
Influence of isothermal post-treatment on tribocorrosion behaviour of laser 
powder bed fusion-processed β-type Ti-Nb alloy

Adnan Akman a,b,* , Yohan Douest c,d, Jaqueline Gehlmann e, Avinash Hariharan f,  
Christian Haase g,h, Ana-Maria Trunfio Sfarghiu i, Nicolas Courtois c, Benoit Ter-Ovanessian d,  
Stefan Pilz a, Martina Zimmermann b, Annett Gebert a

a Leibniz Institute for Solid State and Materials Research Dresden, Helmholtzstr. 20, Dresden 01069, Germany
b Institute of Materials Science, TU Dresden, Helmholtzstr. 7Dresden 01069, Germany
c Anthogyr SAS, Sallanches F-74700, France
d Univ. Lyon, INSA de Lyon, MATEIS, UMR CNRS 5510, Villeurbanne 69621, France
e Central Facility for Electron Microscopy, RWTH Aachen University, Aachen 52074, Germany
f Steel Institute, RWTH Aachen University, Aachen 52072, Germany
g Chair Materials for Additive Manufacturing, TU Berlin, Berlin 10587, Germany
h Center for 3D Technologies, TU Berlin, Berlin 10623, Germany
i Univ. Lyon, INSA de Lyon, LaMCoS, UMR CNRS 5259, Villeurbanne 69621, France

A R T I C L E  I N F O

Keywords:
Titanium alloy
Tribocorrosion
Laser powder bed fusion
Biomaterial

A B S T R A C T

Ti-Nb alloys are well-regarded implant materials thanks to their high corrosion resistance and good biocom
patibility. Nonetheless, their cast and solution-treated forms suffer from limited mechanical strength. LPBF- 
processed Ti-Nb alloys hold significant potential for customized implants. Applying post-heat treatments, 
particularly isothermal age-hardening, can strengthen these alloys and improve their resistance to the biome
chanical loads encountered in service. However, load-bearing implants are prone to tribocorrosion due to the 
relative motion between implant components or between the implant and surrounding tissue in body fluids.

This study investigates the mechanical, corrosion, and tribocorrosion properties of post-treated LPBF-produced 
β-type Ti-42Nb alloys, and compares their performance with both as-built LPBF Ti-42Nb and conventional Ti- 
6Al-4V ELI. Results show that isothermal heat treatment is effective in increasing the mechanical properties 
by introducing ωiso precipitates for Ti-42Nb (LPBF-300 ◦C 30 h) and αiso’’ precipitates for Ti-42Nb (LPBF-450 ◦C 
30 h) to the single β-phase microstructure. Tribocorrosion behaviour was investigated under open circuit po
tential (OCP) and anodic potentiostatic polarization conditions (0.6 V vs. Ag|AgCl) in phosphate-buffered saline 
(PBS) using a reciprocating pin-on-disk tribometer. The formation of precipitates does not adversely affect the 
passive film, indicating that its stability is maintained by the strong passivating nature of Ti-Nb alloys. However, 
the tribocorrosion resistance declines following isothermal heat treatment, likely due to the rapid detachment of 
hard and brittle precipitates, leading to increased material loss. Nevertheless, controlling the distribution of 
precipitates in LPBF-fabricated Ti-42Nb alloys may enhance their performance for implant use.

1. Introduction

Titanium alloys are ideal for load-bearing implants due to their 
strength, corrosion resistance, and biocompatibility. However, 
commonly used materials like cp-Ti and Ti-6Al-4V raise clinical 

concerns, as their Young’s modulus (100–120 GPa) is much higher than 
that of cortical bone (4–30 GPa) [1,2]. This disparity creates a mismatch 
between the implant and the surrounding bone, leading to aseptic 
implant loosening caused by bone resorption, a phenomenon known as 
stress shielding [3].
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Recently, β-type Ti alloys have attracted interest as they primarily 
consist of non-toxic elements such as niobium (Nb), zirconium (Zr), 
molybdenum (Mo), and tantalum (Ta) [4]. These alloys offer excellent 
mechanical compatibility along with suitable strength for implant ap
plications. Among them, Ti-Nb-based alloys have gained significant 
attention [5–9]. β-type Ti-Nb alloys, in their cast and solution-treated 
states, exhibit a low Young’s modulus between 55 and 65 GPa, 
providing an opportunity to minimize the stress-shielding effect [1]. 
Additionally, their outstanding corrosion resistance and biocompati
bility make Ti-Nb alloys highly promising candidates for use in implants 
[10–12].

However, β-type Ti-Nb alloys exhibit moderate yield strength 
(ranging from 300 to 500 MPa) in their cast and solution-treated states 
under loading, which is comparatively lower than that of commercial Ti- 
6Al-4V [13,14]. Various strengthening strategies have been widely 
explored to improve the strength of Ti-Nb-based alloys while main
taining a low Young’s modulus. These methods include work hardening, 
grain refinement, and isothermal age hardening [15,16]. Research has 
demonstrated that work hardening significantly increases the static 
strength of Ti-Nb alloys, achieving values up to 900 MPa. However, 
under dynamic loading conditions, it proves insufficient to notably 
enhance mechanical properties when compared to isothermally aged 
alloys [17,18]. In contrast, grain refinement serves as a reliable strategy 
for mechanical strengthening, although its effect is primarily limited to 
increasing strength without notably affecting Young’s modulus [14,15].

Among the various strengthening techniques, the introduction of 
alpha (α) and omega (ω) phases into the microstructure of Ti-Nb alloys 
through isothermal aging has emerged as a promising method for 
achieving the desired strength under both static and dynamic loads 
[18–22]. However, since the α and ω phases inherently possess a higher 
Young’s modulus than the β phase (Eω > Eα’ > Eα’’ > Eβ) [23], their 
presence can gradually increase the Young’s modulus of Ti-Nb alloys as 
the isothermal heat treatment duration extends. Moreover, the physical 
and mechanical properties of these alloys are significantly influenced by 
the size, morphology, and volume fraction of the precipitates. Therefore, 
gaining a comprehensive understanding of the formation kinetics, 
growth behaviour, and mechanical response of these precipitates is 
crucial for optimizing their performance [24,25].

Recently, additive manufacturing techniques, such as laser powder 
bed fusion (LPBF), have gained significant attention for their excep
tional flexibility in producing orthopedic load-bearing implants [26,27]. 
These methods allow for the fabrication of complex geometries and the 
development of patient-specific implants, whether in bulk or 
lattice-based designs [28–33].

LPBF-produced β-type Ti-Nb alloys exhibit superior mechanical 
properties compared to those manufactured using conventional methods 
[25,34]. Additionally, LPBF enables precise control over the local me
chanical properties of components by adjusting various processing pa
rameters, such as laser speed and power. This capability allows for the 
customization of implants to match the mechanical loads experienced by 
human bone [35,36]. However, components manufactured through 
LPBF often experience mechanical anisotropy and the accumulation of 
residual stresses. Therefore, post-heat-treatment techniques are essen
tial for refining the microstructural and mechanical properties [37].

Until now, limited research has been conducted regarding the post- 
heat treatment of LPBF-produced Ti-Nb alloys. Hein et al. [38] studied 
aging treatment at 500 ◦C for LPBF-processed Ti-24 Nb-4Zr-8Sn. The 
results showed that as-built samples have yield strengths of 
340–490 MPa, tensile strength around 706 MPa, elongation of about 
20 %, and a Young’s modulus of 50 GPa. In contrast, post-treated 
samples exhibit increased yield strength of 812 MPa, tensile strength 
between 871 and 931 MPa, lower elongation of around 12 %, and a 
higher Young’s modulus of 75 GPa. However, it is essential to address 
crack initiation and propagation along grain boundary precipitates, as 
they contribute to premature and brittle fracture [25].

On the other hand, the effect of isothermal ω precipitates on the 

deformation behaviour of conventionally produced Ti-40Nb alloy was 
investigated [24]. The results revealed that the presence of ωiso pre
cipitates hinders stress-induced transformation (SIM) and deformation 
twinning during plastic deformation, thereby limiting long-range 
martensitic transformations. The mechanical behaviour of the 
age-hardened Ti-40Nb alloy was found to be dependent on the volume 
fraction of ωiso precipitates, which can be controlled with the tempera
ture and duration of the age-hardening process. The yield strength of the 
alloy ranged from 410 to 900 MPa, and Young’s modulus varied be
tween 70 and 95. The higher Young’s modulus values of 95 GPa are 
attributed to the ωiso phase’s volume fraction and its inherently high 
modulus. The presence of the ωiso phase not only inhibits the trans
formation to αSIM’’ (stress-induced martensite) but, in certain forms, can 
also lead to embrittlement, compromising the structural integrity of the 
alloy [19,39]. Therefore, it is essential to establish a carefully designed 
post-heat treatment process by precisely controlling time and tempera
ture to achieve the desired mechanical properties for implant 
applications.

Although isothermal aging treatment can achieve the desired me
chanical properties, metallic implants remain vulnerable to degradation 
caused by tribocorrosion, which is a combined effect of mechanical wear 
and electrochemical corrosion in physiological environments. In addi
tion, under tribocorrosion conditions, the simultaneous influence of 
wear and corrosion may cause excess ion release and severe deteriora
tion [40–42]. Therefore, it is critical to investigate the synergistic 
interaction between corrosion and wear in physiological environments 
to develop improved implant materials [43].

In our previous work [44], the corrosion and tribocorrosion behav
iour of LPBF-produced β-type Ti-42Nb alloy, fabricated using both 
Gaussian and high-power top hat laser configurations, was analyzed 
alongside conventionally manufactured β-type Ti-45Nb and α+ β-type 
Ti-6Al-4V ELI alloys. The results indicate that the passivation behaviour 
of LPBF-produced alloys plays a more critical role in corrosion resistance 
than their microstructural characteristics. Additionally, 
LPBF-manufactured alloys demonstrate superior tribo-electrochemical 
performance compared to conventionally produced Ti-45Nb. The vari
ations in volume loss are primarily linked to the microhardness of the 
alloys, with mechanical wear being the dominant factor influencing 
volume loss.

This study investigated the effect of post-heat treatments on LPBF- 
fabricated Ti-42Nb specimens, focusing on their resulting microstruc
ture, mechanical behaviour (tensile testing), and corrosion and tribo
corrosion performance. The as-built, single-phase β-type samples, 
produced using a Gaussian laser configuration, underwent post-heat 
treatments at 300 ◦C and 450 ◦C for 30 h. These heat treatment condi
tions were established based on the stable α-β and metastable ω-β phase 
diagrams [22] as well as previous experimental studies on Ti-Nb alloys 
[24]. Analysis revealed the formation of ωiso precipitates in the Ti-42Nb 
(LPBF-300 ◦C 30 h) sample, and the αiso’’ precipitates were observed in 
the Ti-42Nb (LPBF-450 ◦C 30 h) specimen. Their properties were eval
uated in comparison to both the as-built Ti-42Nb samples and conven
tionally manufactured Ti-6Al-4V ELI. This comparison highlighted how 
microstructural features affect the tribo-electrochemical response, 
revealing the fundamental degradation mechanisms under various tri
bocorrosion conditions and offering guidance for designing advanced 
hard-tissue implants. Overall, by demonstrating the role of controlled 
precipitate formation in performance and connecting microstructural 
engineering to multi-property behaviour, this study delivers novel in
sights and practical strategies for optimizing LPBF-fabricated Ti-42Nb 
alloys for biomedical applications.

2. Experimental methods

2.1. Preparation of the alloy and post-treatment

Pre-alloyed, gas-atomized Ti-42Nb (wt%) powder with a particle size 
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range of 10–63 μm was provided by TANIOBIS GmbH. The LPBF process 
was carried out using an SLM 280 Generation 2.0 machine (SLM Solu
tions Group AG, Germany). The samples were processed with a Gaussian 
laser. LPBF processing of 26 mm x 16 mm x 7 mm cuboids was con
ducted with an SLM280 Generation 2.0 dual laser machine (SLM Solu
tions Group AG, Germany). The process parameters included a scanning 
speed of 1000 mm/s, a laser power of 250 W, and a layer thickness of 50 
μm. A stripe pattern with a hatch distance of 100 μm and a vector 
rotation of 67◦ was applied. [25]. After the LPBF process, cylindrical 
alloy samples were cut perpendicular to the building direction (BD) with 
a diameter of 7 mm and a thickness of 3 mm by electrical discharge 
machining (EDM).

The alloy samples were subjected to post-heat treatments at 300 ◦C 
and 450 ◦C for 30 h to promote precipitate formation and enhance the 
alloy’s strength. The samples were enclosed in fused silica tubes under a 
protective Ar atmosphere to mitigate the uptake of interstitial elements. 
After the heat treatments, cooling was carried out through water 
quenching.

2.2. Microstructure characterization

The specimens designated for microstructural examinations under
went grinding using SiC paper ranging from grit 400–2500. A polishing 
step was performed by utilizing a mixture composed of colloidal SiO2 
(90 vol%) and H2O2 (10 vol%). Scanning electron microscope (SEM) 
imaging was conducted using a Leo Gemini 1530 (Zeiss AG, Germany). 
Transmission electron microscopy (TEM) was performed to reveal the 
presence of the precipitates. The TEM lamellae were prepared using the 
dual beam focused ion beam (FIB) with standard liftout and preparation 
procedures [45]. A Tecnai F20 TEM from FEI, operating at an acceler
ating voltage of 200 kV, was used for the characterization of the FIB 
lamellae. The TEM device is equipped with a side-entry Veleta camera 
(S04 F, EMSIS), which offers a resolution of 4 megapixels. The Veleta 
camera was used for image acquisition and recording the selected area 
diffraction patterns. The reference data for identification of the crystal 
structures are from the online ICSD database with CollCode645545 for 
the β phase, CollCode150817 for the ω phase and CollCode105248 for 
the α‘‘ phase. In addition, synchrotron X-ray diffraction (SXRD) experi
ments were conducted at PETRA III (Deutsches Elektronen-Synchrotron, 
Hamburg, Germany). For both as-built and heat-treated samples, 
two-dimensional X-ray diffraction patterns were obtained at the High 
Energy Materials Science (HEMS) beamline using an X-ray beam with an 
energy of 102.69 keV. More details about the SXRD procedure can be 
found elsewhere [25].

2.3. Mechanical testing

To examine the effects of heat treatments on mechanical properties, 
flat bar tensile samples were machined from heat-treated cuboids. These 
samples had a gauge length of 5.5 mm, a width of 1 mm, and a thickness 
of 0.85 mm, and they were extracted perpendicular to the building di
rection (BD). Mechanical testing was performed using uniaxial tensile 
tests with a tensile-compression module from Kammrath & Weiss GmbH 
(Germany), featuring a 5 kN load cell and an extension rate of 
0.0175 mm/s. At least three samples were tested for each condition to 
ensure reproducibility.

Vickers microhardness (HV0.1) was measured with a Falcon 600 
indenter on polished samples by applying a 1 N load. The average 
hardness values with standard deviations are the result of 10 consecu
tive measurements.

2.4. Corrosion testing

Electrochemical tests were conducted in a phosphate-buffered saline 
(PBS) solution at room temperature to evaluate the corrosion perfor
mance of LPBF-processed post-treated β-type Ti-42Nb alloys, together 

with the as-built state and conventional Ti-6Al-4V ELI. Before testing, 
the alloy samples were mechanically ground using SiC emery paper, 
progressing from grit 320–1200.

The corrosion test was performed using a Solartron XM ModuLab 
potentiostat coupled with a three-electrode cell setup. Titanium alloys 
served as the working electrode (WE), while a platinum wire was 
employed as the counter electrode (CE) with a geometrical surface area 
of 0.38 cm2. The potentials were measured versus the silver chloride 
electrode (Ag|AgCl, E(Ag|AgCl) = 0.197 V vs. SHE) as the reference 
electrode (RE). The corrosion behaviour of the alloys under investiga
tion was evaluated by measuring the open circuit potential (OCP) for 
30 min to stabilize the system. Then, potentiodynamic polarization 
measurement was conducted across a potential range from − 0.3 V (vs. 
OCP) to 1 V (vs. Ag|AgCl) at a scan rate of 0.5 mV/s. Tafel extrapolation 
was performed using ECLab software (v11.36). All corrosion experi
ments were repeated three times to ensure reproducibility.

2.5. Tribocorrosion testing

Tribocorrosion tests were conducted at room temperature in 
phosphate-buffered saline (PBS) using a pin-on-disk tribometer at room 
temperature. A Gamry potentiostat (model Ref-600) was employed in a 
three-electrode setup to monitor the electrochemical response of the 
alloys under mechanical loading. The studied alloys served as the 
working electrode (WE), paired with an alumina ball (6 mm in diameter) 
as the counter body. A platinum wire was used as the counter electrode 
(CE), while a silver chloride electrode (Ag|AgCl) acted as the reference 
electrode (RE). The tests were carried out under a reciprocating sliding 
frequency of 0.5 Hz with an applied load of 4 N (with a sliding 
displacement of around 2 mm). For tribocorrosion testing, the sample 
plane perpendicular to the building direction (BD) was investigated for 
LPBF-produced alloys. Before testing, the alloy samples were mechani
cally ground using SiC emery papers, progressing from grit 320–1200. A 
consistent sample preparation procedure was applied to all specimens to 
ensure uniform surface conditions across the different heat treatment 
groups. This approach aimed to minimize variations in surface rough
ness and their potential influence on tribocorrosion.

Two tribocorrosion test approaches were employed: (i) sliding under 
open circuit potential (OCP) conditions and (ii) sliding under a fixed 
anodic potential of 0.6 V vs. Ag|AgCl. Sliding under OCP represents a 
realistic scenario in which the potential evolves naturally due to the 
environment and tribological interactions, whereas the anodic poten
tiostatic approach allows investigation of the depassivation and repas
sivation kinetics of the passive film. All experiments were repeated twice 
to ensure reproducibility. 

i) Open circuit potential (OCP) measurements: The OCP was recorded 
for 30 min to reach a steady state, followed by 30 min of sliding while 
maintaining the OCP to evaluate tribocorrosion behaviour. After 
stopping the sliding, the OCP was monitored for an additional 
30 min.

ii) Anodic potentiostatic polarization measurements: The alloys were 
subjected to potentiostatic polarization at 0.6 V vs. Ag|AgCl for 
30 min until a steady-state current was achieved. Sliding was then 
performed for 30 min under the same polarization, after which the 
motion ceased, and the anodic current was monitored for another 
30 min.

2.6. Characterization of wear tracks

The wear morphologies were examined using scanning electron 
microscopy (SEM) and 3D confocal profilometry. A Zeiss Leo Gemini 
1530 SEM was utilized to capture detailed images of the worn features of 
the studied alloy samples. The total volume loss (Vtot) and wear depth 
(D) of the worn areas were evaluated with a non-contact S Neox 3D 
confocal profilometer. The areas of interest were investigated with the 
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Sensomap standard (v. 6.7) software.

3. Results

3.1. Microstructural characterization

Ti-42Nb alloy samples were successfully fabricated using the laser 
powder bed fusion (LPBF) process with a Gaussian laser, achieving a 
high relative density of 99.96 %. The rapid solidification and cooling 
rates inherent to LPBF resulted in a single β-type microstructure without 
any additional phases [25,34]. The use of a Gaussian laser in LPBF 
creates a hemispherical melt pool with strong thermal gradients, 
resulting in irregular, randomly oriented grains and very weak texture, 
producing an almost isotropic microstructure [34]. The Ti-42Nb alloy 
samples underwent post-heat treatments at two different temperatures 
(300 ◦C for 30 h and 450 ◦C for 30 h). The solidification structure of 
post-treated alloys exhibited a characteristic cellular/cellular-dendritic 
pattern typical of LPBF-processed Ti-42Nb alloys (not shown here), as 
discussed before [25,34]. The X-ray diffraction (SXRD) analysis and 
TEM images for post-treated LPBF-produced Ti-42Nb alloy are illus
trated in Fig. 1 together with diffraction patterns for the areas shown in 
the TEM images.

SXRD data (Fig. 1a) indicate that after 30 h of isothermal aging at 
300 ◦C, the ωiso phase appeared alongside the β phase, with no evidence 
of additional phases. A TEM image (Fig. 1b) of the LPBF-produced Ti- 
42Nb sample aged for 30 h reveals densely and uniformly distributed 
nanosized ωiso precipitates (bright phase) within the matrix. The find
ings fit well with the previous literature for isothermal aging of 
conventionally produced Ti-40Nb alloys [24].

After 30 h of isothermal treatment at 450 ◦C, the crystal structure of 
the secondary phase has been identified as orthorhombic αiso′′ according 
to SXRD data (Fig. 1c). This thermally activated αiso′′ formation serves as 
an intermediate step toward the stable α phase. As reported in previous 
work on LPBF-produced Ti-42Nb alloys [25], isothermal aging at 450 ◦C 
leads the supersaturated β phase to first form a metastable orthorhombic 
αiso′′ phase. This phase initially precipitates at grain boundaries as 
~50 nm particles after 4 h and grows to ~25 % volume fraction by 30 h. 
With prolonged aging, the precipitates coarsen and progressively 

transform toward the stable α phase. The overall process follows a 
diffusion-controlled pathway, governed by grain-boundary nucleation 
and Nb diffusion. Similar observations were made before for Ti-based 
alloys [25,46,47]. A TEM image (Fig. 1d) of the LPBF-produced 
Ti-42Nb sample aged for 30 h reveals nanosized αiso′′ precipitates 
within the matrix. The morphology and arrangement of these pre
cipitates closely resemble those observed in previous studies [48,49].

3.2. Mechanical properties

To evaluate the effect of isothermal aging treatment on the me
chanical properties of LPBF-produced Ti-42Nb alloys, tensile test sam
ples with the loading direction perpendicular to the building direction 
(BD) were prepared. The tensile test curves for the samples in the as- 
built state and after post-treatments are illustrated in Fig. 2.

The mechanical properties are derived from the stress-strain curves. 
In its as-built state, the alloy exhibits yield strength and ultimate tensile 
strength, with values of 700 ± 1 MPa and 715 ± 1 MPa, respectively. At 
the same time, this condition demonstrates elongation at fracture 
around 20.1 ± 0.7 % and a low Young’s modulus of 65 ± 1 GPa, which 
outperforms cast and solution-treated β-type Ti-Nb alloys in terms of 
mechanical properties [5,14,50,51]. In addition, compared to other 
additively manufactured states of the same alloy, the obtained values 
fall within a similar range [34].

For the LPBF-produced alloy heat-treated at 300 ◦C for 30 h, a sig
nificant increase in strength was observed. Yield strength values reached 
850 ± 2 MPa, while tensile strength reached 835 ± 4 MPa; a noticeable 
decline in tensile stress after yielding was observed. In addition, this 
enhancement is accompanied by a significant amount of total elongation 
(17.9 ± 2.2 %). Additionally, Young’s modulus of 94 ± 5 GPa after 30 h 
was observed, which is associated with the high intrinsic Young’s 
modulus of the ωiso phase. Similar findings in terms of mechanical 
properties were observed for the age-hardened (300 ◦C for 30 h) Ti- 
40Nb alloy. The precipitates result in a uniform distribution 
throughout the microstructure with a sluggish characteristic due to the 
decreased solute diffusion of Nb in Ti as the Nb content increases [24].

According to the literature, ωiso precipitates enhance hardening and 
influence deformation mechanisms (twinning, phase transformation, 

Fig. 1. X-ray diffraction (SXRD) analysis and corresponding TEM images for heat-treated LPBF-produced Ti-42Nb alloys. Images a) and b) belong to the Ti-42Nb 
(LPBF-300 ◦C 30 h), and d) and e) belong to the Ti-42Nb (LPBF-450 ◦C 30 h) alloy states. Additionally, the diffraction patterns for c) Ti-42Nb (LPBF-300 ◦C 
30 h) and f) Ti-42Nb (LPBF-450 ◦C 30 h) alloy states are represented.
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and dislocation slip) in β-type Ti-based alloys, depending on composi
tion and processing history. Kim et al. [52] demonstrated that ω-pre
cipitates increase stress for slip deformation while suppressing α’’-phase 
formation as their volume fraction grows. This effect is attributed to Nb 
depletion in the ω-phase, leading to Nb enrichment in the β-matrix, 
which lowers the martensitic transformation temperature and stabilizes 
the β-phase. According to the investigations on β-type metastable Ti 
alloys [53], plastic deformation was localized in ω-depleted dislocation 
channels. These channels consisted of a high amount of dislocations 
moving in these channels towards the free surface of the material, 
probably using multiple slip systems rather than single planar slip. Thus, 
this could be an explanation for the high amount of uniform elongation 
for the LPBF-produced alloy treated at 300 ◦C for 30 h.

LPBF-produced alloy treated at 450 ◦C for 30 h showed a significant 
increase in strength. Yield strength values reached 1059 ± 17 MPa, 
while tensile strength reached 1124 ± 13 MPa. However, this 
enhancement is accompanied by a reduction in total elongation (4.1 
± 0.5 %). Additionally, Young’s modulus of 87 ± 1 GPa after 30 h was 
obtained due to the presence of αiso′′ precipitates with high intrinsic 
Young’s modulus.

The morphology, size, and distribution of precipitates are greatly 
influenced by the local chemical composition and phase transformation 
kinetics. In both cases, after the post-heat treatment, precipitates result 
in a uniform distribution throughout the microstructure. For both cases, 
isothermal heat-treated alloys exhibit a still lower Young’s modulus and 
higher tensile strength values than conventional Ti-6Al-4V [1]. How
ever, further research is necessary to achieve a balanced combination of 
a low Young’s modulus and increased strength.

Vickers microhardness (HV0.1) values are 226 ± 6 HV0.1 and 348 ± 5 
HV0.1 for LPPF-produced as-built Ti-42Nb alloy and conventional Ti-6Al- 
4V ELI, respectively. For the age-hardened alloy samples, hardness 
values are 302 ± 19 HV0.1 (Ti-42Nb (LPBF-300 ◦C 30 h)) and 335 ± 3 
HV0.1 (Ti-42Nb (LPBF-450 ◦C 30 h)). These increases in hardness rela
tive to the as-built condition are directly linked to the formation of 
precipitates within the microstructure during the post-heat treatment 
process. Such precipitates act as barriers to dislocation motion, thereby 
enhancing the alloy’s resistance to plastic deformation. Overall, 
although the heat-treated Ti-42Nb alloys reach hardness levels compa
rable to those of the Ti-6Al-4V ELI alloy, adjusting the heat treatment 
parameters, such as temperature and duration, provides a way to opti
mize hardness alongside other key mechanical properties. This un
derscores the crucial role of post-processing heat treatments in fine- 
tuning the performance of LPBF-produced Ti-Nb alloys, particularly 

for biomedical applications.

3.3. Corrosion tests

Electrochemical tests were performed to investigate the corrosion 
behaviour of the studied alloys. Initially, OCP was measured in PBS 
solution for 30 min to reach a steady state. Then, potentiodynamic po
larization experiments were conducted, as shown in Fig. 3. All tested 
alloys exhibit similar polarization behaviour with an initial low current 
density value (in the range of a few µA/cm2) at the corrosion potential 
(Ecorr). Ecorr of the studied alloys is in the range of − 0.258 ÷ − 0.160 V vs. 
Ag|AgCl, and the corrosion current densities (icorr) are in the range of 
0.22 ÷ 0.53 µA/cm2. The anodic region of the potentiodynamic polari
zation curves shows a stable passive region during the anodic scan till 
1 V vs. Ag|AgCl due to the formation of the protective and stable passive 
film, which is commonly observed in valve metals (Ti and Nb) [10,11]. 
The calculated passivation densities (ipass at 0.6 V (vs. Ag|AgCl)) are in 
the range of 5.2 ÷ 8.5 µA/cm2. The overall polarization response of the 
LPBF-produced β-type Ti-42Nb alloys is similar. Among 
post-heat-treated alloys, no significant difference was found, and 
corrosion and passivation current densities are similar to conventionally 
produced Ti-6Al-4V ELI. The presence of ωiso nanoprecipitates for 

Fig. 2. Engineering stress-strain curves of LPBF-produced Ti-42Nb alloy in the as-built state (LPBF), together with post-treated Ti-42Nb samples (LPBF-300 ◦C 30 h) 
and (LPBF-450 ◦C 30 h). a) Magnified view of the linear region and b) complete stress-strain curve.

Fig. 3. Potentiodynamic polarization curves of Ti-42Nb (LPBF), Ti-42Nb 
(LPBF-300 ◦C 30 h), Ti-42Nb (LPBF-450 ◦C 30 h), and Ti-6Al-4V ELI alloy 
states in PBS solution after 30 min OCP stabilization.
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Ti-42Nb (LPBF-300 ◦C 30 h) and the presence of αiso’’ nanoprecipitates 
for Ti-42Nb (LPBF-450 ◦C 30 h) do not yield a negative response in the 
passive film behaviour, indicating that its stability is preserved.

3.4. Tribocorrosion test under open circuit potential conditions

The open circuit potential (OCP) was assessed before, during, and 
after reciprocating sliding and the potential change over time for the 
studied alloy samples is illustrated in Fig. 4.

Before sliding, all alloys show stable potential values due to the 
presence of a passive film on the surface under OCP conditions. How
ever, a sudden drop in potential was observed at the start of sliding (at 
1800 s), indicating partial or complete destruction of the passive film 
(depassivation) at the contact region between the pin and the alloy 
surfaces. The fluctuations during sliding (1800 s to 3600 s) result from 
the repetitive formation and removal of the passive film under OCP 
conditions. In addition, line current fluctuation caused by the rapid 
movement of the pin (due to its relatively high frequency) alters the 
exchange processes between the cathodic and anodic sites on the sur
face. The OCP during sliding reflects the mixed potential of both worn 
and unworn areas and is influenced by the ratio of these areas. The oxide 
film in the contact area undergoes mechanical damage during sliding, 
activating the wear track and causing a significant drop in potential. 
This exposure reveals fresh bare metal to the corrosive environment, 
leading to the formation of a new oxide film. The OCP stabilizes once the 
formation and removal rates of the oxide film reach equilibrium [54].

After sliding (from 3600 s), all studied alloy states display a positive 
trend in potential, approaching the values recorded before sliding, due 
to the repassivation of the worn areas. The potentials before (EOCP

start), 
during (EOCP

sliding), and after (EOCP
end ) sliding were recorded. In addition, the 

potential drop (|ΔE|) during the initial seconds of the sliding was 
recorded, as illustrated in Fig. 5. The lowest potential drop belongs to Ti- 
6Al-4V ELI, which represents the ability of the alloy to uphold a steady 
state equilibrium between depassivation and repassivation states during 
reciprocating sliding under OCP conditions. However, for the LPBF- 
produced alloys (as-built and isothermal-heat-treated), no significant 
difference was found between recorded potentials before, during, and 
after sliding.

3.5. Tribocorrosion test under applied anodic potential conditions

Tribocorrosion experiments were conducted under anodic potentio
static polarization (at 0.6 V vs. Ag|AgCl) conditions to investigate the 
repassivation and depassivation kinetics of the studied alloys. The 
applied potential was selected from the passive region of the 

potentiodynamic polarization curves (Fig. 3). The anodic potentiostatic 
current values were monitored before, during, and after reciprocating 
sliding. The change in anodic current under the applied potential over 
time for the studied alloy samples is shown in Fig. 6, together with the 
recorded average currents before, during, and after reciprocating 
sliding, summarized in Table 1.

Before sliding begins (till 1800 s), the current remains stable for all 
studied alloy samples, and the measured anodic current indicates the 
presence of a passive film on the alloy surfaces, formed under applied 
potential. Upon the initiation of sliding (from 1800 s), all alloys show a 
sudden increase in recorded currents under anodic potential during the 
first few seconds due to the mechanical destruction of the passive films 
caused by the pin. The fluctuation in current during sliding (1800 s to 
3600 s) is evident due to the continuous removal (depassivation) and 
reformation (repassivation) of the passive film. As the oxide film in the 
contact area experiences mechanical damage during sliding, the wear 
track becomes activated, leading to a notable rise in current. The current 
eventually stabilizes when the formation and removal of the oxide film 
reach equilibrium [55]. The intensity of the fluctuations in current 
during sliding for the LPBF-produced alloys is similar to each other and 
greater than those observed in Ti-6Al-4V ELI, as illustrated in Fig. 6. For 
the LPBF-produced alloy in the as-built state, the current behaviour 
(Fig. 6a) could be attributed to the accumulation of wear debris on the 
surface after sliding for 2400 s or late stabilization between the depas
sivation and repassivation states. After sliding, the recorded currents 
stabilize due to the reformation of passive films on the worn areas. The 
recorded current values during passive film growth and after sliding 
(0.6 V vs. Ag|AgCl) for post-heat-treated alloys are slightly higher than 
those for LPBF-produced Ti-42Nb in the as-built state and Ti-6Al-4V ELI, 
as shown in Table 1. This difference may be due to the defective nature 
of the passive films formed under the applied anodic potential. In 
addition, similar current values during sliding under anodic polarization 
conditions for the LPBF-produced alloys can be attributed to their 
similar passive film characteristics (Ti-Nb-based oxide formation).

3.6. Analysis of worn surfaces

The worn areas were examined with SEM to study their surface 
features and to reveal the wear mechanisms. SEM images of worn 

Fig. 4. Open circuit potential (OCP) evolution of Ti-42Nb (LPBF), Ti-42Nb 
(LPBF-300 ◦C 30 h), Ti-42Nb (LPBF-450 ◦C 30 h), and Ti-6Al-4V ELI alloy 
states in PBS solution. The arrow indicates the reciprocating sliding occurring 
between 1800 s and 3600 s.

Fig. 5. Representation of the electrochemical parameters obtained from the 
tribocorrosion curves for OCP conditions, potentials before (EOCP

start), during 
(EOCP

sliding), and after (EOCP
end ) sliding were recorded together with the potential 

drop (|ΔE|) during the initial seconds of the sliding for Ti-42Nb (LPBF), Ti- 
42Nb (LPBF-300 ◦C 30 h), Ti-42Nb (LPBF-450 ◦C 30 h), and Ti-6Al-4V ELI 
alloy states. Potential values are reported vs. Ag/AgCl (E(Ag|AgCl) = 0.197 V 
vs. SHE). Error bars were calculated based on the standard deviations obtained 
from two independent tribocorrosion experiments.
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surfaces under OCP conditions are shown in Fig. 7, and corresponding 
3D optical profilometry results are illustrated in Fig. 8.

Worn surfaces after tribocorrosion tests (under OCP conditions) 
exhibit grooves (blue arrows), which are typical for Ti and its alloys 
[56–58]. During sliding, the formation of wear debris, as seen in Fig. 7
(orange arrows), is quite natural due to the repetitive transfer of the 
studied material between the sliding surfaces. As discussed previously in 
our work [44], the degradation mechanism involves a combination of 
abrasive and adhesive wear, resulting from the presence of grooves and 
wear debris within the wear track.

The grooves (blue arrows in Fig. 7) are much shallower with a su
perficial nature for the Ti-6Al-4V ELI alloy. The grooves are wider and 
deeper for age-hardened LPBF-produced Ti-42Nb alloys compared to 
LPBF-produced as-built alloy and Ti-6Al-4V ELI.

Among LPBF-produced specimens, the worn surface morphology is 
similar (deep grooves and severe wear debris accumulation). However, 
LPBF-produced as-built alloys exhibit a relatively smooth worn area 

compared to age-hardened alloys.
To quantify the tribological parameters, wear volume loss (Vtot), 

average wear depth (D), and worn area were calculated from the 3D 
confocal profilometry measurements (Fig. 8), as reported in Table 2. The 
results indicated that Ti-6Al-4V ELI exhibited less material loss (with the 
lowest wear volume loss, lowest average wear depth and worn area), 
while LPBF-produced age-hardened alloys exhibited more severe wear 
with the high wear volume loss and average depth under OCP condi
tions. However, LPBF-produced as-built alloys exhibited smaller wear 
volume losses and wear depth values than age-hardened alloys.

In addition, the evolution of the coefficient of friction (COF) during 
sliding under OCP conditions was also recorded with the help of a 
tribometer. The COF values for the

studied alloys are similar (0.42 and 0.48 LPBF-produced age-hard
ened alloys, 300 ◦C 30 h and 450 ◦C 30 h, respectively) and lower than 
the LPBF-produced as-built (0.64). In addition, Ti-6Al-4V ELI (0.43) 
exhibits quite similar COF values to LPBF-produced age-hardened al
loys. However, COF values reflect the material’s lubrication behaviour 
and are not directly linked to its wear performance [59,60].

For detailed analysis of the worn areas, two alloys (Ti-42Nb (LPBF- 
300 ◦C 30 h) and Ti-6Al-4V ELI) were selected from those tested under 
anodic potentiostatic polarization. These alloys exemplify two opposite 
ends of the spectrum in terms of volume loss during OCP sliding, 
enabling a comparison of overall material loss and wear characteristics. 
The wear depth and total volume loss under anodic potentiostatic po
larization (0.6 V vs. Ag|AgCl) conditions for Ti-42Nb (LPBF-300 ◦C 
30 h) and Ti-6Al-4V ELI alloys were evaluated using SEM and 3D optical 
profilometry, as illustrated in Fig. 9. SEM images (Fig. 9b and d) showed 
a similar degradation mechanism compared to the OCP conditions, with 
the combination of abrasive and adhesive wear. However, the worn 
surfaces have a less rough appearance compared to the ones under OCP 
conditions. This could be associated with anodic potentiostatic 

Fig. 6. Current evaluation for a) Ti-42Nb (LPBF), b) Ti-42Nb (LPBF-300◦C 30 h), c) Ti-42Nb (LPBF-450◦C 30 h), and d) Ti-6Al-4V ELI alloys under anodic 
potentiostatic polarization (0.6 V vs. Ag|AgCl) conditions in PBS. The arrows indicate the reciprocating sliding occurring between 1800 s and 3600 s.

Table 1 
The determined electrochemical parameters for Ti-42Nb (LPBF), Ti-42Nb (LPBF- 
300 ◦C 30 h), Ti-42Nb (LPBF-450 ◦C 30 h), and Ti-6Al-4V ELI alloy states, 
extracted from the anodic potentiostatic polarization (0.6 V vs. Ag|AgCl) curves.

Current before 
sliding 
Iinitial (µA)

Current 
during 
sliding 
Iwear (µA)

Current 
after 
sliding 
Ifinal (µA)

Ti¡42Nb (LPBF) 1.7 ± 0.2 48.4 ± 19.3 1.6 ± 1.1
Ti¡42Nb (LPBF¡300 ◦C 

30 h)
8.7 ± 1.7 33.5 ± 8.1 6.9 ± 1.6

Ti¡42Nb (LPBF¡450 ◦C 
30 h)

26.6 ± 4.1 39.9 ± 8.7 25.6 ± 2.6

Ti¡6Al-4V ELI 2.8 ± 1.5 27.4 ± 7.1 0.9 ± 0.7
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polarization since smoother material removal can be achieved through 
anodic polarization, which may lead to a more uniform dissolution 
process, preventing the formation of deep grooves and rough wear scars 
that typically occur under OCP conditions. The oxide layer, while not 
significantly reducing wear loss, can fill in micro-defects and act as a 
temporary smoothing agent during sliding contact, contributing to a 

smoother surface. The wear depth and volume loss were calculated as 
6.81 ± 2.65 µm and 15.06 ± 4.48 × 10− 3 mm3 for Ti-42Nb (LPBF-300 
◦C 30 h), respectively, from the 3D optical profilometry measurements 
(Fig. 9a and c). For Ti-6Al-4V ELI, the wear depth and volume loss were 
calculated as 2.23 ± 0.56 µm and 2.92 ± 0.80 × 10− 3 mm3, respec
tively. The total volume loss during anodic polarization is similar for 

Fig. 7. Secondary electron (SE) images of the wear tracks formed under OCP conditions for a) Ti-42Nb (LPBF), b) Ti-42Nb (LPBF-300 ◦C 30 h), c) Ti-42Nb (LPBF-450 
◦C 30 h), and d) Ti-6Al-4V ELI alloy states. In wear tracks, orange arrows represent the wear debris, and blue ones represent the groove formation.

Fig. 8. 3D optical profilometry images of the wear tracks formed under OCP conditions for a) Ti-42Nb (LPBF), b) Ti-42Nb (LPBF-300 ◦C 30 h), c) Ti-42Nb (LPBF-450 
◦C 30 h), and d) Ti-6Al-4V ELI alloy states.
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both samples to that observed under OCP conditions (Table 2), indi
cating that the alloy samples undergo comparable wear mechanisms 
during reciprocating sliding motion in PBS.

4. Discussion

Laser powder bed fusion (LPBF) has gained attention for its flexibility 
in producing intricate geometries for patient-specific implants. LPBF- 
produced β-type Ti-Nb alloys offer superior mechanical properties and 
allow precise control over local properties by adjusting process param
eters [34]. However, LPBF components often face mechanical anisot
ropy and residual stresses, necessitating post-heat treatment to refine 
microstructural and mechanical properties [37]. In this work, the nov
elty lies in its focus on post-heat-treated LPBF-produced β-type Ti-42Nb 
alloys, moving beyond prior studies that primarily investigated as-built 
Ti-42Nb [44]. This study uniquely integrates mechanical, corrosion, and 
tribocorrosion evaluations under realistic conditions, providing a 
comprehensive assessment relevant to biomedical applications. It 
highlights the role of controlled precipitate formation in influencing 
alloy performance and offers insights into the trade-offs between me
chanical strengthening and tribocorrosion behaviour. By linking 

microstructural design with multi-property performance, this work 
provides practical guidance for optimizing Ti-42Nb alloys for implant 
use.

The application of isothermal heat treatment was found to be 
effective in increasing the mechanical properties of LPBF-produced bulk 
Ti-42Nb alloys by introducing ωiso precipitates for Ti-42Nb (LPBF-300 ◦C 
30 h) and αiso’’ precipitates for Ti-42Nb (LPBF-450 ◦C 30 h). The me
chanical response of the alloy depends on the treatment conditions. In 
the as-built state, the alloy exhibits a yield strength of 700 ± 1 MPa, 
tensile strength of 715 ± 1 MPa, elongation of 20.1 ± 0.7 %, and a 
Young’s modulus of 65 ± 1 GPa. Following heat treatment at 300 ◦C for 
30 h, the yield strength rises to 850 ± 2 MPa and tensile strength to 835 
± 4 MPa, accompanied by a slight reduction in elongation to 17.9 ±
2.2 % and an increase in Young’s modulus to 94 ± 5 GPa. Heat treat
ment at 450 ◦C for 30 h produces the highest strength values, with yield 
and tensile strengths of 1059 ± 17 MPa and 1124 ± 13 MPa, respec
tively, but significantly decreases elongation to 4.1 ± 0.5 % and yields a 
Young’s modulus of 87 ± 1 GPa. Therefore, further research is essential 
to optimize the trade-off between achieving a low Young’s modulus and 
enhancing mechanical strength, ensuring that both properties are 
effectively balanced to meet specific performance requirements for 
implant applications.

Regarding corrosion response, the studied alloys demonstrate similar 
and low corrosion current densities due to the formation of barrier-type 
passive films. In addition, the presence of ωiso precipitates for Ti-42Nb 
(LPBF-300 ◦C 30 h) and the presence of αiso’’ precipitates for Ti-42Nb 
(LPBF-450 ◦C 30 h) do not yield a negative response in the passive 
film properties, indicating that stability is maintained. Even though the 
presence of precipitates contributes to corrosion and weakens the pas
sive film during potentiodynamic polarization of Ti-Nb-based alloys [61, 
62]. The overall corrosion response of the LPBF-produced β-type 
Ti-42Nb alloy is consistent, compared to conventionally produced 
Ti-6Al-4V ELI. This suggests that the chemical composition of the alloy, 
featuring two strongly passivating valve metals (Ti and Nb) in a 

Table 2 
The average depth (D) of the wear tracks, together with the worn area and total 
volume loss (Vtot) under OCP conditions, was determined for the studied alloys 
from 3D optical profilometry measurements.

Wear depth 
D (µm)

Worn area 
(mm²)

Total volume 
loss 
Vtot x 10¡3 (mm3)

Ti¡42Nb (LPBF) 3.89 ± 0.52 1.14 ± 0.04 4.41 ± 0.42
Ti¡42Nb (LPBF¡300 ◦C 

30 h)
6.81 ± 0.53 2.13 ± 0.09 14.54 ± 1.84

Ti¡42Nb (LPBF¡450 ◦C 
30 h)

5.36 ± 0.46 1.71 ± 0.05 9.16 ± 1.07

Ti¡6Al-4V ELI 2.67 ± 0.24 0.98 ± 0.04 2.64 ± 0.36

Fig. 9. 3D optical profilometry and secondary electron images of the wear tracks under anodic potentiostatic polarization conditions (0.6 V vs. Ag|AgCl) for a) and b) 
Ti-42Nb (LPBF-300 ◦C 30 h), as well as c) and d) Ti-6Al-4V ELI alloy states. In wear tracks, yellow arrows represent the wear debris, and blue ones represent the 
groove formation.
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homogeneous solid solution, plays a more significant role than its 
microstructural features.

In tribocorrosion, the total volume loss arises from the combined 
effects of mechanical and chemical wear. Passive films that are highly 
reactive are more susceptible to depassivation when subjected to me
chanical loads and require longer repassivation times compared to less 
reactive films. Delays in repassivation can exacerbate wear-accelerated 
corrosion, particularly under mechanical stress, further influencing the 
overall material degradation process [63]. However, in our case, me
chanical wear plays a more dominant role under OCP conditions for the 
studied alloy samples due to the strong passivation nature of Ti alloys. 
Similar observations were made in studies of the tribocorrosion behav
iour of Ti-Nb-Zr alloys in bovine serum against an alumina ball under 
OCP conditions [64]. Alberta et al. [43] also investigated the effect of Ga 
addition on the tribocorrosion performance of Ti-45Nb alloys in PBS 
against an alumina ball, reporting similar findings. However, in another 
study, Ti-Nb-Ta-O alloys were investigated in fetal bovine serum against 
a zirconia ball, and results show that tribocorrosion resistance was 
lowered with the presence of α precipitates compared to solution-treated 
states due to the formation of a thinner and non-uniform oxide layer 
with higher surface reactivity [62]. Thus, the findings reveal that special 
attention is needed to understand the effect of precipitates on the tri
bocorrosion behaviour of Ti alloys.

In this study, the post-treated LPBF-produced alloys demonstrated 
lower wear resistance under OCP conditions compared to both the LPBF- 
produced as-built alloys and the Ti-6Al-4V ELI alloy. The age-hardened 
alloys with high hardness (302 HV0.1 and 335 HV0.1, respectively, for Ti- 
42Nb (LPBF-300 ◦C 30 h) and Ti-42Nb (LPBF-450 ◦C 30 h)) exhibit 
higher total volume loss and wear depth. This discrepancy can be 
explained by the presence of hard and brittle precipitates in a soft ma
trix. The presence of ωiso precipitates for Ti-42Nb (LPBF-300 ◦C 30 h) 
and the presence of αiso’’ precipitates for Ti-42Nb (LPBF-450 ◦C 30 h) 
alloys yield lower tribocorrosion response due to the possible detach
ment under reciprocating sliding, as illustrated schematically in Fig. 10.

Under sliding conditions, the quick detachment of hard and brittle 
precipitates from the softer matrix beta phase might generate higher 
volume losses due to the non-uniform hardness distribution along the 
material, as investigated before for aged lightweight steels [54], 
martensitic stainless steels [65], and cobalt-based alloys [66]. The 
tearing off of these precipitates intensifies the abrasive wear, acting as a 
third body [65]. Furthermore, the occurrence of high-intensity spikes 
during sliding under anodic polarization conditions may indicate the 
detachment of precipitates and the generation of higher volume loss for 
age-hardened alloys. Additionally, stacking faults can form at the 
boundary between the precipitate and matrix phases, leading to stress 
concentration, forming micro-cracks, and resulting in more significant 
wear loss [66]. Furthermore, the creation of micro-galvanic couples 
between the precipitate and boundary area speeds up alloy dissolution, 

leading to increased volume loss [66]. Thus, the size and distribution of 
the precipitates for the age-hardened LPBF-produced alloys need to be 
controlled carefully to combine proper mechanical properties with 
promising tribocorrosion performance for implant applications. The 
differences in total volume loss between age-hardened alloys follow 
Archard’s law. Ti-42Nb (LPBF-450 ◦C 30 h) with higher hardness ex
hibits lower volume loss compared to the Ti-42Nb (LPBF-300 ◦C 30 h). 
Along with hardness and precipitate detachments, sub-surface strain 
deformation may also occur [67], influencing the tribocorrosion 
response and expanding the potential for further research.

The total volume loss during anodic potentiostatic polarization 
(0.6 V vs. Ag|AgCl) is anticipated to be greater than that observed under 
OCP conditions due to the combined influence of mechanical and 
chemical wear. This approach enables the evaluation of mechanisms 
beyond purely mechanical wear, such as wear-accelerated corrosion, 
and provides insights into the depassivation-repassivation kinetics of the 
surface. Although this potential is higher than typical physiological 
values, it offers a controlled condition to probe these processes. How
ever, in age-hardened alloys, the total volume loss under anodic polar
ization is comparable to that recorded under OCP conditions. This 
resemblance may be linked to the formation of a discontinuous tribo- 
layer on the worn surface during sliding under anodic potentiostatic 
polarization. This tribo-layer could offer a protective effect against tri
bocorrosion by lowering current values during sliding, thereby serving 
as a barrier against material degradation or even functioning as a 
lubricant [55,68]. Consequently, the formation of the tribo-layer 
significantly limits the contribution of chemical wear. However, under 
mechanical loads, this layer may be removed by the pin during repeti
tive motions, leading to increased currents during sliding under anodic 
conditions [230]. Additionally, the detachment of hard and brittle pre
cipitates can contribute to volume loss under anodic polarization, 
similar to what occurs under OCP conditions. Ultimately, the total vol
ume loss under anodic polarization remains similar to that under OCP 
conditions, indicating that mechanical wear primarily influences the 
overall volume loss during anodic potentiostatic polarization.

5. Conclusions

This study examined the mechanical, corrosion, and tribocorrosion 
behaviour of LPBF-fabricated bulk Ti-42Nb alloys, in both as-built and 
post-heat-treated states, alongside conventionally manufactured Ti-6Al- 
4V ELI. 

• Isothermal treatment was found to be effective in enhancing the 
mechanical properties of LPBF-produced Ti-42Nb alloys by intro
ducing ωiso precipitates for Ti-42Nb (LPBF-300 ◦C 30 h) and αiso’’ 
precipitates for Ti-42Nb (LPBF-450 ◦C 30 h). However, continued 

Fig. 10. Schematic representation of the tribocorrosion mechanism for LPBF-produced a) Ti-42Nb (LPBF), b) Ti-42Nb (LPBF-300 ◦C 30 h) and c) Ti-42Nb (LPBF-450 
◦C 30 h) alloys under reciprocating sliding against an alumina ball in PBS.
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research is needed to better balance a low Young’s modulus with 
improved mechanical strength.

• The LPBF-produced Ti-42Nb alloy variants exhibited similar overall 
corrosion performance in PBS, showing corrosion resistance com
parable to that of Ti-6Al-4V ELI. This indicates that the passivating 
properties of Ti and Nb have a greater influence than differences in 
microstructure.

• Post-treated LPBF-produced alloys exhibit reduced wear resistance 
compared to as-built Ti-42Nb and Ti-6Al-4V ELI. Despite their higher 
hardness, these post-treated alloys experience greater total volume 
loss and deeper wear tracks. This behaviour may be related to the 
presence of hard and brittle precipitates, with the possible detach
ment of ωiso precipitates in Ti-42Nb (LPBF-300 ◦C 30 h) and αiso’’ 
precipitates in Ti-42Nb (LPBF-450 ◦C 30 h), potentially contributing 
to reduced tribocorrosion performance.

In summary, the LPBF-produced bulk Ti-42Nb alloy in the as-built 
state exhibits promising tribocorrosion behaviour, though it still falls 
short compared to the performance of conventional Ti-6Al-4V ELI. Post- 
heat-treated Ti-42Nb alloys demonstrate even less robust tribocorrosion 
resistance than the as-built state (non-heat-treated). Nonetheless, 
tailoring the distribution of precipitates may offer a pathway to improve 
their tribocorrosion properties, but comprehensive subsurface in
vestigations are crucial to reveal deformation layers, subsurface cracks, 
precipitate-matrix interactions, and other microstructural features that 
govern tribocorrosion mechanisms. Such studies are essential to fully 
understand how post-heat treatments modify the microstructure and 
influence critical implant-relevant properties, including corrosion and 
tribocorrosion, and to guide the optimization of LPBF-produced Ti-42Nb 
alloys for biomedical applications.
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