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Additive Manufacturing technology has continually advanced, allowing microstructure and property 
optimization. In recent years, several studies have been carried out with the aim of understanding 
mechanisms of formation and evolution of the microstructure and, consequently, their influence on 
mechanical properties. However, correlations between microstructure and corrosion properties are not 
completely understood, making more systematic investigations necessary. In this work, samples of 
the Ti-6Al-4V alloy were produced by combining different laser powers and scanning speeds in order 
to generate different energy density values (VED) with subsequent microstructures and properties. 
The samples were characterized by optical and scanning electron microscopy, hardness and relative 
density. Complementarily, corrosion tests were carried out. For the entire set of parameters used, the 
processed samples showed the formation of acicular martensite α´, followed by different levels of 
porosity depending on the applied energy density. VED proved to be an important control parameter, 
and the best combinations of hardness and corrosion resistance were obtained for the parameter ratio 
that generated energy densities greater than 100 J/mm3.
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1. Introduction
Over the last few years, titanium and its alloys have 

been widely used in a broad range of applications, which 
is due to their unique properties such as low density, high 
strength, low elastic modulus, excellent biocompatibility, 
and high corrosion resistance1-3. Consequently, Ti-based 
products find their way into several fields in the medical and 
healthcare industry. The demand for biomaterials has increased 
dramatically in recent decades, especially for the use of Ti 
alloys, largely due to the increase in life expectancy, often 
accompanied by bone diseases such as osteoporosis. Still, 
regardless of age, fractures or injuries from traffic accidents, 
or the practice of high-impact sports also contributes to the 
increase in demand for metallic biomaterials4,5.

A report recently published by the Mordor Intelligence 
Agency on the global biomaterials market assessed the 
possibility of growth for the period between 2022 and 20276. 
The study identified North America and Asia-Pacific as the most 
significant markets for the industry with the fastest-growing 
trends. It also indicates an annual growth rate (CAGR) of 
13.69%, which represents a considerable amount of annual 
return on investment. In this sense, such trends and information 
are valuable and motivating for researchers and orthopedic 
implant sectors to allocate efforts and resources, whether 
developing or improving metallic biomaterials and processes.

The techniques commonly applied in the manufacturing 
of metallic implants, mostly using Ti alloys, require many 
complex steps, which invariably increase the cost of 
production and, hence, the final product. Unfavorably, 
such manufacturing techniques generate large amounts of 
material waste, high energy consumption, and production 
time, further contributing to rising costs7,8. On the other 
hand, manufacturing processes using additive manufacturing 
(AM) techniques enable to produce complex shaped parts in 
fewer steps or reprocessing, with high precision and much 
less material waste. Therefore, they make it possible to 
mitigate manufacturing and final product costs, in addition 
to positively implementing aspects regarding sustainability 
and the use of new materials7,9-11.

Within the context of Ti alloys and implant manufacturing, 
additive manufacturing (AM) technology offers new 
opportunities to produce metallic components. One of the 
main AM techniques is the laser powder bed fusion (L-PBF), 
also known as selective laser melting (SLM). This technique 
has gained great prominence in recent decades12-21. The L-PBF 
process relies on layer-by-layer construction, using a laser 
beam to selectively melt and sinter metallic powders12. 
The thickness of each layer defines the resolution of the 
formed solid. However, being one of the process parameters, 
the variation in the thickness of each layer will result in 
different properties of the material. The thickness of each *e-mail: contieri@unicamp.br
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layer can be changed according to the type of raw material 
used and the power of the heat source responsible for its 
melting. Each type of material processed requires different 
process parameters to obtain the desired specifications. 
Additionally, the scanning speed and the hatch spacing 
drastically influence the final part. All parameters used 
can be correlated through the generated volumetric energy 
density (VED)22, which is the principal normalized indicator 
applied, even knowing that variations exist from equipment 
to equipment, as well as from raw material23. The VED value 
is determined using equation: VED P V L H= ⋅ ⋅ , where P, 
V, L and H are respectively, the laser power (W), scanning 
speed (mm/s), layer thickness (mm) and hatch spacing (mm).

SLM technology has been continually modernized, 
allowing microstructure and property optimization. When it 
comes to Ti alloys, the Ti-6Al-4V alloy is the most used and 
studied metallic material concerning additive manufacturing, 
being one of the focuses of this work. In recent years, several 
studies have been carried out to understand the Ti-6Al-4V 
microstructure evolution and, consequently, its influence on the 
mechanical properties of additively manufactured components.

Studies reported by Murr and co-authors point out that 
due to the high cooling rates imposed, the main microstructure 
formed is the acicular martensite α´24. Consequently, alloys 
produced by SLM have high mechanical strength, followed 
by low elongation. However, despite the low ductility, the 
elongation can be reasonably improved by re-processing using 
such as annealing heat treatments or Hot Isostatic Pressing 
(HIP), as commonly applied in powder metallurgy processes25. 
According to a critical review on additive manufacturing 
of Ti-6Al-4V alloy reported by Nguyen et al.26, as-built or 
post-processed parts can reach yield strength values between 
700 MPa and 1270 MPa, with elongation in the range of 
2 to 20%, depending on the applied process parameters.

On the other hand, the corrosion behavior of Ti alloys 
processed by AM has been superficially studied concerning 
construction orientation relationships, or as a complementary 
analysis of the results of mechanical properties resulting 
from simple alloys or the compositional variation within 
a given system, by several researchers27-43. However, the 
correlations between microstructure and corrosion resistance 
are not completely understood, making more systematic 
investigations necessary. To directly investigate this essential 
question, from different combinations of processing parameters 
and, consequently, microstructures and defects, systematic 
conditions were generated to understand the corrosion 
resistance in as-built samples.

2. Experimental Procedure
The Ti-6Al-4V (wt.%) samples were prepared 

from gas atomized powder (grade 5, 15-45 μm) using a 
OmniSint-160 (OmniTek Company) L-PBF machine equipped 
with Yb:YAG fiber laser, wavelength of 1070 nm, spot size of 
80 μm and maximum laser power of 400 W. The depositions 

were carried out using high-purity Ar. The oxygen content 
in the sintering chamber was found to be less than 550 ppm. 
A substrate made up of Ti-6Al-4V alloy was employed to 
produce the samples. All the experiments were performed 
applying laser power (P) between 100 W and 232 W, 
scanning speed (V) from 600 mm/s to 1200 mm/s, hatch 
spacing (H) of 70 μm, and layer thickness (L) of 30 μm. 
The laser scanning direction was rotated between every 
deposited layer by 67°. Cylinders 10 mm in diameter and 
5 mm in height, in total 28 specimens, were manufactured 
with different process parameters and, consequently, energy 
density. The relative density of samples produced by L-PBF 
was evaluated using the Archimedes Method, in accordance 
with ASTM Standard44. Image analyzes were also used in 
order to compare the porosity45,46. The analysis of the porosity 
was carried out using digital image processing through the 
Image J software. The level of the segmentation (threshold) 
that indicated the porosity was demarcated and from that, 
through a standard routine of the software, the percentage 
of porosity was calculated. For this analysis, at least five 
images from different regions were used.

The samples were subject to conventional metallographic 
preparation etched with a Kroll’s solution (50 mL of HNO3, 
10 mL of HF, and 100 mL of H2O). The microstructures were 
evaluated employing stereo (Olympus SZ61) and conventional 
(Olympus BX60M) optical microscope and, scanning electron 
microscopy (SEM) on Zeiss EVO MA15 equipment. Vickers 
hardness was evaluated on a Buehler 2100 hardness tester. 
For each sample, ten measurements were performed with loads 
of 200 gf for 15 seconds. The samples’ chemical composition 
was determined by X-ray fluorescence (XRF) using a 
Shimadzu EDX-7000 Spectrometer and energy-dispersive 
X-ray spectroscopy (SEM-EDS), while the interstitial O and 
N contents were measured on a Leco TC400 analyzer, with 
results listed on Table 1.

The electrochemical corrosion behavior was studied 
by polarization potentiodynamic tests in a potentiostat/
galvanostat (PGSTAT302N - Metrohm Autolab) after 
1 h of stabilization open circuit potential (OCP) using 
a three-electrode cell constituted by a platinum rod as 
counter-electrode (CE), an Ag/AgCl (3M KCl) electrode as 
reference (RE) and Ti-6Al-4V samples printed as working 
electrode (WE). The 0.9% NaCl solution naturally aerated 
at room temperature was used as an electrolyte and the 
surface area exposed was 0.6 cm2. The potential range 
evaluated was -0.800 mV up to 2.800 mV vs. (OCP) using 
a scanning rate of 0.167 mV/s. Prior to corrosion tests, the 
samples were prepared by grinding using a 1200-grit SiC 
wet sandpaper and ultrasonically cleaned in alcohol for 
3 min, and dry using nitrogen flow. The corrosion potential 
(Ecorr) and corrosion density current (icorr) were obtained by 
Tafel extrapolation from the recorded polarization curves. 
After corrosion tests, the sample surfaces were observed in 
a tabletop SEM (TM1000, Hitachi) to check the possible 
pit corrosion. Triplicate potentiodynamic tests were carried 

Table 1. Samples’ chemical composition (wt. %)

Ti Al V O N
Ti-6Al-4V Balance 5.6+0.3 3.8+0.6 0.160+0.005 0.04+0.01
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out and the corrosion resistance parameters (Ecorr and icorr) 
were obtained from the average of three registered curves.

3. Results and Discussion
To understand more systematically the effects of 

microstructure and defects on corrosion properties, the 
28 samples processed via SLM were investigated using a 
combination of scanning speed and laser power parameters. 
Figure 1 presents the compilation of these results from the 
processing maps for energy density and densification.

According to Figure 1, there was a clear relationship 
between the applied volumetric energy density and the 
sample densification. Lower levels of VED, below 70 J/mm3, 
provided the lowest density values, 4.175 g/cm3. Drastic 
density reduction occurs when laser power is below 145 W and 
scanning speed is above 1000 mm/s, respectively. On the other 
hand, the highest values of densification, above 4.325 g/cm3, 
appear for VED greater than 100 J/mm3, implemented from 
powers above 185 W and scanning speeds below 900 mm/s. 
Luo et al.47 conducted a parameter investigation of the L-PBF 
applied to the Ti-6Al-4V alloy. The authors showed similar 
results with porosity in the range of 1.0 - 2.5% in the case of 
comparable scan speeds and laser power. However, the VED 
was significantly lower between 60 - 80 J/mm3. A high VED 
can be associated with the keyholing effect, which was not 
observed in this study. Figure 1c shows the Volumetric Mass 
Density as a function of VED. As reported previously48-50, 
low VED led to less densification but there was a fast 
increase in the density for higher VED values. Moreover, 
from approximately 120 J/mm3, the density stabilized at 
about 4.35 g/cm3, which supports the optimum parameter for 
higher VED values in the case of the investigated conditions. 
For comparison and calculations of density and porosity, the 
density of 4.43 g/cm3 of Ti-6Al-4V was used.

Figure  2 shows the correlation between the porosity 
percentage and the applied laser power. The results suggested 
that porosity decreased as laser power increased, regardless 
of the scanning speed. The decay of the relative porosity 
shows a greater tendency to decrease when the speed was 
increased. For lower speeds, below 900 mm/s, this effect 
was less pronounced. However, the lowest porosity was 
found for the highest power value and lowest speed, 232 W 
and 600 mm/s, respectively. In a study related to the Ti-
6Al-4V alloy processed by L-PBF, Gong et al.51 reported 
that porosity was not linearly related to energy density. 
However, high and low energy densities (120 and 20 J/mm3) 
led to porosities of less than 15%. On the other hand, 
Promoppatum  et  al.52 investigated porosity formation in 
Ti-6Al-4V produced by L-PBF and reported a constant 
nearly zero porosity for energy densities above 40 J/mm3.

Figure 1. Process maps for Ti-6Al-4V by L-PBF: (a) VED and (b) 
volumetric mass density due to scanning speed versus Laser power 
parameters, and (c) volumetric mass density as a function of VED.

Figure 2. Relationship between porosity percentage and laser power 
relative to different scanning speeds of samples processed by L-PBF.
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Figure 3 shows the results obtained from microhardness 
tests. When applying power higher than 142 W, its effects 
on the hardness become less evident, since those values 
approach a plateau, regardless of the scanning speed. As the 
power increases, the plotted points become more overlapping. 
The hardness is associated with microstructural refinement, 
which is relative to the cooling rate. Higher powers attenuate 
the heat extraction imposed by the scanning speed to the same 
value. On the other hand, lower laser power results in less 
heat input, favoring more effective cooling and, consequently, 
higher microstructural refinement. Khorasani et al.53, based 
on statistical analyses, suggested that low values of hardness 
(and density) seem to be governed by low VED. The low 
energy input results in little energy transfer to the weld pool 
and, consequently, low processing temperature. Therefore, 
this phenomenon provides incomplete melting and porosity 
formation, explaining the different behavior.

From the established pre-analyses, the best conditions 
were chosen, and the best values obtained regarding 
densification, volumetric energy density, and hardness, 
in a wide range of scanning speed, were selected. At this 
point, Figure 4 presents the results of optical and scanning 
electron microscopy of samples with laser power of 232 W 
and scanning speed varying between 600 and 1200 mm/s, 
in a total of seven conditions. From the Stereo OM images 
inserted in Figure  4 (first column), even when the best 
parameters are selected, there is still a significant effect on 
porosity. It is noticed that the porosity level increased with 
the scanning speed values. Image analysis showed that the 
porosity values were very close to those observed by the 
Archimedes method. The lowest and highest values found for 
porosity were 0.99% and 4.21% respectively for the speeds 
of 600 mm/s and 1200 mm/s. Therefore, even for high VED 
values, it was still possible to observe the presence of pores. 
In the same way as observed by Gong et al.51, that porosity 
was not linearly related to the energy density. However, when 
observing the behavior based on the difference between the 
VED values (Figure 1), even for values greater than 90 J/mm3, 
it is possible to attribute the increase in the amount of pores 
to differences between the VED values. It can be seen in the 
left column (Figure 4), that above 900 mm/s the porosity level 

becomes more pronounced. When the VED value decreased 
by around 30% (122 J/mm3) from the maximum, the porosity 
increased. Thus, even small fluctuations in energy (VED) 
can modify the heat transfer conditions and, consequently, 
change the amount of pores and densification.

The OM (200X) and SEM (5kX) micrographs obtained 
after L-PBF process is shown in two columns on the right 
side of Figure 4. The microstructures are made up of acicular 
α´ martensitic for all analyzed scanning speeds. As observed 
in the literature, no significant evidence of β phase was found. 
Since the process takes place at elevated temperatures, the 
heating of Ti-6Al-4V above the β transus temperature changed 
its crystal structure from HCP to BCC. Consequently, the rapid 
cooling imposed by the processing leads to the formation of 
martensitic α’, which is thermodynamically unstable. At low 
magnification, through MO images, it can be seen differences in 
the refinement and length of the α´ laths. Specifically, we observed 
that higher scanning speeds and higher VED values resulted 
in more pronounced microstructural refinement, accompanied 
by a decrease in grain size. Such results are consistent with the 
literature. Javidrad and Salemi54 also the refinement of alpha 
laths to increased energy, but they did not systematize setting 
parameters or observe them independently. Figure 4 clearly 
indicates that the scanning speed has a significant impact on 
microstructural refinement, corroborating with previous discussions 
(Figure 3). Comparing the lowest and highest scanning speeds 
applied, we can see a relative reduction in the length of the alpha 
laths by approximately 70%. For higher magnifications, it was 
found that the behavior, as observed for porosity, changed for 
scanning speed greater than 900 mm/s, promoting a more refined 
microstructure concerning the acicular martensite needles. It is 
a general observation in solidification processing that increasing 
the cooling rates leads to microstructural refinement. According 
to Yang et al.55, martensite size can be controlled by varying 
the L-PBF processing parameters such as hatch spacing and 
scanning speed. Severe change from 600 mm/s to 1100 mm/s 
showed that the martensite size decreased significantly, similar 
to the behavior observed in the present analyses.

Figure 5a shows the polarization curves of samples Ti-
6Al-4V processed with different porosity levels resulting from 
the scanning speeds employed. Overlapping of Tafel curves in 
cathodic and anodic branches was observed, which indicated 
similar corrosion behavior for the investigated alloys. Although 
the acicular martensite α’ volume fraction and microstructural 
refinement were slightly different, a similar corrosion behavior 
could be expected due to identical chemical composition 
and phase combinations. The Ecorr e icorr were determined by 
the linear fitting of Tafel curves and the results are shown 
in Table 2. The samples printed using scanning speed of 
1000 mm/s showed the highest Ecorr (- 570 mV) and lowest icorr 
(140 nA/cm2). A greater value of Ecorr indicates the formation 
of a more stable passive film, while a lower icorr means easy 
passivation of the exposed surface56.

The commercial Grade 5 Ti-6Al-4V processed by conventional 
route typically shows a biphasic microstructure formed by α + β 
phases. The same alloy produced by L-PBF generates a columnar 
prior β phase combined with higher content of the acicular α’ 
phase. The role of microstructure of Ti-6Al-4V on corrosion 
resistance is controversial. While some works attribute the lower 
corrosion behavior to acicular α’, it has higher energy state in 

Figure 3. Relationship between Vickers hardness and laser power 
relative to different scanning speeds of samples processed by L-PBF.
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Figure 4. Images obtained from samples processed with laser power fixed at 232 W and with different scanning speeds. The first column 
on the left side corresponds to OM images (stereo microscope, 1.5X), showing porosity whereas the columns on the right side the OM 
and SEM microstructure of the cross-section. The length of the α’ laths is shown in the figure ( '

Lα ).

Table 2. Experimental corrosion parameters for different porosity levels of Ti-6Al-4V processed by SLM.

Scanning Speed (mm/s) Porosity density (%) Ecorr (mV) icorr (nA/cm2) Epp (mV) ipp (μA/cm2)

600 0.90 -664.43 291.58 -131.11 3.62

700 1.32 -650.01 209.67 -54.58 3.98

800 2.21 -613.24 184.72 -53.66 4.71

900 2.14 -570.49 234.47 -81.86 4.50

1000 2.39 -570.21 140.42 - -

1100 2.67 -629.86 220.53 - -

1200 3.85 -606.79 467.27 - -
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corrosion and dissolves easier in a corrosive media57,58, others 
take in that the homogeneous distribution of alloying elements 
on hexagonal martensite has a beneficial effect to corrosion, 
reducing the susceptibility to localized attack59. In the same 
way, a decreasing the stable β phase volume fraction caused by 

the melting and solidification stages in additive manufacturing 
can results in inferior corrosion resistance when compared to 
samples produced by a conventional processing route60 and 
therefore, the β-phase enhances the resistance to charge transfer 
and reduces the metal dissolution rate42, as also a poor corrosion 
resistance can are associated to more interfacial regions in a 
α+β microstructure that result in a native titanium oxide film 
less homogeneous59.

On the other hand, the passivation region observed in the 
samples printed at the lowest scanning speed (600 mm/s) was 
more stable and comparable to the samples printed using the 
higher scanning speeds due to their reduced porosity level. 
In Ti alloys, higher porosity and unequal distribution and 
irregular shapes of pores result in a fluctuation in polarization 
curves due to oscillation of current density showing a passive 
film less stable, albeit it can be quickly repassivated by its 
excellent repair ability42. Also, this surface porosity inherent 
of additive manufacturing process conditions can act as 
crevices, which inside pores the acidification of electrolyte 
creates a more aggressive environment potentializing the 
corrosive attack61,62. The passive performance of samples is 
often evaluated by passive current density (ipp) and passive 
potential (Epp), in which the lower values represent a lower 
dissolution rate and easier passivation, respectively42. This 
processing condition of 600 mm/s showed lower values of Epp 
and ipp. In the samples printed using higher scanning speed 
(from 1000 to 1200 mm/s), no clear passivation region was 
visible on polarization curves and ipp and Epp values were 
not possible to be determined due to a continuous pitting 
formation and subsequent repassivation design as metastable 
pitting29 possibly associated to crevice corrosion61. Poor 
corrosion resistance with increasing scanning speeds at a 
constant laser power was verified by Naidoo et al.40 in a 
Ti-Al-Si-Cu/Ti-Al-V composite produced by laser metal 
deposition, as also observed in this paper. A comparison of 
polarization curves of samples processed by L-PBF with 
lower and higher porosity levels is shown in Figure 5b.

Figure 6 displays the SEM images of Ti-6Al-4V samples 
processed by L-PBF with scanning speed that resulted in 
lower (Figure 6a) and higher (Figure 6b) porosity levels. 

Figure 5. (a) Polarization curves of Ti-6Al-4V processed by L-PBF 
and showing different porosity levels in 0.9% NaCl electrolyte at 
room temperature and, (b) comparison of polarization curves of 
samples with lower and higher porosity.

Figure 6. SEM-Images of Ti-6Al-4V processed by L-PBF with speed scanning of (a) 600 mm/s and (b) 1200 mm/s after polarization 
tests in 0.9% NaCl electrolyte at room temperature.
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The images were recorded after polarization tests in 0.9% 
NaCl solution to observe any pitting corrosion. As observed, 
both samples show corrosion products on surfaces, with pits 
coupled to pores observed more remarkably on samples 
processed with higher scanning speed and high porosity.

4. Conclusions
In this paper, the effects of different processing parameters 

in the manufacturing of the Ti-6Al-4V alloy by the L-PBF 
technique on the microstructure and corrosion properties 
were systematically examined and analyzed. Thus, under 
the conditions of this study, the following conclusion can be 
drawn: (1) The VED parameter proved to be very sensitive 
to obtaining high-density specimens when using high laser 
powers. The highest densification found was 99.01% (99.10% 
Archimedes) with 184 J/mm3 from 600 mm/s and 232 W of 
power; (2) For VED values greater than 100 J/mm3 with a 
power of 232 W, the average hardness was 330 HV, higher 
than the lowest ranges of energy density; (3) Regardless of 
the processing conditions, specimens were obtained with 
a final acicular martensite α´ microstructure with greater 
microstructural refinement from 900 mm/s (232 W); (4) The 
different levels of porosity and pore morphology generated 
fluctuations on polarization curves due to oscillation of 
current density showing a passive film less stable. The best 
processing condition occurred at 184 J/mm3 resulting from 
600 mm/s and 232 W resulting in a more stable passivation film.
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