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ABSTRACT

A new Ti-Mo-In alloy was designed for biomedical implant applications and
produced by powder metallurgy. Mechanical properties, ion release, and elec-
trochemical assessments were conducted to uncover its biomaterial feasibility.
The Ti-15Mo-5In alloy consisted of a nearly equiaxed and micrometric § matrix
with acicular @ and fine dispersed a" phases. Mo and In chosen contents encour-
aged flexural strength (0.59 GPa) and hardness (3.9 GPa) beyond the values for
human bone in the literature. As expected from the predominantly  micro-
structure, a medium value of elastic modulus (80 GPa) was obtained. The ion Ti
(0.019 ugL™ em™ h™), Mo (0.622 pgL™' em™ h™), and In (0.001 pgL™ em™ h?)
released concentrations were below harmful concentrations to human health. Cor-
rosion rates during immersion and electrochemical tests (0.524 and 0.1 um year ™,
respectively) were lower than those reported for various implant materials. The
Ti-15Mo-5In alloy is a feasible option for orthopedic and dental implants.
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Introduction

There is a high worldwide demand for dental and
orthopaedic prosthetics. At least a 2.5-fold increment
in the incidence rate of total knee arthroplasty, espe-
cially in male patients, is projected from 2020 to the
2050 year in Germany [1]. Even more disquieting
projections are expected for primary total hip arthro-
plasties and total knee arthroplasties in the USA, with
increments of 174% and 673%, respectively, from
2005 to 2030 [2]. The demand for dental implants is
also high considering a prevalence increment from
5.7 to 23% projected for the 2026 year in the USA [3].
Consequently, the projection for periprosthetic joint
infections and clinical revisions is expected to sharply
increase in the following decades [1, 2]. Thus, the
development of accessible, feasible, as well as mechan-
ically and biologically improved implant materials, is
a health and economic worldwide burden. Mechani-
cal performance and biocompatibility (including ion
release, corrosion, and low toxicity) are among the cru-
cial factors for a material to be feasible for biomedical
purposes.

Regarding the mechanical performance, the use of
porous materials for biomedical implants is advanta-
geous due to the lower elastic modulus compared to
that of dense alloys. The mismatch of elastic modu-
lus between the implant and the organic tissue pro-
motes disuse osteoporosis or bone resorption due to
stress shielding, i.e., the bone became unloaded [4, 5].
Due to the above, alloys with elastic modulus near
to that of the human bone, 5-30 GPa [6, 7], increase

the efficiency of the implant. Besides, porosity assists
in the fixation and ingrowth of organic tissue and
improves the body fluid [6, 8]. Nevertheless, highly
porous Ti alloys may have reduced corrosion resist-
ance [9]. Therefore, porosity control is a key factor
to select thermo-mechanical elaboration routes for
implant materials. Press and sintering (P&S) technique
allows functional porosity control [10-12], and it is the
most competitive powder metallurgy method in terms
of cost [13, 14].

Among the multiple porous metallic systems for
biomedical purposes, Ti alloys are further the most
reported and applied [15]. This is due to their biocom-
patibility, low toxicity, high mechanical resistance, and
high corrosion resistance [12, 16]. Besides, they have
lower elastic modulus than other metallic biomaterials
such as Co-Cr or 316L stainless steel [4]. Besides, the
Ni, Co, and Cr released from Co—Cr and 316L alloys
are harmful to the human body [4]. Exploring differ-
ent Ti-based alloy systems is a promising route for
developing efficient and safe biomaterials.

One of the most employed Ti alloys for implants is
the Ti-6A1-4V [11, 17]. However, V and Al have sev-
eral harmful effects on human health [4, 18, 19]. To
attend the previous shortcoming, different non-toxic
porous Ti alloys have been developed, for example,
Ti-Nb [20], Ti-Nb-Sn [21-23], Ti-In [24], Ti-Mo [25,
26], and Ti-Mo—Zr [26], among others. From the devel-
opment of new biomaterials systems, Mo is advanta-
geous for reducing the elastic modulus and increasing
the corrosion resistance of Ti alloys without cytotoxic
effects [27]. Moreover, the addition of In to porous Ti
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alloys demonstrated non-toxic ion release concentra-
tions and adequate mechanical performance without
risky opposition to teeth [24]. From those results, the
use of In and Mo as alloying elements on Ti alloys is
emerging and they have been pointed out as prom-
ising candidates for orthopedic and dental implants.
Despite its advantages, scarce information about the
feasibility of porous Ti-Mo-In alloys for biomedical
purposes has been reported.

This work aims to study the feasibility of a new
porous Ti-15Mo-5In alloy for biomedical applica-
tions, specifically for dental and orthopedic implants.
The chemical composition of the alloy was designed
to promote a § phase matrix. The mechanical perfor-
mance, ion release rate, and electrochemical behav-
iors were studied and correlated with the bi-phasic
microstructure of the alloy. The development of the
new Ti-15Mo-5In alloy may foster the exploration of
different non-harmful, mechanically suitable, and bio-
compatible systems for biomedical implants.

Materials and methods

Preparation of the alloy by powder metallurgy
technique

Elemental powders of Ti (29.2 pm), Mo (4.3 pm), and
In (28.4 pm) purchased from Atlantic Equipment Engi-
neers and Alpha Aesar were weighed according to the
stoichiometric ratio in wt% of the Ti-15Mo-5In alloy.
The Mo content was selected slightly up to the mini-
mum to stabilize the 5-Ti phase (~ 10 wt%) and enough
In to ensure good mechanical and corrosion perfor-
mances without segregation excess [24, 28]. Elemental
powders were mixed in a 2-L Inversina BioEngineer-
ing mixer at 42 min™' for 45 min. Then, the powders
were compacted uniaxially at 700 MPa to a geometry
of 30 x 12 x 5 mm. Prior to sintering, the chamber of a
Carbolite HVT 15-75-450 high vacuum tube furnace
was filled with argon and evacuated twice. Sintering
was performed at 0.03 Pa in two cycles: (a) heating
at 10 °C/min and holding temperature at 780 °C for
60 min and (b) heating at 7 °C/min and holding tem-
perature at 1300 °C for 180 min. Sintering finished by
furnace cooling.

Prior to microstructural and electrochemical charac-
terization, the samples were subjected to conventional
metallographic preparation until mirror appearance
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with a 90 vol% colloidal silica (0.04 um particle size)
and 10 vol% hydrogen peroxide solution. The samples
were cleaned with distilled water and ethyl alcohol for
15 min in an ultrasonic bath.

Microstructural characterization

Phases identification and quantification was car-
ried out in an Bruker/D2Phaser X-ray diffractometer
with Cu Ka radiation at 30 kV and 10 mA. Step size
of 0.02° was used at a scanning speed of 0.0025° s™".
Lattice parameters and quantitative estimation of
phases were performed by Rietveld refinement in the
MAUD software version 2.94. Porosity, phases dis-
tribution and morphology were studied by a Nikon
Eclipse LV100DA optical microscope (OM) and a
ZEISS-ULTRA 55 field emission scanning electron
microscope (FESEM). An energy-dispersive X-ray
spectroscopy (EDS) detector coupled to the FESEM
was used for semi-quantitative elemental analyses.
Crystallographic texture analyses were performed
in an Oxford Instruments Ltda. electron backscatter
diffraction detector (EBSD) coupled to the FESEM.
Density and porosity were estimated according to the
ASTM B328 standard by the three-dimensional Archi-
medes method.

Mechanical behavior

At least, 5 microhardness measurements were
obtained by applying 1.9 N for 10 s with a Shimadzu
HMV tester. Three measurements of four-point flex-
ural tests were performed in a Shimadzu Autograph
AG-X plus 100 kN in samples with a geometry of
28 x 11 x5 mm at a constant speed of 0.5 mm min.
The distance between the lower and upper supports
was 22 mm and 11 mm, respectively. A dynamic tech-
nique (ATCP) was used instead of mechanical meth-
ods to measure the elastic modulus with a higher pre-
cision [29]. Eight measurements of elastic modulus
were obtained according to the ASTM-E1876 by the
impulse excitation technique in an ATCP Sonelastic®.
The results were analyzed by the ATCP Sonelastic 3.0
software.

Ion release and electrochemical evaluations
Three samples with an exposed area of 1.12 cm?* were

immersed in 50 mL of modified Ringer-Hartmann arti-
ficial saliva (5.97 NaCl, 0.37 KCl], 0.23 CaCl,, and 3.25
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C;H;0,Na g L) with a pH of 6.53+0.2. The immer-
sion was performed at 37 °C for 730 h to imitate the
oral environment during three 2-min daily brushings
for 20 years [30]. The morphology of the tested sam-
ples was observed under OM and SEM. The induc-
tively coupled plasma optical emission spectrometry
(ICP-OES) technique was used by a Varian-715ES to
measure the release concentrations of Ti, Mo, and In
ions that remained in the test medium.

Electrochemical corrosion was studied by a potenti-
ostat/galvanostat (Metrohm potentiostat-PGSTAT204)
on three samples with a exposed surface of 0.785 cm?.
An electrochemical cell with three electrodes was used
with a modified Ringer-Hartmann solution electro-
lyte at 37 °C. Ag/AgC(l, platinum, and Ti-15Mo-5In
alloy were used as reference, auxiliary, and working
electrodes, respectively. Open-circuit potential (OCP)
measurements were performed for 1 h. Electrochemi-
cal impedance spectroscopy (EIS) analyses were per-
formed at a wave amplitude of 0.01 Vg5 and a fre-
quency range of 100 kHz to 5 mHz. The results were
registered by ZView software, and the electrochemi-
cal parameters calculations were done by the Tafel’s
extrapolation method in Wolfram Mathematica 12.1
software. A density of 5.03 g cm™ (method in Sec-
tion "Microstructural characterization") was measured
for the Ti-15Mo-5In alloy and was considered for elec-
trochemical analyses.

Figure 1 a Micrograph of
the Ti—15Mo-5In alloy and
(b—d) EDS mappings of its
constituent elements.
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Results
Microstructural characterization

The distribution of the constituent elements in the
Ti-15Mo-5In alloy is shown in Fig. 1. The homogene-
ous microstructure suggested that the powders mix-
ing, the selected sintering temperatures, and cooling
rate were adequate to avoid solute segregation or
heterogeneities through the material. There is scarce
information on the ternary Ti-In-Mo system, but
from the binary diagram phases of Ti-In and Ti-Mo
[31, 32], a melting point <1850 °C can be expected for
the Ti-15Mo-5In alloy. 70-90% of the melting point
of the alloy is the ideal temperature range for sinter-
ing of metal powders [13]. This selection is because
fine metallic particles possess lower melting points
and higher surface energy driving force for binding
compared to coarse particles [33, 34]. Besides, small
particles might avoid transient liquid state of they
have already being dissolved in the solid solution
[35]. Thus, the temperature of the second sintering
step of 1300 °C (70% of the expected melting point
of the Ti-15Mo-5In alloy) was expected to encourage
atomic diffusion, which was confirmed by the homo-
geneous atomic distribution in Fig. 1. Additionally,
the temperature was also low enough to avoid large
pores formation. It is also expected that the sintering

)
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temperature allowed forming strong atomic bonding,
which will be evaluated by mechanical properties in
Section "Mechanical behavior".

Figure 1 shows micrometric grain sizes, which
was congruent with the low porosity and chemical
homogeneity. Residual porosity and segregations of
elements with low diffusion rate like Mo can restrict
grain growth of Ti alloys [35, 36]. The relative den-
sity of the Ti-15Mo-5In alloy was 99.5 +0.1%, which
agrees with the low porosity shown in Fig. 1a. From
the literature, low percentage porosity can be classi-
fied as closed porosity due to the lack of interconnec-
tion among the pores [35].

Similar low porosities have been reported for binary
Ti-15Mo alloys produced by P&S [26]. Furthermore,
the densification could be also influenced by the par-
ticle size distribution due to surface diffusion [37] and
low melting point of In. Low porosity can be related
to the use of fine alloying powders of 4-29 um. Fine
starting powders allow enough atomic diffusion due
to shorter diffusion distances and higher surface to
volume ratio, which also results in a low quantity of
remanent particles in the microstructure [35, 38].

Figure 2 a X-ray diffraction
pattern and (b) EBSD phase
map of the Ti—-15Mo-5In
alloy, where 3, a, and "'

J Mater Sci (2023) 58:15828-15844

Figure 2 shows the distribution, content, and mor-
phology of the phases in the Ti-15Mo-5In alloy. The
morphology of phases corresponds to acicular @ and
fine a" distributed in semi-equiaxed p phase. The
phases content agreed with the chemical composi-
tion of the alloy. The Mo equivalency (Mo,,) equals
15 [28, 39], which is higher than the Mo concentration
required to retain a single -Ti phase microstructure
in quenched binary Ti-Mo alloys (>10 wt%) [28, 40].
However, the Ti-15Mo-5In alloy also contains In as
an alloying element, which was not counted in the
Mo equivalency calculation in the literature. Indium
contents lower than 20 wt%, which is the case for our
Ti-15Mo-5In alloy with 5 wt%. In, are expected to
form a solid solution [41]. Ti-In alloys form single a-
Ti phase microstructures with In contents up to ~ 44
wt% by arc-melting [32, 41] and up to 10 wt% In by
powder metallurgy [24]. However, some other works
suggested a -stabilizing effect of In additions due to
decreasing of the f-critical transformation temperature
[32]. Consequently, the effect of In in the equivalencies
of B-Ti or a-Ti stabilizers [39] is not established yet. By
comparing our Ti-15Mo-5In alloy with 9.5% a-phase

phases correspond to red, 7000 A
blue, and yellow colors, 6000 a)
respectively. The (c—d) EBSD
maps show the distribution 5 5000
of a and o'’ phases in more S 4000
detail. E

% 3000

© 2000 4

A B-Ti, 83.3+0.3%
@ o-Ti, 9.5+0.4%
I a-Ti, 7.240.3%
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in this study with Ti-15Mo alloys with negligible
a-phase [27, 42-44], it appears that In favors a-phase
formation. However, a systematic study on the effect
of In contents on phase stabilization is required to
establish this.

From the literature, Mo contents >4 wt% in binary
Ti-Mo alloys are necessary to allow the crystallo-
graphic transition from HCP to orthorhombic struc-
ture [40]. However, at Mo content of 10 wt%, the j3-
Ti phase is expected to be stable and the formation
of metastable a”-martensite (orthorhombic) phase is
suppressed [40]. Figure 2a shows that even though
the Mo content in the Ti-15Mo-5In alloy was higher
than the required for suppressing the a" formation,
the phase formation could be affected by the probable
a-stabilizing effect of the In content or the thermome-
chanical processing of the alloy. The same 5 wt% of
In in P&S-processed Ti alloy has shown a dominant
a microstructure with In segregations [24]. Thus, the
probable destabilization of § phase would favor the
formation of the metastable a” phase. On the other
hand, the low cooling rate from the sintering tempera-
ture (~ 15 °C/min) was expected to favor the forma-
tion of equilibrium & and  phases without the forma-
tion of athermal orthorhombic a” [40]. Formation of
a'-phase is allowed by the correspondence of c-axis
between a distorted hexagonal (a’-martensite phase)
and orthorhombic (a” phase) cells [44]. By compar-
ing Ti-Mo alloys fabricated by P&S with similar Mo
contents [26, 45] to the present work, the final phase
content is in good agreement. Thus, In may not have
a direct effect on g destabilization but on stabilizing
hexagonal cells [32].

The formation of a” phase could be influenced by
different factors: (i) strain-induced phase transfor-
mation, (ii) the high content of -stabilizers, or (iii)
occurrence of spinodal decomposition. Mechanically
applied strains during powders compaction may
trigger the formation of metastable a” phase, which
is intermediate during the transformation from f
(BCC) to the equilibrium « (HCP) phase [40]. Besides,
strain-induced transformation to form a’ phase
requires lower strains than the @ phase [40]. On the
other hand, the high contents of Mo as f-stabilizer in
the Ti-15Mo-5In alloy could restrict the formation of
a'' phase [46], which is shown in Fig. 2. In parallel,
the high contents of  stabilizer could limit the forma-
tion of equilibrium «a phase. For last, the fine size of
the metastable a" phase agrees well with the spinodal
decomposition widely reported in Ti-Mo alloys [31,
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47, 48]. The spinodal decomposition has been reported
in Ti alloys with more than 4 wt% Mo, which is the
case for our alloy. This phenomenon involves the
spontaneous separation of a single phase into two
distinct phases with different physical properties
and chemical concentration fluctuations. For Ti-Mo
alloys, the decomposition starts at prior f bounda-
ries and consists of a cellular decomposition of a” to
form metastable Mo-enriched o' and Mo-depleted a
phases to posteriorly form a and f phases. @ and
phases nucleate at prior f boundaries consuming the
Mo-enriched a" and Mo-depleted a phases [47]. Sig-
nificant hardening effect is commonly obtained after
decomposition due to second-phase dispersion effect.
Similar phase content has been reported in uniaxially
compacted and then sintered Ti-35Nb-5In alloy [49].

More detailed of morphologies and element dis-
tribution can be observed in Fig. 3. The acicular and
nearly equiaxed morphologies of the a and § phases
are well observed (Fig. 3a, b). Line scans were per-
formed to observe the local distribution of solute in the
Ti-15Mo-5In alloy, a representative result is shown
in Fig. 3c. As expected, the Mo, which is a strong
B-stabilizer with low diffusion in Ti, is mainly found
in the micrometric § phase compared to the acicular
a and the finely dispersed a” (Fig. 3e). The indium
showed a nearly constant distribution through the
microstructure.

The homogeneous distribution of In in the
Ti-15Mo-5In alloy was different from the heterog-
enous distribution prevalent in grain boundaries
previously reported in porous Ti with 2.5 to 10 wt%
In alloys [24]. However, this can be explained by
the dominance of a-Ti phase in the literature, which
according to the Ti-In [32] and Ti-Mo [50] diagram
phases, allows a lower solubility of In compared to the
B-Ti phase predominant in this work.

On the other hand, the fine a lamella thickness
(Fig. 3b) and its distribution mainly near the g grain
boundaries is comparable to the reported micro-
structures of Ti-14Mo and Ti-16Mo alloys [45].
High-energy sites, such as triple junctions, may act
as a phase precipitation sites. This phenomenon may
explained the preferred location of a phase at the j8
boundaries, which posteriorly could grew towards the
inner grain [51]. The a lamella thickness is controlled
by atomic diffusion of Mo in -Ti [36]. Thus, the «
thickness increases with temperature and decreases
with the Mo content. The effect of In in the « thickness
has not been studied. However, considering the low

@ Springer



15834

J Mater Sci (2023) 58:15828-15844

) T pry
6 18 20 22 24

Figure 3 (a—b) SEM micrographs of the Ti—15Mo-5In alloy and (c—d) line profile distribution of solute elements on the present phases.
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Figure 4 Grain length distribution on the Ti—15Mo-5In alloy

diffusion coefficient of In in Ti [52], it might have a
similar effect than Mo.

Figure 4 shows the distribution of grain length of
the present phases obtained from EBSD analyses.
Grain length was calculated instead of grain diameter
due to the irregular shapes of @ and a” phases. At least
74% of the three constituent phases range in lengths
lower than 20 um. However, the a and  phases have
visibly broader grain length distribution than the a"
phase.

@ Springer

Comparison with binary Ti-Mo and Ti-In alloys
fabricated by P&S from the literature were done to
analyse the final o and f sizes. It was reported that for
Ti-14Mo and Ti-16Mo obtained at similar sintering
temperatures, the § grain sizes were of ~40 um [45].
Comparing that size to the grain length distribution
in Fig. 4, the p phase of the Ti-15Mo-5In is slighter
smaller. This result might be related to the In content,
which showed a grain growth pinning effect on a P&S-
obtained Ti-5In alloy [24]. The reported pinning effect
of In was attributed to its segregation at grain bounda-
ries. Nevertheless, In did not show that behavior at
grain boundaries in the Ti-15Mo-5In alloy. Segrega-
tions of Mo can also inhibit the grain growth of Ti
alloys [35]. However, the representative EDS mapping
from Fig. 1 showed am homogeneous distribution of
solute elements. Thus, the grain size differences might
be related to the different temperature or holding time
during sintering in the Ti-Mo alloys from literature
[45] compared to those of the present work.

Figure 5 displays the experimental misorientation
histograms by correlated (green bars) and uncorre-
lated (orange bars) distributions of the dominant
(cubic) and a (hexagonal) phases in the Ti-15Mo-5In
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Figure 5 Comparison of experimental (correlated and uncorrelated) and theoretical uncorrelated misorientation profiles for (a) f and

(b) a phases in the Ti—-15Mo-5In alloy.

alloy. For comparison, the theoretical uncorrelated
misorientation profiles (gray profiles) for non-pref-
erentially oriented (random crystallographic texture)
cubic [53] (Fig. 5a) and hexagonal [54] (Fig. 5b) struc-
tures are also shown. Uncorrelated misorientation,
also known as texture derivatives profiles, account
for all possible misorientations without assuming a
spatial correlation between pixels. This means that the
measured points are not necessarily contiguous with
each other and may even belong to different grains.
Thus, uncorrelated profiles may be influenced by
transgranular misorientation.

On the other hand, correlated misorientation repre-
sents angle comparisons between neighboring points.
Considering that the biggest extension corresponds to
the inside grain zones, a high frequency of misorienta-
tions lower than 5° is commonly observed. Dismissing
the expected high frequency misorientations at low
angles, the correlated histograms in Fig. 5 were plotted
since 5° of misorientation.

From Fig. 5, the uncorrelated misorientation histo-
grams of both a and § do not agree with the theo-
retical random profiles. Thus, both phases have pre-
ferred crystallographic orientations. The differences
between correlated and uncorrelated profiles of f and
a phases suggest significant misorientation disparity
between the inner grain and their neighbourhood [55].
Therefore, transgranular strain may be present in the
Ti-15Mo-5In alloy, which may be related to the fine a”
phase within the grain or to the twinning commonly
activated during the -a"- a strain-induced phase
transformation [56, 57].

The correlated histograms of the § phase (Fig. 5a)
showed predominantly high angle grain boundaries
(HAGBSs), which is congruent with its equilibrium

formation. It is well reported that stable HAGBs
possess higher energy compared to low angle grain
boundaries (LAGBs) [58]. The high density of §
HAGBs assist with precipitation sites for the a phase
[51].

Mechanical behavior

Flexural and compressive tests were performed in
the Ti-15Mo-5In alloy to evaluate its performance
under common stress states for biomedical materials.
Examples of the above are the compression and flex-
ion stresses exerted between teeth during chewing or
joint flexions. The elastic modulus, which is a crucial
parameter for the mechanical effectivity of biomedical
implants, was also measured. The results are shown
in Fig. 6 and Table 1.

The mechanical effectiveness of the new
Ti-15Mo-5In alloy should be analyzed in terms of
the mechanical behavior of human bone and other Ti
alloys reported as feasible for implants. The flexural

14 -
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Figure 6 Four-point flexural results of the Ti—15Mo—5In alloy.
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Table 1 Average of mechanical properties obtained by four-
point flexural, ATPC, and hardness tests in the Ti—15Mo-5In
alloy

Ultimate flex- Flexural dis-  Elastic modu- Microhardness
ural strength  placementto  lus HV)

(MPa) fracture (mm)

595+99 0.18+0.02 80+ 14 405+55

strength (0.59 GPa) of the Ti-15Mo-5In is superior
than that of human bone (0.35-0.39 GPa) [59], as well
as that of biomedical Ti—Zr (0.47-0.50 GPa) [60] and
Ti-In (~ 0.3 GPa) [24] alloys.

The stiffness mismatch between the implant and the
human bone, given by the elastic modulus, should be
small to decrease the stress shielding and bone degra-
dation likelihood [4, 5, 8]. Although the Ti-15Mo-5In
alloy has a higher elastic modulus (80 GPa) than corti-
cal bone (<30 GPa) [12], it is lower than various bio-
medical metallic materials. Examples of biomedical
implant alloys with higher elastic modulus than the
Ti-15Mo-5In alloy are Ti-6Al-4 V (~ 105 GPa) [61],
Ti-Zr (82-115 GPa) [60] and Ti-In (114-117 GPa) [24].
This may be related to the lower elastic moduli well
reported in § and predominantly § alloys, such as
the Ti-15Mo-5In, compared to those of a and near-«
alloys [26], such as the Ti-Zr, Ti-6Al-4 V, and Ti-In.
The elastic modulus (80 GPa) of the new Ti—-15Mo-5In
alloy was comparable to that of other near-$-alloys,
such as Ti-Nb-Mo (64-96 GPa) [30] and Ti-35Nb-5In
alloys [49].

The average hardness (~3.9 GPa) of the
Ti-15Mo-5In alloy was higher than that of different
bone regions, such as osteonal, trabecular, and inter-
stitial, ranging between 0.23 and 0.76 GPa [7]. It was
also higher than the hardness of various biomedical
Ti alloys, such as Ti-In (1.3-1.4 GPa) [24], Ti-6Al-4 V
(~2.8 GPa) [61], and Ti-Nb-Mo alloys (1.8-2.8 GPa)
[30].

The microstructural characteristics of the
Ti-15Mo-5In alloy strongly influenced its good

| J Mater Sci (2023) 58:15828-15844

mechanical properties. Binary Ti-Mo alloys [45] have
been reported with similar morphology and phases
content to the Ti-15Mo-5In of this work. As explained
from Fig. 4, the grain sizes of the Ti-Mo alloys were
reported slightly higher than that of the Ti-15Mo-5In
alloy. However, the microhardness of Ti-Mo alloys
(337-403 HV) was slightly lower than that of the
Ti-15Mo-5In alloy (405 HV). This was not expected
since the B-Ti phase is dominant in both systems and
it tends to increase hardness with increasing the grain
size [62]. This contrasting result may be related to the
combined effect of Mo and In as alloying elements,
and specially due to their adequate content. From
the binary P&S-elaborated Ti-Mo [45] and Ti-In [24]
systems, contents of 16 wt% of Mo and 5 wt% of In
obtained the highest hardness compared to other Mo
and In contents. The hardness of the Ti-15Mo-5In
alloy might be enhanced by the second-phase disper-
sion effect triggered by the spinodal decomposition
described in Section "Microstructural characteriza-
tion". Because of this, Ti-15Mo-5In alloy in this study
showed significantly higher hardness (~ 3.9 GPa) than
Ti-15Mo and Ti-15Mo-2In alloys without reported
a' phase (~0.9 to 1.3 GPa) [63]. From the above, the
Ti-15Mo-5In alloy is feasible in terms of mechanical
properties for use in biomedical implant applications.

Ion release and electrochemical evaluations

Ensuring metal ion release rates below harmful levels
is essential for the low toxicity of biomedical implants,
so they can be introduced into in vivo systems, such as
the human body. Metallic ions can diffuse and accu-
mulate into the human body and cause allergy and
carcinoma at large concentrations [64]. Thus, a reliable
implant material must have ion release rates lower
than the reported toxicity levels or the recommended
dietary intake.

Table 2 shows the ion release from the Ti-15Mo-5In
alloy, which were lower than the toxic concentrations
for human health. The Ti* ion release was well below
the concentrations that inhibit and do not stimulate

Table 2 Average metal ion release from the Ti—15Mo-5In alloy and corrosion rate after immersion in modified Ringer-Hartmann artifi-

cial saliva

Ton release rate (ug L' cm™2 h™h)

Ti Mo In

Corrosion rate (mg dm~2 day™")

Corrosion rate (pm year™")

0.019+0.009 0.622+0.421 0.001+0.09

0.078 £0.052

0.524+0.113
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cell proliferation, i.e., 10 ppm (10000 pg L") and
5 ppm (5000 pg L™) [65]. Likewise, the In release was
lower than the concentration that causes 50% of L-929
fibroblasts death, i.e., 2310 uM (2.65 x 10° ug L™) [40].
In release was also within the nontoxic limit of 50 ppm
(50000 pg L) [66]. The Mo ion release rates indicate
up to 14.9 ug L™! per day from a 1 cm? implant. That
ion release is within the recommended dietary allow-
ance of Mo from 17 to 45 pg day™" for children and
adult people [67], which indicate a low toxicity likeli-
hood for humans. Therefore, the Ti-15Mo-5In alloy
did not show potential toxicity to human health due
to its metal ion release rates.

Due to the scarce information on the Ti-Mo-In sys-
tem in the literature, comparisons were made with
other P&S-processed alloys with similar relative
density (>93%) tested under similar conditions. The
Fig. 7a shows the advantages of Ti-15Mo-5In alloy
compared to other reported alloys for implants. Lower
concentrations of Ti and In were released from the
Ti-15Mo-5In alloy compared to other reported sys-
tems. While ion Mo release was within the Mo release
range of the Ti-Nb-Mo alloys. Considering that both
Ti-Nb-Mo and Ti-In systems were considered as fea-
sible for biomedical implants [24, 30], it can expected
the same for the Ti-15Mo-5In alloy.

On the other hand, the average corrosion rate
measured after artificial saliva immersion of the
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Ti-15Mo-5In alloy (0.078 mg dm™ day ™) was well
below the corrosion rates reported for P&S-processed
Ti-Nb-Mo alloys with different Nb and Mo contents
and surface laser treatments [30]. The corrosion rate
after immersion in artificial saliva was not reported for
the Ti-In alloys from the literature. However, better
corrosion resistance of the Ti-15Mo-5In alloy respect
to the Ti-In alloys was suggested by the lower ion
released rates in Fig. 7a and by the lower microstruc-
tural attack after testing (Fig. 7b). The Ti-In alloys,
including the Ti-5In from the literature showed high
preferred corrosion at the grain boundaries [24],
while no visible corrosion can be observed in the
Ti-15Mo-5In alloy (Fig. 7b) after similar testing con-
ditions. Similar high corrosion attack was showed for
the Ti—-Nb-Mo from the literature [30]. It is worth men-
tioning that the Ti-15Mo-5In alloy did not show crack-
ing or pitting corrosion by the corrosive environment.

Factors that influence the corrosion resistance of
alloys elaborated by P&S include porosity, chemical
heterogeneities, grain size, phase content, and chemi-
cal composition. The Ti-15Mo-5In showed a homo-
geneous distribution of alloying elements (Fig. 1)
and similar relative density (99.5%) than Ti-Nb-Mo
(>93%) and Ti-In (> 98%) alloys. Regarding grain size,
the Ti-5In alloy showed a broad grain size ranging
from 50 to 150 pm [24], the Ti-Nb-Mo alloys from 13
to 47 pm [30], and from Fig. 4, the Ti-15Mo-5In of this

a) ¢
35 L E?
§ =7
£ 37 EZ B Ti-15Mo-5In*
6,51 Eé = Ti-13Nb-12Mo
5 gé N % Ti-20Nb-10Mo
;2 2 4 Eé § m Ti-27Nb-8Mo
b = % § Ti-35Nb-6Mo
815 1 é% § [
9 = / § m Ti-2.5In
£ g% N _ N | =Tis5In
E'T 2N = | mTi-101
g/ § g \\ " i-10In
0.5 g g \; ll
= = roTTTT T I

Figure 7 (a) Comparison of ion release between the Ti—15Mo—
5In (*this work) and other reported porous Ti-In [24] elaborated
by P&S, Ti-Nb-Mo [30] elaborated by P&S and laser surface
treatment at 1000 W. All the alloys were tested at 37 °C for 730 h

in artificial saliva with pH between 5.2 and 6.5. (b) Superficial
attack on the Ti—-15Mo-5In alloy after immersion in artificial
saliva.
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work has 90% grain sizes below 20 um. Lower grain
size may be advantageous in promoting a more com-
pacted and adherent passive oxide layer compared to
coarse-grained microstructures [68]. This is because
fine grain sizes increase the electronic activity near
grain limits, increasing the surface reactivity to form
oxide layers. Besides, grain boundaries may serve as
nucleation sites for passive layer formation, improv-
ing its formation kinetics, coherency, adherence and
stability [68]. However, the Ti-15Mo-5In of this work
revealed a lower corrosion rate (0.078 mg dm™ day ™)
than the reported Ti-35Nb-6Mo alloy with lower aver-
age grain size of 16.21 um [30]. Therefore, parameters
other than grain size, such as phases percentage and
chemical composition, may have a strong influence on
the corrosion behavior of the Ti-15Mo-5In alloy.

The Ti-15Mo-5In alloy with 78.5% of § phase will
be compared to the Ti-Nb-Mo (processed at 1000 W)
with more than 94% of § phase, and the Ti-5In alloy
with 100% of o phase and In segregations. It has been
reported that the §-Ti phase and «a/f interfaces are
preferred dissolution sites at HCI and artificial saliva
media [61, 69]. Thus, single phase Ti alloys might be
preferred for boosting the corrosion performance.
Nevertheless, the near single @ and g phases alloys
immersed in artificial saliva reported higher corro-
sion susceptibility than the tri-phasic microstructure
of the Ti-15Mo-5In alloy. This tendency, contrary to
the reported from the literature, may indicate a strong
influence of the combined effect of In and Mo.

Indium can decrease the corrosion susceptibility of
metallic materials [70], including Ti alloys [24]. Other
work reported a similar corrosion resistance between
Ti-In alloys and pure Ti [41]. Mo is also well known
for improving the corrosion resistance of Ti alloys [9]
respect to CP-Ti. It can be expected the Mo and In
acted synergistically to decrease the corrosion suscep-
tibility of the Ti-15Mo-5In alloy. Corrosion suscepti-
bility measured under electrochemical conditions is
necessary to deeply understand the corrosion perfor-
mance of the new Ti-15Mo-5In alloy.

The OCP, polarization graphs, and average cor-
rosion parameters after electrochemical testing of
the Ti-15Mo-5In are displayed in Fig. 8. The nega-
tive OCP values from Fig. 8a (average of - 0.25+V)
indicate an active metal ground base. The poten-
tial increased in the primary immersion stage up
to <1000 s. After 1000 s, the potential remained almost
constant, which indicates the formation of surface pas-
sive layer. Besides, less negative OCP values suggest
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Figure 8 (a) OCP and (b) PD polarization curves for the
Ti—15Mo-5In alloy. Three repetitions are shown for statistical
purposes.

the formation of more compacted and adhered passive
layer. The OCP values measured for the Ti-15Mo-5In
alloy were less negative than those reported for P&S-
processed Ti-In alloys and Ti-34Nb—6Sn compacted at
200 MPa [21, 24], additive manufactured Ti-6Al-4 V
[61], densed Ti-6Al-4 V ELI, Ti-13Mo-7Zr-3Fe
(TMZF), Ti-35Nb-7Zr-5Ta [69], and Ti-6Al-4 V with
TiAIN/TiAICrN coating [71].

The three measurements of potentiodynamic (PD)
polarization curves in the Ti-15Mo-5In alloy are
shown in Fig. 8b. The polarization behavior can be
described by five regions; (i) cathodic behavior and
corrosion resistance, (ii) general corrosion and anodic
behavior, (iii) formation of surface passive layer, (iv)
localized corrosion resulted from ionic electrolyte infil-
tration through the passive film, (v) regeneration of
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surface passive film, (vi) molecular oxygen evolution
from the overall electrochemical reaction.

The three polarization curves show a good repro-
ducibility with average corrosion potential (E_,,,)
and current density (I.,,) of — 0.26+0.07 V and
0.06 £0.01 uA cm™2. The E,, of the Ti-15Mo-5In
alloy, which is less negative than that reported for
Ti-6Al-4V and Ti-Nb-5n alloys (Fig. 9a), indicates
the lower electrochemical activity of the former due
to a more stable passive layer.

The average corrosion rate of the Ti-15Mo-5In
alloy (0.1 um year™') was compared to other reported
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Ti alloys designed for biomedical implant applica-
tions (Fig. 9b). The Ti-15Mo-5In alloy showed less
susceptibility to corrosion than the Ti-Nb-Sn sys-
tem and similar to the Ti-Nb-Mo and Ti-In alloys.
It is remarkable that despite the different thermo-
mechanical histories of the compared alloys, the elec-
trochemical behavior of the Ti-Nb-Mo, Ti-In, and
Ti-15Mo-5In alloys is similar. It has been reported
that the microstructure is not always a dominant fac-
tor over chemical composition or oxide film effec-
tiveness to define the electrochemical corrosion of
Ti alloys [69].

Figure 9 Comparison of
(a) E,,, and (b) corrosion
rate among the Ti—15Mo-—
5In alloy (this work *) and
reported Ti alloys elaborated

(a)

by different routes, such
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From the above, Ti-15Mo-5In has been shown to
have electrochemical performance comparable to or
superior to various reported biomedical Ti alloys.
Furthermore, the corrosion rate of the Ti-15Mo-5In
alloy (0.1 um year™') can be considered as perfectly
stable [72]. The electrochemical behavior of the
Ti-15Mo-5In may promote promising key qualities
for implants, such as osteointegration and biocom-
patibility [73]. However, in vivo tests are recom-
mended to ensure those qualities.

Conclusions

The mechanical properties, ion release, and electro-
chemical assessments were uncovered and analyzed
with respect to the microstructural condition of the
new porous Ti-15Mo-5In alloy. Based on the follow-
ing findings, the Ti-15Mo-5In met mechanical, toxic-
ity, and corrosion criteria for orthopedic and dental
implant candidates:

1. Ti-15Mo-5In alloy was constituted by nearly equi-
axed and micrometric f matrix with acicular o and
fine dispersed a" phases. The misorientation pro-
files suggested preferred crystallographic orienta-
tion on the f and a phases. By comparing the stud-
ied alloy with the literature, the 5 wt% In content
seems to favor the a-phase formation. However, a
systematic study on the phase stabilization effect
of In is warranted.

2. The hardness (3.9 GPa) and flexural strength (0.59
GPa) of the Ti-15Mo-5In alloy were higher than
those reported for human bone. The elastic modu-
lus of the Ti-15Mo-5In alloy (80 GPa) was lower
than that of other reported biomedical Ti alloys,
but at least 2.7 times higher than that reported for
human cortical bone.

3. Ti(0.019 ugL™ em™?h™), Mo (0.622 ugL " em™?h?),
and In (0.001 ugL™! cm™ h!) ion releases were
below harmful concentrations to human health.
The corrosion rates during immersion and elec-
trochemical tests (0.524 and 0.1 um year ™, respec-
tively) were lower than various reported biomedi-
cal alloys. The corrosion behavior was strongly
influenced by chemical composition of the alloy,
as well as by a continuous formation and regenera-
tion (after pitting) of the surface passive layer.
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