Microstructural, mechanical, electrochemical, and biological studies of an

electron beam melted Ti-6Al-4V alloy

L. Romero-Resendiz®!”, M.C. Rossi?!, A. Alvarez®, A. Garcia-Garcia®, L. Milian¢, M.A.

Tormo-Mas¢, V. Amigo-Borras®

2 Instituto de Investigaciones en Materiales, Universidad Nacional Auténoma de México,
Circuito exterior S/N, Cd. Universitaria, A. P. 70-360, Coyoacan, C.P. 04510, Mexico

b Universitat Politécnica de Valéncia, Instituto de Tecnologia de Materiales, Camino de
Vera s/n, 46022 Valencia, Spain.

¢ Departamento de Patologia, Facultad de Medicina y Odontologia, Universitat de Valencia,
Valencia, Spain

dHospital de Infeccion Grave, Hospital Universitari i Politécnic La Fe, Instituto de
Investigacion Sanitaria La Fe, Avenida Fernando Abril Martorell, Valencia, 46026, Spain

! Contributed equally to this work.

* Corresponding author. E-mail address: liliana.rom7@comunidad.unam.mx

Abstract

This work studied the feasibility of an electron beam melting (EBM) Ti-6Al-4V alloy as a
biomaterial for implants. Comparisons were made with a wrought forged Ti-6Al-4V alloy.
The objective of this work was a detailed description of the microstructural and surface
roughness effects on mechanical, electrochemical, and in-vivo biological performances.
The EBMed condition showed higher mechanical properties, as well as higher
electrochemical and ion release rates. These results were mainly influenced by the lamellar
grain morphology and complex crystallographic texture of the EBMed alloy compared to
the forged one. The higher area average roughness of the EBMed condition boosted the
adhesion, proliferation, and biofilm formation of osteosarcoma (MG63), Staphylococcus
epidermidis (S. epidermidis), and Staphylococcus aureus (S. aureus). The mechanical, ion
release, corrosion, and in-vivo biological results in both studied conditions met the

requirements for orthopedic and dental biomaterials. However, the forged condition is more



recommended for patients with clinic stories related to S. epidermidis and S. aureus

illnesses.
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1. Introduction

The aging of the population is a worldwide known phenomenon that increases the
number of total hard tissue replacements or necessary fixations, such as the hip and knee.
Metals are still the load-bearing material of choice for structural prostheses because of their
excellent mechanical properties and cost [1]. The advantages of biomedical Ti alloys have
been widely reported due to their higher biocompatibility and suitable mechanical
properties compared to other metallic materials [2]. From Ti alloys, Ti-6Al-4V alloy is one
of the most popular in the biomedical field due to its combination of acceptable mechanical
properties, corrosion resistance, and biocompatibility [3,4]. The higher corrosion resistance
of Ti-6Al-4V alloy, in comparison with Co-Cr and SUS316L, was reported [5]. Besides,
pitting corrosion due to the breakdown of the passivation layer generally does not occur in
this alloy in the presence of amino acids or proteins in Hanks or Ringer’s solution media
[6-9], or like implants on the back muscle of rabbits [7]. Additionally, the passivation
behavior of Ti-6Al-4V has been reported similar to Ti-6Al-4Nb, Ti-6Al-4Fe, and Ti-5Al-
2.5Fe [10]. Furthermore, it was found that the balance between o and B phases in Ti-6Al-
4V alloy allows good mechanical properties achievement [11].

Regarding the Ti—6Al-4V production, it is found that the traditional routes to obtain
casting and wrought alloys, show several limitations. Heterogeneities as segregation are
commonly found in cast Ti ingots [11,12] and long-time homogenization heat treatments
might be necessary. However, the Ti reactive nature at elevated temperature does not allow
the application of those treatments in a cost-benefit way [11]. Another drawback of casting
is the contamination of ingots with high-density inclusions (HDI) and high interstitial
defects (HID), which alter the mechanical properties of Ti alloys [11,13,14]. On the other
hand, the conventional wrought Ti alloys imply several melting cycles to overcome the

purity shortcomings of the cast materials [15]. The re-melting cycles are followed by



thermo-mechanical routes as forge or milling and heat treatments, which increase the
mechanical properties compared to casting components but also their time production [15].
As a solution to the aforementioned problems, additive manufacturing (AM) has shown
advantageous microstructural control by modifying the processing parameters [16].
Furthermore, AM allows large or small dimensional near-net-shapes production [17], which
is a valuable attribute for producing devices of demanding geometry and size without
requiring consecutive thermo-mechanical processes. Due to the above, AM is one of the
most promising fabrication techniques to produce Ti-components [16,17]. Moreover,
powder metallurgy by AM techniques is widely used for dental and orthopedic devices
because porous microstructures trigger the anchorage of the implant to the organic tissue of
bone [18-21].

Electron beam melting (EBM) is an AM technique that selectively melts the metal
powder using an electron beam to form layers of the final component [22]. Among the
benefits of EBM are the rapid production, cost-effectivity, accurate geometrical control,
adequate organic tissue-implant interfaces, and low content of interstitial elements on the
Ti-6Al-4V alloy [4,16,23]. EBM has been used to manufacture many Ti alloys for
biomedical purposes. Most of these investigations have been focused on developing a
comprehensive understanding of the processing-microstructure-properties relationships on
Ti-6Al-4V [22,24-27]. Regarding the mechanical performance, the lamellar grain
morphologies and their finer thickness are related to higher strengthening [22,25]. The Ti-
6Al-4V produced by EBM has also been compared with its cast counterpart, finding at least
two orders greater dislocation density in the EBMed alloy [27]. This resulted in higher
hardness through EBM compared to the conventional route. Concerning corrosion
performance, the EBMed Ti-6Al-4V immersed in phosphate-buffered saline solution
slightly improved its corrosion resistance compared to the wrought condition [28]. This was
related to a homogeneous distribution of alloying elements that resulted in decreased
galvanic effect between phases in the EBMed alloy. Compared to the wrought and selective
laser melting (SLM) conditions, the best performance of the EBMed alloy under crevice
corrosion and electrochemical corrosion at electrode potential higher than 1.5 V was also
reported [29]. Besides, Ti-6Al-4V Alloy with fine lamellar grain morphologies reported

superior corrosion resistance than coarse and acicular morphologies immersed in 3.5 wt.%



NaCl [30]. The abovementioned reports studied the mechanical and corrosion properties of
the EBMed Ti-6Al-4V but scarce information has been reported related to its
biocompatibility on alive cells.

One of the main aspects that leads to the good acceptance of one metallic
biomaterial is the biological interaction [31-33]. For the bone-implant interface to integrate
properly (osteointegration), there is a need for bone cells to be differentiated, adhered to,
and proliferate on the surface of implant materials [34]. Such biological integration quality
is influenced by the microstructure and morphology of the implant [35,36]. Accordingly,
the microstructural features and biocompatibility of the EBMed Ti-6Al-4V must be
investigated before clinical applications.

Another factor to consider in metallic implants is the likelihood of periprosthetic
infection (PPI1). The PPI, is the colonization and growth of microorganisms in the implant,
causing a symptomatological picture in the patient. The PPI could trigger prosthesis failure.
A replacement larger than the original prosthesis might be necessary due to the loss of
infected tissue and the performing of resection of healthy tissue to ensure that
superinfection does not develop [37]. The PPI forms part of the microbiota of the skin and
is known in medical microbiology as opportunistic pathogens, from where the
Staphylococcus epidermidis (S. epidermidis) and the Staphylococcus aureus (S. aureus)
cause two-thirds of the infections. About 2% of the incidence of this infection results in
total arthroplasty of the knee [37]. The cost derived from each treatment per patient varies
between 59,601-65,439 United States Dollars (USD) (10 times more than its basal price)
[38]. Therefore, the estimated economic impact of the revision surgery for infections in the
US was 1,620 million USD [37]. Due to the above, it is fundamental to investigate the
performance of the Ti-6Al-4V alloy in contact with S. epidermidis and S. aureus. It has
been demonstrated that EBMed Ti-6Al-4V alloy supports cell attachment, growth, and
differentiation [39,40], but it has not been tested on S. epidermidis and S. aureus cultures.

Based on the above, this paper aims to evaluate the mechanical, corrosion, and
biological assessments of the Ti-6Al-4V alloy manufactured by EBM and compare it with a
forged reference condition. The results are explained in terms of the microstructural
features of the alloy. No previous literature was found studying the performance of S.
epidermidis (RP62A), S. aureus (V329), and osteosarcoma cells on EBMed Ti-6Al-4V



alloy. These results will improve the knowledge of Ti-6Al-4V tested on different in-vivo
biological environments. The correlation of microstructural features with the mechanical,
corrosion, and biological behaviors will also serve as a basis for the design of other

biomedical alloys.

2. Experimental procedure

2.1. Microstructural evaluation

Commercially available forged (reference material) and EBMed Ti-6Al-4V ELI
alloys were obtained from Zimmer Biomet and AIDIMME companies, respectively. From
section 1, the conventional wrought forged Ti alloys are mechanically and purity
advantageous over their conventional casting counterparts. The reference forged Ti alloy
was selected to guide on the feasibility as biomaterial of the relatively new EBM process
and the most advantageous conventional production route. The geometry of raw plates was
60 mm diameter, 5 mm thick; and 30 mm of diameter and 10 mm thick, for forged and
EBMed materials, respectively. Before the microstructural examination, samples were
embedded in conductive resin and subjected to a conventional metallographic preparation.
Mirror finishing appearance was obtained with colloidal silica suspension of 0.05 pum in
particle size. An ultrasonic bath with acetone was used for 20 min to clean the samples.
Kroll’s reagent was used to reveal the grains. The morphological and microstructural
observations were done by using optical and scanning electron microscopes (Nikon Eclipse
LV100 and Zeiss Ultra55 FESEM, respectively). For Electron Backscattering Diffraction
(EBSD), the material was prepared using conventional metallographic preparation,
followed by vibratory polishing with a VibroMet 2 machine, using a colloidal silica
solution with a particle size of 0.3 um. Ultrasonic cleaning was used for removing surface
impurities. The EBSD analysis was carried out in a Zeiss Auriga model scanning electron
microscope with an HKLNordlys EBSD detector (15 KV). To study surface morphology
and surface roughness of the forged and EBMed Ti-6Al-4V alloys, a Filmetric Profilm3D
profilometer was used over a large scanning area (850 x 800 um). The parameters to
evaluate the surface roughness: arithmetic average roughness (Sz), root mean square
roughness (Sq), skewness (Sskw), and kurtosis (Skur) were calculated based on UNE ISO,

25178-2:2013. The percentage of present phases was obtained by a Rietveld refinement of



X-Ray Diffraction (XRD) peaks by using Material Analysis Using Diffraction (MAUD)
software by Radiographema 2.99 version. These results were obtained by using a Bruker X-
ray diffractometer D2 Phaser with a Cu-Ka source radiation, 30 KV and 10 mA as the
voltage and current conditions, respectively. The measurements were collected in a 26

range from 20° to 90° with a step size of 0.02° each 10 s.

2.2.Mechanical characterization

To evaluate the elastic modulus (E) of the forged and EBMed Ti-6Al-4V alloys, the
non-destructive impulse excitation technique (IET) was carried out by the Sonelastic
equipment. The software ATCP Sonelastic 3.0 was used to analyze the data. At least 3
elastic modulus measurements were obtained per condition studied. To remove stress
concentrators before tensile tests, the surface of all the samples was previously subjected to
computer numerical control (CNC) milling. The geometry of the samples was 2 x 1 x 10
mm on width, thickness, and length, respectively. Tensile tests were realized on a
Shimadzu Autograph AG-100 KN Xplus universal testing machine at a constant strain
deformation of 1 mm/min. At least 3 measurements were obtained per studied condition.
Ultimate (UTS) and yield (YS) strengths were obtained from the tensile test plots. The YS
was determined using the well-known 0.2% strain offset criterion. The software Trapezium
X was used for plotting tensile measurements. A Centaur durometer model HD9-45 was
used for microhardness measurements (HVNo.3). Samples with 5 mm thickness were tested
by applying 3 N for 15 s with the previous surface metallographic preparation. The
hardness measurements were performed from the transversal plane on the forged samples,
and in a random direction for the EBMed condition. At least 5 measurements were obtained

per sample.

2.3. lon release measurement

Before the ion release evaluation, samples were subjected to conventional
metallographic preparation up to a mirror-like appearance. For the ion release study, three
samples of each condition were immersed in 50 mL of Fusayama solution (pH of
5.27+0.11) and incubated for 730 h at 37°C. The chemical composition of the artificial



saliva was 0.4 g/L of NaCl; 0.4 g/L of KCI; 0.8 g/L of CaClz; 0.7 g/L of NaH2PO4; 2.5 g/L
of NaF; 0.005 g/L of NazS; and 1 g/L of urea. The testing conditions, i.e., fluoridated
artificial saliva at 37°C for 730 h, were selected to simulate the damage due to three daily 2-
minute tooth brushings for 20 years in the oral environment. After incubation, the
morphology of samples was studied under optical and scanning electron microscopes.
Inductively coupled plasma optical emission spectrometry (ICP-OES) was performed using
Varian-715ES equipment to measure the concentrations of Ti, Al, and V ions dissolved in

the incubated medium.

2.4.Corrosion behavior

The evaluation of corrosion resistance was carried out for three samples of each
alloy by a Metrohm Autolab PGSTAT?204 potentiostat. Samples were subjected to standard
metallographic procedures and cleaned using acetone before immersion. All the
electrochemical tests were performed in 1M NaCl solution (pH of 7.0+0.3) using a three-
electrode system; a saturated Ag/AgCl electrode (SCE) as the reference electrode, a
platinum tip as the auxiliary electrode, and the samples of Ti-6Al-4V as working electrode.
The Nova 2.1.2 software recorded the frequency response. Kinetic corrosion parameters
were determined using the Tafel extrapolation method.

2.5.Biological assessment

Prior to the biological evaluation, the samples were cleaned in an ultrasound bath
with acetone, ethyl alcohol, and deionized water for 60 min. Posteriorly, the samples were

dried and sterilized at 121°C for 20 min in an STE-8-D autoclave, Icanclave.

2.5.1. Cell culture

The human osteosarcoma cell line MG63 was used to investigate its biological
effects on the Ti-6Al-4V alloy. The cells were cultured in 25 cm? flasks using minimum
essential medium (MEM) supplemented with 1% pyruvate, 1% non-essential amino acids,
1% penicillin-streptomycin, 1% L-glutamine, and 10% of Fetal bovine serum (FBS). The

flasks were held at 37°C in a humidified atmosphere of 5% CO:2 until the culture reached



80-90% confluence. The number of cells and their viability before the biological tests were
evaluated by the 0.4% trypan blue dye exclusion method using the EVE Automatic Cell
Counter. A total of million live cells were obtained per milliliter with cell viability greater
than 95%. For the culture media conditioning, Ti-6Al-4V samples were used for 7 days. At
24 hours, 500 pL aliquots were extracted and after 7 days, the rest of the medium (3 mL)
was extracted. The aliquots obtained from the conditioned medium were used for the MTS
toxicity test. This test was important to assess whether the conditioned culture medium

could release toxic particles that affect cell viability.

2.5.2. MTS toxicity test

Toxicity tests were carried out on 10 forged and 10 EBMed disks of Ti-6Al-4V, as
well as their respective positive controls, negative controls, and the blank without cells. A
total of 65 wells for forged disks and 65 for EBMed disks were used. For each well, 7x10°
cells were seeded with 100 pL of culture medium. After 24 hours, this medium was
removed and another 100 pL of the conditioned medium by the samples. A medium
conditioned with latex as positive toxicity control, as well as MEM medium for the wells
for blank and the negative control, were added. In all cases, the medium was supplemented
with 10% SFB.

The MTS assay was performed by adding the CellTiter 96 AQ One Solution reagent
containing a tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and, an
electron coupling reagent (phenazine ethosulfate, PES) to each well to determine the
number of viable cells in the assay. Metabolically active cell dehydrogenase enzymes
reduce this reagent producing a soluble formazan derivative in the culture medium that
absorbs at 490 nm. The absorbance was measured with a plate reader, the absorbance value

is directly proportional to the number of viable cells.

2.5.3. Cell adhesion and proliferation assay

Five samples with cells were seeded for 5 hours, and 72 hours for the cell adhesion
and proliferation assays, respectively. The samples were incubated at 37°C in a humidified
atmosphere of 5% CO2. In both cases, 12 well-plates and 1500 cells/cm? for each well were

8



used. Cells seeded on slides (Milicell EZ) were used as adhesion and proliferation controls.
The cells were fixed using 2.5% glutaraldehyde. For the cell growth on the disks, a
phosphate-buffered saline (PBS) solution with 0.02% eosin was prepared to study the
cytoplasm. For the observation of the cell nucleus, 300 nM of 6-diamino-2-phenylindole
(DAPI) were used. The samples seeded with cells and their respective controls were studied
using the Leica DFC340 FX microscope. The number of cells was evaluated from images
obtained by a Leica DFC420 microscope using the Image-Pro Plus tool. The data analysis
was carried out using the GraphPad Prism software. An average of 10 images obtained
from every set of three repeated samples for each Ti-6Al-4V condition or control material
was considered for the statistical quantification of cells. The normalized ratio of
proliferating cells in each sample was calculated relative to their respective control. The

proliferation was quantified based on the blue-stained cells by the DAPI dye.

2.5.4. Bacterial strains and growth conditions

The bacterial strains used in this study were S. aureus V329 and S. epidermidis
RP62A (ATCC35984), which are two strong biofilm-forming strains. Stocks were stored in
Tryptone Soy Broth (TSB) from Scharlau containing 20% glycerol at -80 °C. Before
analysis, each isolate was subcultured twice on TSA plates to ensure viability. The
inoculum was prepared by suspending 1 to 3 colonies in PBS (pH=7.3) from a 24 h culture.
Cell density was adjusted to 0.5 McFarland standard providing 1.5 x 108 CFU/mL. The

final calculation of CFU/mL was executed after the serial dilutions.

2.5.5. Biofilm formation by S. epidermidis and S. aureus on different surfaces

To test biofilm formation 24 well-plates (Sarstedt) were used and equipped with
sterile different Ti-6Al-4V samples. The plates were filled with 1 mL of TSB supplemented
with 0.25% glucose (Scharlau), which was inoculated with 20 pL of the inoculum
suspension and with 3x10° CFU/mL. The biofilm grew 48 hours at 37°C. After washing
and introducing the well-plates in a new culture medium, sonication and vortical agitation
were applied. Posteriorly, serial dilutions were grown in plates for 24 hours to finally

calculate the number of CFU/cm?.



2.5.6. Field Emission Scanning Electron Microscopy to investigate the bacteria adhesion

and morphology.

The samples were inoculated with both colonies and incubated for 48h at 37°C. The
medium was then removed, and the samples were washed with PBS twice to discard
unattached bacteria. To ensure the correct cryogenization of the samples, liquid nitrogen
was introduced into the vacuum chamber. The sample was sublimated for 7 min at -90 °C
and then coated with Pt by sputtering to ensure electronic conduction. Finally, images were
taken in an FE-SEM ULTRA 55 from Zeiss equipped with sample preparation equipment
for cryo-SEM PP3010T from Quorum technologies.

2.5.7. Statistical Analysis.

Quantitative biological experimental data such as cell viability and quantification,
are reported as the mean = standard deviation (SD). The SD was also used as an error bar in
the figures and tables. For the multiple comparisons, one-way Analysis of variance
(ANOVA) and Kruskal Wallis tests were used, depending on whether the groups compared
presented a Gaussian distribution. Differences were considered statistically significant
when the P-value was <0.05. Plot curves and bar graphs were generated using GraphPad
Prism v.7, OriginPro 8.5, and Excel 16.0.14228.20216 software.

3. Results and discussion

3.1.Microstructural evaluation

Figure 1 shows microstructural studies carried out on the forged (reference material)
and EBMed (work material) conditions of the Ti-6Al-4V alloy by XRD, OM, SEM, and
EDS. In Fig. 1a, the main peaks related to the a-Ti and B-Ti phases were identified. It is
well-known that the Ti-6Al-4V alloy is biphasic due to the presence of Vanadium as an
isomorphous B-stabilizer [41,42]. Compared to the forged condition, an increment in
intensity can be seen at the peak at 40.4° of the EBMed condition, which corresponds to the
(101) plane of a-Ti. This suggests a higher density of a-Ti crystals with preferred

orientation to the (101) plane. This is an expected phenomenon on Ti-6Al-4V when

10



obtained by EBM [24]. On the other hand, the higher intensity of the a-Ti peaks suggests a
greater content of this phase in the microstructure compared to the B-Ti.

Figure 1b,e obtained by OM depicts the morphology of the a-Ti and B-Ti phases in
both studied conditions. In the forged condition (Fig. 1b) the strain path can be observed by
elongated grains parallel to the forged direction (FD). In Fig. 1b is also visible a higher
presence of a-Ti phase (light phase) in comparison with the B-Ti (dark phase), which was
indicated by the bigger XRD peaks intensity of a-Ti (Fig. 1a). The grains of the o-Ti phase
in the forged condition have irregular sizes and shapes. Smaller grains of the B-Ti phase are
distributed along the grain boundaries of the a-Ti phase in the forged condition. Figure 1le
shows the microstructure of the EBM condition, which is typically lamellar and parallel to
the build direction (BD) [24,43]. In the EBMed sample, the o phase grew as lamellas and is
surrounded by thinner lamellas of B phase.

Further details of the forged and EBMed microstructures can be observed by SEM
(Fig. 1c,f) and line scans by EDS (Fig. 1d,g). In the forged condition, the smaller grains of
the B-Ti phase are surrounding the grain boundaries of the matrix of a-Ti. Through the line
scan, the distribution of the abovementioned a (Al) and (V) stabilizers can be seen in both
constituent phases. While the B-Ti phase is richer in V, the a-Ti phase possesses a higher
content of Al. Moreover, compared to the forged condition, the lamellar morphology of the
EBMed condition (Fig. 1f) shows a more homogeneous distribution of B-Ti through the
microstructure. Compared with the forged condition (Fig. 1d), the line scan of the EBMed
sample (Fig. 1g) shows a higher homogeneity in the alloy-elements content through both
present phases. The more homogeneous distribution of alloying elements along the EBMed
sample might be related to the lamellar morphology restraining the uneven distribution of
alloying elements [28].

11
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Figure 1. Microstructural studies of the EBMed and forged conditions of the Ti-6Al-4V
alloy by a) XRD patterns, b,e) OM, c,f) SEM, and d,g) line scan by EDS of b-d) forged and
e-g) EBMed Ti-6Al-4V alloy conditions. FD, TD, and BD are forge, transversal, and build

directions, respectively.

To study the crystallographic texture of both conditions, Fig. 2 shows the orientation
distribution functions (ODFs) calculated from EBSD analyses, as well as the simulated
ones. Throughout the EBSD analyses, the a-Ti contents on forged and EBMed conditions
were 95.4 and 95.0%, respectively. The rest corresponds to the B-Ti. Those contents of
phases are congruent with the bigger area of a-Ti XRD peaks observed in Fig. 1.

The ODFs allow identifying the orientation density of crystalline planes. The
coordinates of a given orientation are defined in terms of the three Euler angles, such given
orientations are also called texture components. By the experimental intensity of the ODFs,

12



the density of preferred orientation crystal planes on the EBMed condition (Fig. 2c¢,d) is
bigger than that for the forged one (Fig. 2a,b). It is well known that texture has a strong
dependence on the thermo-mechanic history of material [44]. Thus, the different
distribution of preferred oriented crystals between the forged and EBMed conditions was
expected.

Figure 2a,b shows the experimental ODFs of the forged Ti-6Al-4V alloy for a-Ti.
and B-Ti phases, respectively. Seven different texture components were identified on the a-
Ti, while the other three on the B-Ti. The identification and Bunge notation in Euler angles
(91,D, @2) of the found main texture components are included in Table 1 (F_TC1 to
F_TC10). Besides, in the EBMed condition (Fig 2c,d), seven and four different texture
components were identified as E-TC1 to E-TC11 (Table 1) for the a-Ti and B-Ti phases,
respectively. This means that both phases have a no-random distribution of crystal planes
through the sample, and both studied conditions developed different crystallographic
textures. As the texture strongly influences the surface energy, it is closely related to the
mechanical, physical, and biological properties of Ti alloys [44-47]. Therefore, different
properties can be expected between forged and EBMed conditions. It is noteworthy that the
texture component, identified as F_TC8 in Table 1, is also widely reported as cube
orientation on cubic crystal cells. The cube orientation is related to recrystallized grains on
cubic materials as is the B-Ti phase [48]. The formation of the cube texture component
could have resulted from the application of an annealing heat treatment after the forging.
All of the abovementioned experimental main texture components (Fig. 2a,b,c,d) have an
acceptable concordance with their simulations (Fig. 2a.1,b.1,c.1,d.1) of ideal texture
components. This concordance shows a reliable level of confidence in the identified texture

components of both conditions.
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Figure 2. Experimental orientation distribution functions (ODFs) of a,c) o-Ti and b,d) p-Ti
for forged and EBMed conditions, respectively. Moreover, simulations of the identified
ideal texture components for a.l,c.1) o-Ti and b.1,d.7) p-Ti for forged and EBMed
conditions, respectively. TD, BD, and FD are transversal, build, and forged directions,

respectively.
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Table 1. Identified texture components on the forged and EBMed Ti-6Al-4V conditions.

Texture Bunge notation angles )
Condition | Phase component Fraction
identification i ® S 1%
F TC1 326.3 74.8 32.7 7.5
F TC2 51.9 67.8 283.1 4.4
F_TC3 182.4 86.9 146.1 6.2
a-Ti F TC4 252.9 71.3 85.3 5.9
Forged F_TC5 276.5 76.4 92.1 4.6
F_TC6 24.9 71.4 314.6 3.9
F TC7 212.6 79.5 148.8 3.3
F_TC8 0.0 0.0 0.0 15.0
B-Ti F_TC9 157.0 80.0 70.0 11.8
F_TC10 72.0 84.0 15.0 17.8
E TC1 143.1 569.0 200.3 16.9
E TC2 201.1 54.3 169.0 12.0
E TC3 66.2 81.7 263.3 10.9
a-Ti E TC4 288.2 71.8 90.9 11.7
E _TCS 224.0 49.6 157.1 5.0
EBMed E TC6 133.4 65.1 222.3 1.7
E TC7 254.0 82.0 5.0 4.9
E_TC8 102.9 19.0 231.7 43.0
) E TC9 168.9 25.5 224.3 19.7
P-Ti E_TC10 216.6 18.9 1772|123
E TC11 45.7 38.7 293.0 8.4

To provide an insight into the role of the surface condition on bacterial proliferation,

optical profilometry surface topography results are shown in Fig. 3. By a general overview

of surface profiles, it can be seen higher maxima intensity along the scanned area for the

EBMed condition (Fig. 3b) in comparison to the forged one (Fig. 3a). The parameters used

to describe the roughness of both studied conditions of Ti-6Al-4V were included in Fig. 3c.
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From the comparison between the area average roughness (Sa) and the root mean square
roughness (Sq), the forged sample surface is slightly smoother than the EBMed condition.
The slightly smoother profile of the forged sample was also observed by comparing the
surface topography of forged and EBMed conditions (Fig. 3a,b). In both conditions, the
surface roughness average values agreed with the reported roughness that allows an
adequate staphylococcal bacterial adhesion [49]. However, it should be considered that Sa
and Sq parameters indicate significant deviation from the arithmetical mean average height,
but are insensitive in differentiating morphologies as peaks, valleys, as well as spacing
between them. Due to the above, Sa and Sq do not give a complete description of the
surface roughness. For further analysis, the skewness (Sskw) and the kurtosis (Skur)
parameters provide information about the static coefficient of friction by the height surface
distribution [50]. A value of Skur equal to 3 indicates a Gaussian surface height distribution;
values of Skur down to 3 suggest a surface with a homogeneous height distribution; and Skur
values greater than 3 are characteristic of narrow height distributions evident by sharp
peaks [51]. Based on the above, the positive Skur near to 3 and negative Sskw near to zero for
the EBMed sample indicate a surface with a nearly Gaussian height distribution [50]. On
the other hand, the positive values of Sskw and Skur for the forged condition indicate turned
surfaces with fairly high spikes that protrude above a flatter average, as well as numerous

high peaks and low valleys, respectively [52].
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Figure 3. Typical surface topography of a) forged and b) EBMed Ti-6Al4V alloy, as well as

its ¢) optical profiling parameters to describe the surface roughness. Sa, Sq, Sskw, and Skur.

3.2. Mechanical behavior

To correlate the effect of microstructure on the mechanical behavior of forged and
EBMed conditions, microhardness, tensile, and IET tests were carried out. Figure 4 shows
the stress-strain curves of both studied conditions, which show similar elastic and plastic
behaviors. Table 2 displays the main mechanical properties obtained for the forged and
EBMed conditions. By comparing both conditions, the EBMed condition has ~8.8% and
7.2% higher YS and UTS values, respectively. Considering that both conditions have
comparable a and P phases percentages (section 3.1), the slight change might be related to
the difference in grain morphology. It has been reported that fine lamellar grain
morphologies in Ti alloys, like the obtained in the EBMed condition, are related to higher

17



dislocation blocking capability and higher strengthening [22]. Furthermore, the smaller
grain size in the EBMed sample implies grain boundary strengthening. Moreover, it is well-
known that the B-Ti phase used to have superior mechanical strength at room temperature
than the a-Ti phase [53,54]. Thus, compared to the forged condition, the slight increment in
the content of the 3 phase in the EBMed condition could influence its slight increment in
strengthening. Additionally, the occurrence of hetero-deformation induced (HDI)
strengthening due to possible strain gradients between the soft (a-Ti) and hard (B-Ti) phases
[55,56] cannot be denied in both conditions. The HDI strengthening has shown important
contributions in other Ti-heterostructured alloys [57]. However, the mechanical
incompatibility between both phases should be greater than 100% to obtain a significant
effect of HDI strengthening [58]. The Ti-6Al-4V alloys have shown values of YS from
about 760 to 860 MPa in the B-type and of about 1030 MPa in the a-type [54]. Therefore,
the HDI strengthening contribution could be neglected.

Moreover, the obtained UTS value in the EBMed sample (1024.0 MPa) was higher
than those for selective laser melted (SLM) Ti-6Al-4V in hot-rolled (968 MPa) and dense
core with a porous surface (989 MPa) [59]. Additionally, the E value of the EBMed sample
(106.5 MPa) was smaller than the obtained for SLMed conditions from tensile tests, which
were 117.2 MPa for the hot-rolled; and 118.9 GPa for the dense core with a porous surface
[59]. This difference is related to the superior precision of measuring E by dynamic
methods, such as the IET technique, compared to mechanical tests [60]. This statement
agrees with the room temperature E values of Ti-6Al-4V from ~105 to 109 GPa and 113 to
114 GPa obtained by IET [61,62] and tensile tests [63,64], respectively. Regarding the YS
values of EBM (980 MPa) and forge (900 MPa) obtained samples, both are higher than the
YS values reported for bones, which range from 104 to 121 MPa [65]. For last, the
microhardness of both studied conditions (from 293.3 to 294.6 HVNo.3) was comparable to
that of fully annealed Ti-6Al-4V (HVNo0.2=287.8) [66]. The hardness of both conditions
(about 2876 to 2889 MPa) was up to the minimum hardness reported for osteonal,
interstitial, and trabecular bone regions (230 to 760 MPa) [67]. From the above, the tensile

and hardness properties met the mechanical requirements of the bone.
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Figure 4. Tensile stress—strain curves for the forged and EBMed Ti-6Al-4V alloys.

Table 2. Mechanical properties of forged and EBM Ti-6Al-4V alloys.
Sample | HVNo3 E/GPa YS/MPa | UTS/MPa
Forged | 294.6 +39.0 | 105.9 £ 1.6 | 900.0 £ 20.0 | 955.0 + 37.0
EBMed | 293.3+15.0 | 106.5+1.9 | 980.0 + 11.0 | 1024.0 + 33.0

3.3.1on release measurement

lon release measurements are critical to the study of biomaterials because metal ions
can play an important role in health when they diffuse into the human body. Large amounts
of released metal ions can accumulate in the organs, as well as cause allergy and carcinoma
[68]. The concentrations of Ti, Al, and V ions released from the forged and EBMed alloys
in artificial saliva are shown in Fig. 5. In comparison with the forged alloy, the EBMed
condition released greater concentrations of the three main elements of the Ti-6Al-4V
alloy. Nonetheless, the Ti ion release for forged and EBMed conditions (3268.4 to 3787.8
ug/cm? LY, respectively) was quite below the estimated dietary intake of Ti of 0.88 mg/day
[69]. The Al ion release from both conditions (between 271 to 350 ug/cm? LY) is below the
provisional tolerable weekly intake (PTWI) of 2 mg/kg body weight [70]. The Al ion
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release is also lesser than the mean Al content in some common foods like rice (1.5 mg/kg),
butter (2.1 mg/kg), nuts (4.7 mg/kg), among others [71]. The V content was also into the
estimated daily intake of this element, which is 10.36 pg/day [69].

It is also worth mentioning that the main source of ion release is the corrosion
process that occurs between the biomaterial and oral fluids [72]. The metal ions released
are directly related to the passive film regeneration time, i.e., the longer the restoration
time, the greater the diffusion of the ions. The Ti-6Al-4V alloy was reported with less
passive film regeneration time in comparison to other biomaterials as SUS316L, Co-28Cr-
6Mo, and Zr-2.5Nb [73]. According to Okazaki and Gotoh [74], titanium alloys exhibit low
ion release rates due to their high corrosion resistance, which is strongly affected by the
corrosive medium and by decreasing pH. However, the body’s extracellular fluid is a
buffered solution that retains a pH between 7.35 and 7.45 [75]. Due to this, the drop in pH
in hard tissue with an implant (down to ~5.2) recovers to a value of 7.4 within two weeks
[76].

To discern the microstructural changes generated by the corrosive medium of
artificial saliva, Fig. 5b,c shows the OM micrographs obtained for the forged and EMBed
materials after testing. The effect of artificial saliva is evident in all samples since it
delimited the grain boundaries, in addition to preferentially attacking the grains of the B-Ti
phase shown as the darkest areas. The preferential etch of the B-Ti phase in both Ti-6Al-4V
conditions was expected due to compositional changes compared to the matrix [77,78].
Such chemical gradients in the B-Ti phase were shown in Fig. 1. Likewise, the EBMed
alloy was the most etched by the medium (Fig. 5¢), which is congruent with the higher
level of ions release, showed in Fig. 5a. Considering that, both conditions have similar
percentages of phases and similar smooth surface roughness (due to metallographic
preparation), the higher ion release on the EBMed sample could be related to the
differences in crystallographic texture. As surface energy plays an important role in the
corrosion susceptibility of metallic materials, the surface energy of texture components
might be related to the ion release behaviors. Due to the B-Ti was the most active phase
during the corrosion process, only the texture components of this phase were considered.
The expressions on Miller notation for the texture components of 3-Ti phase for both

studied materials are shown in Table 3. It has been reported that corrosion susceptibility is
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strongly influenced by the crystallographic planes which are located parallel to the surface
exposed to the corrosive environment. The planes with higher atomic densities
(compaction) show less corrosion susceptibility due to their lower surface energy [79]. Due
to none of the texture components coincided with the well-known slip systems in bcc
structures (most compacted planes), i.e., {110}<111>, {112}<111> and {123}<111>, it
was suggested that the texture on B-Ti phase on both alloys contribute to the increment of
corrosion rate. Moreover, the higher relative fraction of texture components (Table 1) on
the EBMed sample, might be related to the higher ion release.

a)
25 HO00: ¢ ® Forged
E:
g 3000 N EBMed
on
=
2 2000
3
2 =
§ 1000 -+
0 | - N | mew RSN

Ti Al v

Figure 5. a) Concentration of the released Ti, Al, and V for the forged and EBMed
conditions and OM micrographs after the ion release tests on b) forged and ¢) EBMed Ti-
6AI-4V alloy.

Table 3. Texture components of #-Ti phase in Miller notation for forged and EBMed

materials.
. Identification of ] Family of
Condition Family of planes o
texture component directions
F_TC8 {001} <100>
Forged F_TC9 {931} <383>
F_TC10 {391} <329>
EBMed E_TC8 {114} <311>
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E_TC9 {339} <851>
E_TC10 {23295} <8352 19>
E_TC11 {528} <844>

3.4. Corrosion behavior

Figure 6a presents the open circuit potential (OCP) graphs of the forged and EMBed
materials, along with immersion in 1M NaCl. In both conditions, the initial values of OCP
showed negative values, indicating that the ground base alloy was active. The corrosion
potential increased in the primary immersion stage; and then, remained almost constant
from the 80 s immersion time. Both conditions stabilized at similar electrochemical
potentials. The OCP values stabilized quickly enough, which indicates efficient passive
oxide layer formation. It is noteworthy that, higher OCP values at the steady-state were
obtained for both studied conditions compared to Ti-1300 and equiaxed Ti-6Al-4V alloys
[78], implying the formation of a more stable surface oxide layer.

The suggestion of passive layer formation was corroborated by the potentiodynamic
(PD) curves (Fig. 6b) of the forged and EBMed conditions. Both materials showed similar
polarization behavior. After cathodic polarization, all the samples revealed superficial
passivation, as indicated by the nearly constant current densities with incremented potential
up to ~1.4 V. The relevance of this passive layer lies in protecting the material surface from
corrosion, which occurs when the oxide film is damaged by coming into contact with other
oral environment components [80]. The passivation current densities of EBMed and forged
conditions were about 1.0x107° and 9.8x10° uA-cm, respectively, which suggests lower
corrosion resistance for the EBMed alloy. However, up to 1.4 V, both curves showed
transition at the passivation region by slightly increasing their current density. This could
imply the presence of microgalvanic interactions, especially in the EBMed sample, which
showed a peak of current density at about 1.9 V. This peak is related to pitting corrosion
generation due to breakage of the oxide surface layer [78]. This is, the Cl- ions penetrated
the oxide film down to the Ti-6Al-4V substrate and assist in the dissolution reactions at the
substrate/oxide interface.

Pitting corrosion is a common phenomenon reported for the Ti-6Al-4V subjected to

NaCl solution [30]. It has been reported that the type, size, and morphology of phases
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strongly influence the electrochemical behavior of the Ti-6Al-4V [30]. Considering both
samples have similar phases content (~95% of o phase and rest of 3 phase), the grain size
and morphology might play a key role in the electrochemical response of the studied
materials. Small grain size and lamellar morphology of the Ti-6Al-4V, similar to the
obtained in the EBMed sample, were reported with lower pitting potential (Epit) in 3.5 wt.%
NaCl than coarser and equiaxed morphologies (similar to that of the forged sample) [30].
As the Epit refers to the potential above which nucleation and growth of pits occur, the low
Epit expected for the EBMed condition of this study might be related to the pitting
formation, not so for the forged condition.

Table 4 shows the electrochemical parameters obtained by the PD curves of both
studied conditions. It should be noted that the CR from Table 4 is related to the occurrence
of uniform or general corrosion rather than localized (pitting) corrosion [81]. Uniform
corrosion is characterized by degradation of material at about the same rate over the whole
studied surface due to cathodic and anodic zones being randomly located through the
microstructure [81]. From Table 4, the electrochemical parameters of corrosion current
density (icorr) and corrosion potential (Ecorr) are higher in the EBMed sample compared to
the forged one. Consequent lower polarization resistance (Rp) and higher corrosion rate
(CR) were also obtained in the EBMed sample. The more negative Ecorr in the EBMed
sample is related to a higher number of active sites for corrosion [82]. Comparing the Ecorr
of the EBMed Ti-6Al-4V (Ecorr = -0.43) with other reported Ti systems as Ti—35Nb
produced by SLM, as well as rolled and SLMed Ti-6Al-4V in 3.5 wt.% NaCl (~-0.47 <
Ecorr > -0.55 V), the EBMed condition suggested a higher corrosion resistance [30,83].
Moreover, the lower corrosion rates are related to lower corrosion current densities [30],
being congruent with the lower CR in the forged sample compared to the EBMed
condition. However, fine and lamellar grain morphologies (like the obtained by EBM) are
reported with better uniform corrosion resistance than coarse and equiaxed morphologies
(similar to that obtained by forge) in 3.5 wt.% NaCl [30]. The results of Table 4,
apparently contradictory to the literature, can be explained in terms of crystallographic
texture. As explained in Table 3, the crystallographic planes in the B phase (the preferred
etched phase), as well as the higher texture intensity in the EBMed sample (Table 1), could

increase the surface energy of the EBMed condition. This means that the surface energy of

23



the 3 phase in the EBMed sample compared to the forged one, might be higher and

encourage the corrosion processes. From the above, the electrochemical results agree with

the ion release results obtained from Fig. 5. For both studied conditions, the corrosion rates

are lower than the maximum recommended by the American Association of Corrosion

Engineers of 0.05 mm/year [29]. Furthermore, the corrosion resistance (<103 mm year?)

allows considering both conditions as highly stable [30].
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Figure 6. a) Open circuit potential (OCP) and b) potentiodynamic (PD) curves of forged

and EBMed

alloys.

Table 4. Electrochemical parameters from potentiodynamic (PD) curves of both studied

conditions.
ECOIT iCOI’I" Rp
Condition CR (umlyear)
(V) (nAlcm?) (k)
EBMed |-0.43+0.02(0.21 +0.04|367.81+40.12 | 1.83+0.13
Forged [-0.30+0.02|0.11+0.03|730.10+57.41| 0.91+0.05
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3.5. Biological effect triggered by materials in contact with MG63 cells

In the analysis of cytotoxicity obtained by the MTS assay (Fig. 7), the cells treated
with the conditioned medium for 24 hours did not present toxicity in the forged condition
compared to the control group (P> 0.05). After seven days of treatment, the absorbance
value increased from 0.4 to approximately 0.6, indicating that this conditioned medium did
not promote harmful cellular metabolic alterations. This increase in the absorbance value
also occurred for the control group (absorbance > 0.6). Such increment was related to the
cell proliferation that occurred between 24h and seven days of the experiment, indicating
that the cells continued proliferating. Compared to the control group at 24 hours and seven
days, the forged condition did not present a statistical difference. It is noteworthy that the
MTS salt reacts with the enzymes present in the mitochondria of the cells, that is, only with
the cells that show metabolic activity. On the other hand, the cells treated with the
conditioned medium obtained by EBM did not present cytotoxicity in 24 hours, compared
to the control group. However, the absorbance was higher for both groups, control and
treated compared to the values obtained for the forged condition. After seven days of
treatment with this conditioned medium, the treated group showed a higher absorbance
value (absorbance > 0.6) compared to the control group (absorbance > 0.4) (P<0.05). From
these results, the medium conditioned in both studied conditions did not promote harmful
effects either in short or long-term contact with the cells. Furthermore, the EBMed
condition showed better biocompatibility than the forged condition after seven days of

treatment.
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Figure 7. Viability of the MG63 in contact with the conditioned medium for 24 hours and

seven days for the forged and EBMed conditions.

Figure 8 shows the adhesion of cells to the plate surfaces (control) and the materials
obtained by forge and EBM. After 5 hours, the cells on the studied surfaces did not show
significant cell adhesion compared to the control group in both materials (Fig. 8a,b,e,f).
After 72 hours, there was significant cell proliferation on the material surfaces (Fig. 8d,h)
compared to their respective controls (Fig. 8c,g). This was confirmed by staining (with
eosin dye) in red the cytoplasm of the cells and staining (with DAPI dye) in blue the nuclei.
It was observed that the cells promoted the connection with neighboring cells, through
cytoplasmic projections indicated by the white arrows in Fig. 8d,h. These projections
promoted a bridge between the cells that favored the cell adhesion process. The EBMed
condition promoted a more attractive surface for cell proliferation compared to the forged
condition. This was observed by the staining of the nucleus (cells with greater metabolic
activity), represented by Fig. 8h. The mechanism of the cell-substrate interaction and the
resulting morphology in this present work is consistent with the literature for different Ti
alloys [84,85]. Cell proliferation is a sign of the nontoxicity and cytocompatibility of

titanium alloys [85]. In this study, the nontoxicity was confirmed after 72 h.
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Figure 8. Fluorescence analysis of MG63 adhesion and proliferation after 5 and 72 hours

on the surface of a-d) forged and e-h) EBMed condition.

Table 5 shows the statistical quantification of adhesion and proliferation of cells for
the forged and EBMed conditions. The confocal micrographs shown in Fig. 8 were
considered within the statistical sampling. The adhesion of cells was slightly higher in the
EBMed material compared to the forge one. After 72 hours, both materials presented a
significant increase in MG63 proliferation. The quantification of cells indicated that the
proliferation process was more significant on the surface of the EBMed condition compared
to the forged one. The energy expenditure is indeed higher during the cell proliferation
process, causing the adhesion to be lower. Systematic reviews conducted by Teughels et al.
and Truong et al. indicated that surface roughness has a strong effect on the bacterial
attachment [86,87]. Moreover, roughness can influence the relationships between surface
free energy and cell proliferation [88]. According to the previous analysis of surface
roughness (Fig. 3), the higher adhesion of cells on the EBMed condition agreed with its

higher Sa value compared to that of the forged sample.
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Table 5. Quantification of adhesion and proliferation of cells according to the specific

control for each Ti-6Al-4V studied condition.

Condition Parameter Ratio (cells/cm?)

Adhesion (t=5h) 1.60£0.01
Forged

Proliferation (t=72h) 2.85+0.02

Adhesion (t=5h) 1.75+0.01
EBMed

Proliferation (t=72h) 3.75%0.06

3.6. Biofilm formation on different materials

The evaluation of biofilm formation of S. aureus and S. epidermidis on the forged
and EBMed Ti6AIl4V samples is shown in Fig. 9a. It is necessary to highlight that the size
of the sample (n=9) promotes a high dispersion of the values, making it impossible to carry
out inferential statistical tests. The average values of viable adhered S. aureus and S.
epidermidis cells were greater in the sample obtained by EBM (1.54E+07 and 1.28E+07
CFU/cm?) in comparison to the forged sample (1.30E+07 and 1.07E+07 CFU/cm?).
However, these differences were not statistically significant.

According to the literature, hydrophobic surfaces have higher bacterial colonization
than hydrophilic ones. This phenomenon occurs because bacteria have to compete with
water to adhere to hydrophilic surfaces [89]. However, other studies indicate that
parameters such as chemical composition, wettability, and surface tension influence
colonization on mainly polished surfaces. It has also been reported that roughness above
0.2 um takes a determining role in the proliferation and adhesion of bacteria, displacing the
other variables to a secondary role [86,88,90]. Szymczyk-Ziotkowska et al. analyzed the
surface tension and contact angle of samples obtained by EBM [91]. Manufacturing,
machining, sandblasted, and etched surfaces were compared in that study. They found that
an increase in roughness (Sa) translates into an increase in the contact angle

(hydrophobicity). This occurs due to small air pockets formation that alters the
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intermolecular interactions between the solid phase (material) and the liquid phase (internal
medium). Therefore, higher roughness would lead to greater bacterial colonization.
Likewise, for the S. aureus colonization test, they obtained that higher roughness translated
into higher CFU values. Their CFU values (~107) in the samples after as-built were similar
to those of the present work. In this study, the results of the optical profilometry of the
forged sample (Fig. 3) indicated a profile with peaks along the surface. However, the peaks
are distributed with higher homogeneity through the sample in comparison with the peaks
and valleys on the EBMed condition. This could lead to the appearance of small air pockets
that might increase the surface hydrophobicity and, therefore, increase the S. aureus
bacterial colonization in the EBMed sample. Likewise, other authors observed a higher
concentration of S. epidermidis in Ti-6Al-4V surfaces with higher Sa values [92].
Therefore, the literature agrees with the results of this study because the EBMed condition
showed higher Sa and higher colonization by S. epidermidis and S. aureus. Moreover,
considering the bactericidal properties of Al [93,94] and its heterogeneous distribution
through the forged sample (Fig. 1), it might contribute to the decrement of S. epidermidis.

Figure 9b-e shows the micrographs of the surface of the samples obtained by forge
and EBM after being colonized by S. epidermidis and S. aureus. The differences in the
colonization pattern between both materials were observed. The S. epidermidis colonies in
all surfaces were homogeneous while the S. aureus colonies presented localized smoother
layers of bacteria indicated in Fig. 9d,e with white arrows.
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Figure 9. a) Average number of viable adhered S. aureus and S. epidermidis cells in forged

and EBMed conditions, as well as micrographs obtained by secondary electrons in b,d)

forged and c,e) EBMed samples colonized by b,c) S. epidermidis d,e) and S. aureus.

Figure 10 shows the surfaces of Ti6Al4V obtained by forged colonized by S.
epidermidis and S. aureus. While the S. epidermidis adopted a rounded and more
compacted shape, the S. aureus grew in like-grape clusters leaving some gaps between
them. The white arrows in Fig. 10b and the magnification of Fig. 10c pointed to the
bacteria during binary fission, i.e, the active bacteria asexual reproduction, indicating the
active biofilm formation. The forged sample was selected as a reference due to similar
morphologies of bacteria were obtained in the EBMed sample.

30



22y %

-

.. ‘Bacterid.inl Binary{ﬁssion“ .

- . 4 -
—_— .-'\-
Sum g8 \O x -

Figure 10. SEM micrographs by a secondary electron detector of the forged Ti6AI4V

surface colonized by a) S. epidermidis and b) S. aureus, as well as ¢) magnification of the

bacterial binary fission of S. aureus.

In summary, as the phases content is similar between the forged and EBMed
conditions, it did not play an important role in the mechanical, ion release, electrochemical,
or in-vivo biological tests carried out in this work. The grain morphology and size strongly
affected the strengthening mechanisms of the studied materials. The lamellar morphology
and smaller grains of the EBMed alloy could prompt the dislocation blocking capability
and grain boundary strengthening compared to the forged condition. As result, the EBMed
condition showed a slight increment on YS and UTS compared to the forged material. The
behavior of the Ti-6Al-4V alloy in different corrosive media as 3.5 wt.% NaCl and artificial
saliva was strongly influenced by its crystallographic texture. In both, forged and EBMed
conditions, the B phase was preferentially etched due to its V enrichment. Thus, the B phase
degradation controlled the corrosive processes in both materials. The higher intensity of
crystalline planes oriented in directions different to those with the lower surface energy
could cause the higher ion release and corrosion rates in the EBMed condition. However,
only the EBMed sample showed local corrosion tendency in the PD curves, which might be
related to microgalvanic interactions encouraged by the lamellar morphology of the EBMed
condition. For last, the surface roughness played a decisive role in the in-vivo biological
assessment in both alloys. The adhesion and proliferation of cells, as well as the
biocompatibility, were higher in the alloy with higher Sa. The higher biofilm formation in
the EBMed sample could be related to the increment of hydrophobicity due to its higher Sa

31



value. The heterogeneous distribution of Al along the forged sample could also contribute

to the decrement of the S. epidermidis proliferation.

4. Conclusions

The microstructural and surface characteristics of forged and EBMed Ti-6Al-4V alloy were
correlated to their mechanical, corrosion, and biological behaviors. The main conclusions
are summarized as follows:

1. The EBMed condition showed slightly higher mechanical properties (YS and UTS)
than the forged condition. This was related to the smaller grain sizes and the higher
dislocation blocking capability of the lamellar morphology in the EBMed condition
compared to the coarse forged microstructure. The tensile and hardness properties met
the mechanical requirements of the human bone.

2. The EBMed sample showed higher ion release and electrochemical corrosion rates than
the forged condition. This could be related to the effect of higher density of preferred
oriented grains in planes that do not correspond to the ones with lower surface energy in
the B phase. However, both studied conditions showed ion release rates below the
estimated dietary intake and highly stable corrosion rates.

3. The higher area average surface roughness (Sa) of the EBMed condition prompted its
higher biocompatibility, as well as higher adhesion and proliferation of cells. None of
the Ti-6Al-4V conditions indicated harmful effects in either the short or long term.

4. Both studied conditions of the Ti-6Al-4V are feasible candidates for dental and
orthopedic implants. However, the forged condition is more recommended for patients

with clinic stories related to S. epidermidis and S. aureus illnesses.
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