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A B S T R A C T   

As-produced and heat-treated TiAlV samples were prepared by selective laser melting and compared to wrought 
samples of identical chemical composition. Microstructural, corrosion, and spectroscopic studies of additively 
manufactured samples in artificial saliva at 37 ◦C, with NaF and at pH 2.3 were as a novelty combined with metal 
ion release during 42 days immersion. In artificial saliva higher amount of ions was released on SLM specimen 
when compared to wrought alloy. The total amount of ions released from SLM specimen in AS containing NaF 
was 10-times higher than in AS, while in AS with lactic acid it was 100-times higher.   

1. Introduction 

Titanium and its alloys have been successfully used for decades as 
critical components in airspace and the energy industry. Because of their 
exceptional corrosion resistance and biocompatibility, they are also 
commonly used for orthopedic and dental implants and prosthodontic 
treatments. In addition to commercially-available pure titanium grades 
(Ti-CP), various titanium alloys can also be used for these purposes. The 
titanium alloy most commonly used and studied is Ti6Al4V, which has a 
higher strength than Ti-CP while maintaining comparable corrosion 
resistance and biocompatibility properties. Al and V, the main alloying 
elements of Ti6Al4V, are, however, subject to health concerns, since 
they have been reported to cause health problems including allergic 
reactions, carcinogenic and neurological disorders [1–5]. The most 
common problem associated with using this type of titanium alloy is 
peri-implantitis, which, according to several studies [1,6–8], could 
affect a significant proportion of patients [9]. Peri-implantitis is trig
gered by an inflammatory process that affects the tissue around an 
implant, causing the resorption and loss of bone. An increased number of 
metal particles and ions has been found in the vicinity of such tissue 
damage [8,9]. Ions released from metal implants in contact with tissue, 
bone, bodily fluids or an oral environment could decrease osteoblastic 
cell viability [10] and induce cytotoxic effects [5]. A systematic review 
of the potential causes of titanium particles and ion release in implant 
dentistry [11] listed past clinical studies conducted on animals that have 
confirmed the presence of metal particles in inflamed tissue. 

The particles of titanium alloy have been shown to originate from 
mechanical or chemical attacks that occur either during the surgical 
procedure used to insert the implant, or during its maintenance [11,12], 
causing various types of corrosion and impacting the lifespan of the 
implant [13]. Corrosion processes that occur on the metal 
implant–tissue or oral environment interface cause the release of metal 
ions via both direct dissolution of the alloy and through the interaction 
of the passive film with the oral environment [7]. Tribocorrosion com
prises a combined effect of metal removal by wear and chemical 
oxidation of freshly exposed area to saliva or air and accelerates the 
overall ion release process [12,14]. A passive film instantaneously forms 
on a TiAlV alloy following exposure to an oxygen-containing environ
ment, which is crucial for corrosion resistance in the harsh oral envi
ronment [1]. Saliva presents a near neutral environment [15] containing 
corrosive ions, to which additional chlorides and fluorides from tooth 
care products (toothpaste or mouthwashes) can be added. The pH level 
can decrease as a result of inflammatory processes and dietary uptake, 
and consequently the protective properties of the titanium passive layer 
deteriorate. Corrosion can therefore be autocatalytically driven by the 
inflammatory process. In artificial saliva (AS), at human body temper
ature, fluoride ions interact with hydrogen ions producing a slightly 
acidic local environment [16]. This subsequently deteriorates the pas
sive layer on the TiAlV, which is primarily composed of homogenous 
TiO2, with minor amounts of the less stable Al2O3 and V2O5 [17]. On the 
other hand, AS acidified by the addition of lactic acid has been shown to 
cause dissolution of the passive film and pitting corrosion [18]. 
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The crucial roles of passivation and corrosion behaviour are deter
mined by the chemistry of the alloy and its microstructural composition. 
TiAlV is an α + β alloy. These alloys can be produced in a variety of ways, 
including by casting, forging, through the wrought process and using 
various additive manufacturing techniques. Thermal and thermo
mechanical treatments are applied either as part of the production 
process or following production, primarily in order to improve the me
chanical properties of the end product [19,20]. These processes lead to 
differing microstructures; in the case of production by casting, for 
example, the microstructure is lamellar, forging with post-solution 
heat-treatment results in an equiaxed microstructure, and selective 
laser melting (SLM), one of the most commonly used additive 
manufacturing techniques, leads to a martensitic microstructure as a 
result of the fast cooling rates [21,22]. In a lamellar α + β microstruc
ture, the homogeneity of the passive film developed above these phases 
has been shown to differ, due to the difference in solubility of the sta
bilizing elements (Al for α and V for β) [23]. It is reported that this 
difference between the chemical composition of lamellas might cause 
corrosion as a result of the galvanic effect [1]. A martensitic micro
structure, characteristic of TiAlV alloy produced by SLM, contains alpha 
prime martensite (α′), which enables the formation of a more homoge
neous and stable passive film, and consequently alloys of this type have 
better corrosion resistance than those with a lamellar microstructure 
[24]. 

The work provides information on the safe use of Ti6Al4V using 
additive technologies, such as selective laser melting. For this purpose, 
tests on ion release according to standard ISO 10271:2011 Dentistry — 
Corrosion test methods for metallic materials were performed in com
bination with corrosion measurements and surface analyses of the pas
sive film formed in AS with or without the addition of fluoride ions and 
lactic acid. Samples using additive technologies were compared to 
wrought alloys, on which most of the research has been carried out 
previously. 

The present study aims to compare the corrosion resistance of three 
Ti6Al4V dental alloys with identical chemical compositions but pro
duced in different ways; by SLM without heat treatment, by SLM with 
heat treatment, and through the wrought process. The electrochemical 
properties and ion release were determined during 42 days of immersion 
in AS, AS with the addition of fluoride ions, and AS with lactic acid (to 
simulate potential inflammatory conditions). Special attention was 
given to studying the quantities and ratios of alloying elements in the 
immersion tests and the relationships with their alloy microstructures. 
Furthermore, surface analysis using X-ray photoelectron spectroscopy 
(XPS), and time-of-flight secondary ion mass spectrometry (ToF-SIMS) 
were performed in order to determine any differences in the structure of 
the passive film on the Ti6Al4V alloy in the various test environments. 
Finally, atomic force microscopy (AFM) was performed for topography 
measurements of the exposed samples. 

2. Materials and methods 

2.1. Samples 

Ti6Al4V alloys were provided by S&S Scheftner GmbH in the form of 
powder and a wrought milling disc, with respective chemical composi
tions of 89 wt% Ti, 6 wt% Al, 4 wt% V, and < 1 wt% N, C, H, Fe, and O 
(Starbond Ti4Powder 45) and 89.4 wt% Ti, 6.2 wt% Al, 4.0 wt% V, and 
< 0.4 wt% of N, C, H, Fe and O (Starbond Ti5 Disc). Samples were 3D 
printed from powder using SLM with the following printing parameters: 
laser power of 75 W, laser travel velocity of 520 mm/s, a hatch distance 
of 25 µm, and a layer thickness of 25 µm. Namely, during pre-study, 
where several different parameters were tested, the lowest porosity 
was obtained with the above given parameters. The printing strategy 
used was a paintbrush (Fig. 1). The energy density calculated was 230.8 
J/mm3. Part of the 3D printed samples was also heat treated at 800 ◦C 
for 1 h under the protective atmosphere of argon, then cooled to 500 ◦C 

in the furnace, followed by air cooling to obtain optimal mechanical 
properties as suggested previously [19,20,23]. In addition, a part of the 
samples for tests was extracted from the milling disc by CAD/CAM 
milling. From hereon, the 3D printed samples are denoted as Ti6Al4V - 
SLM, the heat-treated 3D printed samples as Ti6Al4V – SLM-HT, and the 
samples extracted from the wrought milling disc as Ti6Al4V - WR. All 
types of samples were fabricated in two different shapes: 1) as cubes 
with an edge length of 8 mm for the electrochemical tests, and 2) as 10 
mm diameter cylinders with a height of 30 mm and a total exposed area 
of 11 mm2 for the immersion tests. 

2.2. Microstructural analysis 

In order to reveal the microstructures, the metallographic investi
gation was performed on all three types of samples in two directions: in 
the case of the SLM disc, both parallel and transverse to the 3D building 
direction, and on the samples extracted from the milling disc in the 
transverse direction with respect to the disc axis. The samples were 
ground and polished with 50 mL 0.06 µm colloidal silica and 
10 mL H2O2 (30 vol%). Mirror-polished samples were then etched with 
Kroll reagent (100 mL water, 3 mL conc. HF, and 6 mL conc. HNO3). 
Observation of the microstructures was conducted using a Zeiss Axio 
Imager Z2m microscope with Zen software (Carl Zeiss AG, Germany) 
using bright field light. Field emission scanning electron microscopy 
(FE-SEM) examination of non-etched and polished specimens was per
formed by using Zeiss ULTRA plus device (Carl Zeiss AG, Germany). X- 
ray diffraction (XRD) analysis was carried out using an Empyrean XRD 
diffractometer (PANalytical, Malvern, UK), and the XRD data were 
analyzed using HighScore Plus database software. XRD spectra were 
measured between 4◦ and 100◦ (2θ) with a step size of 0.0065◦ and time 
per step of 61.2 ms. 

2.3. Electrochemical tests and immersion tests 

Both the electrochemical and the immersion tests were performed in 
three different saliva-simulating solutions at a human body temperature 
of 37 ◦C. AS contained 0.6 g/L NaCl, 0.72 g/L KCl, 0.22 g/L 
CaCl20.2 H2O, 0.68 g/L KH2PO4, 0.856 g/L Na2HPO40.12 H2O, 
0.060 g/L KSCN, 1.5 g/L KHCO3, and 0.033 g/L citric acid. AS with the 
addition of NaF contained 0.315 wt% NaF (0.075 M F–), and AS with 
lactic acid contained 0.1 M lactic acid. The pH of AS and AS with NaF 
was 6.9 ± 0.1, while the pH of AS with lactic acid was 2.3 ± 0.1. 

Two types of electrochemical measurements were conducted: 
potentiodynamic tests and long-term electrochemical impedance spec
troscopy (EIS) measurements. Samples were ground with SiC grinding 
paper to 1200 grit. Both tests were conducted in a three-electrode 
corrosion cell, consisting of a working electrode (square samples with 
an area of 0.64 cm2 exposed to the solution), a reference electrode (Ag/ 
AgCl(sat. KCl)), and a counter electrode (a graphite rod). First, open 
circuit potential (OCP) was measured for 6200 s, followed by mea
surements of linear polarization (LP) (at a scan rate of 0.1 mV/S in the 

Fig. 1. Printing strategy for SLM building of Ti6Al4V alloy.  

M.B. Leban et al.                                                                                                                                                                                                                                



Corrosion Science 209 (2022) 110716

3

potential range ± 20 mV vs OCP) and the potentiodynamic (PD) curve 
(initial potential of − 0.25 mV vs Ecorr, with a potential sweep in the 
anodic direction up to 3.50 V at a scan rate of 1 mV/s). 

Long-term EIS was performed in the frequency range from 65 kHz to 
1 mHz (7 points per decade) with an AC amplitude of ± 10 mV (peak-to- 
peak). EIS measurements were carried out at open circuit potential 
(OCP) at various times of exposure: 1 h, 4 h, 8 h, 24 h, 48 h, 72 h, 96 h, 
120 h, 144 h, and 172 h (7 days). Only results at 24 h, 48 h, 72 h, 120 h, 
and 172 h were presented in Nyquist and Bode plots together with fitted 
curves for better clarity. EIS data were fitted using the program Zview 
(Scribner, Southern Pines, North Carolina, USA) and interpreted based 
on equivalent electrical circuits. The chi-square values, which represent 
the goodness of fitting of all the measured data, are given in Table S1 
(Supplementary). 

The immersion test was conducted according to standard ISO 10271: 
2020 (Dentistry — Corrosion test methods for metallic materials) on 
cylindrical samples inserted into 15 mL cuvettes filled with 11 mL of 
testing solution, with a total exposed area of 11 cm2. Prior to exposure, 
all samples were blasted with alumina sand of 105 µm granulation. 
Following this surface treatment, the samples were cleaned with ethanol 
in an ultrasound bath for 15 min and then air-dried. The total exposure 
time during the immersion test was 42 days. A fresh solution was placed 
in the cuvettes on the 1st, 4th, 7th, 14th, 21st, 28th, 35th, and 42nd day 
of the experiment. Three replicates were exposed to each testing solution 
using samples of Ti6Al4V - SLM, Ti6Al4V - SLM-HT, and Ti6Al4V - WR. 
The concentrations of Ti, Al, and V ions in the solution following 
exposure were measured using an ICP-MS Agilent 7900x (Agilent 
Technologies, Japan). The concentrations measured were normalized 
according to the exposed area, such that the results were given as the 
total amount of released ions per 1 cm2 of the sample exposed. 

2.4. XPS, AFM, and ToF-SIMS measurements 

The composition of the passive layer formed on the SLM samples 
after 7 days of exposure to each type of AS at 37 ◦C was analysed by XPS, 
AFM, and ToF-SIMS. 

A Supra+ instrument (Kratos, Manchester, UK) equipped with an Al 
Kα (1486.6 eV) source and a monochromator was used for the XPS 
measurements. Photoelectrons were acquired at a take-off angle of 90◦. 
A binding energy (BE) scale correction was performed, using the C-C/C- 
H peak in the C 1 s spectrum at 284.8 eV for the spectra obtained before 
sputtering, and the O 1 s peak for the spectra obtained during sputtering. 
High-resolution spectra (before sputtering) were acquired on a 700 by 
300 µm spot size at a pass energy of 20 eV. For depth profiling, pass 
energies of 160 eV and 40 eV were used for survey spectra and high- 
resolution spectra measurements, respectively. A 2 by 2 mm etch 
crater was formed by rastering the surface with a 5 keV Ar+ sputter 
beam. The sputtering rate was determined as 4 nm/min, using a refer
ence Ta2O5 sample. The diameter of the analysis area during depth 
profiling was 110 µm, and the emission current was 15 mA for both the 
survey and high-resolution spectra. Data acquisition and processing 
were performed using 1.4 ESCApe software (Kratos, Manchester, UK). 

An MFP 3D Origin Plus device (Asylum/Oxford Instruments, Santa 
Barbara, CA, USA) was employed for the AFM measurements. Mea
surements were performed in tapping mode using an OMCL-AC240TS- 
R3 silicon cantilever (Olympus Micro Cantilever, Taibei, Taiwan). 

ToF-SIMS measurements were performed with an M6 device (ION
TOF, Münster, Germany). Spectra in both polarities were calibrated with 
peaks of known m/z. 2D imaging was performed in positive polarity on 
an analysis area of 500 by 500 µm using a 30 keV Bi+ primary beam. 3D 
imaging associated with sputtering was performed with a 500 eV Cs+

sputter beam on an area of 300 by 300 µm, while analysis was performed 
using a 15 keV Bi+ primary beam on an anaylsis area of 100 by 100 µm. 
The acquisition and processing of ToF-SIMS data were performed using 
SurfaceLab 7.3 software. 

3. Results 

3.1. Microstructural analysis 

Fig. 2a-c show the etched microstructures of all three types of sam
ples investigated, Ti6Al4V - SLM, Ti6Al4V – SLM-HT, and Ti6Al4V - WR, 
respectively. It is clear that different microstructures are developed by 
the three different methods of production. Characteristic α′ (alpha 
prime) lamellar martensite with fine acicular morphology can be seen in 
the microstructure of Ti6Al4V – SLM, developed as a result of the fast 
cooling rates from the laser melting temperature during 3D printing 
(Fig. 2a, e and h). 

Heat treatment (Ti6Al4V–SLM-HT) at 800 ◦C, which is below the 
β-transus temperature (998 ◦C for Ti6Al4V), yet above the martensite 
start temperature (around 650 ◦C, [19]), causes transformation of α′ to 
α + β lamellar microstructure with Widmanstätten morphology [25]. 
The α-phase (hexagonal closed packs – hcp) appears in Fig. 2b and f as 
bright lamellas on β-grain boundaries (body centered cubic – bcc). On 
the other hand, in Fig. 2i α-phase structure appears as a dark one, and 
β-phase, which is in between α lamellas, is a bright one. 

The microstructure of the Ti6Al4V-WR sample observed by optical 
microscope (Fig. 2c and g) consisted of mixed equiaxed α-grains (bright) 
with intergranular β islands (dark) at the α-grain boundaries [1]. In the 
FE-SEM image (Fig. 2j), bright β-phase islands are present on the edges 
and along α-grains, which are darker. Such a microstructure is signifi
cant for a wrought product that has been additionally solution treated 
[26,27]. 

Fig. 3 shows XRD patterns of the Ti6Al4V - SLM, Ti6Al4V – SLM-HT, 
and Ti6Al4V - WR samples. In the case of SLM only the α-phase (hcp) is 
observed. The martensitic phase α’, which develops as a result of the 
high cooling rates of the printed object during the solidification process, 
cannot be distinguished from α by XRD because the crystallographic 
structure and lattice parameters are the same, although they can be 
differentiated metallographically [16,22,28]. The α + β structure was 
observed for the samples Ti6Al4V – SLM-HT and Ti6Al4V - WR. 

3.2. Electrochemical measurements 

PD curves for the Ti6Al4V – SLM, Ti6Al4V – SLM-HT, and Ti6Al4V - 
WR samples in the three different solutions, namely AS, AS with NaF, 
and AS with lactic acid, are presented in Fig. 4. The electrochemical 
parameters obtained from electrochemical tests are summarized in  
Table 1. The PD curves measured for the various Ti6Al4V samples are 
characteristic of highly passive alloys. The passive current density, i.e. 
the constant current density in the passive region, was of the order 4–7 
μA cm–2 in all the curves. Low current densities in passive regions were 
observed even at potentials more positive than 1.4 V. Some differences 
in the electrochemical behaviour of the various Ti6Al4V samples were 
observed at potentials more positive than 1.4 V in relation to the cor
rosive environment. 

In AS, the current density in the anodic region had no current fluc
tuations in the Ti6Al4V - WR sample. The most significant difference 
between the samples is the fact that current fluctuations in the anodic 
part of the PD curves were observed with the Ti6Al4V - SLM and 
Ti6Al4V – SLM-HT samples. A sharp and steady increase in anodic 
current was observed with the Ti6Al4V – SLM-HT and Ti6Al4V - SLM 
samples in AS (Fig. 4a), while in the case of the Ti6Al4V - WR sample the 
current increased slowly with increasing potential. In AS with NaF 
(Fig. 4b), the difference between the passive region of the PD curves is 
observed at anodic potentials more positive than 1.0 V. In the Ti6Al4V - 
WR sample the current density remains constant, while in the Ti6Al4V – 
SLM-HT and Ti6Al4V - SLM samples the current density in the anodic 
region increases slowly, and fluctuations are observed, similar as in AS. 
A non-distinctive breakdown potential (Eb) was observed in the Ti6Al4V 
- SLM sample (Fig. 4b). 

In acidified AS, differences in the anodic branch of the PD curve 
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Fig. 2. Optical microscopy images of the microstructures of the a) Ti6Al4V - SLM, b) Ti6Al4V – SLM-HT and c) Ti6Al4V - WR samples at 200 × magnification and the 
e) Ti6Al4V - SLM, f) Ti6Al4V – SLM-HT, and g) Ti6Al4V - WR samples at 1000 × magnification, all etched with Kroll, and FE-SEM images of h) Ti6Al4V - SLM, i) 
Ti6Al4V – SLM-HT and j) Ti6Al4V - WR samples at 5000 × magnification in non-etched condition. 

Fig. 3. XRD diffractograms of the Ti6Al4V - SLM, Ti6Al4V – SLM-HT, and Ti6Al4V - WR samples.  
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become apparent at potentials more positive than 1.5 V. In the Ti6Al4V - 
WR sample it remains low, while in the Ti6Al4V - SLM and Ti6Al4V – 
SLM-HT samples it slowly increases at more positive potentials, with less 
fluctuations in the current (Table 1, Fig. 4c). 

PD measurements showed no significant differences between the 
different types of samples immersed in the various solutions. EIS was 
conducted in order to observe the long-term behaviour of the different 
Ti6Al4V samples in the various environments. 

EIS spectra measured in AS, AS with NaF, and AS with lactic acid for 
all three types of samples (Ti6Al4V – SLM, Ti6Al4V – SLM-HT, and 
Ti6Al4V – WR) are presented in Fig. 5. It can be observed that EIS re
sponses change with time. 

EIS measurements for the Ti6Al4V - SLM and Ti6Al4V – SLM-HT 
samples in AS and EIS measurements for the Ti6Al4V - SLM sample in 
AS with NaF are given in Fig. 5a,b and d. For all these measurements, 
two time constants were observed in the high to mid frequency range. 

After one week of immersion the absolute impedance at the lowest 
measured frequency, ׀Z׀f=5mHz, was 8.9 MΩ cm2 for Ti6Al4V – SLM in 
AS, 5.86 MΩ cm2 for Ti6Al4V – SLM-HT in AS, and 0.11 MΩ cm2 for 
SLM in AS with NaF. For EIS responses for Ti6Al4V - WR in AS and 
Ti6Al4V - SLM in AS with lactic acid. 

For the measurements in Fig. 5c and e only one time constant was 
observed, as could be observed from the Bode phase spectra; the 
magnitude of the impedances at the low frequency limit were 
7.4 MΩ cm2 for Ti6Al4V - WR in AS and 0.27 MΩ cm2 for the Ti6Al4V - 
SLM sample in AS with lactic acid. The equivalent circuits employed to 
fit the EIS data are depicted in Fig. 5 and have been previously employed 
for Ti alloys [17,29–31]. 

A simple equivalent electrical circuit with one time constant was 
used to fit the EIS data presented in Fig. 5c and e, and an equivalent 
electrical circuit consisting of (R1CPE) couple in series with electrolyte 
resistance was used to fit the EIS measurements in Fig. 5a, b, and d, 
where two time constants were observed [29]. 

The assumption is that oxide film that forms on a Ti-based alloy 
exhibits a two-layer structure, with a dense inner layer and a porous 
outer layer. XPS analysis (presented below) showed that the surface of 
the Ti6Al4V alloy (the uppermost position) is mainly composed of TiO2; 
Al2O3 and V(OH)3 were also detected, but their surface concentrations 
were significantly lower. 

CPE in equivalent electrical circuit stands for constant phase element 
and signifies the presence of a non-ideal capacitor, with varying n, Re 
represents electrolyte resistance. 

R1 represents barrier (inner) layer resistance, and CPE1 corresponds 
to the capacitance of the barrier layer. R2 corresponds to the resistance 
of the outer porous layer, and CPE2 corresponds to the capacitance of the 
outer porous layer. The values of fitted parameters, using the equivalent 
electrical circuits presented in Fig. 5, are given in Table S1 
(Supplementary). 

The values of electrolyte resistance, Re, vary from 2 to 46 Ω cm2. 
High R1 was observed at all immersion times, ranging across several MΩ 
cm2, showing that the oxide film on the Ti6Al4V alloy has a large 
resistance. R2 value, representing outer porous layer resistance, is lower. 
The polarization resistance (Rp), which is the sum of the resistances R1 
and R2, is presented in Fig. 6. The highest Rp values were measured for 
the Ti6Al4V – WR, Ti6Al4V - SLM, and Ti6Al4V – SLM-HT samples 
exposed in AS, while the Rp values were lower for Ti6Al4V - SLM in AS 
with NaF, and Ti6Al4V - SLM in AS with lactic acid. In general, these 
values increase slightly with time, with the exception of the Ti6Al4V - 
SLM sample in AS with lactic acid (Figs. 5e and 6a). 

In order to compare capacitance values for the various Ti6Al4V 
samples at different immersion times, C values were calculated from 
CPEs using the following equation [32], 

Fig. 4. PD curves for the Ti6Al4V – SLM, Ti6Al4V – SLM-HT and Ti6Al4V – WR 
samples measured at 37 ◦C in a) AS, b) AS with NaF, and c) AS with lactic acid 
(scan rate of 1 mV/s). 

Table 1 
Electrochemical parameters derived from OCP, LP, and PD measurements for the 
Ti6Al4V samples in AS, AS with NaF, and AS with lactic acid.   

OCP LP PD 

Ecorr 

[V] 
Rp 

[MΩ 
cm2] 

Ecorr 

[V] 
jcorr [nA 
cm–2] 

Eb 

[V] 
Eb- 
Ecorr 

[V] 

AS WR –0.464  0.42 –0.409  64.1  2.70  3.11 
SLM –0.434  0.34 –0.376  83.1  2.67  3.05 
SLM- 
HT 

–0.546  0.65 –0.539  33.0  2.84  3.38 

AS with 
NaF 

WR –0.485  0.19 –0.869  183  1.52  2.39 
SLM –0.344  0.19 –0.364  139  1.10  1.46 
SLM- 
HT 

–0.477  0.45 –0.475  43.4  2.46  2.93 

AS with 
lactic 
acid 

WR –0.300  0.65 –0.320  33.3  1.46  1.78 
SLM –0.290  0.22 –0.440  297  1.53  1.91 
SLM- 
HT 

–0.442  0.17 –0.458  338  2.18  2.64  

M.B. Leban et al.                                                                                                                                                                                                                                



Corrosion Science 209 (2022) 110716

6

Fig. 5. Nyquist diagrams and Bode plots for the Ti6Al4V samples at various immersion times and in various environments: a) Ti6Al4V – SLM in AS, b) Ti6Al4V – 
SLM-HT in AS, c) Ti6Al4V – WR in AS, d) Ti6Al4V – SLM in AS with NaF, and e) Ti6Al4V – SLM in AS with lactic acid. Fitted curves are presented as solid lines. 
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Cx = (R1− n
x • CPEx)

1/n
, (1)  

where x = 1 or 2, pertaining to C1 and C2. Values of C1 are lower than C2 
at all immersion times assessed. An increase in C1 and C2 with an 
increased immersion time can be attributed to a thinning of the oxide 
layer. A thickening of the oxide film through a decreasing C2 is observed 
for Ti6Al4V – SLM in AS with NaF. A similar effect has been observed 
previously [30]. In the case of Ti6Al4V – SLM in AS with lactic acid, the 
constant value of C2 and decrease in R2 (Fig. 6a) could indicate that the 
barrier layer either stopped growing or started to thin [30]. 

The thickness of the surface film, d, was evaluated using the Eq. (2). 

d =
ε • ε0 • A

C1
, (2)  

where ε is the dielectric constant, ε0 is vacuum permittivity (8.85•10–14 

F/cm), and A is the surface area, in cm2. Based on Eq. 2, the constant 
value of capacitance indicates a constant thickness of the passive layer. 
The thickness of the barrier layer from capacitance values C1 was 
calculated, using 100 for a value of dielectric constant for TiO2 [33]. 

The calculated thicknesses were 0.9 nm for Ti6Al4V - SLM in AS and 
in AS with lactic acid, 2.0 nm for Ti6Al4V – SLM-HT and Ti6Al4V – WR 
in AS, and 1.3 nm for Ti6Al4V – SLM in AS with NaF. 

3.3. Immersion test 

Results of the ion release tests are presented in Figs. 7 and 8. The 
amounts released on each sampling day are plotted as the cumulative 
values of metal ions released per cm2 including that day. The total 
amounts of Ti and Al ions increased at a faster rate at the beginning of 
exposure (up to day 7), compared to later on, in all three testing 
environments. 

The lowest release of Ti and V ions in AS was measured in the 
Ti6Al4V – WR sample, and the highest in Ti6Al4V - SLM. The opposite 
was observed with respect to the release of Al ions in AS i.e the highest 
amounts were measured in Ti6Al4V – WR and the lowest in Ti6Al4V - 
SLM. In AS with NaF the amounts of the three elements followed the 
same order; the lowest amount of ions were released from Ti6Al4V - SLM 
and the highest from Ti6Al4V – SLM-HT. In AS with lactic acid, no 
significant difference was observed in the amounts of Ti and V ions 
released. In the case of Al, higher amounts were released in Ti6Al4V – 
SLM-HT. 

Fig. 8 presents the total amounts of ions released, and the sum of all 
ions released over 42 days of exposure. 

The total ion release after 42 days of exposure was the lowest in the 
Ti6Al4V – SLM samples exposed to AS (below 1 µg/cm2). Exposure to AS 
with NaF led to a total release of approximately 5 µg/cm2 of measured 
metal ions, while the highest amounts were measured following expo
sure to AS with lactic acid, where values of up to approximately 60 µg/ 
cm2 were observed in the Ti6Al4V – SLM sample. Overall, the lowest 
total amount of ions released was observed in the Ti6Al4V - SLM sample 
exposed to AS. 

In AS, the ion released in the highest amounts (in terms of the total 
amount of all three ions measured, relative to the area of the sample) 
was Al (60%, 73% and 83% for the Ti6Al4V - SLM, Ti6Al4V – SLM-HT 
and Ti6Al4V - WR samples, respectively). This was followed by Ti 
(32%, 22% and 14% in the Ti6Al4V - SLM, Ti6Al4V – SLM-HT and 
Ti6Al4V - WR samples, respectively) and, in the lowest amount, V ions 
(8%, 5% and 3%, for the Ti6Al4V - SLM, Ti6Al4V – SLM-HT and Ti6Al4V 
- WR samples, respectively). 

In AS with NaF, a lower amount of ions were released from Ti6Al4V - 
SLM than from the Ti6Al4V – SLM-HT sample. In AS with lactic acid, the 
total amount of ions released was measured to be slightly lower in 
Ti6Al4V – SLM-HT than in the Ti6Al4V – SLM sample. In AS with NaF, 
and the AS with lactic acid, Ti ions were released in a higher amount 
than the V and Al ions. More Al ions (regarding to the total amount of all 
measured released ions) were released in AS with lactic acid than in AS 
with NaF (see Fig. 8b and c). In both AS with NaF and AS with lactic acid, 
Ti ions were released in the highest amount (around 90% in AS with NaF 
and between 77% and 84% in AS with lactic acid). In AS with NaF, more 
V ions (approx. 7%) were released than Al ions (approx. 2%). The pro
portions of Al and V in AS with lactic acid were the opposite, with a 
higher amount of Al ions (between 12% and 18%) being released than V 
ions (approx. 3%). 

3.4. XPS measurements 

XPS analysis showed that, before the Ar-ion sputtering process, the 
Ti6Al4V - SLM samples immersed in each of the three solutions dis
played Ti, Al, V, C, and O signals. The Ti6Al4V - SLM sample immersed 
in AS with NaF also showed a signal for F. Atomic surface concentrations 
were calculated based on the high-resolution signals and are summa
rized in Table 2. Fitting of the Ti 2p spectra was performed based on the 
recommendation of Biesinger et al. [34] and can be seen in Fig. 9. 

Next, XPS depth profiling was performed to investigate the structure 
of the passive oxide film formed on the Ti6Al4V - SLM samples immersed 
in the three different solutions i.e. AS, AS with NaF, and AS acidified 
with lactic acid. 

Previous XPS depth profiling studies on Ti6Al4V have focused on the 
analysis of the passive film build-up at different applied anodic 

Fig. 6. Rp, C1, and C2 values for the various Ti6A4V samples as a function of 
time in the different environments at 37 ◦C. 
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potentials in a body fluid solution [17]. Recently, SLM, EBM (electron 
beam melting), and cast samples of Ti6Al4V alloy were compared in 
order to determine any differences in the surface film [35]. It was found 
that SLM printed samples in as printed condition contained more tita
nium oxides than EBM and cast samples, with TiO2 being the major 
constituent of oxides in the surface film. Moreover, the oxide film on the 
SLM sample was thinner than that on the EBM sample. Furthermore, XPS 
analysis of the SLM printed Ti6Al4V samples, formed using a laser en
ergy density of 39 J/mm3, showed that TiO2 was the major component 
on the surface, while no V-containing species were detected on the 
surface prior to sputtering [24]. The latter does not necessarily mean 

that V-containing species were not present on the surface, however, as 
the detection limit of the XPS device used might have been too high to 
detect the V 2p signal on the surface. 

Fig. 10a, Figs. 11a and 12a show the respective Ti 2p spectra for 
Ti6Al4V - SLM samples immersed in AS, AS with NaF, and AS with lactic 
acid for 7 days. The Ti 2p spectra include three features prior to sput
tering, as denoted by the positions of the dashed lines marked 1, 2, and 3 
(the lowest spectra in Fig. 10a, Figs. 11a and 12a). All three surfaces 
were rich in TiO2, as confirmed by the most intense peak at dashed line 2 
(BE = 458.4 eV), which corresponds to Ti 2p3/2 for Ti(IV), while the 
peak at the position of dashed line 1 (BE = 464.2 eV) corresponds to Ti 

Fig. 7. Amounts of Ti, Al, and V ions measured during the immersion tests.  

Fig. 8. Total amounts of Ti, Al, and V released over 42 days of exposure in a) AS, b) AS with NaF, and c) AS with lactic acid.  
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2p1/2 (for Ti(IV)) [36]. A less intense peak at the position of dashed line 
3 (BE = 453.8 eV) corresponds to Ti 2p3/2 for the metal Ti (Ti(0)). On the 
other hand, Ar ion sputtering can affect the unwanted reduction in Ti. 
Although one might assume that the peaks corresponding to Ti(III) and 
Ti(II) species are present on the surface during sputtering (the BE region 
for Ti 2p3/2 between the dashed lines 2 and 3 in Fig. 10a, Figs. 11a and 
12a), they may also be a result of the sputtering process, and are not 
necessarily present in the passive oxide layer, making interpretation of 
the Ti species less certain for the spectra acquired during sputtering. 

Fig. 10b, Figs. 11b and 12b show the high-resolution spectra for the 
Al 2p measured before and after sputtering for a given time (the sput
tering time is indicated for each spectrum). The most intense feature at 
dashed line 1 corresponds to Al2O3, while the feature at dashed line 2 
corresponds to metallic Al. Ar ion sputtering of the samples resulted in a 
less intense peak for Al2O3, and a more intense peak for metallic Al. The 
Al2O3 peak disappears after 1095 s of sputtering in Figs. 10b and 12b, 
while it disappears after 1695 s of sputtering in Fig. 11b. The latter 
might indicate that the layer containing Al2O3 in the Ti6Al4V - SLM 
sample immersed in AS with NaF is thicker than the surface layer formed 
in the Ti6Al4V - SLM samples immersed in the other two solutions. 

Fig. 10c, Figs. 11c and 12c show the high-resolution spectra for the V 
2p measured before and after sputtering for a given time (as labelled in 
the spectra). A feature at dashed line 2 (BE = 514.1 eV for V 2p3/2), 
which was the most intense in the V 2p spectra before sputtering, cor
responds to V(OH)3 [34] and probably also some V2O5 underneath (as 

this peak is relatively broad). After the first sputtering cycle, the shape of 
the spectra changed, in that the feature representing V(OH)3 becomes 
less intense, and then disappears altogether after a few sputtering cycles 
(spectral feature positioned at dashed line 2), while the features at 
dashed lines 1 (BE = 511.9 eV) and 3 (BE = 519.6 eV) become more 
intense. The features at dashed lines 1 and 3 correspond to metallic V. 
During depth profiling with Ar ion sputtering, the X-ray beam may affect 
V speciation, making the analysis of V during depth profiling less reli
able [34]. 

Based on the results given above, it can be concluded that the surface 
layers of all three samples comprised TiO2, Al2O3, and V(OH)3 prior to 
sputtering. As the sputtering time increased these species were gradually 
removed, and more corresponding metallic species were obtained. The 
depth profiles for the three samples are shown in Fig. 10d, Figs. 11d and 
12d. The initial sputtering with 5 keV Ar+ should remove all adventi
tious carbonaceous species, but the presence of C signals persisted in all 
the samples, being measured until the end of the sputtering process (the 
C 1 s signal disappears only in the middle of the sputtering process in 
Fig. 11d, but again becomes intense at the end of the sputtering process). 
The presence of C and O signals can be explained by 2 effects, namely, 
the adsorption of residues from the vacuum and a shadowing effect. The 
presence of the C signal during depth profiling (after the removal of 
adventitious carbonaceous species), and the O signal after the removal 
of the Ti, Al, and V oxides (after sputtering for 1095 and 1695 s, as 
explained above), could be due to the adsorption of C- and O- containing 
species from the residual vacuum atmosphere onto the reactive surface 
of the SLM, primarily consisting of Ti, which is highly reactive and 
newly forms after each sputtering cycle. A second reason for the pres
ence of C and O signals is the shadowing effect, which occurs due to the 
incomplete and non-uniform removal of these species from the surface 
during sputtering. 

3.5. AFM measurements 

All Ti6Al4V - SLM samples were prepared using the same procedure 
as the metallographic samples (as described in Section 2.2.) in order to 
achieve a mirror-like surface. The samples were then exposed to AS, AS 
with NaF, and AS with lactic acid for 1 week at 37 ◦C. The AFM images 
are shown in Fig. 13. Mean surface nano roughness (Sa) values were used 
to estimate the corrosion-induced damage. The lowest Sa (0.220 
± 0.048 nm) was determined in the sample immersed in AS, while the 

Table 2 
Atomic surface concentrations determined based on XPS high-resolution spectra 
measurements (conducted before the sputtering process). The amount of Ti 
species was determined based on the fitted data given in Fig. 9.   

Ti [at%] Al [at 
%] 

V [at%] C [at%] O [at 
%] 

F [at 
%] 

AS  25.8 3.6 0.5 16.1  54.0 – 
AS with NaF  18.6 2.9 0.5 25.1  52.4 0.5 
AS with 

lactic acid  
17.9 3.1 0.6 29.0  49.4 –   

Ti(0) [%] Ti(II) 
[%] 

Ti(III) 
[%] 

Ti(IV) 
[%]    

AS  8.9 6.4 8.3 76.3    
AS with NaF  9.0 6.4 8.2 76.4    
AS with 

lactic acid  
13.5 9.8 12.0 64.7     

Fig. 9. Ti 2p fitted data for the spectra, acquired before sputtering, for the Ti6Al4V - SLM sample immersed for 7 days in a) AS, b) AS with NaF, and c) AS with lactic 
acid. The solid and dashed lines represent the measured and fitted spectra, respectively. 
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sample immersed in AS with NaF was rougher (Sa = 0.367 ± 0.063 nm). 
The Sa value was highest in AS with lactic acid (at 0.440 ± 0.086 nm), in 
which the highest ion release was also measured, as presented below. 

3.6. ToF-SIMS measurements 

Fig. 14 shows an RGB (red, green, blue) overlay of 2D images for Ti+, 
Al+, and V+, respectively representing the distribution of Ti-, Al-, and V- 
containing species on the surface of each of the three samples [37,38]. 
These species may originate from the metals and, to a greater extent, 

from their metal oxides. All three surfaces show a homogeneous distri
bution of all three species across the surface. 

Next, 3D distribution analysis was performed in both positive and 
negative polarity. A new surface area was analyzed for each polarity. It 
is claimed that the MCs+ signals are used to compensate for the matrix 
effects, where M represents the metals, i.e. Ti, Al, and V in the present 
study. On this basis, the CsTi+, CsAl+, and CsV+ peaks were used for 3D 
imaging (Fig. 15a). On the other hand, the Cs+ sputter beam enhances 
the production of negative ions. Ions representing metal oxides, i.e. 
TiO–, AlO–, and VO– for Ti-, Al-, and V-oxide, respectively [38–40], were 

Fig. 10. High-resolution XPS spectra for Ti6Al4V - SLM immersed in AS for 7 days; a) Ti 2p, b) Al 2p, and c) V 2p before and after sputtering with 5 keV Ar+, and d) 
the corresponding XPS depth profile. 

Fig. 11. High-resolution XPS spectra for Ti6Al4V - SLM immersed in AS with NaF for 7 days; a) Ti 2p, b) Al 2p, and c) V 2p before and after sputtering with 5 keV 
Ar+, and d) the corresponding XPS depth profile. 
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therefore used to determine the spatial distribution of oxides / hy
droxides on the surface of the samples. Additionally, the signals for Ti–, 
Al–, and V– were respectively used to characterize the distribution of Ti-, 
Al-, and V-containing species (metals and their corresponding oxides). 
The distribution of F– was also considered for the sample immersed in AS 
with NaF (as shown in Fig. 15b). 

As expected, the signals representing metal oxides are in the 

uppermost position (Fig. 15b). A closer look at Fig. 15b shows that the 
position at the very top primarily consists of Al2O3 and TiO2 (as also 
determined by the XPS measurements). The surfaces were especially 
rich in Al2O3 (as seen by the overlay images in Fig. 15a). Moreover, V2O3 
is located a few atomic monolayers below the Al2O3 and TiO2, whereas 
the uppermost position is composed of V(OH)3 (as shown above from the 
XPS analysis). On the other hand, the sample immersed in AS with NaF 

Fig. 12. High-resolution XPS spectra for Ti6Al4V - SLM immersed in AS with lactic acid for 7 days; a) Ti 2p, b) Al 2p, and c) V 2p before and after sputtering with 
5 keV Ar+, and d) the corresponding XPS depth profile. 

Fig. 13. AFM images for the Ti6Al4V - SLM samples after 1 week of exposure to a) AS, b) AS with NaF and c) AS with lactic acid.  

Fig. 14. 2D ToF-SIMS imaging of Ti-, Al-, and V-containing species on the surfaces of samples exposed to a) AS, b) AS with NaF, and c) AS with lactic acid.  
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also shows a signal for F–, which, in this case, was positioned on top of 
the oxide layer (Fig. 15b). After sputtering off the metal oxides, the bulk 
material, made of Ti, Al, and V, is very homogeneous (Fig. 15a and b). 

4. Discussion 

Ion release tests were conducted according to a newly released 
standard for testing prosthodontic materials, ISO 10271:2020-Dentistry 
— Corrosion test methods for metallic materials. Since samples pro
duced by additive manufacturing are presently being explored, infor
mation on the release of ions in materials, produced by newly emerged 
technologies such as selective laser melting is very important in pros
thodontics. Based on the ion release measurements of the Ti6Al4V – 
SLM, Ti6Al4V – SLM-HT, and Ti6Al4V - WR samples during the im
mersion tests, it can be concluded that the severity of the test environ
ment increased from AS to AS with NaF, and then again to AS with lactic 
acid. The total amount of ions released in AS with NaF is, on average, 
approximately 10 times higher than that in AS, and in AS with lactic acid 
it is approximately 100 times higher than in AS. It should also, however, 
be pointed out that these amounts are still below the limits defined by 
the standard ISO 22674: 2016 (Dentistry – Metallic materials for fixed 
and removable restorations and appliances), that is 200 µg/cm2/7 days, 
so the materials are therefore still deemed safe for use in dental 
applications. 

In AS, the lowest total amount of ions was measured in the Ti6Al4V - 
SLM sample, while the higher amount of ions was released in the 
Ti6Al4V – SLM-HT and Ti6Al4V – WR samples, at levels comparable to 
one another (Fig. 8a). Based on martensitic α′ microstructure enabling 
more homogenuous oxide development on the surface of Ti6Al4V – SLM 
than on α + β microstructure of Ti6Al4V – SLM-HT and Ti6Al4V – WR, 
where alloying elements are unequally distributed over the surface, that 
would be expected [1,24,27]. The Rp values, which provide information 
about general (uniform) susceptibility to corrosion, were determined by 
EIS over 1 week of exposure confirm previous observation [27]. Also, Rp 
increased for the Ti6Al4V – SLM, Ti6Al4V - SLM-HT and Ti6Al4V – WR 
samples during 1 week of exposure, indicating the build-up of the oxide 
film with its protective properties (Fig. 6a). It is assumed that, in AS, the 
passive film remains stable over time. In a previous study, a passive film 
formed on Ti6Al4V in a near neutral environment was reported to 
consist of an inner layer (metal/oxide interface), primarily composed of 
TiO2 with a minor amount of suboxides TiO and Ti2O3, and a more 
porous layer, consisting of TiO2 and Al2O3 and V2O5, formed at the 
oxide/ environment interface [1,17]. Our experiments show that Al and 
V oxides in the outer, porous oxide layer are less stable and also dissolve 
in mild environments such as AS. This can explain the fact that Al ions 

were released in higher amounts than Ti and V ions, since aluminium 
oxide is destabilized in a slightly acidic environment [41]. In a study by 
Sawy et.al. [42], Al ions (163 ppb) were also released in a far higher 
amount than Ti ions (39 ppb) from a Ti6Al4V alloy in buffered AS 
following 7 days of exposure. The amount of Al released from a Ti6Al4V 
alloy in a near-neutral buffered 0.15 M NaCl solution was also reported 
by Milošev et. al. to be a few times higher than the release of Ti [42,43]. 
On the other hand, in our study the amount of V ions released was low. 
The XPS depth profile measurement showed that the V detected at the 
top of the outermost oxide layer was in the form of V(OH)3.. Signifi
cantly different electrochemical responses of the Ti6Al4V – SLM-HT, 
Ti6Al4V – WR, and Ti6Al4V - SLM samples were observed from the 
PD measurements. A comparison of the PD curves shows the current 
density in the anodic region, with frequent current fluctuations occur
ring in the Ti6Al4V - SLM-HT sample, and to some extent for TiAlV-SLM 
sample. Following 1 week of exposure to AS, similar Rp values, as 
determined by EIS, were measured for all the samples (Fig. 6). 

In AS with NaF, the lowest total ion release was measured in the 
Ti6Al4V - SLM samples. Ti ions in this environment were released in the 
highest amount, while the amount of V ions released was higher than Al, 
which is consistent with the research presented by Milošev at. al. [43]. 
Fluoride ions in AS interact with hydrogen ions, forming a slightly acidic 
local environment [16], which is detrimental for the passive layer due to 
the dissolution of TiO2. In the Ti6Al4V - SLM samples, the Rp values 
determined in AS with NaF were lower than those measured in AS alone 
(Fig. 6a). The constant capacitance values of the passive film, together 
with the low Rp value, suggest a reduction in the barrier properties takes 
place at the same time as an increase in dissolution. Based on results of 
the immersion test in AS with NaF, however, it can be concluded that V 
(OH)3 is attacked more severely than Al2O3. Based on Pourbaix diagrams 
[41] for Al and V oxides, they dissolve at pH values below 3 and 5.5, 
respectively. It might therefore be assumed that the local pH drop 
arising from the formation of HF in AS with added NaF is less favorable 
for the stability of V-hydroxide than it is for Al-oxide. Results of the PD 
measurements are very similar to those in AS, with the exception that 
values of passive current density shifted towards slightly higher values 
at potentials above 1.0 V (Fig. 4a), showing the lower homogeneity of 
the passive layer. 

In the most aggressive environment, AS with lactic acid, the Rp 
values for the Ti6Al4V - SLM sample were low as deduced from EIS and 
also for SLM materials, as deduced by Rp measurements (Table 1). The 
passive film probably underwent dissolution, as was also observed from 
the capacitance values, C1, of the passive film (Fig. 5). 

The total amount of ions released from the Ti6Al4V - SLM and 
Ti6Al4V – SLM-HT samples is the highest in AS with added lactic acid, 

Fig. 15. ToF-SIMS 3D imaging in a) positive and b) negative polarity. Sputtering was performed using a 500 keV Cs+ sputter beam over an area of 300 by 300 µm, 
with an analysis spot size of 100 by 100 µm. 
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with similar values occurring in each (Fig. 7c). Here, the elemental 
composition of the ions released reflects the chemical composition of the 
alloy: around 80% of all ions released are Ti ions, with 12% (Ti6Al4V - 
SLM) to 19% (Ti6Al4V – SLM-HT) Al ions and approximately 3.5% V 
ions. The higher percentage of Al ions released with respect to the 
amount of Al in the alloy could be due to the higher amount of 
aluminium oxide in the outer passive layer, but it should also be pointed 
out that Al is an α-phase stabilizer. This could be an indicator of pref
erential corrosion of this phase regarding to β-phase in acidic solutions, 
[1] which could occur under the specific condition of a freely corroding 
system (no applied potential) [9]. A lower corrosion resistance of the 
lamellar α + β Ti6Al4V – SLM-HT compared to martensitic α′, as con
tained in Ti6Al4V – SLM, has also been reported in the literature [1]. 

Based on above mentioned findings, the mechanism of oxide film 
destabilization during exposure in AS, AS with NaF, and AS with lactic 
acid is proposed in Fig. 16. The structure of the passive film and un
derlying surface of Ti6Al4V alloy was schematically presented 
employing results of XPS, AFM, ToF-SIMS, EIS, and ion release 
measurements. 

The mechanism proposed in Fig. 16 consists of two main processes 
for Ti6Al4V – SLM: 

The intensity of dissolution and its effect on roughness is denoted as a 
dashed line, where active corrosion (dissolution), is presented based on 
the results of AFM measurements and ion migration test. Namely, almost 
10-times more intensive dissolution took place in AS with NaF, while in 
AS with lactic acid, approximately 100-times higher ion release was 
determined, which is supported by the findings reported previously [44, 
45]. 

In the proposed mechanism, AS is a reference environment to which 
the effect of the other two environments is compared. In AS with NaF, 
the slightly thicker oxide film is observed, most likely due to outer – 
porous part; on the other hand, Rp of this oxide is lower than in AS, most 
likely because of detrimental action of F– incorporated in this part of the 
oxide layer. Similar was reported previously [45]. 

In AS with lactic acid, the thickness of the oxide layer is similar to 
that of the oxide layer formed in AS, according to ToF-SIMS, XPS and EIS 
measurements. However, corrosion resistance (evaluated based on Rp 
values) is significantly lower for AS with lactic acid compared with AS. 
Moreover, AFM measurements indicate higher surface roughness for the 
AS with lactic acid compared with AS pointing at active dissolution 
observed by higher ion release, as also shown previously [16]. 

5. Conclusions 

This study presents microstructural, electrochemical, topographic, 
and spectroscopic analysis of Ti6Al4V samples prepared by SLM and. 
Ti6Al4V samples were produced both with and without heat treatment 
and compared to the same alloy produced by the conventional wrought 
process. The samples were immersed in artificial saliva, artificial saliva 
with added NaF, and acidified artificial saliva (containing lactic acid) 
simulating inflammatory conditions. 

The main findings of this research are: 

1) From electrochemical measurements it could be observed that pas
sive layer developed on the SLM produced Ti6Al4V alloy exposed to 
artificial saliva with lactic acid was less protective (stable) than in 
artificial saliva and artificial saliva with NaF.  

2) Results from the ion release study showed that the highest amount of 
the measured Ti, Al, V ions was released in artificial saliva with lactic 
acid, which was approximately 100 times higher than in artificial 
saliva alone. The measured amounts were still, however, below the 
allowable limits for total ion release in alloys used for dental 
applications.  

3) Complementary surface analysis using XPS, AFM, and ToF-SIMS 
offered detailed insight into the passive layer on SLM fabricated 
Ti6Al4V in different environments by defining the spatial distribu
tion of certain species.  

4) Much higher intensity of the corrosion process taking place on 
Ti6Al4V alloy arises from the chemistry of the environment than 
from the alloy microstructure, which is defined by the type of 
manufacturing process of the alloy. However, from the results of the 
ion release study, higher corrosion resistance was proven for SLM 
fabricated Ti6Al4V alloy consisting of α’ martensitic microstructure 
compared to heat treated SLM and wrought alloys with α + β 
microstructure. 
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Fig. 16. Tentative mechanism of oxide destabilization of Ti6Al4V alloy exposed to a) AS, b) AS with NaF, and c) AS with lactic acid. Ion release results show 
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