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Introduction
Titanium and its alloys, particularly Ti-6Al-4V, produced by 

conventional technologies are widely used in industries such 
as in aeronautical and biomedical application due to low den-
sity, high specific strength, excellent corrosion resistance and 
high biocompatibility [1-6]. In recent years, selective laser 
melting (SLM), as one of the developed innovative additive 
Manufacturing (AM) technologies, has attracted increasing 
attention in the industrial manufacturing of titanium and its 
alloys [7-10]. Using this technology, near-net-shaped, individ-
ualized products with complex geometries and functionalized 
structures or surfaces can be manufactured. SLM is a powder 
bed-based method, where parts are manufactured layer by 
layer through a high-power laser that selectively melts certain 
parts of the powder material based on a 3D computer aid-
ed-design (CAD) model [9-12]. SLM-produced titanium parts 
show comparable or even much better mechanical proper-
ties as compared to the conventional fabricated ones [13,14]. 
However, corrosion resistance of the separts is still an open 
question, particularly for permanent implant applications, 
since the corrosion cannot be inhibited in the aqueous en-
vironment after the long-term performance, which may lead 
to clinical complications and/or the failure of the implant [4].

Besides the release of alloying elements as well as corro-
sion products may cause clinical complications, e.g. vanadi-
um is considered to be cytotoxic [2,4]. Thus, it is important 
to study whether the corrosion properties of SLM-produced 

parts can be as good as that of parts fabricated by conven-
tional technologies. Moreover, this powder bed-based pro-
cess creates parts with a completely different microstructure 
caused by high cooling rate and complex heat history during 
SLM processing and rough surface due to residual powder 
particles which were partially sintered or melted onto the 
surface [15,16]. Their influence on the corrosion behavior 
and the need for post-treatment like surface finishing or heat 
treatment is still unclear. Although the influence of heat treat-
ment, as well as surface finishing, on the corrosion behavior 
of the SLM-produced Ti-6Al-4V parts have been reported by 
few researchers, the studies and statements are still limited 
[17-19]. In this context, it is also crucial to further investigate 
for full understanding which factors can affect the corrosion 
behavior of additive manufactured parts.

Consequently, the aim of the present work was to investi-
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wt.% NaCl solution was prepared with Ultrapure deion-
ized Water (Resistivity ≥ 18.2 MΩ∙cm at 25 °C) for electro-
chemical tests. A graphite rod and a Silver Chloride elec-
trode (Ag/AgCl/3M KCl) were selected as a counter and a 
reference electrode, respectively. Before electrochemical 
measurements, the electrolyte was bubbled with nitrogen 
gas at 37 ± 1 °C for 30 min. According to DIN ISO 10993-
15 [21], the samples as the working electrode were put 
in 0.9% NaCl for two hours to attain the stable state for 
measuring the open circuit potential (OCP) of the samples. 
The potentiodynamic polarization measurement was car-
ried out at a sweeping range from -0.5 V to 3 or 6 V versus 
OCP voltage at a constant sweep rate of 1 mV/s. According 
to DIN ISO 10993-15, the end potential of 3 V for the study 
of biomaterials is enough [22]. However, the end potential 
was set up to 6 V to study the specific differences and the 
corrosion behavior under the pitting corrosion between 
the different Ti-6Al-4V samples with polished surfaces as 
under this condition pitting corrosion potentials can be 
reached much higher than 3  V. The temperature was set 
at 37 ± 1 °C with a thermostat bath during the whole test. 
It is noted that all reported potentials are referred to Stan-
dard Hydrogen Electrode (SHE). After the electrochemical 
tests, the electrolytes were stored in plastic bottles (PP or 
HDPE) until Inductively Coupled Plasma - Mass Spectrome-
try (ICP-MS) analysis.

Phase analysis and surface morphology
Phase analyses of all investigated samples were per-

formed by Bruker D8 Discover X-ray diffraction (XRD) using 
a Cu Kα radiation with a scanning rate of 0.04 °/s in the 
scanning range of 2θ from 30° to 80°. The microstructures 
as well as surface morphologies after the electrochemical 
tests were examined by the digital optic microscopy (OM) 
and scanning electron microscopy (SEM, Zeiss EVO MA 15) 
using backscattered electrons (BSE). Chemical analysis of 
either corroded or not corroded area corresponding with 
the chemical maps was carried out by Energy-dispersive 
X-ray spectroscopy (EDS) using a Bruker SDD-EDS detector.

Release of Al and V ions in the solution
The Instrument of Thermo ScientifcTM iCAPTM RQ ICP-MS 

with SC-4DX Autosampler was used in this work for analysis 
the concentration of released ions in the electrolyte during an 
electrochemical test. The analysis of ICP MS was performed 
in a kinetic energy discrimination (KED) mode with helium as 

gate the influence of the surface finishing and heat treatment 
on the corrosion behavior of SLM-produced Ti-6Al-4V parts 
in 0.9 wt.% NaCl solution at 37 °C and to compare with ones 
produced by the conventional manufacturing.

Materials and Methods

Sample preparation
In this work, both additive and conventionally manufac-

tured parts were investigated and compared. The conven-
tional Ti-6Al-4V alloy was manufactured externally and pro-
vided in the form of rods with a diameter of 9.5 mm that 
were produced according to ASTM F136-12 [20]. Specimens 
with a height of approx. 12.7 mm were cut from the rods. A 
part of the samples (Wrought I) was semi-manually ground 
up to 2500 grit with silicon carbide (SiC) sheet and polished 
up to 6000 grit with silicon cloth, while the others (Wrought 
II) were turned. The SLM-produced Ti-6Al-4V samples were 
directly made in the form of cylindrical rods with a diameter 
of 9.5 mm and a height of 12.7 mm. The Concept Laser M lab 
cusing 100R was used for manufacturing parts made from the 
CL 41 TI ELI Ti-6Al-4V powder (ELI Grade 23) under an argon 
gas atmosphere. The chemical composition of the powder is 
presented in (Table 1). The first (SLM I) and second (SLM II) 
group of SLM-produced Ti-6Al-4V alloys were polished and 
turned exactly like the conventional samples, respectively. 
The third group (SLM III) of the samples were as built with-
out any post-treatment. Moreover, some SLM-produced Ti-
6Al-4V alloys were heat-treated in the Argon gas atmosphere 
either at 1000 °C for 1 hour (SLM HTi) or at 800 °C for 2 hours 
(SLM HTii) and then furnace cooled (FC). At last the lateral 
surfaces of them were also polished and turned. Finally, the 
surface roughness of all the above samples was measured 
five times at different locations using a surface profilome-
ter, which was quantified via arithmetic mean surface devi-
ation (Ra) values as shown in (Table 2). All the samples were 
cleaned in an ultrasonic bath in ethanol for 15 min, rinsed and 
dried before conducting the electrochemical tests. Eventual-
ly, the frontal and base surfaces were carefully isolated from 
Electrolyte with an adhesive, while the geometries of the lat-
eral surfaces were measured before the electrochemical tests 
were carried out.

Electrochemical tests
The electrochemical tests were carried out using a 

potentiostat in a conventional three-electrode-cell. A 0.9 

Table 1: Chemical Composition in wt.% of Ti - 6Al - 4V powder.

Component Ti Al V Fe C O N H

Indicative Value (wt.%) Bal. 5.5-6.5 3.5-4.5 0-0.25 0-0.08 0-0.13 0-0.05 0-0.012

Table 2: Surface treatment and Roughness of investigated Samples.

Conventional SLM SLM HT i at 800°C SLM HT ii at 1000°C

Wrought I Wrought II SLM I SLM II SLM III SLM HT i.I SLM HT i.II SLM HT ii.I SLM HT ii.II

Surface Treatment Polished Turned Polished Turned As - Built Polished Turned Polished Turned

Surface Roughness Ra (µm) 0.066 0.549 0.063 0.424 8.854 0.036 1.019 0.052 0.662



Citation: Li M, Pede D, Poleske T, et al. (2020) Influence of Heat Treatment and Surface Finishing on the Corrosion Behavior of Additive 
Manufactured Ti-6Al-4V. Adv Metallurg Mater Eng 3(1):81-94

Li et al. Adv Metallurg Mater Eng 2020, 3(1):81-94 Open Access |  Page 83 |

or β-phase has obviously grown over multiple deposited lay-
ers along the build direction, while inside the prior β grains a 
large amount of acicular martensitic α´-phase with the length 
of several to several tens even to hundreds micrometer was 
formed due to the high cooling rate of at least 103 K/s during 
the SLM process (s. Figure 1c and Figure 1d). Even under a 
high magnification (s. Figure 1d), the β-phase could not be 
seen, which indicates that the residual β-phase particles may 
be in the nano scale or even does not exist [19]. It was fur-
ther observed that the martensitic α´-phase was transformed 
into the basket-weave α + β-phase inside the prior β grains 
after the heat treatment at 800 °C for 2h with the furnace 
cooling as shown in (Figure 1e and Figure 1f) [7,18,19]. The 
length of α grains has a range of 3 to 120 µm. A typical α + β 
microstructure consisting of coarse prior β gains in the order 
of 120 to 650 µm in diameter and α plate colonies was ob-
tained after heat treatment at 1200 °C with a low cooling rate 
(Figure 1g and Figure 1h). Primary α-phase as plates grows 
along the prior β-phase at the grain boundary region, while α 
plate colonies with the size range from 100 to 500 µm formed 
within prior β gains during slow cooling below the β-transus 
temperature. The volume fraction of β-phase with the value 

a collision gas. The calibration solutions were prepared with 
10 µg/mL certified Al and V single-element standard solutions 
(Inorganic Ventures). The Ge single-element standard (Inor-
ganic Ventures) were selected as intern standard. High puri-
tynitric acid 67-69% with trace metallic analysis reagent grade 
and ultrapure deionized Water obtained from the Simplicity 
UV system (Millipore), were used to prepare dilutions of the 
samples, standards, and blanks (2% nitric acid). After the elec-
trochemical tests, the obtained solutions were diluted three 
times with 2% nitric acid. All the plastic solution containers 
(PP) were rinsed with 2% nitric acid at least twice and dried 
prior to use.

Results and Discussion

Phase analysis
The α + β microstructure of conventionally fabricated 

sample Wrought I consists of equiaxed α grains with the size 
range of 1 to 5 µm and remained β-phase surrounding the 
α-phase (s. Figure 1a and Figure 1b). A software-aided phase 
analysis shows a relatively high-volume faction of β-phase 
with 16.85%. In the case of SLM-produced samples, the pri-
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Figure 1: OM (a, c, e, and g) and BSE (b, d, f, and h) micrographs of conventional (a, b), SLM-produced (c, d) and heat-treated at 800 °C 
(e, f) and at 1200 °C (g, h) samples.
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Electrochemical properties
Figure 3 shows the potentiodynamic polarization curves 

of conventional, SLM-produced and heat-treated Ti-6Al-4V 
samples post-treated by polishing after 2h of immersion in 
a 0.9% NaCl solution at 37 °C. It is characteristic of all pol-
ished samples that they a typical stable passivation region 
due to the formation of a protective TiO2 passive film with-
in a range of 0.28-1.89 V, the exact values differ slightly 
among the different samples. Moreover, in this passivation 
area, the current densities of all polished samples are con-
stant with the increased potential. The similar passivation 
current densities of 3.5 - 4.5×10-6 A∙cm-2 for SLM-produced 
samples and of 3.5 - 4.5×10-6 A∙cm-2 for the conventionally 
manufactured sample (Wrought 1) implies that the disso-
lution rate of the formed oxide filmat the potential up to 
1.89 V independent of the manufactured method can be 
comparable (Supplementary Table 1).

As the potential increases, the peaks occur near at a 
potential of 2 V, which may be attributed to a composi-
tional change of the passivation film [25,26]. After the sec-
ond peak until the potential up to 3.0 V the current densi-
ty remains constant from 4.67 × 10-6 A∙cm-2 (Wrought I) to 
5.02 × 10-6 A∙cm-2 (SLM ii.I), which is related to the second 
passivation area. When the potential increases over 3.0 V, 
the current density raises slowly until stable pits form. The 

of 15.18% is slightly lower than that of the conventionally 
produced alloys.

Figure 2 exhibits X-ray diffraction patterns of the con-
ventional, SLM-produced and at 800 °C as well as at 1200 °C 
heat-treated SLM-produced Ti-6Al-4V samples. According to 
the XRD analysis the SLM-produced sample consists of ei-
ther hexagonal close-packed (hcp) α- or α´-phase, the exact 
determination is not possible solely by XRD as both phases 
consist of the hcp crystal structure. Only in combination with 
the metallographic analysis, the phase can be determined as 
the α´-phase. The pronounced α´-phase peak broadening is 
likely caused by the raised lath thickness and decreased mi-
crostrain, which is related to the formation of α´ martensite 
[19,23]. Without an obvious β characteristic peak in SLM-pro-
duced sample, it suggests that the phase transformation 
from α´ to β-phase was not detectable by XRD, as shown in 
microscopy. The lattice parameters of a and c and the α/β-
phase fraction of the investigated samples from the results 
of Rietveld refinement through the software TOPAS (Bruker) 
are listed in (Table 3). α/α´-phase displays here lower lattice 
parameters of a and c compared to α-phase in pure titani-
um with a = 0.29506 nm and c = 0.46835 nm caused by the 
replacement of titanium atoms by aluminum and vanadium 
atoms with a smaller atom radius [24].
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Figure 2: XRD patterns of conventionally produced, SLM-produced and heat-treated SLM-produced samples.

Table 3: Lattice parameters and phase fraction of investigated samples by the Rietveld refinement.

Lattice parameter

α/α´ - phase (nm)

Phase fraction  
α/α´ - phase (wt.%)

Lattice parameter

β - phase (nm)

Phase fraction  
β - phase  
(wt.%)

a c a

Wrought 0.29281 0.46738 82.089 0.32031 17.911

SLM 0.29177 0.46477 / / /

SLM HT i 0.29236 0.46677 96.887 0.32040 3.113

SLM HT ii 0.29212 0.46642 84.048 0.32161 15.952
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phase shows the second-highest positive pitting corrosion 
potential of 5.73 V. This may be attributable to the α´ mar-
tensite. Owing to the rapid cooling during the SLM-process 
almost no elemental diffusion could occur. Therefore, a 
more homogenous elemental distribution can be found 
in the α´ martensite, resulting in the formation of a more 
compact and homogeneous oxide on the α´-phase [27,28].

The electrochemical polarization curves of the turned 
samples are shown in (Figure 4). The critical potential of 
Wrought II is clearly more negative in comparison to the 
other turned SLM-produced samples (Supplementary Ta-
ble 2). The passive current density remains relatively con-
stant with the valve of approx. 5.5 × 10-6 A∙cm-2 in the first 
passivation area, which is followed by the current density 
increasing caused by the oxygen evolution and the phase 
change in the TiO2 passive film [25]. Before the formation 

clear difference between the pitting potentials indicates 
that the type of constituent phase could play an important 
role in the resistance to pitting corrosion of the investi-
gated samples. In the case of the samples consisting α + β 
phase, wrought I clearly displays the most positive pitting 
corrosion potential with the value of 6.49 V, while SLM HT 
i. I illustrates the most negative pitting corrosion poten-
tial of 3.67 V. This can be related to the higher content of 
β-phase in wrought I and the greatly smaller in SLM HT i. I, 
respectively, as shown in the phase analysis, since a more 
stable oxide film on the β-phase hinders the dissolution and 
benefits the corrosion resistance due to the higher content 
of V in comparison to the α-phase [18,27,28]. However, 
SLM HT ii.I with a similar β-phase content demonstrates 
a worse resistance to pitting corrosion than Wrought I, 
which is probably due to the finer grain size of the sample 
Wrought I [29,30]. On the other hand, SLM I consisting α´-
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of the second passivation region, stable pits form and pit-
ting corrosion occurs at 2.03-2.09 V (s. Figure 4). This is the 
case for all samples with a turned surface, even when the 
pitting corrosion potentials slightly differ among the sam-
ples. The quite similar pitting corrosion potential suggest 
that the influence of the constituent phase and the micro-
structure for turned samples is negligible.

In the case of as-built SLM sample without surface treat-
ment (SLM III) as seen in Figure 5, it points out a totally differ-
ent behavior in the passivation area, namely, in the potential 
range of 0.2 to 1.8 V it does not show a stable passive region 
like the other samples. The reason is probably the porous-like 
outer layer, resulting in a more active surface and eventually 
a higher current density. In the (micro-) pores on the layer, 
a large number of corrosion products can be easily formed 
and lead to an autocatalytic corrosion cell, which is further 
followed by serious localized metastable pitting [31]. The oc-
currence of meta stable pitting within the micropore could 
lead to a slight increase of the anodic current density, at the 
same time followed by a repassivation of meta stable pitting 
by the pore wall [31,32]. Another reason for the slow increase 
in current density in this part could be crevice corrosion re-
sulting from the irregular porous SLM-produced surface [32-
34]. As the potential increases over the 1.9 V, a plateau with 
a current density of 23.41 × 10-6 A∙cm-2 is observed, which is 
much higher than that of all polished samples. This result im-
plies that the corrosion resistance can be improved by the 
polishing process.

By contrast of the SLM-produced samples with the three 
different surface conditions, the surface state may play a sig-
nificant role in the macroscale for the electrochemical corro-
sion behavior. The corrosion potential of the SLM-produced 
sample with the as-built surface is more positive than that of 
the polished and turned surfaces. This suggests that the orig-
inal as-built surface should be more thermodynamic stable. 
Meanwhile, the polished sample shows no pitting corrosion 
up to a potential of 3.5 V, whereas the as-built and turned 

surfaces clearly show pitting corrosion. Namely, the polishing 
process can hinder the breakdown of the oxide film due to the 
enhanced homogeneity and density. On the other hand, the 
pitting corrosion resistance of 2.49 V for SLM III with the as-
built surface is much better than that of the turned sample of 
2.03 V, even though the surface roughness of SLM-produced 
samples is much higher. Thus, the increasing order of pitting 
corrosion resistance of surface states on SLM-fabricated sam-
ples is in the following sequence: Polished > as-built > turned.

Surface morphology after corrosion test
The micrographs of the investigated polished samples af-

ter potentiodynamic polarization tests until 6 V in 0.9 wt.% 
NaCl electrolyte solution at 37 °C are shown in (Figure 6). The 
optic micrographs (Figure 6a, Figure 6c, Figure 6e and Figure 
6g) clearly show that some areas of the parts were severely 
corroded at the high potential.

As the magnified BSE images of the corroded area of the 
invested samples in (Figure 6b, Figure 6d, Figure 6f and Figure 
6h) showed, locally cracking subsequently to dissolution pro-
cesses of the oxide film is responsible for the breakdown of 
SLM I with its martensite α´-phase microstructure [18]. Con-
cerning the other samples, the breakdown occurs preferen-
tially either interior in the grains for Wroght I and SLM HT i.I 
orin the grain boundary region for SLM HT ii.I, which indicates 
a more compact and homogeneous oxide film formed on the 
martensitic structure that has relatively a high interfacial ad-
herence [18], resulting in an improvement of the pitting cor-
rosion resistance. Furthermore, galvanic corrosion at the α/β 
boundaries either in the prior β grain boundaries or in the α 
colonies can clearly be observed for the sample SLM ii.I (s. 
Figure 6g and Figure 6h). Ti-6Al-4V as one of the α + β alloys 
consists of the alloying elements Al as an α stabilizer and V to 
stabilize the β-phase [6]. SLM ii.I was heat-treated at 1200 °C 
and slowly cooled to allow enough time for the partitioning of 
alloy elements to the respective phases. Therefore, α-phase 
is enriched in α-stabilizing element (Al), while V segregate 
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It has been reported that the grain size distribution effects 
on the corrosion resistance of titanium alloys. Firstly, an alloy 
consisting of an α + β microstructure with a finer grain size 
should have more continuous β phase, if the β-phase fraction 
is not too low. In this case, the β-phase should serve as an 
anodic barrier, because the α-phase would be blocked more 
easily by the continuous β-phase and corrosion products [31]. 
Moreover, a high density of grain boundary is present in the 
alloys with fine grain size, that can promote the passivation 
kinetics and further led to stop the corrosion process because 
of the rapid formation of a stable passive film [30,36,37]. It is 
observed that a continuous β-phase net covered on the cor-
rosion area of Wrought I with fine grain size (s. Figure 6a and 
Figure 6b). Therefore, Wrought I has a more positive pitting 
corrosion potential due to the refinement grain size com-
pared to SML ii.I with the similar β fraction but a coarser grain 
size resulted by the low solidification rate.

A comparison within different surface morphologies be-
fore and after electrochemical test in the range of -0.5 V to 
3 V versus OCP of SLM-produced samples is given in (Figure 
7). The absence of a corroded region for the polished sample 
(see in Figure 7a and Figure 7b) displays that the substrate 
materials are sufficiently protected by TiO2 passive film be-
low the potential of 3 V vs. OPC. The turned sample in (Fig-
ure 7c and Figure 7d) shows a clearly orientated corrosion 
profile along the ground tracks, which are resulting from the 
mechanical turning. One explanation for this is that residual 
micro-stress is normally stored in the surface layer and near 
to the surface layer during turning. It has been reported that 

into the β-phase. Since the content of alloy elements Al and 
V in α- and β-phase is different, a galvanic microcell could be 
created at the α/β boundaries, that can further lead to gal-
vanic corrosion. According to Chen and Tsai, the dissolution 
rate of β-phase due to the higher V content is slower than 
that of α-phase [35]. Thus, the β-phase serves as the galvanic 
cathode. Meanwhile, the edge of α-phase corroded at a fast-
er rate than that at the center. This mechanism and its rele-
vance for additive manufactured parts will be investigated in 
further studies (Supplementary Table 3).

Consequently, the fraction of β-phase for the samples 
with the α + β-phase should play an important role in the pit-
ting corrosion. Song, et al. suggested that the β-phase can-
not only act as galvanic cathode but also a corrosion barrier 
depended upon the fraction of β-phase on the exposed area 
[31]. If the β fraction on the initial exposed surface is small, 
the β-phase acts mainly as a galvanic cathode and promotes 
the overall corrosion of α-phase due to selective dissolution 
and galvanic effect, as shown in Figure 6f SLM HT i.I. During 
the corrosion, the β-phase fraction on the actual surface can 
increase and get higher than that at the beginning of corro-
sion because of the dissolution of α-phase. If the fraction is 
high enough, the β-phase would serve as an anodic barrier 
and hinder the corrosion process. In other words, the mainly 
residual α-phase after the first dissolution would be covered 
by nets made from continuous β-phase and corrosion prod-
ucts, as shown in BSE micro graphy of Wrought I and SLM 
HT ii.I in (Figure 6b and Figure 6h), so that the corrosion rate 
eventually could be greatly reduced.
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Figure 6: OM (a, c, e, and g) and BSE micrographs (b, d, f, and g) of conventionally produced (a, b), SLM-produced (c, d) and heat-treated 
at 800 °C (e, f) and 1200 °C (g, h) SLM-produced samples with polished surfaces after electrochemical tests (to 6 V), related to (Figure 3).
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corrosion is characterized by deep pits with irregular shapes 
and increased corrosion products (in Figure 7e and Figure 7f). 
The large amount of surface defects for the SLM-produced 
sample, such as the cavities between the particles and sub-
strate or inclusions with a inhomogeneous distribution of the 
alloying elements [42], can lead to the stagnation and accu-
mulation of the electrolyte with an increased potential as 
well as to an autocatalytic corrosion attack, further resulting 
in the stable corrosion pits [43,44]. Details of the pit geome-
try at the edge are shown in the inset of Figure 7f. It can be 
seen that the substrate material is more intensively dissolved 
during corrosion, whereas the development of pits is clearly 
hindered by spherical particles at the edge area. This may be 
caused by a more protecting of oxide film on particles surface 
and the presence of an inhomogeneous distribution of the 
alloying elements in the substrate material.

the surface residual stress generated is strongly depending 
on the machining parameters and the tool geometry [38]. 
The surface roughness closely regarding the machining pro-
cess can to some extent reflect the level of the stored residual 
micro-stress in the surface [38-40]. Especially for the turning 
process a higher surface roughness usually indicates more 
surface residual micro-stress, which latter could increase the 
corrosion rate of the sample [41]. Furthermore, Jang, et al. 
investigated that machined surfaces have the largest surface 
residual stress in the hoop direction of cylinders [38]. For this 
reason, the corrosion pattern was orientated depicted mainly 
along the hoop.

While the SLM-produced sample prior to the corrosion 
test has a typical surface morphology with spherical particles 
that were not or only partially melted and adhered to the 
substrate during the manufacturing process, the surface after 
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Figure 7: OM micrographs of SLM-produced samples with polished (a,b), turned (c,d) and as-built (e,f) surface states before and after 
electrochemical tests (to 3 V), related to (Figure 5).
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Figure 9) enabled to obtain the information about the poten-
tial abilities of alloying elements to release during the poten-
tiodynamic polarization tests. As the EDS maps (s. Figure 8) 
showed, the alloying elements distribute is uniformly and no 
significant differences can be seen in the corrosion products 
as well as in the substrate material. This may be responsible 
for the martensitic α´-phase consisting of all alloying ele-

Release of Al and V ions during the electrochem-
ical tests

The elemental analyses of Al and V measured inside the 
corroded area on the surface of SLM-produced Ti-6Al-4V sam-
ples (s. Figure 8 and Supplementary Table 4) and especially in 
the electrolytes after performing the electrochemical tests (s. 

         

Figure 8: BSE micrograph on the corroded area of the SLM-produced sample with an as-built surface (SLM III) corroded in 0.9% NaCl at 
37 °C, cross-section (a) With EDS analysis and corresponding EDS mappings of Ti (b), Al (c), V (d) and O (e) elements.
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Figure 9: Concentrations of Al and V measured in the electrolyte after electrochemical tests (to 3 V) of the SLM-produced samples 
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These above elemental analyses suggest that the dissolution 
of Al2O3 in the aqueous solution in the pitting corrosion pro-
cess was preferential as compared to Vanadium oxidizes, i.e. 
the Al element should play an important role in the reducing 
the corrosion resistance of SLM-produced Ti-6Al-4V alloys.

The measurements of metal ion solution for the heat-treat-
ed SLM-produced samples with polished and turned surfaces 
after the potentiodynamic polarization tests till the pitting 
corrosion are shown in (Figure 10 and Figure 11), respective-
ly. The Al/V ratios in all these electrolytes are more than 1.5 
and the concentrations of V ion present at a minor level. This 
result is consistent with the analysis of the SLM-produced 
samples with various surfaces. Namely, as compared with V 
ion, the Al ion is preferentially released during pitting corro-
sion independent of surface finishing and heat treatment. In 
the case of the polished samples, (Figure 10) shows the elec-
trolyte of SLM I has the lowest concentration of Al ion. This 
can be related to the different microstructure of the samples 
after heat treatment. At first, as mentioned above a homo-
geneous oxide layer can be formed on the α´-phase of SLM 
I to protect the metal ion dissolution. Secondly, the galvan-
ic corrosion in the α + β microstructure of the heat-treated 
samples (SLM i.I and SLM ii.I) can accelerate the corrosion of 
α-phase. Thus, more Al ion were found in the electrolytes of 
the heat-treated samples than that of SLM I. That indicates 
the decreasing order of phase dissolution in the pitting cor-
rosion process of SLM-produced samples without/with heat 
treatments is as follow: α´< α. Meanwhile, SLM ii.I with the 
better pitting corrosion resistance shows the relatively higher 
dissolution ability of Al ion during the pitting corrosion. This 
can be responsible to the grain size of α-phase in the a + β mi-
crostructure. The coarse α-plates with larger grain size in the 

ments and can be resulted in a homogenous oxide layer em-
bedded on the surface [45]. This oxide layer can protect the 
substrate materials against the metal ion Al and V dissolution. 
However, the ion release is not only caused by the substrate 
material but can be also generated due to the dissolution of 
the oxide layer and further induce serious biocompatibility 
problems such as inflammatory reactions [46,47]. According 
to the EDS results (s. Supplementary Table 4), more than 66% 
of the Al content in the SLM III surface (as-built) was dissolved 
after the polarization tests, while 46% of V was released. Ma-
rino, et al. reported similar results, in whose work 30% Al ions 
of conventionally produced Ti-6Al-4V alloy was released af-
ter the corrosion test in a phosphate buffer saline solution 
at 25 °C, whereas no V was detectable [48]. Moreover, ac-
cording to Wolner, et al. a complete and dense layer covered 
by most stable Al2O3 cannot be formed at the potential they 
investigated, since Al has a high solubility resulting in the less 
dense and irregular thickness of the oxide layer [49]. This can 
be seen in the Pourbaix diagram of Al for aqueous solutions 
with the narrow region for stable Al2O3 [50]. Meanwhile, the 
ICP-MS data show that only in case of the breakdown of the 
passive film the Al/V ratios in the analyzed electrolytes with 
the value of 2.2 (as-built) and 2.8 (turned) are much higher 
than that in the chemical composition of the Ti-6Al-4V alloy of 
1.5. It is widely accepted that the protective oxide film on the 
Ti-6Al-4V alloy surface is mainly thermodynamically stable 
TiO2 enriched with small amounts of TiO and Ti2O3 present-
ed as suboxides in the inner layer [1,46,47,51]. Al and V are 
present in the oxidation states Al2O3, V2O3, and V2O5, respec-
tively [47,51]. Al2O3 was mainly observed at the outer oxide/
solution interface [47,52], while the small amount of vanadi-
um oxidizes was always found at the outermost surface [51]. 
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Figure 10: Concentrations of Al and V measured in the electrolyte after electrochemical tests (to 6 V) of the polished SLM-produced 
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be sensitive to the various micro factors such as contained 
phases and grain size of α-phase resulted by the produce and 
heat treatment process. Based on the above analyses, a mi-
crostructure consisting of (α + β)-phase with a higher β frac-
tion and finer grain size α-phase or one consisting of more 
martensite α´-phase can lead to a better pitting corrosion re-
sistance.

(3) Element partitioning is also a main micro factor con-
trolling the corrosion behavior of α + β Ti-6Al-4V alloys, irre-
spectively of the manufacturing method. Due to the different 
chemical composition in α and β phases may lead to galvanic 
corrosion the α/β boundaries, where as the β-phase enriched 
in V can serve as a galvanic cathode and the α-phase enriched 
in Al is dissolved preferentially.

(4) According to the results of EDS and ICP MS, the 
amount of released Al for the SLM-produced samples during 
the pitting corrosion is much higher compared to V, that in-
dicates a preferential dissolution of Al. Thus, Al should play 
an important role in declining the corrosion resistance of 
additive manufactured Ti-6Al-4V.
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Appendix Tables

Supplementary Table 1: The fitting parameters of electrochemical polarization tests of the polished samples.

Ecorr.

(V vs. SHE)

Ecr.

(V vs. SHE)

jp

(A/cm²)

E1

(V vs. SHE)

Epit

(V vs. SHE)

Wrought I -0.674 0.26 3.83 × 10-6 1.69 6.49

SLM I -0.791 0.51 4.12 × 10-6 1.79 5.73

SLM HT i.I -0.612 0.41 4.48 × 10-6 1.66 3.67

SLM HT ii.I -0.739 0.40 3.56 × 10-6 1.70 5.26

Supplementary Table 2: The fitting parameters of electrochemical polarization tests of the turned samples.

Ecorr.

(V vs. SHE)

Ecr.

(V vs. SHE)

jp

(A/cm²)

E1

(V vs. SHE)

Epit

(V vs. SHE)

Wrought II -0.444 0.30 5.40 × 10-6 1.80 2.09

SLM II -0.464 0.68 5.19 × 10-6 1.87 2.03

SLM HT i.II -0.447 0.50 5.16 × 10-6 1.92 2.06

SLM HT ii.II -0.425 0.72 5.78 × 10-6 1.72 2.06

Supplementary Table 3: The fitting parameters of electrochemical 
polarization tests of the SLM-produced sample with an as-built 
surface.

Ecorr.

(V vs. SHE)

E1

(V vs. SHE)

Epit

(V vs. SHE)

SLM III -0.382 1.91 2.49

Supplementary Table 4: Concentrations of Al and V measured on corrosion products and on the not corroded Surface of SLM-produced 
samples with variours surfaces and heat treatments after electrochemical tests.

Elements Ti Al V O

Polished SLM I Corrosion products 63.35 1.42 0.91 34.32

(to 6V) Sample 80.65 5.05 1.54 12.76

SLM HT i.I Corrosion products 49.01 3.38 1.45 46.15

Sample 85.52 6.64 1.84 6.00

SLM HT ii.I Corrosion products 59.49 1.07 5.11 34.33

Sample 80.19 6.53 1.43 11.85

Turned SLM I Corrosion products 58.07 1.53 0.45 39.95

Sample 88.64 6.78 1.54 3.04

SLM HT i.I Corrosion products 65.81 2.82 1.61 29.75

Sample 87.90 6.16 2.56 3.38

SLM HT ii.I Corrosion products 49.50 3.87 0.49 46.14

Sample 88.39 5.09 3.81 2.72

As-built SLM III Corrosion products 56.97 2.31 0.91 39.80

Sample 89.16 6.85 1.69 2.30
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