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This work aimed to comprehensively assess the influence of various surface modifications on the formation of
apatite ability for EBM Ti-6Al-4V alloy. Sandblasting (S), acid-etching (E), sandblasting and acid-etching (SE),
anodization (NA), micro-arc oxidations in 1 M H5SO4 solution (SM) and 1 M H3PO4 solution (PM) methods were

:1-:5{:;4:1/10 dification applied to modify electron beam melted (EBM) Ti-6Al-4V surface. The o/oa’-Ti structures and TiO, phases were
Bioactivity detected by XRD. The surface roughness (R,) values ranged from 0.25 pm and 2.86 pm. The wettability of

samples was between around 25° and 104° The SM sample possessed the lowest contact angle. In vitro tests were
employed in the simulated body fluid (SBF) solution for 28 days. The samples with different surface textures
demonstrated bioactive behaviors. In vitro test results showed that apatite layers formed on the surfaces. The SM
sample exhibited good apatite formation ability when the Ca/P ratios were considered. The apatite formation for
the SM sample might derive from high roughness, low contact angle value, the existence of Ti-OH groups, and

anatase and rutile phases. The SM can be implemented to boost bioactivity on EBM Ti-6A1-4V alloys.

1. Introduction

Titanium-based alloys have been the most crucial materials which
are remarkably utilized in diverse industrial application fields such as
aviation [1], marine [2], biomedical [3] due to their low density, high
corrosion resistance, outstanding mechanical properties, good tough-
ness and good biocompatibility over the last four decades [4]. Among
these Ti alloys and application fields, the Ti-6Al-4V alloy attracts great
attention. As mentioned above, it has become the most common alloy as
a biomaterial due to its specific properties. Even though Ti-6Al-4V alloy
possesses favorable characteristic features to be used as an implant
material for the replacement of human body parts, Ti-based alloys have
failed after the implantation process [5]. Bare Ti-based alloys lack
integration with host tissue. Ti-based materials have been directly
restricted as implant materials due to their biological inertness. The
existence of biological inertness retards osseointegration between the

implant and bone [6-8]. Therefore, many surface modifications have
been applied, such as alkaline treatment [9], sandblasting [10],
acid-etching [11], anodization [12], plasma electrolytic oxidation (PEO)
[13], micro-arc oxidation (MAO) [14] to improve the bioactivity of
Ti-based materials. These surface modifications play a profound role in
accelerating and facilitating biological responses between the implants
and bones. The production of these Ti-based materials is another sig-
nificant factor that should be considered in terms of their shape and form
to be used as an implant. Therefore, different type of manufacturing
methods have been implemented to produce Ti-based implant materials
such as casting [15], powder technology [16], machining [17], additive
manufacturing (AM) [12]. Amongst these manufacturing methods, the
AM method has recently been utilized to obtain implant materials with
complex geometries, such as porous structures, which facilitates the
osseointegration process. Electron beam melting (EBM) is one of the AM
methods. EBM is a powder bed process of AM in which an electron beam
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is used as an energy source. The EBM technique is taken place under a
vacuum [18]. Firstly, metallic powders are laid and spread on the bed
platform. Then, the powders on the bed platform are melted by an
electron source to produce one layer. After the production of one layer,
the powder bed is displaced downwards in the z-direction by one-layer
thickness to enable the spread or lay new fresh powders on the first layer
to manufacture new layer [19,20]. EBM method offers high precision,
material saving, design and production of complex geometry with
flexibility and adaptation to individual needs. The EBM enables to
manufacture very complex components at low cost and in short time.
EBM provides huge potential for mass production of high quality
products. EBM reduces production processes and cost, thereby, it has
fewer energy needs overall. The processes of the EBM method, as
compared to traditional manufacturing, are more efficient and signifi-
cantly reduce the environmental impact of waste products [18,21]. As
mentioned above, applying EBM Ti-6Al-4V alloys as implant materials
has gained much attention because of providing convenience for fabri-
cating desired shapes and forms, such as porous structures. Hence,
Ti-6Al-4V alloys have been fabricated by the EBM method for biomed-
ical applications. Lately, Ti-6Al-4V alloys have been manufactured by
the EBM method to investigate and study their mechanical, corrosion,
tribology, and biological properties. For instance, Ramskogler et al. [22]
produced Ti-6Al-4V alloy with EBM technique. Then, they modified the
surface of the alloys by using electron beam welding machine (EBW) at
different beam current and velocity to create a surface topology for the
investigation of cell proliferation. The surface obtained at 0.8 mA and
341 mm/s showed the best cell spreading and proliferation. Yin and
co-workers [23] manufactured porous Ti-6Al-4V alloy via the EBM
technique. The porous Ti-6Al-4V alloy was treated by ultraviolet pho-
tofunctionalization. The results exhibited that the osseointegration of
porous Ti-6Al-4V improved after the surfaces’ ultraviolet photo-
functionalization. Li et al. [24] manufactured porous Ti-6Al-4V alloy.
The porous Ti-6Al-4V alloy was exposed to alkali treatment in 10 M
NaOH aqueous solution at 60°C for 24 h in order to enhance bioactivity.
After that, the in-vitro and in-vivo experiments were carried out. The
findings pointed out that the produced porous EBM Ti-6Al-4V samples
boosted apatite formation, cell attachment, viability, cell proliferation
as well as in-vivo properties. Chudivona et al. [25] fabricated porous
Ti-6Al-4V alloy by using the EBM technique. Calcium phosphate nano-
particles (CaPNPs) was applied to alter surface property for porous EBM
Ti-6A1-4V alloy to investigate the biological properties. The authors
concluded that the change of surface feature enhanced the biocompat-
ibility and increased the osseointegration process. As can be understood
from the example studies about surface modification of EBM Ti-6Al-4V
for bioactivity application, the comparison of the EBM Ti-6Al-4V alloy in
terms of apatite formation ability after surface modification has not been
reported. Within this framework, for the first time we applied compre-
hensive surface modification techniques on Ti-6Al-4V alloy produced
via EBM method so as to analyze, compare and evaluate the apatite
formation ability. Sandblasting (S), acid etching (E), anodization (NA),
sandblasting and acid etching (SE), micro-arc oxidations in 1 M HySO4
(SM) and in 1 M H3PO4 (PM) methods were performed on EBM
Ti-6Al-4V alloys. These surface modification methods are the most sig-
nificant for controlling of the surface morphology, roughness, wetta-
bility and adhesion of layers in order to functionalize biomaterials. The
microstructure, surface roughess, topography and wettability properties
of EBM Ti-6Al-4V alloy were analysed and characterized. Moreover,
apatite ability experiments were carried out in order to investigate
bioactivity performances of surfaces.

2. Materials and methods
2.1. Material and manufacturing

Ti-6Al-4V alloy was obtained via the electron beam manufacturing
(EBM) process. The Arcam Q20 machine (EBM theme 5.2.24) was used
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to manufacture samples. The process parameters are given in Table 1.
The samples with dimensions of 145 mm in length and 20 mm in
diameter were built vertically by assembling the layers along the z-axis
perpendicular to the plate given in Fig. S1. Ti-6Al-4V powder sizes
ranged from 45 to 106 pm. The chemical composition of the Ti-6Al1-4V
powder is shown in Table 1. The preheating temperature for the build-
ing plate was around 700°C, and a partial vacuum of 5 x 10~* mbar was
applied during the process. A machining process was applied to alloys
after EBM manufacturing.

2.2. Surface modification of alloys

The EBM Ti-6Al-4V was cut into discs 2 cm in diameter and 5 mm in
height. Then, SiC papers between 80 and 1200 grits were utilized to
grind Ti-6Al-4V alloys. Later, acetone, ethanol, and distilled water were
used to clean the surface of Ti-6Al-4V alloys for 15 min. Hydrofluoric
acid (HF) and nitric acid (HNO3) were mixed to obtain a solution to
remove natural oxide layers prior to the modifications. The Ti-6Al1-4V
alloys were modified via sandblasting (S), acid-etching (E), sand-
blasting and acid-etching (SE), anodization (NA), micro-arc oxidations
in 1 M H3SO4 (SM), and in 1 M H3PO4 (PM) methods. Al;O3 particles
were sprayed for 2 min in the sandblasting method. A mixture of HCl/
H,S04 solutions was utilized in the acid etching process for 10 min. The
anodization process was conducted at 20 V in 0.5 wt% HF solution using
a power supply at ambient temperature for 30 min. Finally, two separate
micro-arc oxidations were conducted at 400 V for 5 min in 1 M HySO4
and 1 M H3POy solutions. The distance between electrodes was adjusted
to be 3 cm for both anodization and micro-arc oxidation processes. The
experimental design and surface modification processes are depicted in
Fig. 1. Also, the surface modification methods and final photographs of
samples after modifications are given in Table 2.

2.3. Material characterization

The microstructure analysis of EBM Ti-6Al-4V alloys was done using
an optical microscope (Nikon Eclipse ME600 mode). The phase analysis
of EBM Ti-6Al-4V alloys was carried out via X-ray diffraction (Rigaku,
Japan, CuKa, A = 0.1542 nm). The morphology and elemental analysis
were characterized by a scanning electron microscope (SEM, Carl Zeiss
300 VP) equipped with an X-ray spectrometer (EDS). The surface
topography and roughness of EBM Ti-6Al-4V alloys were analyzed via a
surface profilometer (Ambios XP-2). The wettability of EBM Ti-6Al-4V
alloys was measured using an optical tensiometer (Theta Lite). FTIR
spectra were obtained through Fourier transform infrared spectroscopy
(Perkin Elmer Spectrum II). Tests of apatite formation ability were
performed in the simulated body fluid (SBF) solution prepared accord-
ing to reference [26]. The modified samples were soaked in 100 mL of
the solution for 28 days at 37°C. After immersion, the samples were
gently rinsed and examined by FTIR and SEM devices.

Table 1
Process parameters and alloy composition for EBM Ti-6Al-4V alloy.

Parameters Preheat [1/2] Melting [Outer contour/

Inner contour/Hatch]

Average current 0/13.95 -

[mA]
Focus offset [mA] 44 6/6/45
Speed [mm/s] 40500/40500 450 / 450 / -
Current [mA] 36/45 9/9/28
Speed function - -/-/32
Line offset [mm] 0.4/0.4 -/-/0.22
Hatch depth [mm] 0.09/0.09 -/-/0.09

Alloy Composition
(wt %)

Ti (balance); Al (5.5-6.75%); V
(3.5-4.5%); O

(< 2000 ppm); N (< 500 ppm);
C (< 800 ppm); H

(< 150 ppm); Fe (< 3000 ppm)




S. Demirci et al. Surfaces and Interfaces 34 (2022) 102372

— = Sandblasting (S) U

) = Acid etching (E)
]
Sandblasting
E Slicing T —_— +
—_— _ Acid etching o
\ ] (SE) L
o
— Anodization ~
oxidation (NA) # | /‘
EBM Ti-6Al-4V — j'l
Microarc I

H,S0, (SM) n—ﬂ

Microarc I

—_—
——p oXidation in 1M
—_—

oxidationin1M |
H;PO, (PM) nvﬂ

Fig. 1. The experimental design and surface modification processes.

Table 2
Surface modification and photographs of EBM Ti-6Al-4V alloy after modification.

Group Modification Methods

Sandblasting Acid Etching Sandblasting+Acid Anodization Micro-arc Oxidation in 1 M Micro-arc Oxidation in 1 M
Etching H,S04 H3PO4
Codes S SM PM

SE NA

Phows .

100 pm

Fig. 2. Optical micrographs of EBM Ti-6Al-4V alloy. (a) Longitudinal cross-section showing columnar beta grains. (b) High magnification longitudinal cross-section
image showing needle-like fine o’ martensitic laths in the basket-weave structure.
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3. Results and discussion
3.1. Microstructure analysis

The optical microscope images of the EBM Ti-6Al-4V, which were
taken from the cross-section parallel to the building direction, were
shown in Fig. 2. Fig. 2(a) illustrated the columnar growth of prior beta
grains along the building direction due to the direction of heat flow. The
higher magnification optical image in Fig. 2(b) demonstrated basket-
weave morphology, which consisted of a needle-like alpha phase with
a small amount of beta phase within the prior beta grains. This micro-
structure is a typical in the as-built Ti-6Al-4V alloy produced by EBM
[12,27].

3.2. X-ray diffraction analysis (XRD)

The results of XRD analysis for EBM Ti-6A1-4V alloys after applying
surface modification methods were demonstrated in Fig. 3. As shown in
Fig. 3, the a/a’-Ti structures were the dominant phases after modifica-
tions. Aside from the existence of a/a’ phases, the SM sample possessed
anatase and rutile phases, whereas the PM sample had anatase phases.
The anatase phase was not observed on the NA sample, even though it
was modified by anodization. According to Sul et al. [28], amorphous
oxide layers formed after anodization on Ti-based alloys. The formed
oxide layers can be detected by XRD analysis as TiO, structures after
thermal treatment at high temperatures. High temperatures were
reached on the sample’s surface locally during the micro-arc oxidation
process [12]. The high temperature transforms the amorphous phases
into crystalline phases. Therefore, TiO, phases were observed on PM and
SM samples but not on the NA sample. In addition, there was a shift for S
and SE samples in the XRD results. The shift towards lower 20 could
appear for S and SE samples in Fig. 3. This shift might be attributed to
excessive stress because of sandblasting process [29]. Furthermore, the
MAUD (Materials Analysis Using Diffraction) program was used for the
Rietveld analysis. According to Rietveld analysis, the weight fraction of
a/o’-Ti phases for S, E, SE, and NA samples was 100%. The PM sample
contained 62.12% o/a’-Ti phases and 37.88% anatase phases by weight,
whereas the SM sample possessed 61.46% a/a’-Ti, 4.075% anatase, and
34.45% rutile phases.

3.3. Surface morphology
Fig. 4 depicted the surface morphologies of EBM Ti-6Al-4V alloy

after surface modification processes. As seen in Fig. 4, different surface
topographies and morphologies were obtained. The S sample had an
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Fig. 3. XRD analysis of EBM Ti-6A1-4V alloys after surface modifications.
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irregular coarse and rough surface composed of pits, cavities, and val-
leys with an irregular edge after sandblasting process in Fig. 4(a). The E
sample was similar to the S but less coarse and rough. The morphology
of the E sample consisted of micro-pits, valleys, and craters in Fig. 4(b).
Fig. 4(c) demonstrated the sandblasted and acid-etched morphology of
the EBM Ti-6Al-4V alloy. The SE morphology exhibited crater-like
structures and cavities. NA sample had a uniform, homogenous and
smooth morphology. The amorphous nanopores can be observed in
Fig. 4(d). Fig. 4(e) displayed the surface morphology of EBM Ti-6Al-4V
alloy after micro-arc oxidation in the H,SO4 solution. As seen in Fig. 4
(e), SM revealed dense circular volcano-like pores. These pores were
formed and distributed uniformly and homogeneously on the EBM Ti-
6Al-4V alloy. The diameter of pores ranged from 100 nm to 1 pm for
the SM sample. The morphology of the PM sample was shown in Fig. 4
(f), obtained in the H3PO4 solution. The pore structures with different
sizes were observed for the PM sample. The quantity and density of
pores on PM samples were lower than that of SM samples. The pore sizes
enlarged on the PM sample after the process in which the diameter was
between 500 nm and about 5 pm. These results are in good agreement
with the literature [30].

3.4. Surface roughness and contact angle measurements

The surface topography, roughness (R,), and contact angle of EBM
Ti-6Al-4V alloys were exhibited in Fig. 5 and Fig. 6, respectively. Based
on Fig. 5, the surface-modified samples showed smooth and homoge-
nous roughness patterns on their surfaces. Nevertheless, the applied
surface modification methods altered the roughness values. S sample
had the highest surface roughness value, approximately 2.86 pm. The
roughness value of the E sample was 0.28 pm. On the other hand, the NA
sample, whose value was 0.25 pm, showed the lowest surface roughness.
The highest roughness for the S sample is expected because of excessive
deformation. The sample SE had a lower surface roughness value, about
2.06 um, than the S samples. The etching process decreased the SE
sample’s roughness compared to the S sample. As for the SM and PM
samples, the surface roughness of the SM sample was nearly 1.38 pm,
whereas the PM sample displayed approximately 0.92 pm. Moreover,
the contact angles of EBM Ti-6Al-4V alloys were illustrated after surface
modifications in Fig. 6. It could be seen that contact angle values were
different from one sample to another. The S sample showed hydrophobic
behavior with a contact angle of 104.78°. The contact angle of the S
sample was the highest. The contact angle value of the NA sample was
104.57°. This value was very close to S one. NA sample displayed hy-
drophobic behavior because of having high contact angle value. As for E,
SE, SM, and PM samples, these samples’ surfaces became hydrophilic
after modification. The contact angles of E, SE, SM, and PM were 77.06°,
70.93°, 25.84° and 58.36°, respectively. The SM sample exhibited the
lowest contact angle. The surface roughness of samples is given in
Table 3. These findings are in good agreement with the literature [12].

The wettability of surfaces is affected by surface chemistry, free
energy, surface morphology, and properties of the liquid. Generally, the
higher the surface roughness and surface energy, the lower the contact
angle value occurs [31,32]. The lowest contact angle value for SM sur-
faces might stem from surface energy and topological texture. As shown
in Fig. 4(e), the SM sample’s surface was composed of mainly micron
and submicron pore structures, which increased the roughness. In
addition, surface chemistry plays a crucial role in wettability properties.
The presence of oxide phases on Ti surfaces reduces the contact angle
values. Therefore, PM and SM samples had lower contact angles because
of Ti-O bonds than others [33,34]. When SM and PM samples were taken
into account among themselves, the lower contact angle value for the
SM sample than the PM sample was due to the presence of the rutile
phase. Because the surface energy of the anatase phase is lower than
rutile phases [35], hence SM sample’s surface could have high surface
energy. The surface properties of SM samples may increase wettability
[36-38].
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Fig. 4. SEM images of (a) sand-blasted surface (b) etched surface (c) acid-etched surface (d) anodized at 20 V in HF%]1 solution (e) micro-arc oxidation at 400 V in 1

M H,SO,4 solution and (f) micro-arc oxidation at 400 V in 1 M H3PO, solution.

3.5. Apatite forming ability

Apatite forming ability experiments were done to evaluate samples’
bioactivity behavior. Fig. 7 showed the SEM micrographs and EDS
spectrums of samples’ surfaces after immersion in the SBF at 37°C for 28
days. The surfaces of the modified samples demonstrated different
bioactive behavior. The apatite forming ability experiments revealed
that while the S and PM samples could not form a homogeneous apatite
layer, other samples formed a homogeneous, dense and stable apatite
layer on their surfaces. As can be seen in Fig. 7(b)-(e), the E, SE, NA, and

SM sample surfaces were covered by sponge-like granular structures
which were related to apatite formation [39-41]. EDS analysis in Fig. 7
(b)-(e) showed that these granular structures consisted of Ca, P, and O
elements. In addition, the stoichiometric value of the Ca/P ratio for E,
SE, NA, and SM samples were 1.6, 1.88, 1.56, and 1.72, respectively, as
seen in Table 3. The theoretical stoichiometric ratio of Ca and P ions for
hydroxyapatite and human bone are 1.67 and 1.5, respectively. Gener-
ally, the atomic ratio of Ca and P ions for apatite structures formed in
SBF solution ranges between 1.4 and 2.0 [42,43]. The difference in the
value of the Ca/P ratio generally originates from occupations of POz°>




S. Demirci et al.

S L;

SE

Z: 3125 um Z:31.25 um 2%

SM

Z: 8.76 um

Surfaces and Interfaces 34 (2022) 102372

Fig. 5. The surface roughness and topography images of the EBM Ti-6Al-4V alloys after surface modifications.

and CO3? ion sites in apatite structure [44]. Hence, it can be expected to
obtain different Ca/P ratios for samples in our study owing to various
surface modification ways. The apatite layer on the surface of S and PM
samples did not form and spread as desired, although EDS analysis
revealed that there were Ca and P elements along with Ti, Al, and O, as
seen in Fig. 7(a) and (f). The formation of the apatite layer on the sur-
faces of S and PM samples was weak and low. The Ca/P ratios for S and
PM samples were calculated to be 5.09 and 1, respectively, which relates
to unstable Ca-P deposition or formations. Hacioglu et al. [42] examined
the bioactivity of sandblasted Ti-6Al-4V samples in an SBF environment
for 21 days. They concluded that sandblasted samples could not form a
uniform and homogenous apatite layer like our result. Also, in the case
of the PM sample, Song et al. [30] produced oxide films by anodic spark
oxidation in the H,SO4 and H3PO,4 solutions and evaluated the bioac-
tivity of the samples. Results showed that while the oxide films produced
in the HySO4 solution formed a stable and homogeneous apatite layer,
films produced in the H3PO4 solution failed to form an apatite layer. The
ability of apatite formation is significantly dependent on the chemical
properties of the surface. It could be stated that the apatite formation on

Ti alloys mainly originates from the presence of Ti-OH groups, which act
as nucleation sites for Cat? ions [45]. Wu et al. [40] stated that the
presence of Ti-OH groups on the surfaces played a vital role in forming
the apatite layer owing to acting as nucleation sites. Confirmation of the
presence of Ti-OH groups on the surfaces after modification is usually
performed by FTIR analysis according to the literature [46,47]. The
FTIR spectra of surface-modified samples after 10 days in SBF solution
were given in Fig. 8. It could be seen from Fig. 8 that the band centered
at about 1100 cm ! might be ascribed to the formation of Ti-OH groups
[47]. The higher the band intensity at around 1100 cm™?!, the more
Ti-OH formation is. As seen in Fig. 8, the SM sample showed the highest
intensity at around 1100 cm ™. The results of the FTIR spectra were in
good agreement with the apatite ability of samples. Based on the in-
formation mentioned above, it was seen that the formation of apatite did
not occur due to the lack of Ti-OH groups on the surface of the S sample.
Therefore, the apatite layer did not form on the entire surface of the S
sample. The same explanation could be valid for the PM sample. Even
though both anatase and rutile phases coexist on the surfaces, if the
Ti-OH groups did not exist, the apatite formation layers would be too
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Fig. 6. Contact angle values of (a) sand-blasted surface (b) etched surface (c) sand-blasted + acid-etched surface (d) anodized at 20 V in HF%]1 solution (e) micro-arc
oxidation at 400 V in 1 M H,SO4 solution and (f) micro-arc oxidation at 400 V in 1 M H3POy4 solution.

Table 3
Ca/P ratio of surfaces obtained from EDS analysis and surface roughness values
of samples.

S E SE NA SM PM
Ca/P Ratio 5,09 1,6 1,88 1,56 1,72 1
Ra 2.86 0.28 2.06 0.25 1.38 0.92

weak and rare on the surfaces. Furthermore, Kang and coworkers [48]
noted that although there was anatase phases, the lack of the formed
Ti-OH types structures and groups slows down rapid nucleation and
growth rates of apatite formation on the surface of Ti-6Al-4V alloy after
PEO process. Thus, the lack of apatite formation in the PM sample might
be caused by a lack of Ti-OH groups. In addition, the micro-arc oxidation
of Ti alloys in H3POj4 solution might lead to the formation of superoxide
ions, which can prevent apatite nucleation or obtaining compact surface
morphology [49,50]. As for E and SE samples, the apatite layers formed
and dispersed on the surfaces. Zhang et al. [41] subsequently modified
the surface of Ti-6Al-4V samples with sandblasting and acid-etching
methods. Results showed that modified surfaces not only increased
their wettability but also improved their bioactivity. Similar results were
observed in our study for SE and E samples in Fig. 7(b) and (c), and Ca, P,
and O elements were detected by EDS analysis. The values of the Ca/P
ratio for E and SE samples were estimated to be 1.6 and 1.88, respec-
tively. NA sample also had very uniform and dense apatite layers.
Although S and NA samples have similar wettability properties, the
formation of an apatite layer on NA sample occurred in Fig. 7(d). The
value of Ca/P ratio for NA sample was found to be 1.56. Nhuyen et al.
[51] produced different surface properties on the Ti-6Al-4V alloys with
anodic treatment in various solutions. They stated that various bioactive
surfaces could be obtained by anodic treatment depending on surface
chemistry and phase structure. The amorphous TiO or Ti-OH structures
might boost the formation of apatite layers after anodization in this
study [52]. Lately, the surface feature of the SM sample resembled the

NA sample. The Ca/P ratio of the SM sample was 1.72. Within this
framework, the results showed that the SM sample had the closest Ca/P
ratio value to the hydroxyapatite structure. The SM sample showed the
best apatite formation layers. There could be some reasons for better
apatite formation. The formation of apatite layers might be strongly
influenced by surface chemistry, roughness properties, wettability, and
phase [53-55]. Firstly, a rough surface generally assists in the
improvement of the bioactivity of materials [56]. When the samples
were taken into account, the roughness values followed the
S>SE>SM>PM>E>NA order. SM sample had enough rough surface to
promote biological response. Secondly, having a good wettability
feature on the surfaces increases the biological activity of biomaterials.
As seen in Fig. 6(e), the SM sample showed the lowest contact angle,
which easily induced apatite formation [55,57]. Thirdly, the existence of
phases on the surface plays a profound role in promoting bioactivity.
The presence of anatase and rutile phases stimulates the formation of
apatite layers on the surfaces, which soars the bioactivity [40,58,59]. In
this study, the SM sample had anatase and rutile phases, whereas the PM
sample had only the anatase phase, according to the XRD results. SM
sample showed better bioactivity as compared to other samples. Apart
from the existence of anatase and rutile phases, as seen in SEM micro-
graphs, the morphologies of the formed apatite layers consisted of
granular like structures on the surfaces. The granular type apatite for-
mation is usually stimulated by the presence of TiO or Ti-OH structure
and groups on the surfaces of Ti based alloys. Because, granular like
apatite formation on the samples’ surfaces might be mostly derived from
the presence of TiO or Ti-OH which acted as nucleation zones, created by
etching, anodization and micro-arc oxidation methods.

FTIR analysis of the samples after immersion in SBF for 28 days is
shown in Fig. 9. According to the obtained peaks, all samples showed
similar bands, and they were related to phosphate and hydroxyl func-
tional groups, which indicated apatite formation. Bands at around 1045
em ! and 1061 cm ™! were attributed to P-O vibrations of phosphate
groups (PO%’) [60,61]. The peak at around 875 em™! could belong to
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Fig. 7. SEM image and EDS analysis of selected area of (a) S sample, (b) E sample, (c) SE sample, (d) NA sample, (e) SM sample and (f) PM sample.

the carbonate CO3~ or HPOZ ™~ groups. The band at 875 cm ™! consisted of
the joint, which was related to the contribution of CO3%~ and HPOZ .
Because CO%~ functional groups partially replaced the PO3~ ions into
apatite lattice, B-type apatite was formed [62,63]. Also, the functional
group bands at around 875 cm™! are the characteristic bands of the
apatite structure formed after SBF immersion [60,64]. The detected
band at around 2910 cm ™! may be due to HPO%’ [65]. The peak at
around 1405 cm ™! consisted of asymmetric stretching of the C—0 bond.
Also, the bands at 2981 cm™! and 3680 cm™! corresponded to the
stretching mode of the hydroxyl group, which indicated water absorp-
tion and apatite formation [61,66]. In conclusion, all samples showed

functional groups that indicated Ca/P precipitation or apatite layer
formation, but SEM analysis revealed that some samples had relatively
more bioactive sites.

4. Conclusion

In conclusion, the EBM method was used to produce Ti-6Al-4V alloy.
The surfaces of Ti-6Al-4V alloys were modified via sandblasting (S),
acid-etching (E), sandblasting and acid-etching (SE), anodization (NA),
micro-arc oxidations in 1 M HySO4 (SM), and in 1 M H3PO4 (PM)
methods. The a/o’-Ti, anatase, and rutile phases were detected. The
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Fig. 8. FTIR spectra of the surfaced modified samples soaked in SBF solution
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Fig. 9. FTIR analysis of samples after 28 days immersion in the SBF.

surface roughness of samples followed the S>SE>SM>PM>E>NA
order. The surface roughness values changed between 2.86 pm and 0.25
pm. The contact angle values of E, SE, SM, and PM were 77.06°, 70.93°,
25.84°, and 58.36°, whereas S and NA samples had 104.78° and 104.57°,
respectively. Apatite formation ability experiments were done in SBF
solution for 28 days. The apatite formation results showed that the
ability of apatite formation significantly dependent on the surface
properties. However, the surface properties were not always enough to
form efficient apatite structures on the surfaces. Even though the SM
sample did not show the best wettability and highest roughness, the SM
sample exhibited better apatite formation ability because of the better
formation of Ti-OH groups on the surface. FTIR analysis validated that
different amounts of Ti-OH were formed on the sample surfaces. The SM
sample exhibited the highest band intensity at around 1100 cm™!. The
value of the Ca/P ratio for the SM sample was 1.72, which was very close
to the theoretical value of hydroxyapatite. The surface properties pro-
foundly affect the formation of Ti-OH groups on the surface. The micro-
arc oxidation process for EBM Ti-6Al-4V alloys in HySO4 solution could
be a better modification choice for apatite formation.
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