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Abstract
This work aims at developing new titanium-tantalum alloys, whose structure and properties are optimized for
medical use in orthopaedic implants. These alloys must satisfy requirements such as biocompatibility, adequate
stiffness, wear and mechanical resistance, as well as equivalent corrosion resistance to the currently used
commercial alloys (Ti-6Al-4V e Ti-6Al-7Nb). The correlation between processing conditions, microstructure and
properties of Ti-Ta alloys produced by laser cladding was investigated. Two promising compositions were studied,
prior and after heat treatment, Ti-30Ta and Ti-63Ta (wt%). The alloys were structurally characterized by
observations in SEM, EDS studies for composition and phasic analysis in XRD. The mechanical properties of
hardness and elastic modulus were obtained by micro-indentation techniques. The wear behaviour of Ti-30Ta and
Ti-63Ta was examined in dry sliding conditions. Their corrosion resistance was evaluated in a simulated biological
environment (HBSS) by means of electrochemical impedance spectroscopy (EIS) and anodic polarization curves.
A summary of the results obtained for the Ti-Ta alloy system will be presented and discussed. While both
compositions under study meet the necessary requirements, the results confirmed Ti-63Ta superior potential for
use as load-bearing implant material.
Keywords: metallic biomaterials, titanium alloys, Ti-Ta alloys, laser-assisted synthesis, characterization

Introduction

strength, while tantalum is a biocompatible metal with
superb corrosion resistance. Still, there are some
difficulties in the processing routes of Ti-Ta alloys,
owing to the large differences in the melting point and
density of its constitutent elements. These can be
overcome with the use of heat treatments and the use of
laser deposition techniques, associated to fast cooling
rates, to promote β phase stability at room temperature.

Musculoskeletal problems affect millions of people
worldwide. They are regarded as one of the main
disfunctions targeting an increasingly aging population,
afflicted by chronic diseases or blunt trauma.
Biomaterials provide a solution to these problems,
restoring function of damaged hard tissues and
improving quality of life. Among metallic biomaterials,
titanium and its alloys (ex: Ti-6Al-4V) are commonly
used as implants for their superior mechanical
properties, high corrosion, wear and fatigue resistance
and biocompatibility [1].
However, there are some major limitations in the
currently used alloys as they were initially developed
for structural applications in the aerospace industry.
Among them, is the excessive stiffness of the implant
compared to that of bone, a difference measurable by
their respective elastic modulus. By supporting most of
the stresses, rather than transfering part to the
surrounding bone, bone atrophy is promoted, risking
potential implant failure. Moreover, the release of toxic
elements (V), or associated with neurological diseases
(Al) has severe long-term health consequences as the
implant degradates [2]. It is therefore necessary to
develop new Ti alloys, free of toxic elements, whose
mechanical properties are closer to that of bone.
Alloying Ti with β phase stabilizers like tantalum has
been regarded as a promising solution to these issues
[3]. β-Ti alloys display low elastic modulus and high

Materials and Methods
Laser cladding experiments were carried out using a
1.5 kW diode laser. A plate of commercially pure grade
2 titanium was used as substrate. Prior to deposition the
substrates were degreased with acetone and cleaned
with sand paper an alcohol. The powders were heated at
100° C for 24 h. Due to the high reactivity of titanium
with oxygen and nitrogen, the melt pool was protected
by blowing argon during deposition, to avoid
contamination and embrittlement. Powder feeding was
carried out using a lateral nozzle kept at a 45° angle to
the horizontal. The alloys were deposited using a
hopper powder feeder containing a mixture of pure Ti
and Ta powder, previously homogenized in a turbula
mixer.
By controlling the mass flow rate of the powder
mixture, and overlaping individual clad tracks, it was
possible to produce consistent coatings with two
nominal compositions, Ti-30Ta and Ti-63Ta (wt%).
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Results and Discussion

Deposition was carried out using a laser beam power
of 1.5 kW at a scanning speed of 8 mm/s.
The surfaces of the tracks were metallographically
polished and etched in Kroll’s reagent (2 vol.% HF, 6
vol.% HNO3, distilled water). The composition of the
alloys was measured on the tested samples by energy
dispersive spectrometry (EDS). A heat treatment was
performed to improve the chemical homogeneity of the
Ti-Ta alloys, know to segregate owing to a miscibility
gap in the system [4]. The microstructure of the clad
tracks was characterized in detail by optical and
scanning electron microscopy. The alloys constitution
was evaluated by X-ray diffraction (XRD) analysis. The
tests were made in Bragg-Brentano configuration, using
Cu Kα radiation.
The microhardness of the Ti-Ta alloys was
measured in a Mitutoyo AVK-C2 Hardness Tester, at
300gf for 20 seconds. The Young’s modulus of the
samples was measured by depth sensing
ultramicroindentation tests in a Micro Materials
NanoTester. The indentation tests were carried out
using a Berkovich indenter, under a loading-creepunloading-creep cycle and a maximum load of 200 mN.
The young modulus average was determined from the
mathematical analysis of the unloading section of the
load-displacement curves, obtained after 36
indentations. These were made on a 3x3 grid point
system in optimal zones of the sample.
The wear behaviour of Ti-Ta alloys was
investigated through microscale wear tests, performed
under dry sliding conditions in a TE 66 Micro-scale
abrasion tester. The system is similar to the one
established by Kassman et al. [5]. The tests were
performed under loads of 1 N, for a nominal sliding
distance of 200 m, at a sliding speed of 200mm/s. The
counter body was a sphere of AISI 440C stainless steel.
The wear surfaces were analysed by scanning electron
microscopy and EDS to identify the operating wear
mechanisms and to characterize the wear products
formed during testing. The wear volume was
determined from measurements of the craters by optical
microscopy.
The alloys were submitted to electrochemical
testing in Hank’s balanced salt solution (HBSS) at
37±0.1 °C. Open circuit potentials were measured for
62 hours followed by Electrochemical impedance
spectroscopy (EIS) tests using a potential perturbation
voltage of 10 mV. The current response was measured
to determine the impedance with results in a frequency
range, from 10 mHz to 100 kHz. Anodic polarization
tests were also performed at a scanning rate of 1
mV/sec, on a range of -0.5V to +1.5V. All tests were
done using a potentiostat (GamryInstruments Reference
600+/Galvanostat/ZRA) and an electrochemical test
cell with a saturated calomel electrode (SCE) as
reference electrode and a platinum coil as auxiliary
electrode.

Structural analysis

Figure 1 – XRD Diffractogram

XRD diffractograms of the Ti-Ta samples are shown in
Fig 1. Phase analysis revealed the presence of
hexagonal α’ phase of titanium for Ti-30Ta, and a
combination of orthorhombic α’’ and untransformed β
phase for Ti-63Ta, both in the as-deposited condition.
These results are further confirmed by the
microstructural studies of the alloys. Regarding Ti30Ta (Fig. 2a), the major constituent observed is a fine
acicular α' martensitic structure. As for Ti-63Ta (Fig.
2c), a mixture of retained untransformed β and
orthorhombic α” needles coexist inside the β or prior β
grains. The very fine α” needles are arranged in a
basket-weave pattern, resembling a widmanstätten
structure.

a

b
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two elements [11]. These calculations have been used
to predict the approximate time necessary to eliminate
segregation in castings.

c

𝑙2

Thus:
𝜏 = 𝜋2𝐷 , where 𝜏 is the homogenization time
(s), 𝐷 the interdiffusion coefficient (cm2/s) and l the
wavelength (cm2). l corresponds to the distance between
two points in phase, i.e. with similar chemical
composition. Its average was measured from several
micrographs.
The calculated theoretical values were compared with
the homogenization conditions reported in the literature
for Ti-Ta alloys [7][12][13]. A compromise was
reached, and the samples were heated in the β-phase
field at 1000ºC for 1h30min. To promote β phase
stability at room temperature the samples were
immediately quenched in water after heat treatment.

d

Comparing the BSE micrographs from the HT
samples (figure 3a and 3b) with those prior to HT (fig
2b and 2d), it is clear that the HT was effective in
removing the segregation pattern and solving the
composition variations, with tantalum well distributed
throughout the microstructure. From the diffractogram
on Figure 1 no obvious phase changes can be seen when
comparing the heat treated (HT) samples with the
untreated ones. Thus, the same phases observed before
endure: hexagonal α’ phase for HT Ti-30Ta, and a
combination of orthorhombic α’’ and untransformed β
phase for HT Ti-63Ta.

e

Figure 2: a) and b) SEM and BSE micrograph for
Ti-30Ta ; c) and d) SEM and BSE micrograph for
Ti-63Ta ; e) EDS line scan
Supplementary backscattered electron micrographs
of Ti-30Ta and Ti-63Ta alloy were obtained prior to
heat treatment. The high contrast revealed a chemical
segregation pattern, with darker regions corresponding
to higher concentration of Ti and the brighter ones to Ta
(higher atomic number). The EDS line scan (fig. 2e)
confirms that the chemical composition varies
sinusoidally throughout the microstructure. Similar
segregation patterns resembling small cells and
dendrites have been reported for Ti-Ta and other
heavily beta-stabilized alloys[6][7][8][9].
To solve this problem, a heat treatment was carried
out, to improve the chemical homogeneity and remove
local defects of the alloy.
The conditions for it were chosen based on Porter
and Easterling’s [10] solution of Fick’s second law, and
knowledge of the inter-diffusion characteristics of the

Figure 3 - BSE micrograph for Ti-30Ta and Ti-63Ta
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Regarding HT Ti-30Ta, it is possible to observe
several allotriomorph α precipitates distributed over the
microstructure with rather different morphologies,
either thicker plates or long needles. As for HT Ti-63Ta
allotriomorph α and intra granular  precipitates are
present at the grain boundaries and within the  grains,
respectively. Though no modification occurs in the
constitution of the alloys, there is a change in the
morphology of the α phase from acicular to
alotriomorph.
Numerous researchers have reported the presence of
similar alpha precipitates in heat treated or thermomechanically processed β-Ti alloys [14][15][16].
From the classical nucleation and growth
mechanism one could state that grain boundaries and
preformed interfaces are favourable nucleation sites for
precipitates to further release the total gibbs free energy
of system. This would explain the formation of
allotriomorph α at the grain boundaries. The same
reasoning would apply to the intra granular α
precipitates, that could nucleate and grow within α’’
needles, at ω precipitates (only detected by TEM) or
dislocations and inclusions.
However, the nucleation mechanisms involved in
rapid solidification of undercooled melts are quite
different from those of conventional solidification.
Competitive nucleation between stable and metastable
phases occurs when quenching from the high
temperature β-field. This results in complex interactions
that are not yet fully understood.
Different mechanisms explaining the formation of α
precipitates have been proposed such as the pseudospinodal mechanism [17][18], or the ω-assisted
mechanism [19]. The first states that local
compositional fluctuations of small amplitude can
favour thermodynamically certain regions of the β
matrix to transform congruently to the α-phase, with
compositions far from equilibrium. Considering the
segregation phenomena between titanium and tantalum
this hypothesis seems valid. The latter mechanism
states that omega phase acts as a favourable
heterogeneous nucleation site for α precipitates, and
thereby precipitation of α becomes the dominant
pathway, with a rapid increase in the nucleation rate.
Since no transmission electron microscopy tests were
carried out to identify ω phase, no further assertions can
be made.

is promoted. Regarding the HT samples, both display
similar values of hardness in the range of 350HV.

Figure 4 – Microhardness measurements
The elastic modulus of Ti-Ta alloys was measured
by ultramicroindentation techniques. A typical loaddisplacement curve is depicted in Fig. 5.

Figure 5 –Load-displacement curves
A smooth evolution and good overlap of curves
during the loading-creep-unloading-creep cycles is
observed. The small error bar of the Young’s modulus
values confirms the good repeatability of
measurements, obtained after 36 indentations per
sample.

Property testing
Hardness and Elastic Modulus measurements were
performed on both compositions, prior and after heat
treatment.
An increase in microhardness from 300HV to
401HV was observed regarding the Ti-30Ta and Ti63Ta alloys, respectively (Figure 4). This evolution can
be explained with the increasing amount of alloying
element, from 30 to 63%wt. As tantalum dissolves in
the crystal lattice of titanium, solid solution hardening

Figure 6 - Elastic modulus measurements
Young modulus of 108±2 and 100±2 GPa were
observed for Ti-30Ta and Ti-63Ta respectively. As for
the HT samples, both display slightly higher values.
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It has been reported that β phase exhibits a much lower
elastic modulus compared with the remaining titanium
phases, with the elastic modulus increasing in the
following sequence: β < α’’ < α < ω [20][21]. The
decrease in young modulus from Ti-30Ta to Ti-63Ta
seems to agree with the reported evolution, owing to the
presence of β phase in Ti-63Ta. Likewise, the higher
values of elastic modulus in the HT samples can by
explained by the presence of α phase.

From the alloys in study, Ti-63Ta has a lowest
volume of material removed and lowest wear rate. It is
known that increasing additions of alloying element
increases the hardness by solid solution strengthening.
This is corroborated by the hardness measurements of
both alloys and ultimately translates in an increased
wear resistance for Ti-63Ta. A predictable result based
on Archard’s law of wear [25].

Nonetheless, the values reported in this study are
higher than those found by other authors. Sing et al
reported a young modulus of 75.77 ± 4.04 GPa for a Ti50Ta alloy [22]. The results were obtained after tensile
tests of several specimens produced by selective laser
melting. The lower young modulus reported can be
explained considering the alloy was fully constituted by
β phase, as opposed to a mixture of α’’+β in the Ti-63Ta
alloy of the present study. In a multiphase alloy, the
elastic modulus is determined by the modulus of the
individual phases and by their volume fractions,
reflecting bonding force of atoms.
Alternatively, Teixeira et al measured elastic
modulus values in the range of 50-75GPa for tantalum
contents near 30%, and 50-55GPa up to 65%Ta [6]. For
similar compositions Zhou et al reported young
modulus of 69 and 67 GPa, for alloys with 30 and
70%Ta, respectively [23].

Figure 7 – Worn surface of Ti-30Ta
For the applied load of 1N (=100g), the wear craters
(Fig. 7) show extensive areas of the surface covered
with particles that accumulate at the crater’s borders.
Parallel scratches and grooves in the direction of
sliding are present for both compositions, indicating
that abrasion by hard and fine particles has occurred
during the test. The grooves in the Ti-63Ta alloy are
much shallower with respect to those of Ti-30Ta alloy.
This is attributed to the higher hardness of this alloy,
which results in a reduced deformation, and thus an
improved tribological behaviour.
A closer examination of the wear surface (Fig. 8)
shows that these fine particles have an irregular shape
and are dispersed over the entire surface. The wear
surface also presents some plate-like particles, highly
deformed in the sliding direction. These particles result
from adhesion to the counterbody.
Chemical analysis of the wear debris collected
during the test (Fig. 9) revealed the presence of
titanium, tantalum, zirconium and oxygen, with some
minor traces of iron and chromium. Thus, it is likely that
the particles are constituted by oxides of these elements.

The differences to the literature in young modulus
can be justified by the lighter loads applied (200mN).
Smaller penetration depths are associated with larger
errors, resulting from deviations in the area function of
the indenter, not providing accurate representation of all
constituent phases of a material [21]. Moreover,
reflections from the material’s anisotropy contribute to
the deviations, originating from the presence of very
thin oxide films with different properties than the bulk
material, or resulting from residual stresses from
sample preparation or heat treatment [24]. Regarding
the technique itself, it is agreed that tensile tests
measure slightly lower Young’s modulus values than
free resonance or ultrasonic methods, while the
dynamic ultramicroindentation tests seems to give
slightly higher values [2].
Dry sliding wear tests were carried out for the Ti-30Ta
and Ti-63Ta alloys.
Table 1 – Summary of the wear test results

Volume removed
[mm3]
Wear rate
[x10^-4 mm3/m]
Wear coefficient
[x10^-4 mm3/(N.m)]
Hardness Vickers
(HV)

Ti-30Ta

Ti-63Ta

0,112± 0,017

0,077 ± 0,019

5,611 ± 0,856

3,874 ± 0,959

5,725 ± 0,874

3,954 ± 0,979

312 ± 25

401 ± 23

Figure 8 – Deformed wear debris
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The presence of Fe and Cr in the wear particles
confirms the abrasive action of the hard oxide particles
on both the counterbody and coating by microcutting
and microploughing. This further promotes the
formation of grooves and scratches and material loss by
abrasive wear.
Figure 10 displays the element distribution map of a
deformed particle. Traces of elements from both the
coating and the counterbody suggest some adhesion and
transfer of material between the Ti-Ta alloy and the
counterbody. This occurs in oxide free region when
asperities of the sample and the counter-body adhere
with each other. When sliding continues the two bodies
separate, but not through the original interface, leading
to material transfer. However, this effect occurs in a
limited region only.
Chemical analysis of the wear debris collected
during the test (Fig. 9) revealed the presence of titanium
and tantalum, with some minor traces of iron and
chromium. Thus, it is likely that the surface is
constituted by oxides of these elements.

All in all, from the analysis of the worn surfaces and
the released debris, one can clearly state that the
dominant wear mechanism is oxidative wear. This
mechanism occurs in a moderate regime for low loads,
with the formation of surface oxide films, constituted
by titanium and tantalum. Some adhesion is also
observed, with material transfer between the coating
and the counter body. During the test, the oxide film is
continuously fractured into small particles that become
free to roll and indent the surfaces of both the alloy and
the counterbody, as oxides are harder than both
materials in contact. These generate abrasion on both
materials with the formation of abrasion debris that can
take the form of chips by a micro-cutting mechanism.
The abrasion action is more pronounced in the lower
hardness Ti-30Ta alloy, producing the deeper and more
pronounced grooves observed in this material. This
explains the higher wear coefficient of the alloy.
Electrochemical Tests
The evolution of the open circuit potential (Ecorr)
as function of time is shown on figure 11. Ecorr is a
measure of the tendency of an alloy to participate in
electrochemical corrosion reactions with the
surrounding medium (Hank’s solution). The increase of
Ecorr towards nobler (more positive) potentials
suggests the formation and thickening of a protective
oxide film on the metallic surface. This is observed for
all samples within the first 24 hours, with the OCP
gradually stabilizing as it reaches a steady state
condition. Overall, the contribution of larger amounts
of Ta as β-phase alloying element improves the
electrochemical corrosion behaviour of Ti alloys, as
verified for Ti-63Ta OCP being more positive than of
Ti-30Ta, by 10mV. As for the HT Ti-63Ta, the Eoc
somewhat decreased when compared to Ti-63Ta. This
could be due to a number of reasons including: the
nature of the metal-electrolyte interface, inferior
condition of the metal surface (pores, undissolved
tantalum particles, cracks) and/or shifts in temperature
and oxygen content of the electrolyte.

Figure 9 - Chemical analysis of wear debris by EDS
Figure 10 displays an element distribution map of a
deformed particle, similar to the one of figure 9. Traces
of elements from both the coating and the counter body
suggest adhesion, transfer and incorporation of material
in both directions. This occurs when asperities of the
sample and the counter-body bond strongly with each
other. When sliding continues the two bodies separate,
but not through the original interface, leading to
material transfer.

Figure 11 – Open circuit potential for Ti-Ta alloys

Figure 10 – Deformed wear particle
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After 60h in the open circuit, the alloys were
submitted to electrochemical impedance spectroscopy
tests in the same environment. Within the studied
frequency range, Nyquist plots didn’t provide enough
information to be interpreted appropriately. Therefore,
the results are shown in Fig. 12 as Bode Plots.

in the absence of any redox processes occurring at the
film/solution interface. Thus, cation vacancies created
at the film/solution interface can migrate to the
metal/film interface, and oxygen vacancies in the
reverse direction. Both are under the influence of a
concentration gradient and an electrical potential
gradient [34].
This theory may successfully explain the formation
of pits due to the condensation of vacancies at the metal
oxide interface, leading to local film detachment.
The quality of the fitting to the proposed circuit was
evaluated through the chi-square function.
Rs

CPEpf
Rm /f

Wo1

Figure 13 - Equivalent circuit used to fit impedance
data
Element

Freedom

Value

Error

TheRs
components of Free(+)
the equivalent circuit
13,62 of figure 13
0,13316
are CPEpf-T
as follows:
Free(+)
8,057E-06
1,8788E-07
- RsCPEpf-P
represents the resistance
Free(+) of the solution
0,84219
0,0026649
- Rm/f
faradaic processes
Rm/fdenotes the resistance
Free(+) of the 22,91
454,15
occurring
Wo1-Rat the metal/oxide
Free(+) film interface
19614
2539,7
- CPEpf
Wo1-T(constant phase
Free(+)element) represents
0,039424 the non0,0044935
ideal
capacitance forFree(+)
the film
Wo1-P
0,43732
0,0058475
-Wo1 is the Warburg element that models the effects of
diffusion
and concentration gradients
at the films
Chi-Squared:
0,00041686
interface
Weighted Sum of Squares:
0,034599

Figure 12 – Bode plots for all Ti-Ta alloys
High impedance modulus values in the order of 106
Ω cm2, and phase angles ranging from 75-80º were
obtained for all the samples at the respective Ecorr, at
low and middle frequencies. At high frequencies (104105) the Bode diagrams show constant values of |Z| and
phase angles dropping to zero, indicating the impedance
characteristics of the system at those frequencies are
determined by the electrolyte’s resistance. Even so, a
linear variation between the electrode impedance |Z|
and frequency was observed in a broad frequency range
(10-2 - 103), with a slope close to 0.9, consistent with the
behaviour of a near ideal dielectric. It can be
commented that at least two time constants influence
the shape of the phase angle plots.

Erro
0,97
2,33
0,31
198
12,9
11,3
1,33

The constant phase element (CPE)
has been used by
Data File:
C:\Users\Bruno\OneDrive - Universidad
several investigators [28][26] to describe the behaviour
e Lisboa\Faculdade\Tese\impedância e
of titanium oxide passive films. It assumes that the
rosao\dados ensaios corrosão\finais\H
barrier film never displays a true capacitive behaviour,
i-30Ta.DTA
i.e., a theoretical phase shift of -90º and a slope of -1 in
Circuit Model File:
C:\Users\Bruno\OneDrive - Universidad
the Bode plot (ideal dielectric).

e Lisboa\Faculdade\Tese\impedância
e
1

The impedance of the CPE is given by:
ZCPE= ensaios
rosao\dados
corrosão\Bruno M
𝑛
(𝑗𝜔) 𝑌𝑜

Where Yo is the CPE admittance,do\PDM.mdl
j the imaginary
Mode:(j2=-1), ω the angular frequency
Run Fitting
number
and/ nSelected
is a Points (4 - 48)
Maximum
Iterations:
1000
dimensionless number representing the deviation from
Iterations:
500between -1 and
the Optimization
ideal capacitive
behaviour. n varies
Type
of
Fitting:
Complex for n=0 to
1. For n=-1 it corresponds to a pure inductor,
Typeresistor
of Weighting:
Calc-Modulus
a pure
and, as already mentioned,
for n=1 it
corresponds to a pure capacitor, whereas other values
are mostly influenced by the surface and its
heterogeneity. The inclusion of the Warburg element is
necessary to accurately model the movement of charge
carriers across the passive film, at low frequencies.
The Warburg impedance is defined as:

On the whole, the results display a typical capacitive
behaviour, indicating good insulating and protective
properties of the titanium oxide barrier film, prior and
after heat treatment. Similar values have been reported
by other authors for Ti-30 and Ti-50Ta [26], as well as
other β-type Ti-alloys (Ti-Zr-Nb, Ti-Al-Nb [27][28]),
suggesting high corrosion resistance in simulated
biological environment, at body temperature.
Impedance data was then fitted on ZView software
using an electrical circuit based on the Point Defect
Model (PDM). This model was first introduced by
Macdonald [29][30] and has been used to describe the
growth and breakdown of thin passive films on different
metals, when in contact with aqueous solutions
[31][32][33].
It assumes that charge transfer across a passive film
occurs via the movement of microscopic point defects
(ex: Schottky defects and cationic/anionic vacancies),

𝑍=

1
𝜎𝜔 −2 (1 −

1

𝑗𝜔 2
𝑗) tanh(𝛿 ( ) )
𝐷

Where σ is the Warburg coeficient, ω the angular
frequency, j the imagina ry number, δ the diffusion layer
thickness and D the average diffusion coefficient of the
diffusing species.
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Table 2
Ti-30Ta
HT Ti-30Ta
Ti-63Ta
HT Ti-63Ta

Rs
[Ωcm2]
19,6
13,62
7,652
18,81

CPEpf-T

CPEpf-P

[ s cm ]
12,0E-06
8,06E-06
6,62E-06
11,2E-06
-1 n

-2

0,857
0,842
0,823
0,954

Rm/f
[Ωcm2]
25,89
22,91
0,68501
278,5

Wo1-R
[Ω]
19614
8713
4559
2056

Wo1-T
[s]
0,0536
0,0394
0,0369
0,0079

Wo1-P

𝝌𝟐

0,464
0,437
0,421
0,398

5,32x10-4
4,20x10-4
1,17x10-4
4,50x10-4

Even though this electric element is normally used
to describe concepts of transport of mass and charge
flux in solutions, based on Macdonald’s deductions [29]
and the PDM, the impedance behaviour of an oxide film
is equivalent to a Warburg element.
The equivalent circuit parameters obtained from the
EIS data fiting are shown in Table 2.
The chi-square values attained for all fitting
procedures at 10-4, point to an excellent agreement
between the experimental and simulated values.
From the fitting results, the values of capacitance for
the porous film (CPEpf) are within the same order of
magnitude for all samples. There is a slight decrease in
CPEpf-T with heat treatment at 1000ºC for HT Ti-30Ta.
𝜀𝜀
According to: 𝐶 = 𝑑𝑜𝐴 the capacitance values

Figure 14 - Anodic Polarization Curves for all Ti-Ta
samples
All alloys tested in this study displayed a similar
behaviour with a well-defined passivation region. The
values for the passivation current densities at 1V are
shown on table 3.

depend on the thickness (d). Where () is the dielectric
constant of the oxide film, (o = 8.85x10−12 F/m) is the
vacuum permittivity and (A) the electrode surface area.
Thus, since the remaining parameters were kept
constant, this evolution can only be justified by a
thickening of the oxide layer with heat treatment. Even
so, this evolution is not significative considering the
heat treatment lasted for 1h30min
The same evolution was not observed for HT Ti63Ta alloy. Its Wo1-T parameter displays a value about
one order of magnitude below the remaining samples,
and the smallest Wo1-R. These shifts can be attributed
to the heterogeneity of the coating with varying
tantalum contents throughout, probably caused from
intermittencies in powder feed during laser deposition.
Such variations can change the diffusion coefficient
of the vacancies and thus affect Wo1-T and Wo1-R.
This corroborates the lower corrosion resistance
observed in the OCP and anodic polarization tests when
compared to the other alloys. Nonetheless, the high
values of Wo1-R obtained for all samples are indicative
of a stable protective oxide layer with high corrosion
resistance.
Rs values for all samples are also in good agreement
between themselves. The slight differences in the
solution resistance can be explained with the
positioning of the reference electrode and shifts in its
distance to the surface of the material.

Table 3 - Passivation current densities (ip) and potential
(Ep) for Ti-Ta alloys in Hank’s solution
Alloy

Epass (V)

Ti-30Ta
Ti-63Ta
HT Ti-30Ta
HT Ti-63Ta

ipass (μAcm-2)
0,443

1

0,483
0,397
0,409

At potentials higher than 0.75 V, the current density
begins to increase, which is characteristic of a
thickening of the passive oxide layer on the surface of
valve metal alloys. It is also worth of notice that the heat
treated samples display lower passivation current
densities when compared to their untreated
counterparts. As such, one can infer they are slightly
more resistant to corrosion after heat treatment.
The passive current density results obtained are in
excellent agreement with Mareci et al. [26] for Ti-Ta
alloys tested in artificial and acidified saliva, and those
reported in HBSS [6] [35]. All of them described a
distinct passivation region on the anodic polarization
curves and stated that the corrosion resistance of Ti-Ta
alloys is better or similar to those in current use as
biomaterials.
Observation by SEM (Fig. 15) after anodic
polarization tests reveal an almost unharmed surface for
all samples, with no pitting or evident corrosion defects,
except for the presence of some polishing scratches.

The anodic polarization tests (Fig 14) were
conducted after the EIS tests, with the samples being
held for sufficient time in Hank’s solution to gain a
stable OCP.
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This amounts to an outstanding corrosion resistance
of the titanium-tantalum alloys under study.

Wear testing
• The dominant wear mechanism for Ti-Ta alloys under
dry-sliding tests is oxidative wear, with some abrasion
and adhesion effects . This mechanism occurs in a
moderate regime for low loads, with the formation of
surface oxide films, constituted by titanium and
tantalum.
• Both alloys present very low values of wear
coefficient under dry sliding conditions, though Ti63Ta showed na increased wear resistance due its
higher hardness.
Corrosion testing
• The corrosion tests reveal that all alloys form a stable
protective oxide layer with enhanced corrosion
resistance in HBSS, at body temperature.
• The PDM based electrical equivalent circuit provided
an excellent fitting of the experimental data.
• Heat treatment increased the corrosion resistance for
Ti-30Ta alloy, owing to the increase in thickness of the
surface oxide layer, promoted at high temperatures for
1h30min.
• The as-deposited segregation pattern does not
compromise the corrosion resistance of the alloys, nor
does the formation of allotriomorph α.

Fig 15 - Corroded surface of Ti-30Ta
Chemical analysis of the corroded surface by EDS
reveals the presence of Ti, Ta and O, making it likely
that the surface is constituted by oxides of these
elements. In fact, other authors have reported the
presence of stable Ta2O5 and TiO2 oxide films on the
surface of Ti-Ta alloys [12] [8]. Thus, it is probable that
the same oxides are present. Considering the materials
were initially processed by laser at temperatures above
3000ºC, and later at 1000ºC, one could expect that one
of the oxides formed at the surface is rutile [36].
XRD measurements carried out in all corroded
samples were deemed unsuccessful in identifying the
oxide formed at the surface. This is probably due to the
thickness of the oxide film, being so thin that falls
below the detection limit of the equipment.
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