained parallel to the BD and 52 GPa was 
reached perpendicular to the BD via top hat laser configuration, which is 
lower than the Gaussian ones (E = 67–69 GPa), and the ones reported for 
LPBF-produced Ti–42Nb (e.g., E = 62 GPa [29,31,36]). In addition, the 
LPBF-produced samples exhibited superior yield strength compared to 
conventionally produced Ti–45Nb alloys [15]. The alloy samples pro
duced with Gaussian laser exhibit yield strength values of 718 MPa 
(perpendicular to BD) to 742 MPa (parallel to BD). This slight difference 
between the yield strength values represents the isotropic behaviour of 
the studied alloys produced via Gaussian laser configuration. On the 
other hand, the alloy states produced with the top hat laser exhibited 
yield strength values of 690 MPa (perpendicular to BD) to 674 MPa 
(parallel to BD). The effect of the anisotropic nature (via top hat laser) is 
less pronounced in terms of yielding behaviour compared to Young’s 
modulus. Therefore, by using a top hat laser configuration, Young’s 
modulus values can be lowered significantly without lowering the yield 
strength to the same extent. The obtained results are quite promising for 
LPBF-produced β-type Ti–42Nb alloys. This approach enables the pro
duction of patient-specific implants with desired mechanical properties 
to control the stress-shielding effect. However, in-depth studies are 
needed to clarify the impact of LPBF-related microstructural states of 
those β-type Ti–42Nb alloys on other implant-relevant aspects, such as 
corrosion, wear, and tribocorrosion. 

Implants are in contact with soft and hard tissues and body fluids. In 
addition, load-bearing implants are mostly subjected to relative move
ments (prosthesis and the surrounding bone) in the human body. Thus, it 
is essential to analyse interactions between mechanical loading and 
electrochemical reactions such as the tribocorrosion process for newly 
developed hard-tissue implant materials [37]. Under tribocorrosion 

conditions, the deterioration might be severe due to the combined effect 
of mechanical wear and corrosion [38–40]. In addition, due to this 
deterioration metal ion release can be accelerated, which may induce 
cytotoxicity [41–43]. 

Concerning corrosion and tribocorrosion behaviour, only a few 
studies are available for LPBF-produced β-type Ti alloys. Pede et al. [44] 
studied the corrosion performance of LPBF-produced β-type Ti–42Nb 
and Ti–20Nb–6Ta (wt.%) alloys in 0.9 wt% NaCl solution and compared 
it with that of conventionally manufactured α-type cp-Ti and α+β-type 
Ti–6Al–4V ELI alloys. Results revealed that LPBF-produced β-type Ti 
alloys exhibit superior corrosion performance due to the formation of a 
more protective oxide layer due to the contribution of Ta-based and/or 
Nb-based oxides to the growth of Ti-based oxides. Hariharan and 
Goldberg et al. [45] investigated the corrosion behaviour in PBS solution 
of near β-type Ti–13Nb–13Zr (wt.%) alloy samples in various micro
structural states. All sample states (i.e., wrought and additively manu
factured with different heat treatments) showed low free corrosion 
activity and stable anodic passivity. Qin et al. [46] studied the corrosion 
behaviour of LPBF-produced β-type Ti–35Nb (wt.%) in Hank’s solution 
using mixed and pre-alloyed powder as a powder source. Results 
revealed that the alloy produced with pre-alloyed powder exhibits better 
corrosion performance than the alloy produced with mixed powder due 
to the formation of stable oxide films with a less defective nature. 
Additionally, due to the unmelted Nb particles, the passive film of the 
alloys produced with mixed powder exhibits a more defective nature. 
Limited information is available in the literature on the tribocorrosion 
behaviour of LPBF-produced Ti–Nb alloys. Chakkravarthy et al. [47] 
investigated the bio-tribocorrosion behaviour of an LPBF-produced near 
β-type Ti–25Nb (wt.%) alloy by comparing them with conventionally 
manufactured Ti–6Al–4V in acidic sodium lactate electrolyte. The re
sults show that LPBF-fabricated Ti–25Nb alloy exhibits superior wear 
resistance due to its strong passivation nature, which attenuates contact 
shear stress during sliding, compared to commercial Ti–6Al–4V implant 
alloy. In addition, the poor tribological response of conventionally 
produced Ti–6Al–4V might be attributed to the lack of residual stresses 
due to the production process compared to the LPBF method, where high 
compressive residual stresses offer greater wear resistance. 

The originality of the present work lies in reporting the tribocorro
sion behaviour of LPBF-produced β-type Ti–42Nb alloy produced via 
Gaussian and high-power top hat laser configurations, alongside 
conventionally produced β-type Ti–45Nb and α+β-type Ti–6Al–4V ELI 
alloys. The effect of process-dependent microstructural particularities 
on the tribo-electrochemical behaviour was investigated. The present 
work is essential for assessing prospective candidates for the develop
ment of next-generation materials used in hard-tissue implants. 

2. Experimental 

2.1. Preparation of the alloy, microstructural, and mechanical 
characterization 

Pre-alloyed, gas-atomized Ti–42Nb (wt.%) powder was supplied by 
TANIOBIS GmbH with a particle size in the range of 10–63 μm. Two 
different sample states of LPBF-produced Ti–42Nb (wt.%) with single 
β-phase microstructures [30,31] were investigated in this work. One set 
was processed using a Gaussian laser source, while the other was pro
cessed using a top hat laser source. Samples produced with the Gaussian 
laser, featuring a beam size of approximately 80 μm, were processed at a 
scanning speed of 1000 mm/s, a laser power of 250 W, a layer thickness 
of 50 μm, and a hatching distance of 100 μm. Conversely, for samples 
produced with the top hat laser, which features a larger beam size of 
around 680 μm, a higher laser power of 950 W was employed. Pro
cessing parameters include a laser scanning speed of 250 mm/s, a layer 
thickness of 100 μm, and a hatching distance of 500 μm. For both sample 
types, a stripe pattern with a vector rotation of 67◦ was applied. The 
process parameters (laser power, scanning speed, and hatching distance) 
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were optimized to achieve a high relative density (>99%). After the 
production, cylindrical alloy samples were cut perpendicular to the 
building direction (BD) with a diameter of 7 mm and thickness of 3 mm 
by electrical discharge machining. Comprehensive information about 
the alloy preparation is provided elsewhere [30,31]. Ti–45Nb (99.9%, 
ASTM B348-13) in the solution-treated state (at 1000 ◦C for 24 h) [15] 
and Ti–6Al–4V ELI (ASTM F136 grade 23, provided by Anthogyr SAS, 
France) in the as-received state were used as reference alloys. For 
microstructural studies, the samples were ground using SiC emery 
paper. For the polishing, a mixture of colloidal SiO2 (90 vol%) and H2O2 
(10 vol%) was used. The microstructure of the LPBF-produced alloys 
was studied by scanning electron microscopy (SEM; Leo Gemini 1530, 
Zeiss AG) equipped with an energy-dispersive X-ray spectrometer (EDX; 
XFlash 6|60, Bruker GmbH) and an electron backscatter diffraction 
(EBSD) detector (eFlashHR, Bruker GmbH). The open-source toolbox 
MTEX (v.5.10.2) [48] was employed to assess the EBSD measurements 
and conduct texture analysis. To examine the phase composition of the 
samples, synchrotron X-ray diffraction (SXRD) was conducted at the 
High Energy Materials Science (HEMS) beamline [49] at PETRA III 
(Deutsches Elekronen-Synchrotron, DESY). Vickers microhardness 
(HV0.1) was measured with a Falcon 600 indenter on polished samples 
by applying a 0.98 N load (10 s dwell time). The average hardness values 
with standard deviations are the result of 10 consecutive hardness 
measurements. 

2.2. Chemical composition analysis 

The elemental composition of the LPBF-produced alloys (Gaussian 
and top hat) was checked by inductively coupled plasma optical emis
sion spectroscopy (iCAP 6500 Duo View, Thermo Fisher Scientific 
GmbH). 

2.3. Corrosion tests 

Electrochemical tests were performed in a phosphate-buffered saline 
(PBS) solution (NaCl 140 mM, KCl 3 mM, phosphate buffer 10 mM with 
a pH of 7.4, Merck KGaA) at room temperature to investigate the 
corrosion properties. For this purpose, the alloys were ground with SiC 
emery paper (down to P1200) and cleaned with ethanol. The samples 
were electrically connected with copper tape for electrochemical 
measurements. 

For corrosion studies, a Solartron XM ModuLab potentiostat was 
used in combination with a three-electrode Teflon cell. The Ti alloys 
were used as the working electrode (the effective working electrode area 
is 0.385 cm2). For LPBF-produced alloys, sample surfaces perpendicular 
to the building direction (BD) were used as a working electrode. As an 
auxiliary electrode, a platinum wire was used and the potentials were 
measured versus the silver chloride reference electrode (Ag/AgCl (E(Ag/ 
AgCl) = 0.197 V vs. SHE). To determine the free corrosion response of 
the studied alloys, the open circuit potential (OCP) transient was 
monitored for 30 min. Then, potentiodynamic polarization experiments 
were conducted in a potential range between − 0.3 V (vs. OCP) to 1 V (vs. 
Ag/AgCl) at a scan rate of 0.5 mV/s. ECLab software (v11.36) was used 
for Tafel extrapolation (Tafel’s approximation only applies when there is 
charge transfer. For passivated material, the current is not limited by 
charge transfer. Thus, passive metals are not usually compared based on 
their corrosion current). For further investigation, electrochemical 
impedance spectroscopy (EIS) studies were carried out after 90 min of 
OCP stabilization. EIS measurements were conducted in the frequency 
range from 10 kHz to 0.01 Hz by applying a perturbation amplitude of 
10 mV. Zview 4 software was used for analysing the EIS data. The ex
periments were performed three times to ensure data reproducibility. 

2.4. Tribocorrosion tests 

Tribocorrosion tests were performed at room temperature in PBS 

solution using a pin-on-disk tribometer under a reciprocating sliding 
configuration. A Gamry potentiostat (Reference-600) was employed 
with a three-electrode cell setup. Schematic representation and pictures 
of the setup were presented elsewhere [50]. For the tribocorrosion ex
periments, the Ti alloys were used as the working electrode against an 
alumina ball (6 mm in diameter, a curvature radius of 26 mm 50), a 
platinum wire was used as the counter electrode, and a saturated silver 
chloride electrode (Ag/AgCl) was employed as the reference electrode. 
The pin was polished before the experiments with SiC emery paper (grit 
size P4000) to maintain the same radius of curvature to get reproducible 
results. The tribocorrosion tests were performed under a reciprocating 
sliding frequency of 0.5 Hz for 30 min with a sliding displacement of 
around 2 mm. The applied load was fixed to 4 N during the sliding. The 
shear forces during sliding were recorded with a tribometer and coef
ficient of friction (COF) values were calculated from the ratio between 
shear and normal forces. Hertzian contact pressures (maximum) [51] 
were calculated as 0.17, 0.17, and 0.21 GPa for Ti–45Nb, Gaussian 
(LPBF-produced), and Ti–6Al–4V ELI alloys, respectively. Due to the 
anisotropic nature (in terms of mechanical properties) of the Ti–42Nb 
alloys (LPBF alloy) produced with the top hat laser configuration, 
Poisson’s ratios were not calculated. Thus, the Hertzian contact pres
sures were not included in this work. 

The tribocorrosion tests were performed under open circuit potential 
(OCP) conditions, where the potential of the studied alloy samples is 
controlled by the tribological parameters and the physicochemical 
properties of the environment. The experimental procedure consisted of 
the monitoring of the OCP for 30 min without sliding, at which a steady 
state was achieved, and then subsequently sliding for 30 min to reveal 
the tribocorrosion response of the studied alloys under free corrosion 
conditions. In the end, sliding was stopped after 30 min, and OCP was 
measured for 30 min to complete the experiment. The tribocorrosion 
experiments were repeated twice for reproducibility assessment. 

2.5. Characterization of wear tracks 

Worn areas were analysed by a combination of scanning electron 
microscopy (SEM) and 3D confocal profilometry. A Zeiss Leo Gemini 
1530 SEM was used under an accelerating voltage of 20 kV. The total 
volume loss (Vtot), wear depth (D), and total wear area of the worn areas 
were investigated with an S Neox 3D confocal profilometer (non-con
tact) in a confocal mode. The areas of interest (worn areas) were ana
lysed by the Sensomap standard (v. 6.7) software. 

2.6. Metal ion release after tribocorrosion 

An inductively coupled plasma-mass spectrometry (ICP-MS) was 
employed for ion release studies. The solutions from the tribocorrosion 
experiments were stored in plastic containers. For the analyses, the 
samples were diluted in HNO3 solution (100 μL in 10 mL total volume). 
The metal ions analysed were Ti-48 and Nb-93, which had detection 
limits of 7.4 ppt and 3.8 ppt, respectively. Fresh PBS was also measured 
as the blank solution, and tests were repeated twice. 

3. Results 

3.1. Microstructural properties and microhardness 

For the planned corrosion and tribocorrosion analyses, two series of 
Ti–42Nb samples were fabricated using the laser powder bed fusion 
(LPBF) process, utilizing a Gaussian laser source for one series and a top 
hat laser source for the other [30,31]. The chemical composition of the 
samples is provided in Table 1. A single β-type microstructure was 
observed for both sample types through SXRD analysis (see Supple
mentary Fig. 1). To examine the microstructure of the LPBF-produced 
samples, SEM and EBSD analyses were performed on surfaces perpen
dicular to the building direction (X–Y plane), depicted in Fig. 1. These 
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surfaces corresponded to the sample planes used for the subsequent 
corrosion and tribocorrosion analysis. 

The EBSD maps in Fig. 1b and d illustrate the crystal orientation 
alongside with grain boundaries (≥15◦) in black and sub-grain bound
aries (3◦–15◦) in grey. For the samples produced with the Gaussian laser, 
the applied laser scan paths are discernible, and the grain morphology 
displays a significant variation, ranging from square-shaped or circular 
grains to highly elongated ones or circular grains to highly elongated 
ones. Moreover, subgrain boundaries are visible in some grains. The 
crystal orientations relative to the surface plane do not exhibit any 
preferred orientation and the inverse pole figures (IPF) of the sample 
(Supplementary Fig. 2) illustrate a nearly isotropic distribution of the 
crystal orientations along the 3 principal axes. 

In contrast, a completely different microstructure is observed for 
samples obtained with the top hat laser configuration. The oriented heat 
flow towards the substrate plate favour the columnar growth of grains 
parallel to the BD. This results in a pronounced {001} texture parallel to 
the building direction, as observed in the orientation map in Fig. 1d and 
the IPFs in Supplementary Fig. 2. The grain boundaries exhibit a more 
irregular profile and a high amount of subgrain boundaries are evident 
in the microstructure. 

For both sample series, the average grain size was determined using a 
line intersection method, measuring the chord length distribution for the 
microstructure at various angles. For samples, produced with the 
Gaussian laser, a mean chord length of 18.7 μm was determined, with a 

variation from 17.0 μm to 21.6 μm for the different measurement angles. 
These values are consistent with earlier analysis of the same sample type 
[31]. In contrast, for the top hat laser samples, the grain size and the 
mean chord length are significantly increased to 100.7 μm, with only a 
small variation from 93.8 μm to 103.5 μm for the different measurement 
angles. On the other hand, for conventionally produced alloys, equiaxed 
β-grains and biphasic (α+β) microstructure with elongated grains were 
observed for β-type Ti–45Nb and α+β-type Ti–6Al–4V ELI, respectively. 
More details about the microstructural properties of these conventional 
alloys can be found elsewhere [15,50]. 

SEM images for both sample types (Fig. 1a and c and Fig. 2a and c) 
reveal a cellular/cellular-dendritic solidification structure, typical for 
LPBF-processed β-type Ti–Nb alloys [27,30,52]. As the size of the so
lidification cells is related to the applied cooling rate (the solidification 
rate is higher for Gaussian laser configuration than top hat one), 
significantly smaller cells are observed for the Gaussian samples (around 
0.5–2 μm) when compared to the top hat ones (approximately 3–5 μm). 
In both cases, coarser cells are found near the melt pool boundaries and 
the cellular structure exhibits Nb-rich (Ti-lean) cellular regions and 
Nb-lean (Ti-rich) intercellular regions. These compositional variations 
are depicted in Fig. 2 by EDX (elemental mappings) and result from 
non-equilibrium partitioning during the rapid solidification, inherent to 
the LPBF process [53]. Further information about the microstructural 
features of the alloys has been provided previously [30,31]. 

Vickers microhardness (HV0.1) values are 155 ± 4 HV0.1 and 348 ± 5 
HV0.1 for Ti–45Nb and Ti–6Al–4V ELI, respectively. For the alloy sam
ples produced via Gaussian and top hat laser configuration, hardness 
values are measured as 226 ± 6 HV0.1 and 230 ± 2 HV0.1, respectively. 
Due to the high solidification and cooling rates, LPBF-produced Ti–42Nb 
alloys with cellular structures exhibit high hardness compared to 
Ti–45Nb alloys (155 ± 4 HV0.1). In addition, the difference in hardness 
values is attributed to the oxygen content as an interstitial element in the 
LPBF-produced Ti alloys. In some works [54–57], oxygen addition has 
been considered an effective strategy to improve the strength of the Ti 
alloys via solid solution strengthening. Due to the high content of 

Table 1 
Measured chemical composition of the LPBF-produced alloys (in wt.%).  

Alloys (Ti–42Nb wt. 
%) 

Ti Nb O N 

Gaussian laser 58.06 ±
0.91 

41.79 ±
0.39 

0.291 ±
0.005 

0.016 ±
0.004 

Top hat laser 57.76 ±
0.57 

41.92 ±
0.23 

0.294 ±
0.002 

0.018 ±
0.006  

Fig. 1. Scanning electron microscopy (SEM) and inverse pole figure (IPF) mappings of LPBF-produced Ti–42Nb alloy samples produced with a Gaussian (a & b) and 
top hat (c & d) configuration. The IPF colour coding is given for the sample surface. Grain boundaries (≥15◦) are marked with black and sub-grain boundaries 
(3◦–15◦) with grey lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

A. Akman et al.                                                                                                                                                                                                                                 



Journal of Materials Research and Technology 31 (2024) 1419–1429

1423

oxygen in LPBF-produced alloys (0.291 wt% and 0.294 wt% for 
Gaussian and top hat laser, respectively) compared to conventionally 
produced Ti–45Nb (0.09 wt%) [50], LPBF-produced alloys show higher 
hardness values compared to Ti–45Nb. 

In addition for the LPBF process, the generation of residual stresses is 
unavoidable due to rapid solidification rates [30,31]. The formation of 
residual stresses can be either tensile or compressive. Tensile residual 
stresses are not desirable due to the formation of stress corrosion 
cracking or fatigue damage. However, the formation of compressive 
residual stresses promotes greater wear resistance [47]. In our case, the 
solidification rate for the Gaussian laser is higher than the top hat one. 
Thus, the alloys produced with a Gaussian laser configuration might 
generate more compressive residual stress accumulation due to the high 
cooling rates. 

3.2. Corrosion tests 

Conventional electrochemical tests were performed to reveal the 
corrosion behaviour of the different alloy samples in PBS solution. 
Initially, the open circuit potential (OCP) was monitored for 30 min to 
achieve a steady state. Then, potentiodynamic polarization experiments 
were conducted. The potentiodynamic polarization curves are shown in 
Fig. 3 and calculated corrosion potential (Ecorr), corrosion current den
sity (icorr), and passivation current density (ipass) values from the polar
ization curves are given in Table 2. Ecorr values of the studied alloys are 
in a narrow range between − 0.258 ÷ − 0.203 V vs. Ag/AgCl and all 
tested alloys exhibit low icorr values in the range of 0.22 ÷ 0.53 μA/cm2. 
However, Ti–6Al–4V ELI exhibits lower corrosion current densities 
compared to the rest of the studied alloys. The anodic branch of the 
potentiodynamic polarization curves shows in all cases a stable passive 
region until 1 V vs. Ag/AgCl with no passivity breakdown. This is due to 
the formation of very stable barrier-type oxide films, which is common 
for β-type Ti–Nb alloys and similar to cp-Ti and Ti–6Al–4V [58,59]. 
However, slight differences can be observed in the ipass values, e.g. by 
comparing values at 0.4 V vs. Ag/AgCl, which are given in Table 2. The 

Fig. 2. Secondary electron (SE) images (a & c) and corresponding Energy Dispersive X-ray (EDX) maps (b & d) of LPBF-produced Ti–42Nb alloys fabricated using 
Gaussian (a & b) and top hat laser (c & d) configurations. Spectra were recorded at 5 keV to enhance lateral resolution and Ti-L and Nb-L X-ray lines were used 
for analysis. 

Fig. 3. Potentiodynamic polarization curves of Ti–45Nb, Ti–42Nb (LPBF- 
Gaussian laser), Ti–42Nb (LPBF-top hat laser), and Ti–6Al–4V ELI alloys in PBS 
solution after 30 min of OCP stabilization. 

Table 2 
Corrosion potential (Ecorr), corrosion current density (icorr), and passivation 
current density (ipass) (at 0.4 V (vs. Ag/AgCl)) values were obtained for Ti–45Nb, 
Ti–42Nb (LPBF-Gaussian laser), Ti–42Nb (LPBF-top hat laser), and Ti–6Al–4V 
ELI alloy states from potentiodynamic polarization experiments.   

Ecorr (V vs. Ag/AgCl) icorr (μA/cm2) ipass (μA/cm2) 

Ti–45Nb − 0.218 ± 0.005 0.52 ± 0.12 15.5 ± 0.9 
Ti–42Nb (LPBF-G) − 0.258 ± 0.035 0.53 ± 0.05 8.5 ± 0.1 
Ti–42Nb (LPBF-TH) − 0.231 ± 0.018 0.35 ± 0.10 8.9 ± 1.2 
Ti–6Al–4V ELI − 0.203 ± 0.018 0.22 ± 0.10 5.2 ± 0.8  
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ipass values for the two LPBF-produced alloy states are similar and, they 
are lower compared to commercial Ti–45Nb. This reveals that the pas
sive films formed on Ti–45Nb alloy has more reactive nature than the 
LPBF-produced alloys. Further, commercial Ti–6Al–4V ELI exhibits the 
best corrosion performance among all tested alloys with lower corrosion 
and passivation current density values. For a detailed analysis of the 
passive films, electrochemical impedance spectroscopy (EIS) measure
ments were performed. 

Electrochemical impedance spectroscopy (EIS) is used to evaluate 
the properties of the passive films formed under OCP conditions in PBS 
solution. Fig. 4a shows representative Nyquist plots with the equivalent 
electrical circuit (EEC) and Fig. 4b shows representative Bode plots for 
the studied alloys. In the EEC, R1 represents the solution resistance, R2 
and CPE1 are related to the resistive and capacitive responses of the 
passive film grown under OCP for 90 min, respectively. A constant phase 
element (CPE) instead of an ideal capacitor is used [46,60–63]. The 
deviation from the ideal capacitive response can be attributed to the 
heterogeneities and defects in the passive film. The regressed resistance 
and capacitance values after the EEC fitting are reported in Table 3. The 
experimental data is in agreement with the EEC fitting due to the low 
chi-square (χ2 < 0.01) values. 

In principle, the higher the impedance of the passive film, the larger 
the Nyquist arc radius [64]. All alloy samples behaved similarly during 
the measurements in terms of the shape of the arc. However, the arc 
radius is slightly larger for LPBF-produced alloy samples compared to 
Ti–45Nb, as depicted in Fig. 4a. In addition, for the Bode plots (Fig. 4b), 
the high-frequency range (phase angle drops to values near zero be
tween 104 Hz to 103 Hz) represents the electrolyte resistance. At the 
intermediate frequency range (103 Hz–100 Hz), the phase angle values 
rise. At low frequencies (100 Hz to 10− 2 Hz), the phase angle plot de
creases to lower values which represents the passive film resistance 
[65]. The Bode impedance values (|Z|) are higher for LPBF-produced 
alloys (76.6 ± 6.1 kΩcm2 and 85.5 ± 13.1 kΩcm2 for Gaussian and 
top hat laser configurations, respectively) compared to Ti–45Nb (65.9 
± 13.3 kΩcm2) at the lowest frequency of 10− 2 Hz. LPBF-produced al
loys with higher film resistance (R2) values exhibit better passive film 
behaviour with a more protective nature compared to Ti–45Nb alloys as 
seen in Table 3. However, no significant difference was found between 
the two LPBF-produced alloy states. Ti–6Al–4V ELI exhibits better pas
sive film properties with higher film resistance (2.50 ± 0.42 Ωcm2x105 ) 
and bode impedance values (166.7 ± 2.5 kΩcm2 ) compared to the rest 
of the studied alloy samples. LPBF-produced alloys exhibit lower 
capacitance (CPE1-Q) and higher film resistance (R2) values compared to 
Ti–45Nb, as seen in Table 3. In addition, the effective capacitance (Ceff) 

values can be calculated from the derived Burg’s equation by using the 
passive film resistance (R2) and CPE values (CPE1-Q and CPE1-n) [66]. 
The passive film thickness can be estimated from the calculated effective 
capacitance (Ceff) values [64,67]. In our case, it is possible to expect 
similar passive film thickness under OCP conditions for Ti–Nb alloys due 
to their similar passivation nature. Also, CPE1-n values of all alloys 
showed similar capacitive behaviour of around 0.88, which means that 
the electrochemical response of the oxide film formed under free 
corrosion conditions slightly deviates from the pure capacitive behav
iour due to the presence of heterogeneities/defects in the passive film. 
EIS results match well with the potentiodynamic polarization results. As 
discussed before, Ti–45Nb alloys with higher passivation current den
sities (ipass) and lower passive film resistance (R2) values exhibit more 
reactive surfaces than the LPBF-produced alloys. However, no signifi
cant difference was found between the two LPBF-produced alloy states. 
The differences in microstructural states for Gaussian and top-hat laser 
configurations do not yield a difference in the electrochemical behav
iour. This is attributed to the similar and strong passivation nature of 
LPBF-produced alloys due to the major contribution of Ti and Nb to 
passivation (Nb species are involved in the oxidation processes by 
forming Ti–Nb mixed oxide) [13,58,68]. 

3.3. Tribocorrosion tests 

The tribocorrosion performance of the alloys was studied in PBS 
solution at room temperature. The evolution of the open circuit poten
tial (OCP) values before, during, and after sliding together with the 
coefficient of friction (COF) values was monitored. The recorded po
tential values during tribocorrosion experiments represent the potential 
of the whole working electrode area. The potential change over time for 

Fig. 4. EIS measurements - a) Nyquist plot and b) Bode plot of Ti–45Nb, Ti–42Nb (LPBF-Gaussian laser), Ti–42Nb (LPBF-top hat laser), and Ti–6Al–4V ELI alloys with 
the equivalent electrical circuit (EEC) used to interpret the EIS data. Before EIS measurements, samples were OCP stabilized for 90 min in PBS solution. 

Table 3 
The fitting values of the electrical equivalent circuit (EEC) components applied 
to EIS spectra of Ti–45Nb, Ti–42Nb (LPBF-Gaussian laser), Ti–42Nb (LPBF-top 
hat laser), and Ti–6Al–4V ELI alloys.   

R1 

(Ωcm2 ) 
R2 

(Ωcm2x105 ) 
CPE1-Q 
(Ω− 1sncm2x10− 5) 

CPE1-n 

Ti–45Nb 30 ± 1 0.95 ± 0.18 11.3 ± 1.5 0.88 ±
0.02 

Ti–42Nb 
(LPBF-G) 

32 ± 4 1.36 ± 0.15 5.6 ± 0.9 0.89 ±
0.03 

Ti–42Nb 
(LPBF-TH) 

30 ± 2 1.48 ± 0.32 6.5 ± 2.2 0.88 ±
0.01 

Ti–6Al–4V ELI 29 ± 1 2.50 ± 0.42 4.3 ± 0.7 0.87 ±
0.01  
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the studied alloys with COF values is illustrated in Fig. 5. Before the 
sliding starts (t = 1800 s), the potential reflects the formation of a 
passive film on the surface of the studied alloy samples. A sudden po
tential drop is observed after the initiation of the sliding. This potential 
decrease represents the local breakdown of the passive film (depassi
vation) due to the damage caused by the sliding action of the pin. The 
change in the potential in the worn area (depassivated region) during 
sliding raises the chances for the formation of galvanic coupling between 
the depassivated region (anodic worn area) and the neighbouring pas
sive regions (cathodic unworn area) [69]. During sliding, the OCP re
mains practically constant, which is attributed to the dynamic 
equilibrium between depassivation and repassivation. After sliding (t =
3600 s), the potential values increased rapidly nearly to the pre-sliding 
values. The phenomenon is known as repassivation. 

The potentials during tribocorrosion experiments are listed in 
Table 4. In addition, the potential drop (|ΔE|) was calculated from the 
initial potential drop of sliding. The OCP curves of the studied alloys 
exhibit similar trends before, during, and after sliding. However, the 
lowest potential drop during the onset of sliding was detected for 
Ti–6Al–4V ELI (|ΔE| = 0.338 V). However, within the error limits of the 
method, no significant difference was found between LPBF-produced 
alloys, i.e. (|ΔE| = 0.487 V and |ΔE| = 0.505 V were obtained for al
loys produced with Gaussian and top hat laser configurations, respec
tively). This is similar to the mean value for Ti–45Nb with |ΔE| = 0.478 
V. The potential curves of the studied alloys become noisier during 
sliding due to cyclic depassivation and repassivation of the passive film. 
The curve belonging to Ti–6Al–4V ELI is slightly noisier than those of 
LPBF-produced alloy samples and commercial Ti–45Nb (Fig. 5c). The 
variation in potential is observed in the case of Ti–6Al–4V ELI ranging 
between – 0.752 and – 0.664 V vs. Ag/AgCl (in the range of ~0.08 V). 

However, the rest of the studied alloys exhibit more steady-state po
tential change during sliding, in the range of ~0.05 V, which means that 
LPBF-produced alloys and Ti–45Nb reach dynamic equilibrium slightly 
faster than Ti–6Al–4V ELI. A similar observation for the potential fluc
tuations was made by different authors for conventionally produced 
Ti–6Al–4V [50,70] and Ti–45Nb [50]. In the final period of the tribo
corrosion experiments, i.e., after sliding, the potential of all studied al
loys increases rapidly due to the re-formation of a new passive film on 
the sliding regions. To evaluate the tribocorrosion behaviour of the 
LPBF-produced alloys further, the repassivation rate after sliding for a 
certain period was calculated according to the following equation [71]: 

ΔE= k1 log t + k2 (1) 

Fig. 5. Tribocorrosion analysis: a) Open circuit potential (OCP) evolution of Ti–45Nb, Ti–42Nb (LPBF-Gaussian laser), Ti–42Nb (LPBF-top hat laser), and Ti–6Al–4V 
ELI alloys in PBS solution b) Evolution of the coefficient of friction (COF) values during sliding c) Evolution of the OCP during sliding (1800 s–3600 s). 

Table 4 
Electrochemical parameters were obtained from the OCP curves before, during, 
and after sliding for Ti–45Nb, Ti–42Nb (LPBF-Gaussian laser), Ti–42Nb (LPBF- 
top hat laser), and Ti–6Al–4V ELI alloys. Potential values are reported vs. Ag/ 
AgCl (E(Ag/AgCl) = 0.197 V vs. SHE).   

Potential 
before sliding 
EOCP

start 

Potential 
during sliding 
EOCP

sliding 

Potential after 
sliding EOCP

end 
Potential 
drop 
|ΔE| 

Ti–45Nb − 0.248 ±
0.018 

− 0.750 ±
0.002 

− 0.241 ±
0.065 

0.478 ±
0.075 

Ti–42Nb 
(LPBF-G) 

− 0.198 ±
0.053 

− 0.705 ±
0.096 

− 0.251 ±
0.054 

0.487 ±
0.018 

Ti–42Nb 
(LPBF-TH) 

− 0.153 ±
0.010 

− 0.700 ±
0.080 

− 0.185 ±
0.007 

0.505 ±
0.082 

Ti–6Al–4V 
ELI 

− 0.280 ±
0.017 

− 0.721 ±
0.037 

− 0.228 ±
0.025 

0.338 ±
0.020  
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where ΔE is the potential variation (between 3600 s and 3900 s), t is the 
certain period after sliding (usually 300 s after sliding) [72], k1 is the 
repassivation rate of the passive film after sliding, and k2 is a constant 
defined by the solution, which is 0.1 for PBS [72,73]. The repassivation 
rates (k1) are calculated as: 0.10 ± 0.02, 0.08 ± 0.04, 0.11 ± 0.03, and 
0.13 ± 0.03, respectively for Ti–45Nb, Gaussian, top hat, and Ti–6Al–4V 
ELI alloys. No significant difference was found between the repassiva
tion rates of the studied alloy samples, which means the repassivation 
ability of the passive film for LPBF-produced alloys is comparable with 
commercial Ti–45Nb and Ti–6Al–4V ELI. 

3.4. Analysis of worn surfaces and friction 

The worn surfaces were examined with SEM and 3D profilometry to 
study their morphology and determine the wear mechanisms. SEM im
ages of worn surfaces together with 3D profilometry results are shown in 
Fig. 6. 

The worn areas indicated that wear was dominated by abrasive and 
adhesive wear mechanisms. The worn surfaces of the studied alloys 
exhibited typical features for Ti alloys, namely grooves and oxide 
patches (wear debris) [74–76]. In addition, for Ti alloys, adhesive wear 
is a common degradation mechanism on metal/ceramic sliding contacts 
[74]. During sliding, due to the repetitive transfers of the studied alloy 
between the sliding surfaces (i.e., Ti alloys and alumina pin) oxidized 
wear debris (yellow arrows in Fig. 6e–h) formed in the wear tracks. The 
oxidized debris can act as an abrasive layer on the surfaces in contact, 
resulting in the formation of grooves [50,74–77]. 

The grooves (blue arrows in Fig. 6e–h) are much shallower and 
narrower with superficial scratches for Ti–6Al–4V ELI alloy. The grooves 
are wider and deeper for LPBF-produced Ti–42Nb alloys compared to 
Ti–6Al–4V ELI, while the deepest grooves, with a rougher appearance, 
belong to Ti–45Nb. Among LPBF-produced specimens, the worn surface 
morphology is similar, and relatively smooth grooves (compared to 
Ti–45Nb) aligned parallel to the sliding direction (due to abrasion). In 
order to quantify the tribological parameters, total volume loss (Vtot), 
wear depth (D), and wear area were calculated from the profilometry 
measurements, as reported in Table 5. The results indicated that 
Ti–6Al–4V ELI suffered smaller material removal (with the lowest vol
ume loss and lowest wear depth), while Ti–45Nb exhibited more severe 
wear with the highest volume loss and wear depth. However, LPBF- 
produced alloys exhibited smaller wear losses with higher wear resis
tance compared to Ti–45Nb. In addition, the total wear area of the worn 

areas well correlates with the total volume loss and wear depth results. 
In addition, the evolution of the coefficient of friction (COF) during 

sliding for the studied alloys in PBS solution was also recorded (Table 5), 
and representative curves are shown in Fig. 5b. The COF values for the 
studied alloys are in line with the total volume loss and average wear 
depth values (the higher the COF, the higher the total volume loss). The 
COF values for LPBF-produced alloys are similar (0.64 and 0.67 for 
Gaussian and top hat lasers, respectively) and lower than Ti–45Nb 
(0.75). In addition, the lowest COF values belong to Ti–6Al–4V ELI 
(0.43). 

3.5. Metal ion release after tribocorrosion 

The metal ion content was measured from the electrolyte used for 
tribocorrosion tests under OCP conditions for LPBF-produced Ti–42Nb 
alloys. The concentration of Ti was 0.17 ± 0.16 ppb and 2.52 ± 1.77 ppb 
for Gaussian and top hat laser, respectively. The Nb concentration was 
0.01 ± 0.02 ppb and 0.34 ± 0.25 ppb for Gaussian and top hat laser, 
respectively. Concentrations of Ti and Nb were within the cytotoxicity 
limits as reported before [78]. 

4. Discussion 

β-type Ti–Nb alloys have received special attention for implant ap
plications due to their good corrosion resistance and mechanical bio- 

Fig. 6. Wear tracks of Ti–45Nb, Ti–42Nb (LPBF-Gaussian laser), Ti–42Nb (LPBF-top hat laser), and Ti–6Al–4V ELI alloys under OCP conditions characterized by 
(a–d) 3D optical profilometry and (e–h) SEM. Blue arrows represent the grooves, while yellow arrows indicate the wear debris. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 5 
Total volume loss (Vtot), depth of the wear track (D), and wear area determined 
from 3D optical profilometry, and the coefficient of friction (COF) recorded 
during sliding for Ti–45Nb, Ti–42Nb (LPBF-Gaussian laser), Ti–42Nb (LPBF-top 
hat laser), and Ti–6Al–4V ELI alloys.   

COF Wear 
depth 
D (μm) 

Total volume 
loss 
Vtot x 10− 3 

(mm3) 

Wear area 
(mm2) 

Ti–45Nb 0.75 ±
0.09 

7.09 ±
0.45 

13.19 ± 0.19 1.86 ± 0.09 

Ti–42Nb (LPBF- 
G) 

0.64 ±
0.09 

3.89 ±
0.52 

4.41 ± 0.42 1.14 ± 0.04 

Ti–42Nb (LPBF- 
TH) 

0.67 ±
0.05 

4.98 ±
0.14 

7.86 ± 0.80 1.58 ± 0.16 

Ti–6Al–4V ELI 0.43 ±
0.04 

2.67 ±
0.24 

2.64 ± 0.36 0.98 ± 0.04  
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functionality [7,12,17,58]. However, load-bearing biomedical implants 
suffer from tribocorrosion since they are subjected to relative move
ments in body fluids [77]. In the present work, tribocorrosion behaviour 
of laser powder bed fusion (LPBF) produced β-type Ti–42Nb alloy 
(surfaces perpendicular to the building direction (BD)) was studied 
under OCP conditions and compared with that of commercially pro
duced β-type Ti–45Nb and α+β-type Ti–6Al–4V ELI. 

Two series of Ti–42Nb samples were fabricated using the LPBF 
process, utilizing a Gaussian and a top hat laser source with a single 
β-phase microstructure with promising mechanical properties, e.g. ten
sile strength and Young’s modulus values [30,31]. The alloy samples 
produced with a Gaussian laser exhibit a square grain morphology 
perpendicular to BD with isotropic mechanical properties. However, the 
top hat laser configuration yield exhibits highly elongated large grains 
and a strong {001} texture parallel to BD leading to anisotropic me
chanical properties [30]. Meanwhile, hardness values of LPBF-produced 
alloys are measured to be 226 HV0.1 (Gaussian) and 230 HV0.1 (top hat), 
which are higher than the microhardness of Ti–45Nb reference alloy 
(155 HV0.1). This is attributed to high cooling rates and the strength
ening effect of high oxygen content [54,55] on LPBF alloys. In addition, 
the solidification rates for the alloys produced with Gaussian laser are 
higher than the top hat ones. 

In terms of corrosion response in PBS solution, the studied alloys 
exhibit low corrosion current densities (in the range of 0.22 ÷ 0.53 μA/ 
cm2) due to the spontaneous formation of protective passive films. In 
addition, corresponding metal ion release rates were found to be low for 
Ti and Nb species (within the cytotoxicity limits). However, anodic 
passive current densities are lower for LPBF-produced Ti–42Nb alloys 
(8.5 and 8.9 μA/cm2 for Gaussian and top hat lasers, respectively) than 
for Ti–45Nb (15.5 μA/cm2), which is indicative of the more protective 
nature of the passive films formed on LPBF-processed alloys. In addition, 
EIS results under OCP conditions revealed that the electrochemical 
response of the passive films is better for LPBF-produced alloys than 
Ti–45Nb. This is attributed to the formation of more adhered and less 
reactive oxides grown under free corrosion conditions for LPBF- 
produced alloys. 

In terms of overall corrosion response in PBS (potentiodynamic po
larization and EIS), no significant difference was found between the two 
LPBF-produced Ti–42Nb alloy states. This indicates that the chemical 
alloy composition with two strongly passivating valve metal constitu
ents (passivation nature due to the formation of Ti–Nb mixed oxides) 
[58] and their homogeneous mixture in a single-phase solid solution 
state is more decisive than other microstructural particularities. 

Generally, to generate a wear loss, many mechanisms take place 
under tribocorrosion conditions. Inside the wear track, wear-accelerated 
corrosion (Vwac) and mechanical wear (Vmech) are the responsible 
mechanisms for wear loss, outside of the wear track, corrosion (Vcorr) is 
the only mechanism to generate volume loss. However, due to the strong 
passivation nature of Ti alloys, Vcorr can be neglected, and the overall 
material loss (Vtot) can be expressed according to the following rela
tionship [79,80]: 

Vtot =Vwac + Vmech (2) 

Mischler et al. [80] investigated the formation of passive films on 
tribocorrosion behavior of carbon steel, and results showed that the total 
volume loss under anodic potentiostatic polarization (in a passive state) 
resulted in the combined effect of electrochemical corrosion and me
chanical wear, while the volume loss under cathodic potentiostatic po
larization conditions is mainly attributed to mechanical wear. In our 
case (for all studied alloy states), the total wear loss under OCP condi
tions is mainly ascribed to mechanical wear, and the contribution of 
wear-accelerated corrosion is negligible due to the promising passiv
ation kinetics of Ti alloys [50]. Passive films with high surface reactivity 
can depassivate easily under mechanical loads and the repassivation 
process takes longer compared to passive films with less reactivity. Due 
to the retardation in passivation kinetics, the wear-accelerated corrosion 

process might accelerate under mechanical loads [81,82]. However, in 
our case, mechanical wear is more decisive for tribocorrosion properties. 
In addition, similar observations were made for the tribocorrosion 
response of Ti–30Nb and Ti–30Nb–Sn (2, 4 wt% Sn) alloys (produced via 
powder metallurgy) against an alumina ball in PBS solution under OCP 
conditions [79]. 

According to Archard’s law, the total volume loss due to the wear is 
inversely proportional to the hardness of the worn material [83]. The 
results of this study are in accordance with Archard’s law as illustrated 
in Fig. 7. The lowest wear loss (the shallowest wear depth) is observed 
for the Ti–6Al–4V ELI (348 HV0.1), while Ti–45Nb exhibits (155 HV0.1) 
the highest volume loss (the deepest wear depth) under OCP conditions. 
On the other hand, LPBF-produced Ti–42Nb alloys exhibit similar 
hardness values (226 HV0.1 and 230 HV0.1 for Gaussian and top hat la
sers, respectively). However, the alloys produced with the top hat laser 
configuration exhibit slightly higher volume loss than the alloys pro
duced with the Gaussian laser. This could be attributed to the formation 
of compressive residual stresses that are generated during the LPBF 
process [47]. The alloys produced with Gaussian laser might experience 
higher compressive residual stresses due to the rapid cooling rates 
compared to the top hat ones. Thus, the formation of compressive re
sidual stresses might offer greater wear resistance to the alloys processed 
with Gaussian laser configuration. However, the origin of the residual 
stress difference is not clear, but other researchers observed that residual 
stresses play a critical role [47,84]. In the end, higher hardness and wear 
resistance values were obtained for both LPBF-produced Ti–42Nb alloy 
states compared to Ti–45Nb from conventional production methods. 
This is mainly due to different cooling conditions and oxygen contents 
that lead to significantly different microstructures, as discussed above. 

The lowest COF values are observed for the Ti–6Al–4V ELI (0.43), 
while Ti–45Nb exhibits (0.75) the highest COF, during sliding under 
OCP conditions. The LPBF-produced alloys exhibit similar COF values 
(0.64 and 0.67 for Gaussian and top hat laser, respectively). The ob
tained COF values in this work are comparable with the literature. Çaha 
et al. [75] studied the tribocorrosion response of conventionally pro
duced Ti–40Nb alloy and compared it with the commercial Ti–6Al–4V in 
saline (9 g/L NaCl) electrolyte under an applied load of 1 N. They 
observed relatively stable (during sliding) COF values of 0.38 and 0.69 
for Ti–6Al–4V and Ti–40Nb, respectively. Pina et al. [79] investigated 
the tribocorrosion behaviour of Ti–30Nb-xSn alloys (produced via 
powder metallurgy) against an alumina ball in PBS and observed COF 
values in the range of 0.59 ÷ 0.71. 

The analysis of the worn surfaces indicated that wear loss during 
sliding was dominated by abrasive and adhesive wear. The accumula
tion of dislocations, due to plastic deformation in the sub-surface caused 
by the sliding against the alumina pin, may lead to the formation of 
cracks and voids, and these cracks may act as an initiator for more void 
formation under plastic deformation. When such cracks reach the sur
face, the delamination wear mechanism takes place due to the release of 
laminar wear particles. Thus, in addition to abrasive and adhesive wear, 

Fig. 7. Summary of total volume loss, wear depth, and Vickers microhardness 
values of Ti–45Nb, Ti–42Nb (LPBF-Gaussian laser), Ti–42Nb (LPBF-top hat 
laser), and Ti–6Al–4V ELI alloys. 
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delamination wear might play a role as a wear mechanism for the 
studied alloys [85–87]. 

LPBF-produced Ti–42Nb alloys with promising corrosion and tribo
corrosion performance can be an optimistic alternative to Ti–6Al–4V. 
However, there is a need for further studies for real clinical applications, 
such as tribo-electrochemical tests in complex electrolytes (including 
organic molecules and salts) at body temperature under specific applied 
loads. 

5. Conclusions 

In this work, the corrosion and tribocorrosion performance of LPBF- 
produced β-type Ti–42Nb alloys (surfaces perpendicular to BD) was 
studied in PBS and compared with conventionally produced β-type 
Ti–45Nb and α+β-type Ti–6Al–4V ELI. 

• β-type Ti–42Nb alloy samples were fabricated by LPBF using con
ventional Gaussian and high-power top hat laser configurations. The 
samples produced with a Gaussian laser exhibit square grains 
perpendicular to BD with isotropic mechanical properties. However, 
the top hat laser configuration generates highly elongated grains 
with {001} texture along BD leading to anisotropic mechanical 
properties.  

• The overall corrosion response of the two LPBF-produced Ti–42Nb 
alloy states in PBS is similar to that of conventional Ti–45Nb. How
ever, LPBF-produced alloys exhibit less reactive surfaces with better 
passive film properties due to the strong passivation nature of LPBF- 
produced alloys. However, Ti–6Al–4V ELI exhibits better passive film 
properties than LPBF-processed alloys.  

• Under sliding conditions, all Ti alloys exhibit similar tribocorrosion 
mechanisms in PBS under OCP conditions, i.e. mixed abrasive wear, 
and adhesive wear. For LPBF-produced Ti–42Nb alloy states, the 
total volume loss is lower than commercial Ti–45Nb. These differ
ences are associated with the hardness of the studied alloys (Arch
ard’s law) and the total volume loss under OCP conditions is mainly 
attributed to mechanical wear. However, Ti–6Al–4V ELI exhibits 
better tribocorrosion performance compared to LPBF-produced al
loys, attributed to increased microhardness. 

• In terms of overall corrosion response in PBS, no significant differ
ence was found between the two LPBF-produced Ti–42Nb alloy 
states. This indicates the passivation nature of the LPBF alloys is 
more decisive than the microstructural particularities.  

• LPBF-produced Ti–42Nb alloys exhibit similar microhardness values. 
However, the alloys produced with the Gaussian laser exhibit slightly 
lower volume loss than the top hat ones. This could be attributed to 
the formation of compressive residual stresses to offer greater wear 
resistance. 

In conclusion, both LPBF-produced Ti–42Nb alloy states exhibit 
better tribocorrosion behaviour compared to conventionally manufac
tured Ti–45Nb, which is attributed to higher microhardness. LPBF- 
produced alloys with promising corrosion and tribocorrosion perfor
mance can be a potential candidate for load-bearing implant 
applications. 
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[62] Martin É, Azzi M, Salishchev GA, Szpunar J. Influence of microstructure and 
texture on the corrosion and tribocorrosion behavior of Ti-6Al-4V. Tribol Int 2010; 
43:918–24. 

[63] Liu H, et al. Nb-content-dependent passivation behavior of Ti–Nb alloys for 
biomedical applications. J Mater Res Technol 2023;27:7882–94. 

[64] Çaha I, et al. Atomic–scale investigations of passive film formation on Ti-Nb alloys. 
Appl Surf Sci 2023;615:156282. 

[65] Chu YH, et al. Unveiling the contribution of lactic acid to the passivation behavior 
of Ti–6Al–4V fabricated by laser powder bed fusion in Hank’s solution. Acta 
Metall. Sin. (English Lett. 2024;37:102–18. 

[66] Hirschorn B, et al. Determination of effective capacitance and film thickness from 
constant-phase-element parameters. Electrochim Acta 2010;55:6218–27. 

[67] Yilmaz A, et al. Effect of microstructural defects on passive layer properties of 
interstitial free (IF) ferritic steels in alkaline environment. Corrosion Sci 2021;182: 
109271. 

[68] Lohrengel MM. Thin anodic oxide layers on aluminium and other valve metals: 
high field regime. Mater Sci 1993;12:243–94. 

[69] Guadalupe Maldonado S, et al. Mechanical and chemical mechanisms in the 
tribocorrosion of a Stellite type alloy. Wear 2013;308:213–21. 

[70] Hacisalihoglu I, Samancioglu A, Yildiz F, Purcek G, Alsaran A. Tribocorrosion 
properties of different type titanium alloys in simulated body fluid. Wear 2015; 
332–333:679–86. 

[71] Hanawa T, Asami K, Asaoka K. Repassivation of titanium and surface oxide film 
regenerated in simulated bioliquid. J Biomed Mater Res 1998;40:530–8. 

[72] Xu W, et al. Effect of Mo contents on corrosion and tribocorrosion behaviors of Ti- 
Mo alloys for orthopaedic implant application. Corrosion Sci 2020;168. 

[73] Ureña J, et al. Corrosion and tribocorrosion behaviour of β-type Ti-Nb and Ti-Mo 
surfaces designed by diffusion treatments for biomedical applications. Corrosion 
Sci 2018;140:51–60. 

[74] Toptan F, et al. Corrosion and tribocorrosion behaviour of Ti6Al4V produced by 
selective laser melting and hot pressing in comparison with the commercial alloy. 
J Mater Process Technol 2019;266:239–45. 

[75] Çaha I, et al. Degradation behavior of Ti-Nb alloys: corrosion behavior through 21 
days of immersion and tribocorrosion behavior against alumina. Corrosion Sci 
2020;167:108488. 

[76] Çaha I, et al. Interactions between wear and corrosion on cast and sintered Ti-12Nb 
alloy in comparison with the commercial Ti-6Al-4V alloy. Corrosion Sci 2020;176: 
108925. 

[77] Çaha I, et al. Corrosion and tribocorrosion behavior of Ti-40Nb and Ti-25Nb-5Fe 
alloys processed by powder metallurgy. Metall. Mater. Trans. A Phys. Metall. 
Mater. Sci. 2020;51:3256–67. 

[78] Li Y, Wong C, Xiong J, Hodgson P, Wen C. Cytotoxicity of titanium and titanium 
alloying elements. J Dent Res 2010;89:493–7. 
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