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A B S T R A C T

Ti6Al4V biomedical plates were fabricated by Laser Powder Bed Fusion using different process parameters. A 
slight influence of the laser energy density on mechanical properties and microstructure was revealed. Chemical 
etching allowed to make the surface of 3D samples uniform removing also spheres of unfused material. After 
etching some samples were anodized in calcium acetate and β-glycerolphosphate containing solution to grow a 
Ca and P containing porous TiO2 layers. The chemical etching improved the corrosion resistance of the alloy in 
simulated body fluid, while only after anodizing the alloys resulted to be corrosion resistant under inflammatory 
and severe inflammatory conditions.

1. Introduction

Biomedical materials are widely studied as valuable candidates for 
the fabrication of implants that should replace damaged hard and soft 
tissues in human body. Those materials used as implants for load- 
bearing applications must comply several features to be durable and 
reliable, such as high corrosion resistance and mechanical strength, 
biocompatibility and good osteointegration to avoid revision surgery [1, 
2].

Based on these characteristics, metals and metallic alloys such as Co- 
Cr alloys, stainless steels, Ti and Ti alloys are suitable materials to 
construct implants for load-bearing applications. In particular, Ti and its 
alloys are very promising since they have elastic moduli close to those of 
bones and lower density with respect to that of Co-Cr alloys and stainless 
steels [3,4]. Compared to commercially pure Ti, Ti alloys have better 
mechanical properties that make them particularly suitable for ortho-
paedic and traumatology implants. Moreover, they show very good 
corrosion resistance in biological environment even if release of alloying 
elements such vanadium and aluminium can become an issue since they 
are considered hazardous for human body [5]. The latter phenomenon 
can become more dangerous when the prosthesis is implanted in highly 
oxidizing environment as those arising under severe inflammatory 
conditions. Indeed, very noble species can shift the corrosion potential 

toward more positive value thus inducing Al and V dissolution.
Among the advantages of using Ti alloys, it is also important to 

mention that in the last years several studies proved the successful 
fabrication of customized endoprostheses made in Ti6Al4V by laser 3D 
printing [6,7]. In the recent years, some papers are published on the 
corrosion resistance of the additively manufactured Ti6Al4V alloys for 
biomedical purpose [8–11].

However, there is still an issue in using this technology due to the low 
quality of surface finishing soon after the process. Indeed, the surface of 
the 3D printed metals and alloys is usually covered by not melted ma-
terial powder, which can easily leave the implants and spread in the host 
tissue. Moreover, the presence of these spherical shaped powder parti-
cles can lead to the formation of crevices that in turn enhance the 
localized corrosion susceptibility. Therefore, processes suitable to 
remove this inhomogeneity must be designed able to clean the implants 
surface without affecting their corrosion resistance. In this work we 
studied the effect of chemical etching and of anodizing on Ti6Al4V 
implants prepared by Laser Powder Bed Fusion printing. A study of 
specimens with complex geometry that reproduces the shape of 
biomedical plates (3D) was carried out to investigate the effect of the 
geometry on their corrosion behaviour in biological environment. The 
surface of the devices was studied by scanning electron microscopy after 
chemical etching and after anodizing. Electrochemical tests were carried 
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out to assess the corrosion resistance of the alloy in simulated body 
fluids without and with the addition of chemical species simulating in-
flammatory conditions as well as severe inflammatory conditions
[12–17].

2. Experimental

2.1. Samples preparation

The experiments were performed on an SLM 280HL machine using 
Ti6Al4V ELI-grade powder from SLM Solutions Group AG (Lübeck, 
Germany) with a mass density of 4.43 g/cm3 and a 20–63 µm size dis-
tribution. All the samples were made by preheating a CP-Ti solid sub-
strate at 200◦C. Argon was used to decrease the oxygen level to 0.1 % by 
filling the build chamber. An overview of the nine process parameter 
combinations that are used in the process is provided in Table S1. The 3D 
geometries (Fig. 1) that have been examined replicate the features of 
biomedical plates usually used for humerus fracture fixation.

The printing process was done in a 90-degree building orientation, 
with the longitudinal axis of the plates orthogonal to the printing plate. 
By making this choice, it was possible to limit the extent of surfaces that 
were affected by the presence of supports. Three Line Energy Density 
(LED) values 0.11 J/mm, 0.25 J/mm, and 0.41 J/mm as well as three 
distinct scan algorithms were examined. The scanning strategies that 
were employed are as follows: a 0◦ starting angle, a 180◦ limiting 
scanning window, and increasing scanning angles of 15◦, 45◦, and 90◦

between successive layers. The sample are identified by using the LED 
values and scanning strategies (i.e. 0.11 / 15◦, 0.11 / 45◦, 0.11 / 90◦, 
0.25 / 15◦, 0.25 / 45◦, 0.25 / 90◦, 0.41 / 15◦, 0.41 / 45◦, 0.41 / 90◦). In 
Table S1, process parameters used are reported. Vacuum stress relief 
treatment was not carried out on the samples as the reduced cross- 
section geometry and 90◦ printing direction are conditions that reduce 
significantly the presence of residual stress. Three samples were pro-
duced for each set of process parameters. Microstructural examination 
of sample longitudinal sections, density measurements, and corrosion 
resistance testing were conducted using three distinct repetitions of 3D 
specimens. To conduct tensile tests, additional specimens shaped like 
dog bones were made.

To evaluate the effectiveness of the process parameters, density 
measurements on 3D samples were performed using the Archimedes 
method at room temperature following ASTM B96208. Each specimen 
mass in both air and fluid was measured using a Mettler Toledo balance 
with a precision of 0.1 mg. The relative density of the printed parts was 
estimated using the Ti6Al4V density, which is 4,43 g/cm3. The dog 

bone-shaped samples with a rectangular cross-section (15 × 2 mm) and 
a suitable gauge length of 30 mm were made as a reduction of Standard 
ASTM/E8 to assess the mechanical performance in terms of ultimate 
tensile strength and ductility (elongation to failure). The Galdabini 
universal testing machine was utilized to carry out the tensile tests. The 
microstructural modifications that occur as a result of the used process 
parameters were evaluated by etching the specimens with Kroll’s re-
agent and observing them through an Olympus Optical microscope after 
grinding and polishing. The metallographic observations were con-
ducted by preparing a longitudinal section of the samples. The as printed 
samples (AP) were characterised without successive treatment to un-
derstand if there is an effect of the different process parameter used on 
the corrosion resistance. Subsequently, 3D samples were chemical 
etched (CE) in a solution of 1:4:5 vol ratio of HF (40 %): HNO3 (68 %): 
H2O in an ultrasonic bath for 5 minutes. The etching process was opti-
mized to remove the unfused powder from the surface. Finally, the 
samples were anodized in aqueous solution to growth a thick porous 
layer to improve corrosion resistance and osteointegration. The anod-
izing process was carried out galvanostatically at 20 mA cm− 2 and a 
voltage compliance of 200 V in an aqueous solution containing 0.2 M 
calcium acetate ((CH3COO)2Ca⋅H2O) and 0.04 M β-glycerol phosphate 
disodium pentahydrate (β-GPDS, C3H7Na2O6P⋅5 H2O). A two-electrode 
configuration was used where the alloy was the anode (working elec-
trode) and Al 99.9 % foil was the cathode (counter electrode).

2.2. Sample characterization

The samples (as printed, chemical etched and anodized) were 
examined by scanning electron microscopy (SEM) using a FEI Quanta 
200 FEG SEM instrument at several magnifications, combined with a X- 
ray energy dispersive system (EDX).

The crystalline structure of as printed samples was investigated 
using. a PANalytical Empyrean diffractometer equipped with a PIXcel1D 
(tm) detector using the CuKa radiation. In order to achieve the highest 
signal-to-noise ratio, the operating conditions were 40 V and 40 mA.

Raman analysis was performed through a Renishaw inVia Raman 
Microscope spectrometer equipped with a microprobe (50×) and a CCD 
detector with a Nd:YAG laser with a wavelength of 532 nm. Contact 
angle was measured using FTA 1000 instrument, with 5 μL droplets of 
deionized water. Measurements were repeated at least three times in 
several spots of the samples.

For metal ions release tests, PerkinElmer Inc.-Optima 2100 DV was 
used for ICP–OES analysis. To estimate metal release in solution, a 
calibration procedure was carried out with 0 (ultrapure water), 2, 5, 10, 

Fig. 1. 3D CAD model and quoted sketch of the printed biomedical plates.
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20, 50, 100, 200, and 500 ppb for Ti, Al, and V standard solutions.
The experimental setup used for the photoelectrochemical in-

vestigations consists of a 450 W UV–VIS xenon lamp coupled with a 
monochromator (Kratos), which allows monochromatic irradiation of 
the specimen surface through the photoelectrochemical cell quartz 
windows. A two-phase lock-in amplifier (EG&G) was used in connection 
with a mechanical chopper (frequency: 13 Hz) to separate the photo-
current from the total current circulating in the cell due to the poten-
tiostatic control. Photocurrent spectra are corrected for the relative 
photon flux of the light source at each wavelength; the photocurrent 
yield in arbitrary current units is represented in the y axis.

The corrosion resistance was evaluated in three simulating solutions 
i.e. Hanks’ balance salt solutions (HBSS), inflammatory conditions 
(HBSS_IC) and severe inflammatory conditions (HBSS_SIC), see compo-
sition at Table 1, at 37◦with a Parstat 2263. Electrochemical charac-
terizations were carried out using a standard three electrode 
configuration with a platinum mesh as counter electrodes and an Ag/ 
AgCl as a reference electrode (3.5 M KCl, 0.2 V vs. SHE). The open cir-
cuit potential (OCP) was recorded for 1 hour and EIS spectra were 
generated at OCP by applying a sinusoidal signal of amplitude 10 mV 
over the frequency range 0.1 Hz - 100 kHz. The resultant spectra were 
analyzed with Zview software. Polarization curves were recorded 
starting from − 200 mV vs. OCP to +2 V vs. Ag/AgCl with a scan rate of 5 
mVs− 1.

3. Results and discussions

3.1. Mechanical and microstructural characterizations

Fig. 2 displays the results of the mechanical characterization and the 
density measurements of the samples as a function of the printing con-
ditions. The mechanical characterization of the samples, in terms of 
Ultimate Tensile Strength (UTS) and Elongation to Failure (ETF) values 
reported in Fig. 2a, highlighted that low (0.11 J/mm) and high (0.41 J/ 
mm) LED values determine a decrease in the mechanical resistance of 
the material and of its ductility compared to the values obtained for LED 
equal to 0.25 J/mm. According to Fig. 2b, the highest density values are 
measured for LED 0.25 J/mm, while for lower or higher LED values the 
density of the material tends to decrease.

The results of the microstructural analysis, shown in Fig. 3, high-
lighted the presence of porosity due to a lack of fusion and gas porosity 
in the samples made with 0.11 J/mm and 0.41 J/mm LEDs, respec-
tively. These defects justify the trends previously discussed about the 
resistance and density characteristics of the samples as the process pa-
rameters vary. Defects of high porosity due to gas or lack of fusion 
produce a reduction in the strength and ductility characteristics of the 
material. The porosity detected is uniformly distributed near the 
external surface of the samples, as shown in Fig. 3, the porosity detected 
is not connected with continuity. The microstructure observed for all the 
samples is of the lamellar type α’ which is formed following the rapid 

cooling associated with the process. The α’ lamellar structure forms 
within the stable β grains at high temperatures. The average size of the 
original β grain, within which the structure α’ develops, depends on the 
value of LED. As the value of LED increases, the average size of the 
original grain β increases. In the case shown in Fig. 3, corresponding to 
the scan strategy value of 45◦, the average original grain size β takes on 
average values of 80 µm, 110 µm and 150 µm, respectively, when the 
LED values are 0.11 J/mm, 0.25 J/mm and 0.41 J/mm.

In Fig. 4 and S1, XRD patterns reveal the presence of dominated by 
α’/α -Ti phase for the different LED values used. A weak reflection at 2θ 
= 39.7◦, relating to β-Ti phase, is present for 3D samples produced with 
0.41 J/mm as LED value. This condition is due to an intensification of 
the material heat treatments for high LED associated with low layer 
thickness values. As reported in literature, the formation of phase α + β 
is enabled starting from phase α’ which is formed in the first instance. 
Varying the scanning strategy for fixed LED value, homogeneous trends 
of the XRD pattern are observed [18,19].

3.2. Morphological characterizations

Fig. 5 shows the SEM micrographs of the surface of as printed, 
chemically etched and chemically etched anodized 3D printed Ti alloys. 
It is evident that unfused powder is still present on the surface of the as 
printed samples, typical of 3D printed materials produced by LPBF (see 
Fig. 5a). This inhomogeneity results also in a not uniform wettability of 
the surface, evidenced by contact angle measurements revealing a large 
variability all over the surface (see Figure S2). These particles are likely 
to be detached by the alloys in aqueous solution especially in presence of 
flowing solution and/or wear, thus a preliminary surface treatment that 
leaves a smoother surface with good corrosion resistance must be carried 
out to remove them before device implantation. For these reasons, a 
chemical etching in hydrofluoric acid and nitric acid containing ultra-
sonicated aqueous solution for 5 minutes was carried out. This chemical 
etching allows the complete removal of the powder with consequent 
improvement of the homogeneity of the samples surface as evident in 
the SEM micrograph of Fig. 5b. Measured water contact angle (reported 
in figure S3) reveal a low variability in term of wettability for samples 

Table 1 
Composition of simulating solutions employed.

Component HBSS HBSS_IC HBSS_SIC

NaCl 8 g l− 1 8 g l− 1 8 g l− 1

KCl 0.4 g l− 1 0.4 g l− 1 0.4 g l− 1

NaHCO3 0.35 g l− 1 0.35 g l− 1 0.35 g l− 1

NaH2PO4⋅H2O 0.25 g l− 1 0.25 g l− 1 0.25 g l− 1

Na2HPO4⋅H2O 0.06 g l− 1 0.06 g l− 1 0.06 g l− 1

CaCl2⋅2 H2O 0.19 g l− 1 0.19 g l− 1 0.19 g l− 1

MgCl2 0.19 g l− 1 0.19 g l− 1 0.19 g l− 1

MgSO4⋅7 H2O 0.06 g l− 1 0.06 g l− 1 0.06 g l− 1

Glucose 1 g l− 1 1 g l− 1 1 g l− 1

H2O2 - 150 mM 150 mM
FBS - - 10 % wt
Lactic Acid - - 150 mM
pH 7.2 5.2 2.2

Fig. 2. a) Mechanical characteristics (UTS and ETF) and b) density for each 
process parameters.
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after the chemical etching if compared to as printed samples. Chemically 
etched samples were then anodized to 200 V as described in the 
experimental section. Despite the different microstructure revealed by 
optical microscopy of the printed samples with respect to cast alloy, the 
voltage time transient under galvanostatic regime is similar to that 
recorded with cast alloys (see Figure S4) with consequent development 
of a porous oxide layer on the alloy surface, as disclosed by the SEM 
images of Fig. 5c-d. The treatment allows to measure almost the same 
contact angle all over the surface (57◦ ± 10◦, see Figure S5), indicating 
the formation of a hydrophilic layer. According to Raman Spectroscopy, 
the anodic film is mainly constituted by anatase as suggested by the 
Raman bands at Eg (144, 196, and 638 cm− 1), B1 g (398 and 519 cm− 1) 
and A1 g (513 cm− 1) (see Figure S6). The Raman bands are shifted if 
compared to crystalline anatase phase by a few cm− 1, suggesting the 
formation of a defective TiO2 layer. It is important to mention that, as 

reported for cast alloys, the anodizing leads to the incorporation of 
calcium and phosphates ions from the electrolyte (see EDX in Fig. 5e), 
with consequent improvement of osteointegration properties [20–22]

A photoeletrochemical characterization was carried out to get in-
formation about the electronic properties of the anodic films on the 3D 
printed alloys, that strongly affect the corrosion resistance of the sam-
ples. Fig. 6 shows the photocurrent spectrum (photocurrent vs wave-
length curve) recorded at 1.5 V vs. SSC in HBSS.

Assuming indirect optical transitions, it is possible to estimate the 
band gap values according to the following equation: 

(Qph hν)0.5 ~ (hν - Eg) (1)                                                                   

where, for photon energy in the vicinity of band gap, Qph, the 
photocurrent yield, is proportional to the light absorption coefficient, hν 
is the photon energy and Eg is the optical band gap.

Fig. 3. Micrographs for as-built 3D Ti6Al4V sample longitudinal sections were taken using an optical microscope for 0.11 J/mm, 0.25 J/mm, and 0.41 J/mm LED 
and a 45◦ scan strategy.

Fig. 4. XRD pattern for as printed 3D Ti6Al4V sample for different LED values, as 0.11 J/mm, 0.25 J/mm, 0.41 J/mm with 90◦ as scanning strategy.
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A band gap of 2.15 eV can be estimated for the anodic layer, which is 
significantly lower than that reported in the literature for anodic TiO2 
(3.3 eV) in agreement with previous experimental findings on anodic 
films grown on cast Ti6Al4V. The anodic film is a n-type semiconductor, 
as confirmed by recording photocurrent transients under constant irra-
diating wavelengths (see Fig. 6d) and by the photocharacteristics, i.e. 
photocurrent vs potential curves (see Fig. 6c). Notably, for the oxide 
grown on 3D samples, stationary anodic photocurrent was measured 
(see Fig. 6d) and the photocurrent decreases by shifting the potential 
toward the negative direction as expected for n-type SC, and the zero- 
photocurrent potential can be assumed as an estimate of the flat band 
potential of the oxide.

3.3. Corrosion behaviour in simulated body fluid

The corrosion resistance of 3D printed samples without and with 
successive surface treatments in different simulating body environments 
was studied by electrochemical tests, namely by recording electro-
chemical impedance spectra and polarization curves. In Fig. 7a,b, 
impedance spectra (EIS) in the Bode representation related to as printed 
3D samples with LED = 0.25 J/mm recorded in HBSS at 37◦C and at the 
corresponding open circuit potential are reported. EIS spectra and po-
larization curves for the other 3D samples (with LED = 0.11 and 0.41 J/ 
mm) are reported in figure S7.

In the case of as printed 3D samples, the EIS spectra can be simulated 

Fig. 5. SEM micrographs for a) as printed, b) chemically etched and c-d) anodized with relative e) EDX analysis related to 3D Ti6Al4V samples.

Fig. 6. Photoelectrochemical characterization in HBSS of anodized 3D Ti6Al4V samples a) Photocurrent spectrum recorded at 1.5 V vs. SSC b) (Qph hv)0.5 vs. hv 
relating to Fig. 6a, c) photocharacteristics recorded at different wavelengths and d) current vs. time curves recorded by manually chopping the irradiation at different 
wavelengths. L: light, D: dark.
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using a simple one-time constant EEC, see Fig. 7b, where Rel is the 
electrolyte resistance in series with a parallel between polarization 
resistance, Rpol, and Qdl, i.e. a constant phase element accounting for the 
not ideal double layer capacitance of the alloy. To estimate the effective 
double layer capacitance from the CPE value, we used the following 
relationship [23]: 

Cdl = Qdl
1/nRel

(1− n)/n (2) 

The contribution to the measured capacitance arising from the thin 
TiO2 passive layer grown by air exposure on the surface of the alloys is 
negligible, since due to the negative open circuit potential, the layer is 
very close to or below its flat band potential, thus being under forward 
bias regime [24,25]. The corresponding fitting parameters are presented 
in Table 2 and table S2. The polarization resistance is very high, but in 
the case of plates printed with a scanning strategy of 45◦ a lower Rpol is 
measured (by at least one order of magnitude). For these alloys a very 
negative open circuit potential is measured, suggesting a not perfect 
passivation of the samples (see Fig. 7a). These results agree with the 

polarization curves reported in Fig. 7c and S7 showing a higher corro-
sion current density for alloys printed with 45◦ scanning strategy. 
Moreover, all the as printed samples show a passivation range between 
0.5 and 1.5 V vs. SSC and an anodic peak due to vanadous ions release. 
Notably, current oscillations are clearly visible, suggesting the formation 
of metastable pits and/or to the detachment of debris on the surface. Ti 
alloys are not susceptible to pitting at this low chloride ions concen-
tration, therefore the occurrence of this phenomenon can be attributed 
to the alloy surface roughness left by the 3D printing.

Fig. 7. EIS spectra in Bode representation (at corresponding open circuit potential Uoc) and polarization curves recorded in HBSS related to a, b, c) as printed, d, e, f) 
chemically etched and g, h, i) anodized 3D samples with 0.25 J/mm as LED value and relative electric equivalent circuits.

Table 2 
Fitting parameters related to the impedance spectra shown in Fig. 7a,b recorded 
for as printed 3D samples with 0.25 as LED value.

Process parameter Rel /Ω cm2 Rpol /Ω cm2 Cdl /F cm− 2 χ2

0.25/15◦ 36 4.00E+06 1.48E− 05 2.00E− 03
0.25/45◦ 32 2.80E+04 1.80E− 05 1.47E− 03
0.25/90◦ 27 2.24E+06 2.39E− 05 2.00E− 03
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Fig. 7d,e and S8 show EIS spectra in the Bode representation for 
chemically etched alloys, recorded in HBSS at 37◦C and the relative open 
circuit potential Uoc. After the chemical etching a slight increase of the 
overall impedance is observed if compared to as printed samples. The 
fitting parameters according to the EEC of Fig. 7a, are reported in 
Table 3 and Table S3. The polarization curves recorded in HBSS at 37◦C 
display a passivation range between +0.2 and 2 V vs. SSC wider than 
that of the as printed samples, with a less pronounced anodic peak due to 
vanadous ions dissolution. The results obtained in terms of overall 
impedance and icorr show that the corrosion resistance obtained for 3D 
samples are comparable to the results obtained for cast Ti alloy [14,15, 
26]. However, current oscillations are clearly visible in the polarization 
curves also for etched samples.

Fig. 7g,h shows EIS spectra in Bode representation related to anod-
ized 3D printed with LED = 0.25 J/mm. The EIS spectra for LED = 0.11 
and 0.41 J/mm are reported in figure S9. For anodized alloys, the EEC 
consists of a Qpo, a CPE modelling the pore wall non ideal capacitance, in 
parallel with a series between Rpo, the electrolyte resistance inside the 
pore, and the (Rb Qb) parallel, related to the barrier oxide layer presence 
at the bottom of the pore, see Fig. 7h. The corresponding fitting pa-
rameters, reported in Table 4 and TableS4, clearly show an increase of 
the overall impedance of the sample due to the presence of the porous 
anodic layer. Notably, the contribution attributed to the barrier film is 
comparable to that measured with as built and not anodized alloys. The 
open circuit potential in HBSS (~ 0.4 V vs Ag/AgCl) is lower than the 
flat band potential, thus the barrier film is under forward bias regime 
with an impedance comparable to that of not anodized alloys. However, 
the presence of a thick porous layer introduces a further contribution to 
the impedance, which raises significantly.

Fig. 7i shows the polarization curves related to 3D sample after the 
anodizing process. The presence of the anodic oxide shifts the corrosion 
potential toward more positive value, reduces the passivity current 
density and the corrosion current density with respect to as printed and 
chemically etched samples. Moreover, no current oscillations are visible 
in the polarization curves, suggesting that the anodic film hinders the 
formation of metastable pits and/or to the detachment of debris on the 
surface. According to the above reported results, the corrosion resistance 
in simulated body fluid of 3D printed anodized alloys is better than that 
of as built and chemically etched materials for all the printing 
parameters.

3.4. Corrosion behaviour in simulated inflammatory and severe 
inflammatory conditions

In order to understand the behaviour of Ti alloys in inflammatory 
and severe inflammatory conditions, we recorded impedance spectra at 
the open circuit potential at 37◦C and then polarization curves using 
different physiological solutions, whose composition is reported in 
Table 1. The EIS spectra and polarization curves are reported in Fig. 8, 
while the corresponding fitting parameters are reported in Tables 5 and 
6.

According to the EIS spectra and relative fitting parameters, there is a 
reduction of about two orders of magnitude for the polarization resis-
tance for chemically etched samples in inflammatory and severe in-
flammatory conditions if compared to Hanks’ balance salt solution. For 
the 3D sample after the anodizing process, no significant reduction of 
the impedance was observed. In addition, a reduction of about one order 

of magnitude for Cb recorded in inflammatory conditions (see Table 6), 
was observed if compared to anodized 3D sample in HBSS (see Table 4). 
The open circuit potential under inflammatory condition is more posi-
tive due to the presence of highly oxidizing species such as H2O2, 
therefore the anodic film is under reverse bias regime, thus the occur-
rence of electrochemical reactions on the sample surface is hindered 
[25]. Polarization curves in Fig. 8c shows that there is substantial shift 
for the Ecorr to more positive values, a reduction in terms of icorr and ipass 
for 3D sample after anodizing process if compared to chemically etched 
samples.

Long immersion tests were also carried out to assess the corrosion 
resistance under inflammatory conditions of chemically etched and 
anodized samples. Fig. 9 shows the EIS spectra recorded at corre-
sponding open circuit potential in HBSS_IC at 37◦C after 1 week of im-
mersion. In both cases a one-time constant circuit (see Fig. 7b) very well 
fits the spectra and the corresponding fitting parameters are reported in 
Table 7. The magnitude of Cdl raised by almost one order of magnitude 
after 1 week of immersion that can be explained by the reduction of TiO2 
passive layer thickness. Moreover, in spite polarization resistance is still 
high for both surface treatments (Rpol ~ 105 Ω cm2), the overall 
impedance decreased with respect to that measured before the immer-
sion test. A careful inspection of the alloys’ surface after long immersion 
tests using SEM suggests the occurrence of corrosion phenomena. Ac-
cording to the micrographs of Fig. 10, corrosion mainly takes place in 
some areas of the sample as selective attack of the edge of the melt pool 
probably assisted by the presence of chlorides ions. Conversely for the 
anodized samples the long immersion in SBF_IC induces a uniform 
dissolution of the outer porous oxide layer, thus leaving the alloy surface 
still protected (see Fig. 10). Ti ions release of about 35 µg cm− 2 after 1 
week of immersion in HBSS_IC, see figure S10, is still under the 
threshold limit granting biocompatibility of the plates [16,17,27] Al and 
V ions release is under the detection limits of the instruments.

4. Conclusions

Ti6Al4V plates were fabricated by 3D printing using different scan-
ning strategies. According to the mechanical characterization and to the 
microstructure analysis there is no significant influence of the printing 
parameters of the alloy’s corrosion behaviour. The mechanical charac-
terization showed that high porosity defects due to gas (LED = 0.41 J/ 
mm) or lack of fusion (LED = 0.11 J/mm) lead to a reduction in the 
strength and ductility characteristics of the material. X-ray diffraction 
evidenced the reflections of alpha phase for all the printing parameters 
with the presence of also beta phase for those built at LED = 0.41 J/mm. 
The surface of the as built samples shows the presence of unfused 
powder that can be successfully removed by a chemical etching in acidic 
aqueous solution. The 3D printed samples were also anodized in calcium 
acetate and beta glycerol-phosphate containing aqueous solution. The 
process allowed to the formation of a porous TiO2 layers containing Ca 
and P. The latter is a n-type semiconductor with a very positive flat band 
potential according to its photoelectrochemical characterization. The 
corrosion resistance of the alloys resulted to be strongly influenced by 
both chemical etching and anodizing. According to the electrochemical 
impedance spectra and polarization curves both surface treatments 
allowed to enhance corrosion resistance of the alloys, with anodizing 
suppressing also the onset of metastable pits formation and/or to the 
detachment of debris on the surface. Under inflammatory conditions the 
anodic layer is able to hider the onset of localized corrosion and the 
consequent release due to selective attack of the edge of the melt pool 
with a strong beneficial effect under aggressive conditions as those 
typical of inflammatory conditions.
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Fitting parameters related to the impedance spectra shown in Fig. 7d,e recorded 
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Table 4 
Fitting parameters related to the impedance spectra shown in Fig. 7g,h recorded for 3D samples after the anodizing process.

Process parameter Rel / Ω⋅cm2 Cpo / F cm− 2 Rpol / Ω⋅cm2 Rb / Ω⋅cm2 Cb /F cm− 2 χ2

0.25/15◦ 37 1.10E− 07 1.62E+04 5.00E+06 8.01E− 07 1.40E− 03
0.25/45◦ 28 1.20E− 07 1.01E+04 3.00E+06 5.24E− 07 3.10E− 03
0.25/90◦ 43 1.20E− 07 9.32E+03 3.00E+06 2.56E− 07 2.90E− 03

Fig. 8. EIS spectra in Bode representation and polarization curves related to chemically etched and anodized 3D samples with 0.25 J/mm as LED value in in-
flammatory and severe inflammatory conditions.

Table 5 
Fitting parameters related to the impedance spectra shown in Fig. 8 recorded for 
3D samples after the chemical etching process in inflammatory and severe in-
flammatory conditions.

Simulating solutions Rel / 
Ω⋅cm2

Rpol / 
Ω⋅cm2

Cdl / F 
cm− 2

χ2

Inflammatory conditions 37 5.7E+04 1.10E− 05 5.80E− 04
Severe inflammatory 

conditions
24 9.02E+04 1.52E− 05 6.47E− 04

Table 6 
Fitting parameters related to the impedance spectra shown in Fig. 8 recorded for 3D samples after the anodizing process in inflammatory and severe inflammatory 
conditions.

Simulating solutions Rel / Ω⋅cm2 Cpo / F cm− 2 Rpol / Ω⋅cm2 Rb / Ω⋅cm2 Cb /F cm− 2 χ2

Inflammatory conditions 55 1.52E− 07 9225 0.70E+06 4.85E− 08 4.85E− 08
Severe inflammatory conditions 75 4.52E− 07 3182 1.20E+06 4.55E− 08 4.55E− 08

Fig. 9. EIS Spectra in Bode representation for chemically etched and anodized 3D Ti6Al4V samples after 1 week of immersion in simulated inflammatory conditions.

Table 7 
Fitting parameters related to the impedance spectra shown in Fig. 9 recorded for 
3D samples after 1 week of immersion in inflammatory conditions.

Sample Rel / Ω⋅cm2 Rpol / Ω⋅cm2 Cdl / F cm− 2 χ2

Chemically etched 24 3.6E+05 9.86E− 05 1.2E− 02
Anodized sample 28 2.9E+05 1.80E− 05 1.5E− 03
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