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ABSTRACT

Substantial progress has been made in Ti alloys’ properties and chemical composition.
However, the effect of porosity and indium content on biocompatibility and corrosion
behavior has not been sufficiently studied. Indium (In) is a promising nontoxic element
that can replace other toxic elements, while porosity is associated with a good biological
response. The purpose of this paper is to evaluate the achievability of three Ti—In alloys
with 2.5, 5, and 10 wt.% Indium by powder metallurgy methods as dental prostheses. The
findings of the present work showed that In acted as a grain refiner, and allowed us to
obtain an 11.2-fold reduction for the Ti—10In sample than for the Ti—2.5In alloy. The total
porosity of the Ti—In alloys decreased according to In content, however, grain size and In
content showed a greater effect on the mechanical behavior in comparison with the effect
of porosity, probably because of the low porosity percentage. All the mechanical values fell
within the ranges accepted in the literature for dental implant applications. The Ti*" and

In3+

ion releases were below the toxic concentrations for the human body, with a
maximum of 0.43 and 0.016 ug cm 2 h?, respectively. Corrosion sensitivity decreased with
In addition due to its surface protective effect on the Ti-matrix. These results proved that
utilizing powder metallurgy methods, Ti—In alloys are feasible candidates for dental
prosthesis. Of the three prepared Ti—In alloys, the Ti—10In alloy properties made it the
most appropriate Ti—In alloy to be used as a dental implant.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
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1. Introduction

Based on high dental prosthesis demands, research into new
or enhanced alloys to obtain processes for biomaterials is
decidedly relevant. Statistically speaking, “69% of adults ages
35 to 44 have lost at least one permanent tooth” due to acci-
dents or oral diseases [1]. It is also estimated that “3 million
people in the United States have dental implants”, which
implies continuously increasing demand [2]. For the above
reasons, the development of new biomaterials, and the
improvement of processing methodologies, are essentially
relevant to advance in dentistry applications.

Dental materials must be able to interact with not only the
stresses generated by chewing, but also with the different
chemical substances present in the mouth and those that
come from food, and all this with no inimical biological
response for long periods. Such a biological response of ma-
terials depends on mechanico-physical properties, mainly
corrosion susceptibility and ions released into the oral envi-
ronment [3].

The use of titanium-based (Ti alloys) alloys for dental im-
plants is widespread given their physical, mechanical, and
biological properties [4—7], such as the good strength, stiff-
ness, and ductility, as well as their low weight, high corrosion
resistance, successful osseointegration, chemical stability,
and non-ferromagnetic nature. Ti alloys report worthy ad-
vantages compared to the employment of commercially pure
Ti (CP—Ti) for dental implants. The most important of these
advantages is improved mechanical properties [8], lowering
the high melting point of CP-Ti as a result of the alloy’s ele-
ments, and better control of the high chemical reactivity of
powder Ti compared to the liquid phase [9,10].

Likewise, the use of indium (In) as an alloying element in
biomaterials may provide favorable performance. It has been
reported that In can promote the formation of oxides, which
are of utmost importance for bond strength at ceramic-metal
interfaces [11]. There are also reports that introducing In into
Ti-alloys can improve the necessary mechanical properties for
dental implants, thus reducing the elastic modulus and allow
it to come closer to that of bone [12]. In addition, In contents
can improve physical properties, specifically corrosion resis-
tance [8]. It is also worth mentioning that In is mentioned as a
nontoxic element in materials for dental applications [8,13].
Moreover, the use of alpha-type Ti—In alloys normally focuses
on applications in which corrosion resistance is a priority
factor [14]. The In range herein used (2.5-10 wt.%) resulted in a
single-hexagonal-alpha phase microstructure.

The development of porous materials for dental pur-
poses has led to promising results. Apart from the general
qualities that dentistry materials must meet, materials
designed for dental implants must allow successful
osseointegration [3]. The metallic materials developed by
powder metallurgy for dental applications are extremely
interesting for various scientific groups because the
resulting porosity allows better anchorage to the organic
tissue of bone [15—18], which can promote more efficient
bonding [10]. Apart from all these virtues, a porous struc-
ture also enables body fluid transference by facilitating
tissue generation [19].

Previous reports indicate that employing casting Ti—In bi-
nary alloys can be promising in the dental implants field due
to increased mechanical strength and hardness, comparable
cytotoxicity behavior [20] as well as similar corrosion resis-
tance versus CP—Ti [21]. However, there are still many un-
knowns to be solved in Ti—In alloys, such as the role of
porosity in biocompatibility, corrosion resistance, and me-
chanical performance. Developing Ti—In alloys by means of
powder metallurgy methods makes them promising materials
for use in oral implant applications and may have a strong
impact on the dental industry.

The aim of this work is to determine the feasibility of
porous Ti—In alloys produced by powder metallurgy process
as dental implants. Three In contents were used in this study;
ie. 25, 5 and 10 wt.%. Electron microscopy and X-ray
diffraction (XRD) analyses; bending and hardness tests; ion
release and corrosion measurements were carried out to
evaluate the microstructural, mechanical, and physical be-
haviors of alloys, respectively.

2. Experimental procedure
2.1. Sintering process of Ti—In alloys

Commercially available Ti and In powders (99.7% purity) from
the Atlantic Equipment Engineers and Alfa Aesar companies,
respectively, were used as the raw material to produce Ti—In
binary alloys. The average particle size for Ti as received
was 44 pm, with 25—30 um for In. Elemental powder mixtures
were prepared for three different weight ratios: Ti—2.5In,
Ti—5In, and Ti—10In. Five samples were obtained for each
composition ratio. The mixing process was performed in a
BioEngineering powder mixer model Inversina at 45 rpm for
45 min in an argon atmosphere. Stainless steel balls (5 mm
radius) were used to avoid dust agglomeration during mixing.
Green samples (30 x 12 x 5 mm) were obtained by cold
isostatic pressing at 600 MPa with an Instron hydraulic press
model 1343. A five-step sintering process was carried out in a
Carbolite HVT 15/75/450 tubular furnace at 10~2 Pa vacuum.
The five sintering steps were: 1) heating at 10 °C/min to a
temperature close to the allotropic Ti change; 2) keeping the
temperature at 825 °C for 3 h; 3) a heating rate of 7 °C/min up to
1300 °C; 4) maintaining temperature for 3 h; 5) furnace cooling
until room temperature. A monophasic alpha-Ti microstruc-
ture is expected within the In range (2.5—-10% by weight) used
in this work [22], being the reason for carrying out the sin-
tering process of the three alloys at the same temperatures. It
is worth mentioning that the inclusion of the second step
ensured homogeneity during the Ti phase transformation,
and allowed In to solubilize, which decreases its sublimation.

2.2. Microstructural evaluation

Before the microstructural examination, samples were sub-
jected to conventional metallographic preparation with SiC
grinding paper with progressive grit size from 220 to 1200.
Polishing was carried out until a mirror finishing appearance
with a 9 uym diamond suspension and then colloidal silica
suspension of 0.05 pm in particle size. The specimens used for
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optical microscopy (OM) were etched with Kroll's reagent
(10 mL HF + 50 mL HNO3; + 100 mL H,0). An ultrasonic bath
was used for 20 min to clean samples. The morphological and
microstructural observations were recorded by using OM
(Nikon LV100) and scanning electron microscopy (SEM-Zeiss
Auriga Compact model). The present phases were character-
ized using a Bruker X-ray diffractometer D2 Phaser with a Cu-
Ko source radiation, step intervals of 0.02°, and 30 kV and
10 mA as the voltage and current conditions, respectively.

2.3. Porosity and density measurements

The porosity and density of the sintering samples were esti-
mated by the Archimedes method according to ASTM B962-17.
The Archimedes method has proven to be extremely accurate,
with a standard deviation value of +<0.1% [23]. The average
porosity was obtained from at least five measurements on
each sample. Alloys were precision-weighed on a KERN 770
balance (0.0001 g accuracy). Pore diameter and morphology
were analyzed by optical microscopy.

2.4. Mechanical characterization

In order to evaluate the mechanical properties of the Ti—2.5In,
Ti—5In, and Ti—10In alloys, samples’ elastic modulus was
obtained by the nondestructive impulse excitation technique
(IET) with Sonelastic equipment. At least four measurements
were taken on five different samples for each Ti/In weight
ratio. To obtain the bending strength of each alloy, three-point
tests were run on a Shimadzu Autograph AG-100 KN Xplus
universal testing machine. Bending tests were performed ac-
cording to ISO 3325/A1:2002 at a constant deformation speed
of 0.5 mm/min and a 22 mm distance between supports. To
estimate bending strengths, the equation ¢ = 3PL/2bh? was
used, where o is bending strength (MPa), P is load (N), L is span
length (mm), b is specimen width (mm) and h is specimen
thickness (mm). To obtain good estimations, five samples of
every Ti/In ratio were tested. A Centaur durometer model
HD9-45 was used to take the Rockwell superficial hardness
measurements (HR15N). Samples were tested by applying
147 N for 10 s with the previous surface grinding preparation.
At least 20 measurements were obtained per alloy.

2.5. Ion release tests

For the ion release study, three samples of each alloy were
immersed in 50 mL of artificial saliva at a concentration of
hydrogen ions (pH) of 5.270 + 0.108 (see Table 1 for composi-
tion details) and were incubated for 730 h at 37 °C. After in-
cubation, the morphology of samples was studied under OM
and SEM. Inductively coupled plasma optical emission spec-
trometry (ICP-OES) was performed using Varian-715ES
equipment to measure the concentrations of Ti** and In3*
ions dissolved in the incubated medium.

2.6. Corrosion behavior study
The evaluation corrosion resistance was carried out for two

samples of each alloy by a PGSTAT204 potentiostat (Metrohm
AUTOLAB). A reference Ag/AgCl electrode, a platinum counter

electrode, and Fusayama artificial saliva with a pH of
5.030 + 0.003 at 37 °C as an electrolyte were used in the elec-
trochemical cell. Table 1 shows the chemical composition of
the Fusayama artificial saliva. Measurements were taken
using a sinusoidal perturbation of 10 mV amplitude and a
frequency range from 10* to 1073 Hz. The data analysis was
performed by the Nova 2.1.1 software.

3. Results and discussion
3.1. Microstructural evaluation

The three fabricated alloys, Ti—2.5In, Ti—5In, and Ti—10In,
were single-phase. Fig. 1a shows the XRD measurements of
the three obtained alloys, where it is possible to identify the
main peaks related to the alpha hexagonal phase. As indicated
in Fig. 1b, XRD results agreed with that expected for In con-
tents up to 20 wt.%, i. e., a monophasic microstructure in the
alpha region [21,22]. Fig. 2a—2c obtained by OM depict the
morphology and size of the alpha phase grains, and how grain
size reduced according to In content. While the Ti—2.5In alloy
presented grains within the 80—450 um range, grains were
small for Ti—10In (10—40 um). This grain size reduction was
11.2-fold when comparing the 2.5 and 10 wt.% In conditions.
The effect of In on the refinement and equiaxiality of grains
has been reported for other metallic alloys [24]. To understand
the origin of decreasing grain size with the In content it is
necessary to study deeply the atomic diffusion process into
the microstructures. Fig. 2d—2i let reveal the presence of
porosity in the Ti—In alloys as a result of the powder metal-
lurgical process. Porosity was homogeneously dispersed in the
alloy with a semi-equiaxial morphology and rounded pore
edges. The pore morphology did not show any apparent
variation when increasing In. Pore size with diameters
ranging from 5 to 25 pm did not show any noticeable changes
among the three manufactured alloys.

For further study of the diffusion process into the alloys,
EDS analyses shown in Fig. 3a—c depict the linear distribution
of Tiand In across two interceptions of a grain boundary. Here
we can see the higher In content on the boundaries compared
to grains. This phenomenon could be a joint effect with the In
segregation on the grain boundaries, which are extensively
reported as high-energy and metastable zones that lead to
segregation and nucleation phenomena [25]. In Fig. 3e and f a

Table 1 — Chemical composition of artificial saliva for the

ion release study (pH 5.2) and the Fusayama artificial
saliva for corrosion tests.

Chemical compound Concentration/g L~ *

Ions release Electrochemical test

NacCl 0.4 0.4
CaCl, 0.8 0.625
Urea 1 1
Na,S-3H,0 0.004 0.0044
NaH,PO4-H,0 0.53 0.531
KCl 0.4 0.4
NaF 2.5 -

Distilled water UptolL UptollL
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Fig. 1 — a) XRD patterns of Ti—2.5In, Ti—5In, and Ti—10In alloys and b) relevant region of the Ti—In phase diagram, adapted

from [22].

larger statistic of grain frontiers and porous regions rich in In
can be seen, while Ti content is mainly present within the
grain. The heterogeneous infiltration of In within the grains
could be improved by elevating the temperature of the sin-
tering process. However, it would also cause the decline of the
mechanical properties of the alloy [26]. The reduced atomic
mobility with the In content may be the reason for the grain

refinement showed in Fig. 2. This is, In may be acting as an
anchor for the diffusion of Ti throughout the grains, slowing
grain growth during the sintering process. The effect of low-
diffused particles as a pin in the grain boundary to stop the
growth is known [27]. A similar effect of In as grain refiner on
the microstructure of gold films has been already reported
[24].

Fig. 2 — Single-phase microstructure and porosity conditions by OM and SEM, respectively of a, d, g) Ti—2.5In, b, e, h) Ti—5In,

and c, f, i) Ti—10In alloys.
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content, and c, f) Ti content.

3.2.  Porosity and density measurements

By considering the absolute In density, which is approxi-
mately 62% higher than that of Ti, the relative density of the
manufactured Ti—In alloys should increase with In content.
This increase in relative density is seen in Fig. 4. The
decreased closed porosity and the increment in open porosity
according to In content are also observed. The inverse rela-
tionship between open and closed porosities as In content
increases is the result of the lower melting point of In
(156.6 °C). As it cools, the infiltration of the molten low-
melting-point metal into the adjacent volume fills a part of
the pores, reducing the closed porosity of the solid body. Fig. 3
supports the premise of In infiltration on grain boundaries and
pores with a low diffusion within the grain. Infiltration of low-

melting-point metals during sintering is a widely reported
phenomenon [28]. The increasing open porosity tendency
could be due to the bigger In sublimation volume as a result of
the higher In content in the alloy. The increased volume of the
gaseous metal moving toward the surface could end in the
porosity adjacent to the surface. It is worthy to mention that
increasing open porosity in the microstructure may be bene-
ficial by providing local environments for bone formation [29].

3.3.  Mechanical characterization

To compare the porosity and mechanical behaviors of the
Ti—2.5In, Ti—5In, and Ti—10In alloys, Fig. 5 shows the hard-
ness, bending strength, and elastic modulus graphs according
to In content. An elastic modulus ranging from 114.6 to
116.5 GPa led to slight changes appearing among the three
fabricated Ti—In alloys, but no clear relation to In content or
porosity appeared. The modulus of Ti—10In, 116.6 GPa, was
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Fig. 4 — Relative density, close and open porosity according
to In content.
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Fig. 5 — Mechanical properties of the Ti—In alloys according
to In content.
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Table 2 — Comparison of mechanical properties and porosity of the studied Ti—In alloys and CP—Ti.

Alloy E, GPa o, MPa Hardness, MPa Poisson coefficient Total porosity, %
Ti—2.5In 114.7 + 0.1 319.4 + 15 1395 + 70 0.38 1.5 +0.1
Ti—5In 117.0 + 0.0 317.1 + 36 1415 + 90 0.37 14 +0.1
Ti—10In 116.5 + 0.1 309.0 + 17 1407 + 110 0.38 1+ 0.05
CP-Ti 102.7° 680—770° 1324—2059¢ 0.34% 5.1°

& Annealed CP-Ti (grade 1) [36].
® Porous CP-Ti (grade 2) prepared by powder sintering technique [37].

¢ Porous CP-Ti (grade 4) obtained by sintering and pressing process [31].

slightly below the value for the same composition alloy under
the cast condition of 124.1 GPa [21]. This dropped of the
modulus of Ti—10In alloy is congruent with the reported
decrement of the elastic modulus with the addition of In to Ti-
based alloys [30]. Both hardness and bending strength
remained almost constant with the variation of In content and
did not show any direct dependence on grain size. This could
be related to the simultaneous action of two mechanisms; 1)
strengthening due to grain refinement; 2) softening at grain
boundaries and in porous regions due to heterogeneous In
distribution. This phenomenon may not be abnormal for
powder metallurgy materials, as they do not always comply
with the classic inverse relation between mechanical strength
and hardness with the grain size of alloys. Explaining such an
effect can be associated with the combined effects of relative
density, pore morphology, gas content, chemical heteroge-
neities, among other structural defects. Such non-classic
behavior has been reported for elemental Ti by pressing and
sintering techniques in which hardness increased with grain
growth [31]. The bending strength of all the Ti—In samples,
with values around 0.3 GPa, came close to that of human bone,
reported lying between 0.35 and 0.39 GPa [32]. In addition, total
porosity decreased with In addition, which is consistent with
the increased relative density shown in Fig. 4. The importance
of porosity in the performance of dental implants is high-
lighted because, as formerly reported, the presence of pores
can favor a lower elastic modulus [19,33]. Furthermore, the
porous region can act as a “titanium/bone composite” to
compensate the mismatch of the elastic modulus between
them [16]. For a deeper understanding of the effect of porosity
in the Ti—In alloys, Eq. (1) provides guidelines for estimating
the elastic modulus of porous materials [34]:

E=Eo(1-20)(1+40¢?%) )

where E is the theoretical Young’s modulus, E, is the elastic
modulus when porosity is zero and ¢ is the porosity. Consid-
ering the total porosity values for Ti—5In and Ti—10In alloys
(Table 2) and the values of E for the same alloys obtained by
arc-melting [21], Eq. (1) was applied. This empiric equation
was developed for materials less than 30% of porosity and
Poisson coefficient near 0.3. This equation also includes some
limitations, such as no consideration of microstructure de-
fects and condition, as well as the thermo-mechanic history of
the porous materials. From the literature, the Eq for Ti—5In and
Ti—10In are 159.8 and 124.1 GPa, respectively. Substituting
previous values on Eq (1), elastic moduli of 155.3 and 121.5 GPa
are obtained for Ti-5In and Ti—10In alloys, respectively.

Comparing the theoretical approximations with the experi-
mental data from Table 2, it is possible to highlight two
important events: experimental values are down to the ex-
pectations and the Ti—5In alloy presents values farther from
it. The Ti—10In alloy is 4% down to the theoretical calculation,
while the Ti—5In is lower by 24.7%. Both events might be
related to the grain size differences and the low In diffusion
into the Ti-matrix which were showed in Figs. 2 and 3. The
Ti—5In alloy has a greater grain size and less quantity of the
heterogeneous distributed In into the microstructure, while
the strengthening of Ti—10In is potentiated by the lower grain
sizes. The combination of these effects may trigger the
deformation out of the theoretical limits in a more evident
way for Ti—5In in comparison with Ti—10In. From the use of
Eq (1) it is also possible to note the bigger effect of grain size
and In content on the mechanical behavior than the effect of
porosity, probably because of the low porosity percentage.
Table 2 compares the mechanical properties and porosity of
the studied Ti—In alloys and commercially pure Ti (CP—Ti)
from literature. The obtained hardness values, which went
from 1.39 to 1.41 GPa, fell within the range of the elemental Tij;
i.e., between 1.3 and 2.0 GPa [31]. Alloys with hardness less
than 1.22 GPa are generally susceptible to wear damage, while
alloys harder than 3.33 GPa may promote wearing on opposite
teeth [35]. Elastic modulus and bending strength were lower
for Ti—In alloys in comparison with the reported for CP-Ti.
Such behavior might be explained in terms of the heteroge-
neous distribution of In on the microstructure.
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Fig. 6 — Concentration of the released In®* and Ti*" ions
according to In content.
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Fig. 7 — OM micrographs of alloys a, b) Ti—2.5In, c, d) Ti—5In and e, f) Ti—10In when comparing conditions a, c, €) before and

b, d, f) after the ion release test.

3.4. Ion release tests

Assessing ion release levels is extremely important for bio-
materials because released elements can play a role in health
after diffusing into the body. The concentrations of the Ti and
In ions released from the Ti—2.5In, Ti—5In, and Ti—10In alloys
in artificial saliva are shown in Fig. 6. No clear tendency of the
released Ti*' and In®*' ion according to In content was
observed. However, both graphs indicate increasing values or
the released ions in samples Ti—5In, 0.436 and
0.017 ugcm 2 h~* L= for Ti and In, respectively, compared to
the Ti—2.5In alloy, where the concentrations of Ti** and In**
were 0.331 and 0.014 pg cm 2 h~* L7, respectively. However,
both graphs show lowering concentration values of the
Ti—10In sample, where 0.4092 and 0.0092 pgcm 2h~* L~ were

obtained for Ti** and In®*, respectively. This drop could be
related to the incremented relative density. It is noteworthy
that the Ti*' concentrations of the three alloys were well
below the limit of 10 ppm (10000 pg L~?), which has been re-
ported as an inhibitor of cell proliferation [38]. However, the
obtained ion release concentrations of Ti** ranging from 0.3 to
0.4 pg cm 2 h™* L~! are higher than those reported for CP-Ti
(grade 2). These values range from 0.2 to 0.3 ygcm 2 h™* L7?
for 504 and 1008 immersion hours, respectively [39]. All the
concentrations of the In ions were well below 2310 pM
(2.65-10° ug L1, which is the limit concentration that causes
50% cell death (TC50) for L-929 fibroblasts [40].

As the main reason for metal ion release from dental im-
plants is a result of the corrosion process triggered by the
interaction between the implanted material and oral fluids

Table 3 — Parameters of the equivalent circuit.

Sample R, Q cm? CPEg;, uF cm? R., Q cm? CPE,, uF cm? Rpe, @ cm? %2

Ti—2.5In 1.68E-05 7.90E-07 9.98E+01 3.02E-05 6.37E+06 1.50E-03
Ti—5In 1.63E-04 1.27E-08 1.22E+02 3.10E-05 4.37E+06 1.19E-03
Ti—10In 8.52E-05 1.41E-06 1.15E+02 2.82E-05 2.67E+06 1.11E-03
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[41], it is important to discern the microstructural changes
generated by the corrosive medium of artificial saliva. Fig. 7
offers the OM micrographs obtained with Ti—2.5In, Ti—5In,
and Ti—10In before and after being subjected to corrosive
medium. The effect of artificial saliva is evident in all the
samples as it delimited the grain boundaries, as well as
revealed the grains with higher In content as the lighter areas.
This is congruent with the heterogeneous diffusion of In on
the Ti matrix, which was explained previously in Fig. 3. Like-
wise, in Fig. 7f, which corresponds to alloy Ti—10In, it was the
most attacked by the medium. As it can be seen in Fig. 7, no
evident cracks or localized corrosion were produced by the
corrosive environment in any of the three tested samples.

3.5. Corrosion behavior study

Fig. 8a presents the open circuit potential (OCP) graphs of the
Ti—In alloys, along with immersion in artificial Fusayama
saliva. The OCP is assumed to indicate the surface transition
of alloys from passive to active. The corrosion potential
increased in the primary immersion stage and then remained
almost constant from the 400 s immersion time. We can see
that alloys stabilized with less negative potentials according
to the In wt.% content. It can be seen a rise of potential for the
Ti—10In, which can be an indicator of lower degradation
probability [42]. The OCP values stabilized quickly enough,
which indicates efficient passive oxide layer formation. This
observation was corroborated by the potentiodynamic (PD)
curves (Fig. 8b) of the Ti—2.5In, Ti—5In, and Ti—10In alloys in
artificial Fusayama saliva solution. The Ti—5In and Ti—10In
alloys showed similar polarization behavior. After cathodic
polarization, all the samples revealed superficial passivation,
as indicated by the constant current densities with
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Fig. 9 — a) Equivalent circuit of the electrochemical system used in this work and b) the corrosion rate and total porosity

according to In content.
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incremented potential. The relevance of this passive layer lies
in protecting the material surface from corrosion, which oc-
curs when the oxide film is damaged by coming into contact
with other oral environment components [39]. The passiv-
ation current densities of the three Ti—In alloys were similar,
at around 10> pA cm~2 at 2 V, which suggests comparable
corrosion resistance behavior.

Fig. 9a displays the equivalent circuit used to investigate
the corrosion mechanism. The setting values are summarized
in Table 3, including the «2 value, which is widely used as an
indicator of the expected values to compare the experimental
data. The equivalent circuit was constituted by the electrolyte,
a compact oxide layer that blocks the electrolyte from passing,
and a porous oxide layer that confers more stability against
the penetration of the ions that resulted from the corrosion
process. The presence of oxides to create a passive TiO, layer
is essential for protecting the alloy from the external diffusion
of metal ions [43,44]. In this circuit, R, R, and R, were the
solution resistances between the working electrode and the
reference electrode, the resistance between both oxide layers,
and the resistance between the porous layer and the alloy,
respectively. In more detail: (i) the R. element was related to
the high-frequency contribution and was parallel to a double
layer capacitance; (ii) CPEq was related to the dielectric
properties of the compact oxide layer; (iii) R, was related to
the low-frequency contribution and paralleled a constant
phase element; and (iv) CPE,. represents charge transfer
resistance. Figure 9b compares the trends of the corrosion rate
and the total porosity of each alloy according to In content.
Both graphs follow the same downward trend with In incre-
ment. This sensitivity of corrosion with In content is a
consistent phenomenon that has been reported for other
Ti—In alloys obtained by arc melting [21]. It is worthy to point
the drop of ion release and corrosion rate values from Figs. 6
and 9, as well as the higher OCP value from Fig. 8a. Those
tendencies may indicate a protective effect of the In to the Ti-
matrix, which is more evident for the Ti—10In sample. It has
been reported the formation of a passivation layer triggered by
the addition of In in Al- and Ti-based alloys [45—47]. Likewise,
the formation of the surface oxide film was indicated by the
constant current densities after cathodic polarization from
Fig. 8b. The indium oxides have been also reported as a
bonding agent in metallic biomaterials surfaces [20,48].

4, Conclusions

The three fabricated Ti—2.5In, Ti—5In, and Ti—10In alloys
clearly showed the role of In addition as a grain refiner. The
low-diffused In particles into the Ti-matrix acted as a pin in
the grain boundary to stop the growth. This phenomenon led
to a reduction in grain size from a maximum of 450 to 40 um
for the Ti—2.5In and Ti—10In samples, respectively. This is an
11.2-fold grain size reduction. The total porosity of the Ti—In
alloys decreased according to In content. However, grain
size and In content showed a greater effect on the mechanical
behavior in comparison with the effect of porosity, probably
because of the low porosity percentage. Furthermore, the
three prepared Ti—In alloys showed non-classic mechanical
performance as strength and hardness did not correspond to

the expected response according to the obtained grain
refinement. This phenomenon can be attributed to the het-
erogeneous In distribution, predominantly on the grain
boundaries and porous regions. The bending strength and
hardness values were between the acceptable ranges for
resisting permanent deformation and adequate wear resis-
tance with no risky opposition to teeth. The Ti*" and In*" ion
releases were below the toxic concentrations, which proves
that the Ti—In alloys prepared by powder metallurgy methods
are feasible candidates for dental prosthesis. Corrosion
behavior was dominated by efficient oxide passive layer for-
mation, which led to corrosion rates between 0.02 and 0.1 um
year . The corrosion rate lowered with In addition. The drop
of ion release and corrosion rate values with the In content, as
well as the higher OCP value, indicate a protective effect of the
indium to the Ti-matrix, which is more evident for the Ti—10In
sample. Given the set of the smaller grain sizes, the highest
open porosity percentage, the lower values of the Ti*" and In*"
ion releases, and the lower corrosion rate, it is possible to
predict from the three sintered alloys that the Ti—10In alloy
could offer the most appropriate dental implant performance.
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