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Abstract
Currently, there is a significant level of interest in the use of additive manufacturing (AM) technology for implant applications. 
The utilization of titanium alloy implants, particularly those employing Ti6Al4V produced via powder bed fusion using 
a laser beam (PBF-LB), is expected to optimize osteointegration between the implant and the corresponding bone. The 
corrosion behavior is crucial for such applications and the process parameters of PBF-LB exhibit noteworthy impacts on 
both microstructure and corrosion behavior. The impact of PBF-LB process parameters, with a particular focus on laser scan 
strategy and hatch space, on the microstructure control and corrosion properties of Ti6Al4V remains to be comprehensively 
studied. Therefore, a comparative analysis was carried out to evaluate the efficacy of two laser scanning strategies, namely 
X scan and XY scan with two different volumetric energy densities (VED). Results showed that martensitic microstructure 
formed in both samples due to the fast-cooling speed of the PBF-LB process. Moreover, the EBSD results indicated the 
remelting effect on grain structure in XY and XZ observation planes. Corrosion investigations revealed that the optimum 
corrosion behavior of the PBF-LBed specimens was obtained from the XY plane of the XY scan strategy. The findings of 
this study indicate that a controlled microstructure approach via simultaneous change of laser scanning strategy and hatch 
space can effectively modify the microstructure and corrosion characteristics of Ti6Al4V alloy.
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1 Introduction

Additive Manufacturing (AM), considered a game-chang-
ing technology and a key component of Industry 4.0, holds 
immense promise in revolutionizing production methods 
across diverse fields and industries. Its applications span 
from space exploration beyond Earth's boundaries to medi-
cal advancements within the human body, such as the fabri-
cation of high-quality, customized implants for hard tissue 
replacement. AM processes enable the precise fabrication 
of complex solid objects, including intricate geometries, 

by building them layer by layer using sliced CAD models 
[1]. Currently, there are several applications in the field of 
dentistry that allow for the production of patient-specific 
devices for dental and maxillofacial rehabilitation [2]. Addi-
tionally, the implementation of Powder-Based Fusion (PBF) 
technologies has the potential to facilitate the production of 
cobalt-chromium (Co-Cr) and titanium (Ti) metal frame-
works. These frameworks are utilized in the fabrication of 
removable partial dentures (RPDs) and fixed dental prosthe-
ses, which can be supported by either natural teeth or dental 
implants [3, 4].

Nowadays, AM of metallic components (including single 
or multi-materials [5]) has gained significant interest in both 
academic and industrial terms. For instance, some titanium 
alloys (CP-Ti, Ti6Al4V [6, 7]), steels [8], CoCrMo [9], and 
tungsten [10], were fabricated by AM technology. Among 
these materials, additive manufacturing of titanium alloys 
has garnered considerable attention due to the combination 
of unique properties offered by titanium alloys and the spe-
cial capabilities of additive manufacturing [11].
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Titanium-based alloys have remarkable properties such 
as low density, superior biocompatibility, low modulus of 
elasticity, high specific strength, good mechanical proper-
ties, and good corrosion resistance. Ti6Al4V alloy is one 
of the most widely used titanium alloys for industrial and 
medical purposes. Recently, there has been a growing 
interest in producing Ti alloys, especially Ti6Al4V, with 
customized properties for specific applications. Additive 
manufacturing has shown significant progress in produc-
ing titanium alloys with complex or porous geometries that 
have unique properties [11]. For instance, the Ti6Al4V alloy 
has been additively manufactured for dental implants with 
a porous scaffold structure that improved osseointegration, 
fixation, and stability of the implant [12]. Kim et al. [13] 
also reported that the optimized additively manufactured 
Ti6Al4V specimens had similar biological properties to the 
machine-cut ones, suggesting the potential use of AM in var-
ious dental applications such as customized dental implants 
and implantable prosthodontics [13]. Furthermore, AMed 
Ti6Al4V has been explored for applications such as single 
and double-root implants [14], scaffolds for bone repair [15], 
and large customized devices for restoring dental function, 
supporting implants, and promoting bone regeneration [16]. 
Recently, grooved-structured Ti alloy fabricated by AM has 
been proven to align cell growth direction while exhibiting 
an inhibitory effect on bacteria adhesion [17]. AM is becom-
ing popular in healthcare because of its ability to produce 
precise and accurate patient-specific implants [18]. Moreo-
ver, AM can produce dental parts at a much lower cost and 
in less time than subtractive manufacturing techniques [19]. 
However, more aspects of AMed Ti6Al4V alloy need to be 
studied, such as different AM methods and the effects of 
build strategies and process parameters on the properties and 
corrosion resistance for dental applications.

Different AM [20] and hybrid additive manufacturing 
(HAM) [21, 22] methods have been used to produce 
Ti6Al4V samples, such as Laser Powder Bed Fusion 
(PBF-LB), also known as Selective Laser Melting (SLM) 
[23, 24] and Electron Beam Powder Bed Fusion (PBF-EB) 
[21, 25]. PBF-LB can produce fully dense customized 
metal parts with superior mechanical properties and offers 
a time-efficient and energy-efficient approach [19, 26]. In 
particular, PBF-LB can produce complex components 
using titanium alloys, which are widely used in biomedical 
settings [19]. However, PBF-LB has some features that 
need to be considered, such as a very high-temperature 
gradient  (106 K/m), high cooling rate (up to  108 K/s), rapid 
solidification, and complex heat history including melting, 
solidification, several reheating and cooling cycles. These 
features result in a microstructure of PBF-LBed Ti6Al4V 
alloy that consists of columnar prior β grains and fine �′ 
martensite phases (hierarchical structure) with a high density 
of dislocations and twins [20, 27]. PBF-LBed Ti6Al4V parts 

usually undergo heat treatment to transform martensitic �′ to 
α and reduce stress concentration [26].

The properties of materials (such as electrochemical, 
biological, mechanical, and physical properties) are 
greatly affected by their microstructures, which include 
phase composition, morphology, and distribution. These 
microstructural features depend on the processing techniques 
and conditions used during fabrication [27]. To achieve 
optimized microstructure in PBF-LB, a suitable combination 
of laser beam parameters is needed, which influence the 
temperature distribution, the melt pool formation, and the 
heat transfer mechanism. These parameters include scan 
strategy, power (P), powder layer thickness (h), laser hatch 
spacing (d), and scanning speed (v) [28]. The challenge 
is to optimize the PBF-LB parameters to obtain the 
desired controlled microstructure and consequently better 
electrochemical behavior for dental applications.

Yang et al. [27] studied the martensite formation in PBF-
LBed Ti6Al4V and found that the martensite size can be 
controlled by processing parameters such as hatch spacing 
and scan velocity. For example, the martensite size increased 
with hatch spacing. Also, the martensite size first increased 
and then decreased by increasing the scan velocity. They 
also discussed the formation and control of the �′ martensite 
(including primary, secondary, ternary, and quartic) and its 
relation to heat history in the PBF-LB process [27]. Barba 
et  al. [26] conducted a comprehensive study and found 
that the AM process and sample size strongly affected 
the α-lath and prior-β grain sizes. They also found that by 
increasing the laser energy density, the prior-β grain width 
increased and the �′ martensite size decreased. Moreover, 
a strong β solidification texture was achieved due to the 
partial remelting of solidified layers. Furthermore, the laser 
scanning speed and scan strategy affected the thermal flux 
direction, which in turn affected the β grain growth direction 
[29]. Simonelli et al. [30] investigated the texture formation 
during the PBF-LB process and found that solidification 
texture and hence the final microstructure development 
can be strongly influenced by the rotating scan strategy. In 
another work, the porosity level of the PBF-LBed Ti6Al4V 
was reduced by increasing the laser power and/or decreasing 
the scan speed and hatch spacing [31].

The corrosion behavior of the Ti6Al4V alloy has been 
examined in various solutions to better understand its 
performance in different applications. The corrosion of 
titanium alloys is a critical factor in medical treatments 
[32, 33]. Despite the superior corrosion properties of 
Ti6Al4V alloy in the biological media, the manufacturing 
process affects its electrochemical behavior. Xiang et al. 
[34] declared that the best corrosion performance of the 
PBF-LBed Ti6Al4V alloy was obtained with 1100 mm/s 
scanning speed and 280 W laser power. Moreover, better 
biocompatibility was achieved with 1200 mm/s scanning 
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speed and 200 W laser power. It was suggested that the effect 
of scanning speed is stronger than laser power, meanwhile, 
phases and defect holes were proposed as affecting factors. 
Leban et al. [35] illustrated that the PBF-LBed Ti6Al4V 
alloy presented higher corrosion resistance as compared with 
the wrought sample in artificial saliva due to the different 
microstructure.

Despite numerous publications on the AMed Ti6Al4V 
alloy, there is still a need to explore and fill the gap in the 
effects of PBF-LB process parameters to achieve a controlled 
microstructure and investigate its effect on the properties of 
Ti6Al4V for specific applications like dental implants. The 
scan strategy and building direction of PBF-LB have signifi-
cant effects on the corrosion behavior of PBF-LB parts [36]. 
Different scan strategies and building directions can create 
different microstructures, mechanical properties, and sur-
face characteristics that influence the corrosion resistance of 
PBF-LB parts in various environments. Additionally, hatch 
space can affect the energy density and subsequently the 
microstructure of the PBF-LB parts. To achieve a controlled 
microstructure, it is important to optimize these parameters 
according to the desired performance and application of 
PBF-LB parts. Therefore, this research aimed to control the 
microstructure via the approach of simultaneous change of 
laser scanning strategy and hatch space (energy density). In 
this study, two different hatch spaces (low and medium) and 
two scanning strategies, namely X- and XY-scanning, were 
employed to provide insights into this matter.

2  Experimental

2.1  Sample fabrication and characterization

Ti6Al4V spherical powder, sourced from EOS in Germany, 
was utilized as the initial material for this study. The powder 
exhibited a size distribution characterized by D10, D50, and 
D90 values of 29.2 µm, 41.2 µm, and 57.4 µm, respectively. 
Plasma atomization was employed to produce the powder. 
To determine the particle size distributions (PSD), a Mas-
tersizer 3000E instrument from Malvern Panalytical in the 
UK was employed. Table 1 provides the chemical compo-
sition of the commercial EOS Ti6Al4V powders used in 
this research. These powders were devoid of any entrapped 
porosities or satellites, resulting in excellent flowability and 
packing density (Fig. 1).

An EOS M290 printer with a 400 W Yb-fiber laser was 
used to fabricate Ti6Al4V. The building plate was preheated 
to 80 °C to prevent thermal shocks caused by the laser 
energy input and to ensure consistent fabrication conditions. 
The building chamber was filled with high-purity argon gas 
to keep the oxygen content below 100 ppm. A meander scan 
strategy with scan lines covering the entire 10 × 10 mm scan 
area was used to fabricate 10 mm high specimens for micro-
structure observations. A bidirectional laser scanning was 
applied in the x-direction only (X-scan) and with a 90° rota-
tion between adjacent layers (XY-scan), as shown in Fig. 2. 

Table 1  Composition of the 
Ti6Al4V powder

Element Al V C O Fe N H Ti

Weight (%) 6 4 0.03 0.15 0.1 0.01 0.003 Balance

Fig. 1  Powder size distribution of Ti6Al4V powders with a microscope image of the powders
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The PBF-LB process parameters for the Ti6Al4V samples 
were fixed at a layer thickness (t) of 0.060 mm, a laser power 
(P) of 360 W, and a scan speed (v) of 1200 mm/s. The hatch 
spacing (h) was varied from 0.030 to 0.100 mm, as listed in 
Table 2. Three cubic specimens were used per each condi-
tion. The volumetric laser energy density (E [J/mm3]) of 
the fabrication conditions is defined by E = P∕v ∙ t ∙ h [37], 
indicating a high energy density for X scan and a low energy 
density for XY scan fabrications.

2.2  Solidification calculations

Solidification of the PBF-LBed Ti6Al4V alloy has been 
calculated using Thermo-CalcR software and the TCTI 4 
database. Classic Scheil solidification calculations were 
configured to start temperature at 5000 ºC, capturing 
the evaporation and calculating the material properties 
down to room temperature for additive manufacturing of 
Ti6Al4V alloy. Moreover, a Scheil with solute trapping 
(ScST) calculation has been done with similar configura-
tions and also by setting the scanning speed to 1.2 m/s and 
the angle α to 45º. The ScST uses solute trapping in the 
primary phase for calculations that have a rapid solidifi-
cation rate such as additive manufacturing applications. 
The local solidification rate in the Scheil with solute trap-
ping is calculated using the following formula in which 
 Vb is the scanning speed and α is the transformation angle 
between the melt pool boundary and laser scanning direc-
tion (Fig. 3) [38].

 

2.3  Surface characterization

The specimens were ground up to 1200 SiC grit paper and 
chemically etched for 20 s in the Kroll’s agent. Then, their 
microstructure was examined using an optical microscope 
(Nikon EPIPHOT 300) and a scanning electron microscope 
(Philips XL30). The microstructural analyses of the 
Ti6Al4V samples fabricated by PBF-LB with different 
scan strategies and energy densities aimed to reveal 
the microstructural differences and their effects on the 
corrosion and degradation behavior in different biological 
environments. The microstructural characterization was 
performed on the XY plane (perpendicular to the build 
direction (BD)) and the XZ and the YZ plane (parallel 
to the BD). The cross-sections were mirror-polished and 
observed by field-emission scanning electron microscopy 
(FE-SEM; JEOL JIB-4610F, Japan) with an electron 
backscatter diffraction system (EBSD, NordlysMax3 
system, Oxford Instruments, UK, operated at 20  kV 
accelerating voltage) to identify the microstructural 
features. Then, the EBSD data were cleaned of non-
indexed pixels and visualized using HKL Channel 5 
software (Oxford Instruments, UK). From these results, 
the quantitative analysis of the grain size, grain boundary 
(GB) misorientation, recrystallization rates, and kernel 
average misorientation (KAM) were obtained.

Vs = Vbcos�.

Fig. 2  Scan strategies used for printing samples a X scan and b XY 
scan

Table 2  PBF-LB process 
parameters of Ti6Al4V samples

Scan strategy Laser 
power 
(W)

Speed (mm/s) Hatch (mm) Thickness (mm) E (J/mm3)

Sample-1 X scan 360 1200 0.030 0.06 166.7
Sample-2 XY scan 360 1200 0.100 0.06 50.0

Fig. 3  Schematic of the laser melt pool with the direction of scanning 
speed and solidification direction angle
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2.4  Electrochemical tests

The corrosion tests were conducted at a temperature of 
37 °C ± 5 °C using a three-electrode system. The system 
consisted of specimens with an exposed area of 10  mm2 
as the working electrode, a platinum mesh as the counter 
electrode, and an Ag/AgCl saturated KCl electrode as the 
reference electrode. All corrosion tests were performed using 
a galvanostat (PARSTAT 2273). Prior to the investigation, 
all tested samples were abraded using 1200 # SiC grit paper 
and then cleaned ultrasonically in acetone for 5 min; then, 
the as-mentioned samples were immersed in both Ringer's 
solution [pH 6.5] and 0.1 M HCl [pH 1.5] solution at the 
open circuit potential (OCP) condition for 60 min.

The polarization potentiodynamic test was performed 
from − 250 mV vs. OCP to 1.0 vs. Ag/AgCl and at a scan 
rate of 0.32  mV   s−1. The electrochemical impedance 
spectroscopy (EIS) test was conducted in the frequency 
range of 100 mHz with a current amplitude of 10 mV. 
Additionally, long-term EIS measurements were executed 
by immersing the samples in both solutions for a duration 
of 168  h. Also, it should be mentioned that all the 
electrochemical tests were repeated at least three times and 
were performed after 60 min of OCP condition.

3  Results and discussion

3.1  Microstructure evaluations

Figure 4 shows the results of Scheil calculations using two 
modes, Classic Scheil and Scheil with Solute Trapping 
showing a predicted non-equilibrium solidification following 
selective laser melting of the Ti6Al4V alloy. As can be seen 

from Fig. 4, based on both calculation modes, most of the 
solidification path goes through the β phase (BCC_B2) and 
a minor amount of α phase (HCP_A3) has been predicted 
at the end of the solidification. Further transformation of 
the phases after solidification till the room temperature has 
not been calculated, but due to the rapid cooling rate in the 
PBF-LB process and the relevant literature [29], martensite 
transformation is expected to be the main transformation for 
the PBF-LBed Ti6Al4V alloy.

Figure 5 depicts 3D illustrations of the optical micros-
copy (OM) images of the Ti6Al4V alloy produced by PBF-
LB via X-scan and XY-scan strategies. As can be seen from 
Fig. 5, different hatch spaces and scanning strategies resulted 
in different controlled microstructures and arrangements of 
the phases. For example, prior β grains and chessboard pat-
terns are clearly seen in XY and XZ planes of the X-scan 
(Fig. 5a) and XY-scan samples (Fig. 5b), respectively. Addi-
tionally, Table 3 presents the percentage of the porosities 
in the XY and YZ planes of the samples. As it is shown in 
Table 3, it can be said that those planes have a similar per-
centage of porosities.

Figure 6 shows optical microscopy micrographs of the 
microstructure in X-scan and XY-scan samples. The prior 
β grains, acicular α׳ martensite, melt pool boundaries, and 
chessboard pattern are seen in Fig. 6. On the YZ plane of the 
X scan sample (Fig. 6a״), the wavy-looking lines are the con-
nected melt pool boundaries. However, it is seemingly dif-
ficult to observe melt pools on the XY scan sample because 
it was made by the XY scan strategy, moreover, another 
reason for undetectable melt pools is the phase transforma-
tion during fabrication. Due to β to α phase transformation 
in Ti6Al4V alloy during solidification, melt pool bounda-
ries are most likely to disappear. Also as shown in Fig. 6, 
large prior β grains aligned to the build direction (Z) are 
seen in the microstructure of the XY, XZ, and YZ planes 
in the X scan sample, however, large prior β grains are only 
seen in the YZ plane of the XY scan sample due to the scan 
strategy and formation of the chessboard pattern. As can be 
seen from Fig. 6, the microstructure of both samples mainly 
consisted of α׳ martensite. Interestingly, α׳ martensite has 
been formed in various directions and arrangements inner 
the prior β grains and inner of each chessboard cell, even 
α׳ martensite lath shapes like a cross have been detected 
(Fig. 7). This microstructural feature was related to the prior 
β grain formation and orientation due to the scan strategy 
affecting remelting and heat treatment history during melt-
ing and solidification of each layer, eventually resulting in 
differences in β → α selection during the phase transforma-
tion. The hatch space can also be measured in Fig. 7.

Figure 8 shows SEM micrographs of the microstruc-
tures in the X-scan and XY-scan samples. Additionally, 
Table 4, presents the results of EDS analyses showing 
uniform chemical composition along different samples 

Fig. 4  Results of un-equilibrium solidification calculation using Clas-
sic Scheil and Scheil with Solute Trapping (ScST) calculations
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and observation planes, especially in the case of differ-
ent martensite morphologies. As can be seen from Fig. 8, 
prior β grain boundaries, acicular α׳ martensite, and melt 
pool boundaries were formed in the samples. It seems that 
plate-like martensite has been formed in the XY plane of 
the X scan sample and acicular martensite has been formed 
in the XZ and YZ planes of the X scan sample. Maybe due 
to the larger cooling rate in the XZ and YZ planes in com-
parison to the XY plane resulted from different thermal 
and solidification conditions between those planes [27].

It is worth mentioning that based on the related 
publications [27, 29], typically a hierarchical martensite 
structure having a high density of twins and dislocations, 
including primary, secondary, tertiary, and quartic α′ 
martensite are formed within prior β grains following 
PBF-LB of Ti6Al4V alloy. Moreover, two different 
metastable variants of martensite including the HCP α′ 
martensite and orthorhombic α″ martensite have been 
identified in the work [39]. Therefore, martensite is the main 
part of the microstructure in the PBF-LBed Ti6Al4V alloy, 
however, a small amount of α2 and β have been identified in 
a few research [27, 29].

The details of microstructure characteristics of X scan 
and XY scan samples were analyzed by EBSD for the XY 
plane and YZ plane. Figure 9 represents the IPF maps (a-d), 
phase maps (a’-d’), and recrystallization maps (a”-d”) of 
PBF-LBed Ti6Al4V samples observed from the planes per-
pendicular (XY plane) and parallel (YZ plane) to the build 
direction. The IPF map of the Ti6Al4V samples did not 
show the occurrence of any specific α selection, in which 
each color indicates a grain with a different crystal orienta-
tion. Regarding the β phase being the parent phase, the α 
phase normally precipitates in β matrix, furthermore, α grain 
precipitation follows the Burgers orientation relationship 
(BOR): (0001)α//(110)β, [11.20]α//[111]β to form crystal-
lographic anisotropy. Within the BOR, there are 12 varia-
tions for α grains to form. Besides, the α variation selection 
can enhance mechanical properties in an anisotropic man-
ner [40]. However, in this study, the α grains were selected 
randomly from 12 possible variations from the prior β phase 
according to Burger orientation relation (BOR) [30] as indi-
cated by the parent β phase, as indicated α phase pole figures 
(PFs) following BOR. Therefore, it is expected that there 
is no anisotropy in terms of mechanical properties regard-
ing the α variation selection. Besides, phase maps indicated 
that the microstructure consisted of a major α phase exhib-
ited acicular α׳ martensite due to the fast cooling speed 
of the PBF-LB process [27]. The quantitative analysis of 
phase fractions showed less than 1% remaining β phase in 
the microstructure, which was expected to be insignificant 
for the outcomes of the corrosion results. Additionally, the 

Fig. 5  The 3D illustration of the optical microscopy microstructures in the PBF-LBed Ti6Al4V samples fabricated via a X scan and b XY scan 
strategy

Table 3  Porosities percentage of the samples

Samples/Plane XY YZ

X scan 0.06 ± 0.01 0.05 ± 0.02
XY scan 0.05 ± 0.02 0.03 ± 0.01
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difference in grain size of acicular α׳ martensite depending 
on scan strategy [41] and/ or laser energy density [28] and 
the observation plane [26] was qualitatively detected.

The quantitative analyses of the grain size distribution of 
PBF-LBed Ti6Al4V samples are shown in Fig. 10a regard-
ing the scan strategy and observation plane. The grain size 
was higher in the YZ plane owing to the epitaxial growth 
of the prior β phase, promoting columnar grains in multiple 
layers compared to the XY plane for each sample. The dif-
ference regarding average grain sizes of XY and YZ planes 
for the X-scan and XY-scan differed due to the laser energy 
input which resulted in the highest and lowest average grain 
size for X-scanned Ti6Al4V with high laser energy density. 

While X-scan with higher energy density was expected to 
increase remelting and result in a bigger grain size of the 
prior β phase in the YZ plane and bigger columnar β grains 
transformed to α phase with the rapid cooling, resulting in 
bigger grains on the BD (YZ plane). The remelting was 
less in XY-scan with low energy density, therefore, show-
ing a smaller difference in XY and YZ planes in terms of 
grain size distribution. The random selection of the α phase 
from the prior β phase according to BOR exhibited a simi-
lar tendency for each sample and each observation plane as 
indicated by the grain boundary misorientation distribution 
(Fig. 10b). The difference in the intensity of grain boundary 
misorientations suggested that the detected number of grains 

Fig. 6  Optical micrographs of the a–d XY plane, a’–d’ XZ plane and a”–d” YZ plane of the PBF-LBed Ti6Al4V samples via a, b X scan and c, 
d XY scan strategy
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varied, thus the fraction of grain boundaries corresponded 
in a similar manner.

The characteristics of grain structure were quantitatively 
shown in recrystallization maps and the grains were clas-
sified into recrystallized (blue), substructure (yellow), and 
deformed (red) as shown in Fig. 9a”–d”. The characteris-
tics of grains were related to the controlled microstructure 
approach including layer-by-layer melting with different 
laser energy inputs and observation planes with different 
thermal histories. The quantitative analysis of grain types 
was demonstrated in Fig. 11a. It has been reported that 
high energy density formed wider and deeper melt pools 
while causing large thermal stresses on the grains due to 
the high volume of remelting, thus, X-scan with high laser 
energy density composed of a high ratio of deformed grains 
on XY plane while the high energy input resulted in large 
heat affected zone (HAZ) with each melting layer and pro-
moted recrystallization on YZ plane (parallel to the BD). A 
similar tendency of grain characteristics was detected for 
the XY-scan, however, the difference in XY and YZ planes 
was less significant compared to the X-scan due to the lower 
energy input, indicating isotropic microstructural features. 
The same phenomena can be identified from KAM results 

as shown in Fig. 11b. KAM data represents misorientation 
in grain due to the possible residual stress [42]. The high-
est KAM value, indicating the highest stress accumulation 
in grains, was reported for the XY plane of the X-scanned 
Ti6Al4V sample, which also exhibited the highest rate of 
deformed grain. Moreover, the difference in KAM values of 
the X scan for XY and YZ planes was significantly higher 
compared to the XY scan results. This is a strong indica-
tion of the remelting effect on grain structure which depends 
on the observation plane due to the layer-by-layer fabrica-
tion along the BD and the HAZ of different laser energy 
densities.

3.2  Corrosion investigations

3.2.1  Potentiodynamic polarization

The potentiodynamic polarization curves of the PBF-LBed 
materials in the Ringer’s and diluted HCl solutions at 37 °C 
are shown in Fig. 12. Also, the results obtained from the 
potentiodynamic polarization of the aforementioned samples 
in the Ringer’s and diluted HCl solutions are summarized in 
Tables 5 and 6, respectively.

Fig. 7  The α′ martensite in 
the XY plane of the XY scan 
sample
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Despite using different corrosive environments, the PBF-
LBed materials illustrated similar corrosion mechanisms. 
All of the tested materials presented a passive region after 
the active dissolution because of the formation of nonstoi-
chiometric titanium oxide on the surface of the as-tested 
Ti6Al4V alloys [43]. However, due to the high concentration 
of the  Cl− contents in the diluted HCl solution (Fig. 12b), 

corrosion occurs more severely as compared with the Ring-
er’s media (Fig. 12b). Therefore, the electrochemical proper-
ties of the PBF-LBed materials are more visible.

The X-scan PBF-LBed materials presented less corrosion 
resistance as compared with the XY-scan ones. The materi-
als fabricated via the X scan strategy were manufactured 
with a higher laser energy density as compared with the XY 

Fig. 8  SEM micrographs of the 
a–d XY plane, a’–d’ XZ plane, 
and a”–d” YZ plane of the 
PBF-LBed Ti6Al4V fabricated 
via a, b X scan and c, d XY 
scan strategy. The e, f are EDS 
analyses

Table 4  Results of the EDS 
point analyses in Fig. 8

EDS (Points) 1 2 3 4 5 6 7 8 9 10 11

Elements (wt.%) Ti 92.0 91.5 90.4 92.7 92.8 89.9 91.1 91.8 91.0 93.2 92.3
Al 4.2 3.9 4.9 2.8 3.5 4.8 5.1 4.2 4.4 4.2 3.5
V 3.8 4.7 4.7 4.5 3.7 5.3 3.8 4.0 4.6 2.6 4.2
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scan ones; hence, they have more thermal stresses and more 
deformed grains. Also, according to the KAM values, the 
X-scan PBF-LBed materials have more kernel misorienta-
tion as compared with the XY-scan ones (Fig. 11).

The YZ planes of the both X-scan and XY-scan strate-
gies illustrated superior corrosion properties as compared 
with the XY planes of the as-mentioned materials in both 
Ringer’s and diluted HCl solutions. The YZ planes of both 
X-scan and XY-scan PBF-LBed samples had columnar 
structures; however, the XY planes illustrated more random 
grains. According to Fig. 9a, the deformed grains of the YZ 

plane of the X-scan PBF-LBed sample were recrystallized 
and the fraction of the deformed grains was lower compared 
with the XY plane of the as-mentioned specimen; hence, the 
microstructure of the YZ plane of this material consisted 
of the substructure, recrystallized, and a low fraction of 
deformed grains. The YZ and the XY planes in the XY-
scan PBF-LBed sample were almost the same. However, due 
to the more uniform microstructure of the YZ plane, more 
corrosion resistivity was presented. It should be mentioned 
that the amount of the β phase was under 1%, so, the effect 

Fig. 9  Inverse pole figure (a–d), 
phase (a’–d’), and recrystalliza-
tion (a”–d”) maps of PBF-
LBed Ti6Al4V Samples via X 
scan (a, b) and XY scan (c, d) 
observed on XY plane (a, c) 
and YZ plane (b, d) with the 
corresponding pole figures

Fig. 10  Grain size distribution and grain boundary misorientation characteristics of PBF-LBed Ti6Al4V samples
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of this phase on the corrosion properties of the PBF-LBed 
samples was negligible.

3.2.2  EIS measurements

EIS results of the PBF-LBed Ti6Al4V alloy were obtained 
after 60 min of immersion and stabilizing at OCP condition 
in both Ringer’s agent and diluted HCl media. Nyquist, bode 

phase, and equivalent electrical circuit of the aforementioned 
samples are presented in Fig. 13. Also, the results obtained 
from the EIS measurements from Ringer’s solution and 
diluted HCl are listed in Tables 7 and 8, respectively; where 
 Rct is the charge transfer resistance,  Rs is the solution resist-
ance, and CPE is the constant phase element. It is notewor-
thy to mention that the measurements were repeated three 
times to ensure reproducibility. The equivalent electrical 

Fig. 11  Quantitative analysis of characteristics of grains and KAM values of PBF-LBed Ti6Al4V samples

Fig. 12  Polarization curves of the fabricated specimens at a Ringer’s as well as the b diluted HCl solutions, respectively

Table 5  Electrochemical behavior of the PBF-LBed Ti6Al4V sam-
ples in the Ringer’s solution

Specimen Ecorr (V vs. 
Ag/AgCl)

icorr (A  cm−2) βa (mV) βc (mV)

X scan—XY  − 0.355 1.501 ×  10−8 0.279 0.082
X scan—YZ  − 0.310 5.192 ×  10−9 0.243 0.016
XY scan—XY  − 0.316 3.293 ×  10−9 0.210 0.010
XY scan—YZ  − 0.215 2.766 ×  10−9 0.183 0.014

Table 6  Electrochemical behavior of the PBF-LBed Ti6Al4V sam-
ples in the diluted HCl solution

Specimen Ecorr (V vs. 
Ag/AgCl)

icorr (A  cm−2) βa (mV) βc (mV)

X scan—XY  − 0.258 2.109 ×  10−8 0.161 0.093
X scan—YZ  − 0.215 8.706 ×  10−9 0.185 0.018
XY scan—XY  − 0.193 8.778 ×  10−9 0.249 0.013
XY scan—YZ  − 0.138 8.788 ×  10−9 0.378 0.006
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circuit consisted of CPE to more accurately fit the param-
eters. According to Toma et al. [44] due to the surface inho-
mogeneity and deviations from ideal dielectric behavior, the 
CPE parameter is being used to obtain the capacitance value. 
The CPE impedance is defined by:

where  ZCPE is the CPE impedance (Ω  cm−2), C is the capaci-
tance of an ideal capacitor (1 rad  s−1), j =

√

−1 , ω is the 
angular frequency (rad  s−1), and 0 < n < 1 which is related 
to surface roughness [45].

According to the Nyquist diagram, all of the PBF-
LBed specimens in both media illustrated semicircular 
curves which were due to the thin oxide passive layer 
formation (Fig. 13a). Also, the high phase contents in a 
wide range of frequencies present the passivation behavior 
of the aforementioned samples (Fig. 13b). Passivation is a 
frequently observed and advantageous feature in Ti6Al4V 
alloys, leading to the formation of an oxide film on the 
alloy's surface, primarily composed of  TiO2, TiO, and  Ti2O3. 
This oxide film acts as an inhibitor, significantly enhancing 
the alloy's resistance to corrosion. Additionally, oxides of 
alloying elements like  Al2O3 and VOx (from α or β phases) 

(1)ZCPE = [C(j�)n]−1

Fig. 13  Nyquist and Bode phase diagrams of PBF-LBed Ti6Al4V in a and c Ringer's solution, b and d diluted HCl solution, respectively

Table 7  EIS results of PBF-LBed Ti6Al4V samples in the Ringer’s 
solution obtained from Fig. 13

Specimens Rs (Ω  cm2) CPE2 Rct
(Ω  cm2)

Cdl(F  cm−2) n2 (0–1)

X scan—XY 17.536 6.187 ×  10−5 0.77 8.229 ×  107

X scan—YZ 18.518 3.080 ×  10−5 0.58 4.380 ×  1012

XY scan—XY 17.006 1.182 ×  10−5 0.78 1.982 ×  1013

XY scan—YZ 17.985 2.682 ×  10−5 0.69 5.574 ×  1013

Table 8  EIS results of PBF-LBed Ti6Al4V samples in the diluted 
HCl solution obtained from Fig. 13

Specimens Rs (Ω  cm2) CPE2 Rct (Ω  cm2)

Cdl(F  cm−2) n2 (0–1)

X scan—XY 20.017 1.402 ×  10−5 0.74 1.226 ×  106

X scan—YZ 20.809 1.929 ×  10−5 0.72 3.213 ×  106

XY scan—XY 19.341 6.158 ×  10−6 0.77 5.537 ×  107

XY scan—YZ 18.116 1.848 ×  10−5 0.71 4.465 ×  109
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can also contribute to the development of a protective 
passive film on the Ti6Al4V alloy. The formation of this 
passive film is described by specific chemical reactions [46]:

4  Conclusion

This study investigated the controlled microstructures 
and corrosion behavior of Ti6Al4V alloy fabricated 
through Laser Beam Powder Bed Fusion (PBF-LB) using 
simultaneous change of laser scanning strategy (X scan 
and XY scan) and hatch space (low and medium). The 
results showed significant differences in microstructural 
characteristics between these controlled microstructures, 
including the distribution of prior β grains, acicular α׳ 
martensite, melt pool boundaries, and the formation of a 
chessboard pattern. Furthermore, the analysis of grain size 
and grain characteristics demonstrated the influence of 
the implemented controlled microstructure approach and 
observation plane on the grain structure.

Corrosion investigations revealed that the PBF-LBed 
materials displayed a passive region after active dissolution 
in both Ringer's and diluted HCl solutions. However, the 
materials produced via the X-scan strategy exhibited lower 
corrosion resistance compared to the XY scan materials. 
This difference in corrosion behavior was attributed to the 
higher thermal stresses and more deformed grains in the X 
scan samples, which was supported by the KAM values. 
Interestingly, the YZ planes of both X scan and XY scan 
strategies exhibited superior corrosion resistance compared 
to the XY planes. The columnar structure and more uniform 
microstructure of the YZ plane contributed to this improved 
corrosion resistance.

Electrochemical impedance spectroscopy (EIS) 
measurements provided further insights into the corrosion 
behavior, showing semicircular Nyquist curves and high 
impedance values at low frequencies, indicating the presence 
of a protective passive layer on the surface of the PBF-LBed 
samples.

(2)Ti → Ti3+ + 3e−,

(3)2Ti3+ + 2H2O → Ti2O3 + 6e−,

(4)Ti2O3 + H2O → 2TiO2 + 2H+ + 2e−,

(5)Ti3+ → Ti4+ + e−,

(6)Ti4+ + 2H2O → TiO2 + 4H+.

As the main practical implications of this study, the find-
ings could guide other researchers and highlight the signifi-
cance of the controlled microstructure approach via simul-
taneous change of laser scanning strategy and hatch space 
(laser energy density) in influencing the microstructure and 
corrosion properties of PBF-LBed Ti6Al4V alloy. However, 
some limitations exist in the present study such as sample 
size and geometry, limited scan strategies, corrosive envi-
ronment (not including proteins regarding dental implants), 
post-processing (like different surface finishing), and in vivo 
investigations which can be good topics for further research.
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