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A B S T R A C T

With current technology, most biomedical implants are made using metal-based alloys, with a growing prefer
ence for metal additive manufacturing (AM) to achieve customized properties. Therefore, this study investigated 
Ti-6Al-4V (Ti64) alloys produced using two common AM techniques: electron beam melting (EBM) and selective 
laser melting (SLM). The aim is to compare the microstructure, mechanical properties, and anisotropy electro
chemical corrosion behavior of Ti64 samples scanned with SLM-XX, SLM-XY, and EBM-XX strategies. Surface 
roughness, microstructure, and microhardness tests were conducted to establish correlations with the 
manufacturing process and surface characteristics. Optical and scanning electron microscopy microstructural 
analysis revealed notable variations influencing mechanical performance. Moreover, anisotropy-assessing elec
trochemical corrosion evaluations showed that SLM samples exhibited superior corrosion resistance compared to 
EBM samples. Notably, the (YZ) planes in the SLM-XY sample demonstrated the highest corrosion resistance (Rct 
⁓ 4.45 ×106 Ω.cm2), attributed to reduced dislocation density and enhanced passivation. Furthermore, results 
showed that the method of fabrication affected the wettability of Ti64 alloys. The SLM-XY samples exhibited the 
lowest water contact angle (84.45◦), whereas the EBM samples showed the highest (99.87◦). Finally, bioactivity 
assessments after 21 days in simulated body fluid (SBF) revealed no cracking or surface damage in any of the 
tested samples. The formation of calcium- and phosphorus-rich deposits indicates their potential suitability for 
orthopedic applications.

1. Introduction

The unique properties of Ti-6Al-4V (Ti64), including its remarkable 
biocompatibility, high strength, and low weight, make it ideal for im
plants and prostheses. Its usage in biomedical additive manufacturing is 
crucial due to these characteristics. AM is now a cutting-edge biomedical 
manufacturing technique that significantly affects dentistry and medi
cine [1]. Several industries outside of biomedical applications have 
profited from AM technology, such as aerospace [2], automotive [3], 
and architecture [4]. It is difficult to create metallic implants with 
complex, patient-specific shapes using traditional production methods, 
but advanced additive manufacturing techniques enable the creation of 

such implants. These developments have enhanced the performance and 
customization of medical equipment [5]. Traditional design is rarely 
necessary because additive manufacturing can develop complex geom
etries that are impossible to produce through conventional methods [6]. 
Recent progress in implant customization has been driven by the 
development of AM methods, which enable the production of fully dense 
metal components with adjustable Young’s modulus [7,8]. One of the 
key benefits of AM is its capacity to produce materials with a variety of 
crystallographic phases. These structures were previously only possible 
to fabricate through post-thermo-mechanical processing in traditional 
manufacturing [9]. Among the AM techniques standardized in ISO/
ASTM 52900, powder bed fusion (PBF) is widely used for metal 
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fabrication [10]. PBF is divided into two groups based on the type of 
energy source: Selective Laser Melting (SLM), which employs a strong 
laser, and Electron Beam Melting (EBM), which uses an electron beam in 
a vacuum chamber [11]. Materials such as titanium, stainless steel, 
aluminium, and cobalt-based alloys have been produced using SLM and 
EBM processes. Numerous studies have been conducted on their me
chanical characteristics, microstructure, and potential applications 
[12–14]. Compared to other metallic implant materials, it also has su
perior hardness, a considerably lower density, and outstanding corro
sion resistance [15]. Ti64 components fabricated by SLM and EBM have 
proven to be highly useful in various industries, particularly in medical 
applications such as dental and orthopedic prostheses [16,17], primarily 
due to their favorable chemical and mechanical properties [18,19]. 
Since AM components are built layer by layer, their microstructure and 
properties are strongly influenced by scanning strategies and processing 
parameters [20,21]. This work aims to investigate and compare the 
properties of Ti64 bulk materials manufactured using SLM and EBM, 
depending on scanning strategy and process parameters. Thus, it is 
important to investigate the electrochemical behavior of Ti64 produced 
by AM under various build techniques, as these may result in anisotropic 
material properties across different production planes (YZ, XZ, XY), 
which can alter the long-term dependability and electrochemical sta
bility of Ti64 implants in biomedical applications.

2. Materials and methods

Ti64 samples were produced using two different machines: an SLM 
system (EOS M290, EOS, Germany) and an EBM system (Arcam Q10, 
Arcam AB, GE Additive). Both machines utilized standard Ti64 ELI 
powders with high sphericity (~1) provided by the equipment manu
facturer, following the ASTM F3001–14. To prevent oxidation during 
fabrication, the oxygen level in the construction chamber was main
tained below 100 ppm during the SLM process. In the EBM process, the 
powder was preheated to 540◦C, and a vacuum of 4 × 10⁻³ mbar was 
maintained, with helium as the regulating gas. A highly focused electron 
beam (focus offset = 0) was applied for Ti64 fabrication. The main 
process parameters for the SLM and EBM methods are detailed in 
Table 1. For the comparison between SLM and EBM, the laser absorption 
efficiency of Ti64 (approximately 70 %) was taken into account as re
ported in our previous study [22]. Fig. 1 illustrates the principles of SLM 
and EBM processes with the build stage design for Ti64 fabrication and 
how the XX and XY scanning strategies define the scan path during the 
AM process, influencing the resulting microstructure and mechanical 
propertiest (Table 2).

Samples for microstructural investigations and various experiments 
were prepared by EDM cutting from a sample size of 1 × 1 × 1 cm³ after 
removal of support structure for the observation plane in interest. They 
were then sequentially polished using P600, P800, P1200, P2400, and 
P5000 sandpapers, followed by final polishing in an Al₂O₃ suspension to 
achieve a mirror-like surface, and then etched in a solution containing 
4 vol% HF, 6 vol% HNO3, and 90 vol% H₂O. Microstructural and 
compositional characterizations were performed using optical micro
scopy (OM, Zeiss Axiolab) and scanning electron microscopy (SEM, 
Philips XI30) equipped with an energy-dispersive X-ray spectrometer 
(EDS). Detailed microstructural analyses were conducted using an 
electron backscatter diffraction (EBSD) system (NordlysMax3, Oxford 
Instruments, UK) attached to the FE-SEM. Data collection was carried 
out using Aztec software (Oxford Instruments, UK), while Channel 5 

software (Oxford Instruments, UK) was employed for data processing. 
The crystal structure of the samples was examined using X-ray diffrac
tion (XRD, PMD Philips X-Pert, Netherlands) with a Cu-Kα radiation 
source. The scanning rate was 0.05º per 4 s, covering a range from 20º to 
80º. Before performing the electrochemical tests, the samples were 
polished and subjected to ultrasonic cleaning in acetone, ethanol, and 
distilled water for 15 min. Corrosion experiments were conducted in a 
1 M HCl solution at 25◦C, using an Ag/AgCl reference electrode, a 
platinum wire counter electrode, and a Ti64 sample as the working 
electrode. The electrochemical assessments included open-circuit po
tential (OCP), potentiodynamic polarization, and electrochemical 
impedance spectroscopy (EIS). A commercial electrochemical analyzer 
was used to evaluate the electrochemical properties of SLM (XY, XX) and 
EBM samples along their (-x, -y, and -z) planes, with tests conducted at 
least three times to ensure data reliability. OCP experiments were per
formed before other tests to stabilize the OCP in the solution, enabling 
potentiostatic EIS measurements. The potentiodynamic polarization 
curves were recorded at a scan rate of 10 mV/s over a potential range of 
− 2 V to + 2 V relative to the open-circuit potential. Electrochemical 
impedance spectroscopy measurements were performed at open-circuit 
potential, using an AC amplitude of 5 mV and a frequency range of 10 
mHz to 10 kHz. The relative densities of the SLM and EBM samples were 
determined using the standard Archimedes method. The specimen mass 
was measured separately at room temperature and recorded as ma (in 
air) and mw (in water). Using the density of water (ρwater=1), the density 
of the Ti64 specimens (ρA) was calculated using the following equations 
[23]: 

ρA =
ma

ma − mw
ρw (1) 

P(%) = (1 −
ρbulk

ρtheoretical
) × 100 (2) 

Ultrapure water static tests were conducted to measure the contact 
angle (CA) of the samples. A 5 µL droplet was applied to the surface, and 
the CA was immediately recorded at 25◦C, with at least three mea
surements taken. Surface roughness was quantified using the stylus 
contact method with a portable surface roughness tester (Mitutoyo SJ- 
210). Three measurements were taken from each sample, with a 120◦

rotation between each measurement, and the stylus traversed perpen
dicularly to the layer borders. Microhardness was assessed on the lateral 
surface of the EBM and SLM Ti64 substrates using a Mitutoyo Micro 
Vickers hardness tester under a 0.2 kgf force for 10 s. The Vickers 
microhardness (HV) was calculated for each indentation using the mean 
of the diagonals (d) and the applied load (F) [24]. Roughness and 
microhardness measurements were performed at multiple locations 
across the sample surface, with at least three indentations made per 
sample to ensure accuracy and repeatability. 

HV =
1.8544F

d2 (3) 

The bioactivity of the SLM XX, SLM XY, and EBM XX Ti64 samples 
was assessed by immersing them in 40 mL of 1X simulated body fluid 
(SBF) at 37◦C for 21 days. The 1X SBF solution was prepared following 
the Kokubo protocol [25]. SEM and EDS analyses were conducted to 
evaluate the formation of calcium-containing minerals on the specimens 
after 21 days of immersion in SBF.

Table 1 
Parameters used for the fabrication of the samples.

Parameter set Scan strategy Power (mW) Scan Speed (mm/s) Hatch distance (mm) Layer thickness (mm) Energy Density (J/mm3)

SLM-XY scan XY scan 360 1200 0.030 0.06 166.7 
50.0 (70 % efficiency= 35.0)SLM-X scan XX scan 360 1200 0.100 0.06

EBM-X scan XX scan 450 2500 - 0.05 36.0
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3. Results and discussion

3.1. Phase characterization

Fig. 2 displays the XRD patterns of the Ti64 samples produced by 
EBM XX and SLM (XX, XY). The majority of the peaks in both samples 
can be attributed to the α/α′ phase. It is difficult to distinguish between α 
and α′ because of their similar lattice characteristics and shared HCP 
structure. The BCC β-phase peak is also seen in the EBM samples as a 
result of the high preheat conditions. SLM samples exhibited a finer 
phase compared to EBM samples, as evidenced by the broader α/α′ peaks 
in the former. The presence of both HCP and BCC diffraction spots in the 
EBM samples confirms the coexistence of the α and β phases. The ob
tained XRD patterns are consistent with those reported in previous 
studies [26,27]. Although Ti64 is a common dual-phase (α + β) alloy, the 
peaks of the β phase are not visible in the SLM samples. However, the 
SLM samples have the acicular fine α′ phase, and the rapid cooling that 
occurs during the manufacturing process causes the β structures to 
change into martensitic structures [28].

3.2. Microstructure characterization

The microstructures of the SLM (XY, XX) and EBM XX samples, as 
observed by optical and scanning electron microscopy, are shown in 
Figs. 3 and 4. As shown in Fig. 3(a), the adjusted AM processing pa
rameters significantly decrease the quantity and size of pores [29], 
improving densification. Chessboard-like microstructural features are 
frequently detected when a specimen is produced using the 
cross-hatching laser scanning technique [30,31], which was also 
recognizable in our samples due to the use of this process.

Fig. 4(a) shows the acicular α′ martensite transformed from the 
columnar parent β phase, while Fig. 4(b) illustrates the transition of the 
original columnar β grains into acicular α′ martensite. The parallel 

Fig. 1. Schematics of (a) SLM and (b) EBM processes (c) with the design of cube Ti64 samples on the build stage by materialise magics, and (d) bidirectional scan 
strategies: XY and X scan strategies.

Table 2 
Abbreviation list of the samples.

Scan strategy Planes Abbreviation

SLM-XY scan YZ 
XZ 
XY

SLM XY-x 
SLM XY-y 
SLM XY-z

SLM-XX scan YZ 
XZ 
XY

SLM XX-x 
SLM XX-y 
SLM XX-z

EBM-XX scan YZ 
XZ 
XY

EBM XX -x 
EBM XX -y 
EBM XX -z

Fig. 2. The XRD patterns of (a) SLM -XY, (b) SLM- XX, and (c) EBM XX samples.
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columnar shape of the initial β grains clearly follows the build direction. 
It is well established that this columnar structure forms due to the 
epitaxial growth of the original β phase grains during the layer-by-layer 
deposition process, followed by directional cooling along the build di
rection. The metal printed by EBM initially solidifies into columnar β 
grains that grow along the build direction (Fig. 4c). This microstructure 
consists of α laths and β ribs, as shown in Fig. 4(c). As the printed parts 
cool, the β grain boundaries act as nucleation sites for α grains, and the 
initial β phase within the grains transforms into α/β lamellar structures 
[32]. However, remnants of the previous β columnar grain boundaries 
can be seen in both cases, suggesting that the Ti64 alloy’s primary so
lidification mode is unaffected by the production technique. The final 
microstructure of the material is largely determined by the rate of 
cooling through the beta transus temperature, where the β phase starts 
to change into other phases like α or martensite [33]. While slower 
cooling tends to produce coarser structures with a greater presence of 
the α phase or other equilibrium phases, rapid cooling of the β phase can 
result in a finer microstructure, possibly incorporating martensite [34].

3.3. EBSD analysis

The microstructural characteristics, including grain orientation and 

size, residual stress, and recrystallization, significantly affect the 
corrosion properties. Therefore, EBSD observations were conducted to 
investigate the microstructural details of the samples. Fig. 5 presents the 
inverse pole figures for each plane (YZ, XZ, and XY) and the pole figures 
of the XY plane for the AM Ti64 samples. Grain orientation in the 
observation area for the SLM XY at the YZ cross-section was strongly 
selected, indicating that the epitaxially grown parent β phase (tilted 
towards the scan track direction due to the small hatch spacing altering 
the thermal gradient direction) resulted in a set of α grains with similar 
orientations. Although this selection was not identified in the XZ and XY 
planes, the relatively strong α grain orientation in the YZ plane for SLM 
XY was attributed to the strong crystallographic texture development, as 
indicated by the highest multiple of uniform distribution (MUD) values, 
25.5 for parent β grains (Ti-Cubic) and 22.1 for child α grains (Ti-Hex). 
The β → α phase transformation follows the Burgers orientation rela
tionship (BOR): (0001)α // (110)β, [11-20]α // [111]β. Considering 
BOR, there are 12 possible α grain variations. As shown in the pole figure 
results, the parent β phase formed a fiber texture, resulting in variations 
in β grain orientation and consequently leading to a random selection of 
α grain orientation. However, it is crucial to highlight that controlling 
the selection of α variations could enhance mechanical properties in an 
anisotropic manner [35]. The SLM XX sample exhibited locally selected 
α grains corresponding to the orientation of parent β grains according to 
BOR in the YZ plane. However, this selection was limited to epitaxially 
grown singular β grains, while neighboring grains displayed different α 
grain selections due to variations in parent β grain orientation. Addi
tionally, the SLM XX condition led to longer α grains compared to SLM 
XY, which was expected due to the single-directional scan (XX scan) 
promoting α grain growth. However, due to the low laser energy density 
of SLM XX, there was no significant texture development, as shown in 
the pole figures, with the lowest MUD values for β and α grains. The 
microstructural characteristics of EBM XX were similar to those of SLM 
XY in terms of the parent β phase, forming a fiber texture and resulting in 
random α selection from the 12 variations according to BOR. This sim
ilarity may be attributed to the impact of heat accumulation from the 
high energy density and small hatch distance of SLM XY, whereas the 
EBM process was performed under a high preheat temperature. Park 
et al. [33] discussed the advantage of a small hatch distance in accu
mulating heat and enhancing texture formation in β-solidifying TiAl 
alloys. Regarding the corrosion behavior of alloys, it has been widely 
reported that smaller grains are more susceptible to corrosion in a cor
rosive environment [36]. The XY (-z) plane exhibited a smaller average 
grain size compared to the YZ (x-direction) and XZ (-y) planes in samples 
fabricated via the EBM, SLM-XY, and SLM-XX processes. This is because 
the YZ and XZ planes are prone to forming columnar grains due to 
epitaxial growth. Anisotropic corrosion resistance occurs due to differ
ences in passivation behavior, meaning that some crystallographic 
planes may resist corrosion better than others due to more effective 
passivation [37,38]. Owing to the evenly distributed temperature during 
the process, EBM XX exhibited minimal differences in grain size across 
different planes. In contrast, the grain size of each plane in the SLM 
samples varied depending on the epitaxial grain growth direction, which 
was affected by the scan strategy and laser energy density, as shown in 
Fig. 6.

Fig. 3. The OM images of the (a) SLM-XY, (b) SLM-XX, and (c) EBM XX samples.

Fig. 4. SEM micrographs of the (a) SLM-XY, (b) SLM-XX, and (c) EBM samples.
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It can be observed from Fig. 7 that the average KAM of the XY plane is 
higher than that of the YZ and XZ planes in both SLM and EBM samples, 
indicating a greater degree of misorientation and suggesting higher re
sidual stress accumulation within the grains [39]. The average KAM 
values were similar between the YZ and XZ planes in EBM. However, in 
the SLM-XY and SLM-XX samples, the average KAM values were higher 
in the XZ plane compared to the YZ plane, which is likely caused by the 
directional gas flow altering the cooling rate depending on the scan 
direction [40]. The quantitative analysis of Kernel Average Misorien
tation is used to estimate dislocation density, which is indicative of re
sidual stress [41]. According to the average KAM distribution values in 
Fig. 7(b), the SLM-XX sample exhibited the highest average residual 
stress on each plane due to the bidirectional (X-scan) strategy and lower 
laser energy density. The blue region, which represents a large propor
tion of the sample, indicates low internal misorientation and minimal 
defects, while the green region is concentrated at the grain boundaries of 
the α′ and β phases, signifying significant local strain and high defect 
density areas. This distribution suggests that the grain boundary (GB) 
has a higher dislocation density in the EBM-XX and SLM-XX samples 
[42]. This is particularly concerning in terms of corrosion performance, 
as grain boundaries and high-stress locations are more susceptible to 
corrosion [43].

The grain boundaries, due to their anodic influence compared to the 
grain interior, are more susceptible to corrosion during immersion. 

Fig. 5. EBSD analyses of the SLM-XY, SLM-XX, and EBM ssamples for grain orientation characteristics: (a) Inverse pole figure maps and (b) pole figures of α and β 
phases with corresponding MUD values.

Fig. 6. Average grain size of each sample and each surface obtained from the 
EBSD observations.
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However, passivation can reduce corrosion as the grain size decreases 
[44]. The KAM values indicate that the accumulated dislocation density 
contributes to an increased susceptibility to corrosion. It is worth 
mentioning that variations in different planes and the type of processing 
influence the dislocation density and residual strain in the material, 
which are associated with the KAM values. The density of geometrically 
necessary dislocations (ρGND) was analyzed in various directions for each 
method. In all samples, the XZ and XY planes exhibit an increase in GND 
density. Higher GND density in grains is associated with larger dislo
cation densities and higher stored energy, which can create conditions 
for metal corrosion. According to the recrystallized fraction map ob
tained via EBSD (Fig. 8), blue regions indicate recrystallized grains, 
while red and yellow regions represent deformed and substructured 

grains, respectively. From Fig. 8, it can be observed that the recrystal
lized, substructured, and deformed regions of the samples range from 
17–32 %, 14–27 %, and 41–64 %, respectively. The recrystallization 
volume fractions of EBM-XX and SLM-XY samples were similar, whereas 
the SLM-XX sample exhibited a lower recrystallized phase fraction. The 
deformed volume fraction of the EBM sample was the lowest due to the 
lower cooling rate and high preheat temperature (540 ºC), and it grad
ually increased in the order of SLM-XY and SLM-XX, which had a preheat 
temperature of 80 ºC [45]. The volume fraction of recrystallization 
significantly influences the corrosion behavior of a material. Higher 
recrystallization volume fractions typically result in a more uniform 
microstructure, replacing deformed and heterogeneous regions with 
new, strain-free, and uniformly distributed grains [46]. This uniformity 

Fig. 7. EBSD analyses of the SLM-XY, SLM-XX, and EBM-XX samples for Kernel average misorientation (KAM): (a) KAM maps and (b) KAM distribution given 
as fraction.
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helps mitigate localized corrosion, such as pitting, by evenly distributing 
electrochemical activity across the surface. Additionally, recrystallized 
grains contain fewer dislocations and lower internal stress, leading to 
reduced defect densities and fewer sites for corrosion initiation. 
Consequently, as the recrystallization volume fraction increases, the 
material exhibits greater corrosion resistance. Furthermore, a higher 
recrystallization volume fraction enhances the formation and durability 
of the passivation layer [47], facilitating the development of a compact 
and well-adhered oxide layer, effectively shielding the underlying metal 
from corrosion [48].

3.4. Electrochemical analysis

The polarization curve can be used to interpret various corrosion 
metrics, including corrosion potential (Ecorr), corrosion current density 
(Icorr), and corrosion resistance (Rp). Each corrosion criterion is signifi
cant for evaluating corrosion resistance. Fig. 9 presents the potentio
dynamic polarization behavior of SLM samples with varying 
orientations, along with Ti64 fabricated using EBM. Before conducting 
the polarization tests, adequate time was allowed for the OCP to stabi
lize. The corrosion parameter data are presented in Table 3. The Rp 
values were also determined using the Stern-Geary equation [49], as 
shown in Eq. (4): 

Fig. 8. EBSD analyses of the SLM-XY, SLM-XX, and EBM-XX samples for grain characteristics: (a) Recrystallization maps and (b) the distribution of grain charac
teristics in percentage (%).
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Rp =
βaβc

2.303 (βa + βc)Icorr
(4) 

It is evident that each polarization curve consists of both cathodic 
and anodic branches, with some variations in the anodic polarization 
curves. This suggests that oxidation reactions occurred on their surfaces, 
where titanium forms a passive TiO₂ layer that protects the surface from 
further corrosion. All the samples in the solution exhibit a respectable 
level of corrosion resistance. The SLM XY-YZ (-x), SLM XX-YZ (-x), and 
SLM XX-XZ (-y) samples demonstrate superior corrosion resistance 
compared to the other samples, according to the test results. The higher 
Icorr value observed together with the lower Ecorr values of the EBM XX- 
XY (− z), EBM XX-YZ (− x), and SLM XX-XY (− z) samples compared to 
the others, indicates that these samples exhibit poor corrosion resis
tance. According to the potentiodynamic curves, a passive film forms on 
the alloy during the anodic potential range, which suggests that the 
formation of this film inhibits Cl− attack on the samples [50]. Generally, 
during the passivation process, a dense passive film forms closely on the 
metal surface, thereby slowing down the corrosion reaction [51]. The 
grain structure of Ti64, particularly the proportion of different grain 
types, plays a crucial role in its electrochemical corrosion behavior. For 
instance, the balance between α and β phases affects both the alloy’s 
mechanical properties and its resistance to corrosion. The grain struc
ture beneath the surface of Ti64 influences the stability and uniformity 
of its passive oxide layer. The α-phase typically offers better corrosion 
resistance due to its ability to form a more stable passive film. On the 
other hand, a higher proportion of β-phase grains can increase electro
chemical activity, as the β-phase is generally anodic compared to the 
α-phase, potentially leading to galvanic corrosion [52]. Microstructures 

with finer grains typically contain more grain boundaries, and these can 
serve as locations for localized corrosion due to their higher energy and 
increased reactivity in these areas. However, these fine grains also tend 
to cause more uniform corrosion because of the consistent distribution 
of active sites. In contrast, coarser grains with fewer boundaries may 
exhibit less uniform corrosion, yet they can develop localized corrosion, 
particularly in regions where the β-phase is concentrated [53]. The low 
corrosion current density and high polarization resistance observed in 
the samples can be attributed to the formation of a temporary and un
stable passive layer on the surface [54]. While this layer may offer 
sufficient protection during the short duration of the Tafel test, its 
instability becomes evident under prolonged electrochemical evalua
tion, such as electrochemical impedance spectroscopy.

Fig. 10 shows the fitted data using Nyquist, Bode, and Bode-phase 
plots for several samples. The data were analyzed using an equivalent 
circuit model (Fig. 10a) and fitted using nonlinear least squares fitting in 
the ZView software. The quality of the fit was assessed based on the chi- 
squared value to ensure an accurate depiction of the electrochemical 
behavior. It is commonly known that a higher arc radius indicates a 
higher Rct and better corrosion resistance in the Nyquist plot. Chen et al. 
demonstrated notable electrochemical anisotropic behavior across the 
-X, -Y, and -Z planes of SLM samples [55]. According to the fitted data 
[56] from the Nyquist plot (Fig. 10b), SLM XY-x, SLM XY-y, and EBM 
XX-y samples, have the largest arc radius among all the specimens. This 
indicates that this group has the highest charge transfer resistance and 
the best corrosion resistance. The Rs in the proposed equivalent elec
trical circuit corresponds to the solution resistance, while Rct denotes 
the charge transfer resistance. The constant phase element (CPE) 
essentially replaces the ideal capacitor, and the double layer capacitance 
(CPEdl) is linked to the electrical double layer that forms at the interface 
between the Ti64 surface and the electrolyte [57]. Better corrosion 
resistance and lower corrosion rates are generally linked to fewer elec
trochemical reactions at the metal/electrolyte interface. This behavior is 
often reflected by a higher Rct, and in systems with passive films, a 
higher Rf indicates a more protective surface layer. Furthermore, higher 
impedance at lower frequencies suggests strong resistance to ion 
movement and electrochemical reactions, indicating that the material’s 
surface is well-protected [58]. In the Bode-phase plot, a higher and 
broader phase angle spanning the intermediate frequency range typi
cally signifies stable capacitive behavior, which is indicative of a 
well-formed and protective passive layer that reflects the enhanced 
corrosion resistance of the sample [59]. A protective passive layer 
minimizes the number of active sites available for electrochemical re
actions on the metal surface, thereby slowing down the corrosion pro
cess overall. When the passive layer breaks down, the low charge 
transfer resistance can mean that the underlying metal is more vulner
able to electron transfer, which could result in localized corrosion. The 
overall corrosion rate, however, stays modest as long as the passive layer 
is maintained (Table 4).

3.5. Density and total porosity

Achieving a completely dense product has traditionally been a key 
objective of additive manufacturing, as porosity remains present in 
conventional manufacturing methods such as casting [60]. The prop
erties of the powder, including the size and composition of the material, 
as well as the manufacturing conditions, significantly impact porosity 
and, consequently, relative density [61,62]. The mechanical behavior of 
products is strongly influenced by porosity. The relative density, as 
determined by the Archimedes method, can be mathematically related 
to porosity, which is expressed as a volume percentage. The results show 
that the total number and volume of holes per unit volume (Table 5) in 
EBM samples are greater compared to those in SLM samples. The two 
basic forms of frequently observed pores are spherical and elongated 
morphologies [63]. Gaseous entrapment during solidification in the 
process may also result in pore formation during EBM and SLM [3]. 

Fig. 9. Potentiodynamic polarization plots of the samples.

Table 3 
Corrosion potential, corrosion current density, and polarization resistance of the 
Ti64 samples.

Sample Ecor. (V vs. SCE) Icor. (A.cm2) Rp (Ω)

EBM XX- (YZ) − 0.6938 2.20E− 05 2.37E+ 03
EBM XX- (XZ) 0.1962 1.885E− 06 5.25E+ 04
EBM XX- (XY) − 0.7492 1.63E− 05 3.30E+ 03
SLM XX- (YZ) − 0.3223 7.48E− 07 1.16E+ 05
SLM XX- (XZ) − 0.1837 9.31E− 07 1.14E+ 05
SLM XX- (XY) − 0.5415 6.24E− 06 1.45E+ 04
SLM XY- (YZ) 0.3152 7.66E− 07 6.39E+ 04
SLM XY- (XZ) − 0.1788 1.90E− 06 3.84E+ 04
SLM XY- (XY) − 0.3357 9.60E− 07 9.80E+ 04
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Fig. 10. (a) Equivalent electrical circuit diagram obtained using the Zview program, (b) Nyquist, (c) Bode, and (d) Bode-phase plots of the samples.
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Upon cooling, the alloy vapour may be retained and condense into 
nearly spherical pores. Insufficient melting during subsequent layer 
deposition causes the elongated pores [64,65]. As presented in Table 5, 
the density trend can be correlated with laser energy density. SLM-XY 
used the highest energy density during fabrication and achieved the 
highest densification, while EBM, with the lowest energy density, 
exhibited the lowest densification.

3.6. Surface wettability

Fig. 11 displays the wettability characteristics of the Ti64 alloys. The 
EBM samples exhibited the highest water contact angle of 99.87◦, while 
the SLM-XY Ti64 alloy showed the lowest water contact angle of 84.45◦. 
Hydrophobicity and the alloy’s surface energy are closely related, with 
more hydrophobic properties resulting in surfaces with higher water 
contact angles. A surface is considered hydrophilic when the contact 
angle between the surface and a water droplet is below 90◦, while it is 
regarded as hydrophobic if the contact angle exceeds 90◦ [66]. The 
performance of biomaterials is affected by the hydrophilic/hydrophobic 
characteristics of their surfaces. SLM approaches reveal that altering the 
scan strategy significantly affects the hydrophobicity of the surfaces 

[67]. This can be attributed to the interaction between the laser direc
tion and the argon airflow direction, which might result in irregularities 
in microstructural features. For instance, unmelted regions are linked to 
inadequate energy density during the scanning process, which can occur 
due to improper scanning parameters (such as current, scanning speed, 
focus offset, line offset, etc.) or the influence of electromagnetic inter
ference during fabrication. Electromagnetic interference in the melt 
pool during additive manufacturing arises from the interaction of elec
tric and magnetic fields with the molten material. This interference can 
destabilize the melt pool and alter its dynamics, potentially resulting in 
defects in the final part. These regions can create surface irregularities, 
such as pores or rough spots, which can impact the wettability of the 
material [68].

3.7. Microhardness and surface roughness

Fig. 12 summarizes the microhardness and roughness characteristics 
of the Ti64 samples. The SLM and EBM fabrication methods produce 
different microhardness values due to distinctions in their microstruc
tures. Ti64 alloys produced through laser techniques consist of acicular 
α′ martensite, whereas EBM-manufactured components exhibit an α+ β 
microstructure. Among these microstructures, α′ martensite demon
strates the highest strength [69]. It is a non-equilibrium phase, stronger 
than the α+ β phases due to lattice strains that develop during its for
mation. Furthermore, columnar α+ β microstructures exhibit better 
strength than equiaxed α+ β microstructures. Overall, characteristic 
altered α/β structures, including colony and basket-weave morphol
ogies, are observed in the EBM-built samples [70]. It is well known that 
the acicular α′ phase results in higher hardness than the α/β micro
structure. Moreover, an increase in oxygen contamination leads to a 
thicker oxide coating with higher surface hardness, and the surface 
colour shifts from silver to a deeper blue [71,72]. The microhardness of 
three different samples (SLM-XX, SLM-XY, and EBM-XX) was found to be 

Table 4 
Parameters obtained from EIS fitting of the AM Ti-6Al-4V substrates.

Sample Rs (Ω.cm2) Y0c (S.secn.cm− 2) n1 Rf (Ω.cm2) Y0dl (S.secn.cm− 2) n2 Rct (Ω.cm2)

EBM XX- (YZ) 2.83 1.12 × 10− 6 0.91 15.32 3.21 × 10− 5 0.92 2.38 × 104

EBM XX- (XZ)
4.44

7.65 × 10− 6 0.76 52.86 1.01 × 10− 5 0.88 1.37 × 106

EBM XX- (XY) 2.62 4.12 × 10− 6 0.86 13.44 8.91 × 10− 6 0.92 1.27 × 104

SLM XX- (YZ) 4.84 1.91 × 10− 5 0.94 21.02 1.91 × 10− 5 0.92 2.55 × 105

SLM XX- (XZ) 2.38 1.01 × 10− 6 0.92 19.55 3.65 × 10− 5 0.94 7.36 × 104

SLM XX- (XY) 2.93 1.38 × 10− 6 0.92 18.65 3.75 × 10− 5 0.93 7.51 × 104

SLM XY- (YZ) 4.07 9.49 × 10− 7 0.85 71.02 1.05 × 10− 5 0.89 4.45 × 106

SLM XY- (XZ) 4.19 1.54 × 10− 6 0.81 43.49 1.38 × 10− 5 0.91 6.07 × 105

SLM XY- (XY) 2.95 1.73 × 10− 6 0.88 16.78 3.38 × 10− 5 0.92 6.54 × 104

Table 5 
The relevant density and porosity of samples fabricated by AM process.

Ti6Al4V ρbulk Porosity (%)

SLM- XX 4.28 3.4 %
SLM- XY 4.31 2.8 %
EBM- XX 4.17 5.9 %

Fig. 11. Contact angle measurements for the (a) SLM-XY, (b) SLM-XX, and (c) 
EBM-XX samples.

Fig. 12. Microhardness and surface roughness of the (a) SLM-XY, (b) SLM-XX, 
and (c) EBM-XX samples.
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319.5, 333.66, and 327.66 HV, respectively. The variation in micro
hardness between the SLM-XX and SLM-XY orientations can be attrib
uted to the anisotropic effects inherent in the SLM process. SLM 
fabricates components layer by layer, resulting in anisotropic material 
properties that depend on the scanning direction. Moreover, the grain 
size and orientation in the SLM-XY sample are typically more refined 
and structured, enhancing hardness due to the rapid cooling and solid
ification occurring along the laser’s scanning path. In contrast, grains in 
the SLM-XX sample tend to grow larger or adopt different orientations 
due to slower cooling rates and heat retention across multiple layers, 
leading to reduced hardness [73]. Furthermore, the differing cooling 
rates between the SLM-XY and SLM-XX samples can create variations in 
the residual stresses that affect microhardness. The SLM-XX sample also 
exhibits more defects, such as porosity and incomplete melting, which 
can further diminish hardness compared to the SLM-XY, where the laser 
scanning process is more uniform [74].

The cooling rates and solidification patterns can vary in different 
directions during the SLM and EBM processes, leading to the observed 
differences in grain size and shape [75,76]. EBM operates at higher 
temperatures and utilizes an electron beam, resulting in slower cooling 
rates. This slower cooling leads to the formation of coarser microstruc
tures, which may exhibit lower hardness [77]. SLM typically has lower 
porosity than EBM, reducing defect density and enhancing effective 
hardness, as defects can serve as stress concentrators that diminish 
overall mechanical performance [78]. In the SLM-XY sample, the laser 
operates in the XY plane, resulting in more consistent heat distribution 
and a finer microstructure (harder phases) in that orientation. On the 
other hand, elevated temperatures in EBM can enhance phase stability 
and reduce the formation of residual stresses, leading to increased 
hardness [79]. Conversely, residual stresses in components processed by 
SLM-XX differ from those in EBM parts due to their distinct thermal 
cycles. These variations in thermal cycles and solidification processes 
can result in variations in the phase composition of materials created by 
SLM and EBM [80,81]. On the other hand, EBM operates at higher 
temperatures, which can result in a more isotropic microstructure and 
contribute to higher overall hardness compared to SLM-XX [82]. The 
surfaces of the SLM (XX, XY) and EBM-XX samples were rough, with 
values of 7.84 ± 0.4, 6.89 ± 0.34, and 9.7 ± 0.6 μm, respectively. In 
contrast to the other samples, the surface of the SLM-XY was the 
smoothest, while the surfaces of the EBM samples were considerably 
rougher. EBM appears to produce a broader molten pool, which hinders 
the formation of a smooth surface [83,84]. For the SLM samples, the 
effect of orientation was found to increase the roughness of the XX 
surfaces. In general, the staircase effect due to more layers, the adher
ence of partially melted granules to the outer surface, and the presence 
of unmelted areas and open pores are among the factors that cause 
surface roughness. Ponader et al. [85] suggested that Ti64 samples with 
a surface roughness of less than 24.9 μm are suitable for cell growth. 
Conversely, a surface roughness greater than 56.9 μm was found to 
decrease the proliferation of human osteoblast cells. According to pre
vious studies [86], different process orientations altered the surface 
roughness and enhanced the “valley and hill” effects on the surfaces.

3.8. Evaluation of bioactivity

Simulated body fluid was employed in this study to assess the 
bioactivity of the samples. The process involved immersing the samples 
for 21 days in a 1X SBF solution (pH = 7.4), which mimics the charac
teristics of human plasma, to monitor the production of calcium phos
phate crystals on AM samples after initial etching. During the etching 
step, the metal surfaces were treated with an acid solution not only for 
cleaning but also to modify their roughness. Acid-etched surfaces, 
particularly in titanium, exhibit enhanced adhesion and improved 
roughness [66]. The 1X SBF is created in the lab with ionic concentra
tions that closely match those found in blood plasma [87]. Fig. 13 shows 
SEM images of the AM samples after 21 days of immersion in 1X SBF 

solution, revealing calcium phosphate precipitation on all sample sur
faces. However, the precipitation of calcium phosphate on the surface of 
the Ti64 samples differed depending on the additive manufacturing 
process. Calcium phosphate crystals grew more on the SLM samples 
(Fig. 13a and c) compared to the EBM sample (Fig. 13b). This result can 
primarily be correlated with the differences in surface roughness and 
contact angle [88,89]. Surface roughness can enhance calcium phos
phate deposition by providing additional surface area and micro-scale 
features that serve as nucleation sites for crystals. Rough surfaces typi
cally result in greater calcium phosphate accumulation, as they promote 
stronger mechanical bonding and better adhesion of the calcium phos
phate layer [90]. Most SLM samples show calcium phosphate accumu
lation in the form of islands. Fig. 14(a), (b), and (c) display the EDS 
results for the SLM-XY, EBM-XX, and SLM-XX samples, respectively. The 
SLM-XY surface has a higher Ca²⁺ concentration in the calcium phos
phate layer than the SLM-XX surface, which correlates with a lower 
contact angle. This further demonstrates that altering the production 
process facilitates the development of surface calcium phosphate layers. 
On the other hand, the EBM XX samples, due to their higher contact 
angle, contain less Ca and P than the SLM samples, resulting in 
decreased calcium phosphate accumulation.

4. Conclusion

In this study, Ti64 components were fabricated using both SLM and 
EBM techniques. The results indicate several key findings: 

• Phase Composition and Microstructure: SEM and XRD analyses 
revealed that the manufacturing method significantly influenced the 
chemical composition and microstructure of the components.

• Microhardness and Roughness: SLM XY-processed samples exhibited 
higher microhardness compared to EBM samples. Conversely, SLM 
samples had lower surface roughness than those processed by EBM.

Fig. 13. Surface morphology of the (a) SLM XY, (b) EBM XX, and (c) SLM XX 
samples after soaking in SBF for 21 days.
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• Electrochemical Properties: All as-fabricated samples (SLM XX, XY, 
and EBM YZ-plane, XZ-plane, XY-plane) demonstrated good elec
trochemical properties. However, electrochemical polarization Tafel 
curves and impedance data consistently showed that XY-plane 
samples had lower corrosion resistance than those in the XZ-plane 
and YZ-plane.

• Bioactivity: In vitro assays revealed that SLM XY samples exhibited 
high bioactivity, with more calcium phosphate deposits on their 
surfaces, which correlated with wettability properties.

Therefore, both EBM and SLM (XX, XY) Ti64 components are 
promising candidates for orthopedic biomaterials. Future research will 
focus on coating the samples to improve the distribution of hydroxy
apatite elements (Ca/P), achieve a bone-like molar ratio, enhance bone 
cell functions, and improve antibacterial properties.
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