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Abstract: The corrosion resistance of Ti—25Nb—10Ta—1Zr—0.2Fe (mass fraction, %) (TNTZF) alloy in Ringer’s solution at 37 °C
was investigated by potentiodynamic polarization measurement. Ti—6Al-4V ELI (Extra low interstitial) alloy was also investigated
to make a comparison. The results show that TNTZF alloy has higher corrosion potential, lower corrosion current density, more
stable passive current density and wider passive region compared with Ti-6A1-4V ELI alloy, which indicates that TNTZF alloy has
better corrosion resistance. In addition, pitting corrosion is observed on the surface passive film of Ti-6A1-4V ELI alloy but is not
found on that of TNTZF alloy. The XPS analysis results reveal that the passive film formed on TNTZF alloy is composed of Nb,Os,
NbO,, Ta,0s, ZrO,, TiO and Ti,0; oxides in the matrix of TiO,, which makes the passive film more stable and protective than that
formed on Ti—6Al-4V ELI alloy and contributes much to its superior corrosion resistance.
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1 Introduction

In comparison with the conventional stainless steels
and Co-based alloys, Ti and its alloys exhibit more
suitable characteristics for biomedical applications due to
their low modulus and specific strength, superior
biocompatibility and excellent corrosion resistance [1,2].
They are currently used as replacement materials for
hard tissues such as artificial hip joints and dental
implants. Pure Ti, Ti—-6Al-4V ELI (Extra low interstitial)
and Ti—6Al-7Nb alloys are most common ¢ and o+f Ti
materials used for medical applications up to date. But
they are now found to be unsuitable for biomedical
applications because of the toxic effect of both V and Al,
and a relatively high elastic modulus (~120 GPa) when
compared with that of human bone (10-30 GPa) [2,3]. S
and metastable S types Ti alloys composed of nontoxic
alloying elements, such as Nb, Ta, Mo, Zr, Sn and Fe,
generally can be processed to higher strength level
exhibiting elastic modulus and superior
biocompatibility as compared with a and o+f types Ti
alloys [4,5]. Metastable g alloys recently developed

lower

include Ti—12Mo—6Zr—2Fe [6], Ti—15Mo—3Nb—-30
TTIMETAL 21SRx [7] and Ti—13Nb—13Zr [8], etc.
More recently, Ti—29Nb—13Ta—4.6Zr, Ti—35Nb—
5Ta—7Zr, Ti—24Nb—4Zr—7.9Sn and several other
compositions have been received considerable attention
and investigated extensively [9—11].

To determine the suitability of a material for body
implant applications, properties must be
evaluated, such as mechanical, wear, fatigue and
corrosion properties. Among these properties, the
corrosion behavior is of crucial importance for the
longevity of the material in the human system. Since the
environment of human body is extremely complicated
electrolyte containing many erosive species. The low
corrosion resistance of the implants in the body fluid
results in the release of noncompatible metal ions from
the implants into the surrounding tissues, which may
cause allergic and toxic reactions and finally lead to
mechanical failure of the implants [12]. Alloying of
certain elements along with Ti is found to offer a better
corrosion resistance in acidic solution [13—16]. Ti with
the addition of Pd offers better corrosion resistance
than pure Ti in the phosphate buffered saline solutions

several
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containing H,O, [13]. Ti—12Mo—5Zr alloy also has better
corrosion properties than Ti—6Al-4V and is comparable
to the pure Ti in Hank’s solution [14]. YU et al [15]
reported that the additions of Nb and Zr can increase the
thermodynamic or kinetic stability of Ti, and thus reduce
the active anodic dissolution rates in HCI solutions and
enhance the passivation in comparison with pure Ti.

A new metastable f type Ti alloy Ti—25Nb—10Ta—
1Zr-0.2Fe (mass fraction, %) (TNTZF) has been
developed for potential implant material recently.
Compared with the most currently used Ti-based
biomaterial Ti—6Al-4V ELI, TNTZF alloy has
advantages of ultra-low elastic modulus, high strength
and composition of nontoxic alloying elements [17,18].
Therefore, this study focuses on the corrosion behavior
of TNTZF alloy in Ringer’s solution using
electrochemical measurement and XPS analysis. For
comparison, the same measurements are also performed
on Ti—6Al-4V ELI alloy used as standard biomaterials.

2 Experimental

2.1 Material preparation

A Ti alloy with a nominal composition of Ti—25Nb—
10Ta—1Zr—0.2Fe (mass fraction, %) (TNTZF) was
designed for potential implant material according to the
principle of nontoxic and low elastic modulus [17,18].
The TNTZF ingot was fabricated using high purity
sponge Ti and Zr, Ti—21Ta interalloy and high purity Nb
and Fe as raw materials. Owing to the big difference in
melting points and densities among these raw materials,
the ingot was first made by electron beam furnace,
followed by vacuum consumable arc melting. The
obtained ingot was mechanically cleaned in order to
remove the oxide layer and homogenized at 1200 °C for
12 h under vacuum condition, and then freely forged into
a quadrate slab (250 mm x 155 mm X 35 mm). After
annealing at 850 °C for 40 min, the alloy was hot rolled
from 35 mm to 10 mm in thickness by six passes without
reheating. The hot rolled plate was solution treated at
900 °C for 1 h in argon followed by water quenching and
then cut into several plates for electrochemical test.

The specimens of TNTZF and as-received Ti—6Al—
4V ELI alloys with dimensions of 10 mm % 10 mm X
3 mm were connected to a Cu wire and embedded in an
epoxy cold resin mounting with surface area of 1 cm’
exposed to the Ringer’s solution. The exposed surface of
specimen was mechanically ground with silicon carbide
paper until 1400 grit, and then ultrasonically degreased
in acetone, cleaned in distilled water and finally dried in
air.

2.2 Electrochemical tests
The electrochemical measurements were carried

out on a ZAHNER IM6eX electrochemical workstation.
The specimen, a Pt plate and a saturated calomel
electrode (SCE) were used as the working electrode,
counter electrode and reference electrode, respectively.
Ringer’s solution with chemical compositions of 9 g/L
NaCl, 0.42 g/L KCl, 0.2 g/L NaHCO; and 0.25 g/L CaCl,
was used as the electrolyte solution. The Ringer’s
solution was commonly used to simulate human body
fluid condition for evaluating the corrosion
characteristics of implant materials [19]. The pH value of
the solution was maintained at 7.2 by adding HCI or
NaOH. The potentiodynamic polarization of the
specimen was recorded in a scan range of —500 to
+2500 mV (vs SCE) at a scan rate of 2 mV/s after 1 h
immersion in the electrolyte. In every test, the medium
was maintained at 37 °C. Three specimens were tested
for each condition.

2.3 Material characterization

The microstructures of as-received Ti—6Al-4V ELI
and solution treated TNTZF alloys were observed by
optical microscopy (OM). The phase constitution was
analyzed by X-ray diffraction (XRD) using a Rigaku
D/Max 2500 diffractometer with Cu K, radiation and
graphite monochromator operated at 40 kV and 250 mA.

After corrosion tests, the surface morphologies of
the alloys were observed on an FEI Sirion 200 scanning
electron microscope (SEM) operated at 20 kV. The
chemical compositions of the passive films were
characterized by a Thermo Fisher Scientific K, 1063
photoelectron spectroscope (XPS) coupled with a
monochromatic Al K, X-ray source under vacuum
pressure of ~10~’ Pa. The X-ray voltage and power were
12 kV and 72 W, respectively. The binding energy was
calibrated using C 1s hydrocarbon peak at 284.8 eV. The
surface of specimen was sputtered by an Ar' ion beam
for 1 min prior to the XPS analysis to remove the surface
contamination.

3 Results and discussion

Figure 1 shows the optical microstructures of
as-received Ti—6Al-4V ELI and solution treated TNTZF
alloys. It is clear that Ti—6Al—4V ELI alloy exhibits a
typical ~‘basket-weave’ morphology consisting of
lamellar o colonies in prior f grains, as shown in
Fig. 1(a). TNTZF alloy has equiaxed grains with the size
in the range of 50—150 pm (Fig. 1(b)). The XRD patterns
also confirm that Ti—-6A1-4V ELI alloy is composed of «
and f phases and the solution treated TNTZF alloy
consists of only single f§ phase, as shown in Fig. 2.

Figure 3 shows the potentiodynamic polarization
curves of TNTZF and Ti—6A1—4V ELI alloys in Ringer’s
solution at 37 °C. Both the polarization curves show a
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Fig. 1 Optical micrographs of Ti—6Al1-4V ELI (a) and
TNTZF (b) alloys
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Fig. 2 XRD patterns of Ti-6Al-4V ELI and TNTZF alloys

similar variation trend and can be divided into four
regions. In the first region (Region a), the current density
increases with increasing the potential. Both alloys
exhibit a typical activation polarization and show a well
defined linear relationship between the potential and the
current density in the Tafel regions. The corrosion
potentials (¢p..;) and corrosion current densities (J.o) are
obtained by Tafel extrapolation analysis using both
anodic and cathodic branches of the curves [20]. The
results show that the values of ¢ for Ti—6A1-4V ELI
and TNTZF alloys are about —125.5 and —71.7 mV
(vs SCE), respectively. The J.,; value of TNTZF alloy is
~0.22 pA/em?®, which is lower than that of Ti—6A1-4V
ELI of ~0.31 uA/cm’. Afterwards, the electrodes transfer
from the active-passive state to the passive state in the

region b. In this region, the current densities of TNTZF
alloy remain very stable in a wide passive region of 470
to 1680 mV (vs SCE), which indicates that a stable
passive film is steadily formed. In contrast, the relatively
stable current density of Ti—6Al-4V ELI is achieved in
the early stage of this region suggesting the formation of
a passive film, and then continuous oscillations of
current density occur in the range of 970—-1620 mV
(vs SCE). The oscillations of current density could be
related to the nucleation and repassivation of metastable
pits in the passive film [21]. The passive current density
(Jp) of TNTZF alloy is ~8.46 pA/cm?®, which is lower
than that of Ti—6Al-4V ELI of ~12.35 pA/cm’. After
that, a slow increase of current density with increasing
the potential can be observed for both alloys in the
region ¢, which should be attributed to the breakdown of
passive films by chlorine ions from the solution. With
further increasing the potential, the current densities
stabilize again in the region d, which means passive
films change into the re-passive state. It is clear that the
restoration time for the passive film of TNTZF alloy is
shorter than that of Ti—6Al-4V ELI alloy, which
suggests that the passive film formed on the surface of
TNTZF alloy is more stable and protective than that of
Ti—6Al-4V ELI alloy. The above -electrochemical
parameters are listed in Table 1.
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Fig. 3 Potentiodynamic polarization curves of Ti—6Al-4V ELI
and TNTZF alloys in Ringer’s solution at 37 °C

Table 1 Corrosion parameters of Ti—6Al-4V ELI and TNTZF

alloys in Ringer’s solution at 37 °C

qDCOIT/ JC()[]'/ Jp/
Alloy mV (WAm?)  (uAcm?)
Ti—6A1-4V ELI —125.5 0.31 12.35
TNTZF =71.7 0.22 8.46

From the polarization curves and the corrosion
parameters listed in Table 1, it can be judged that in
comparison with Ti—6Al-4V ELI alloy, TNTZF has
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higher corrosion potential, lower corrosion current
density, lower and more stable passive current densities
and wider passive region, indicating that TNTZF alloy
possesses better corrosion resistance in Ringer’s solution.

The surface morphologies of Ti—6Al-4V ELI and
TNTZF alloys after polarization test in Ringer’s solution
are shown in Fig. 4. There is obvious difference on the
surface morphologies between Ti—6Al1-4V ELI and
TNTZF alloys. A lot of small pits over the surface are
observed for Ti—6Al-4V ELI alloy, as indicated by
arrows in Fig. 4(a), but few pits can be found on the
surface of TNTZF alloy (Fig. 4(b)). This confirms that
TNTZF alloy has better corrosion resistance than
Ti—6A1-4V ELI alloy, which is in good agreement with
the polarization results shown in Fig. 3. Pitting corrosion
was often observed on the surfaces of pure Ti and its
alloys after anodic tests in chloride solutions [22]. Pitting
is a localized attack that results in rapid electrolyte
penetration and removal of film and substrate at small
areas. In the presence of chloride, CI" can migrate in
parallel across the passivating oxide. Thus, if C1 reaches
the metal/film interface, it would accelerate the anodic
dissolution of TiOy/Ti and form the metal chloride (or
perhaps in the case of titanium, metal oxychloride). The
accumulation of metal chloride at the metal/film
interface may cause oxide film rupture, resulting in the
nucleation of pits [22].

Figure 5 shows the XPS spectra for the passive film
formed on the surface of Ti—6Al-4V ELI alloy after
polarization in Ringer’s solution. The wide scanning
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Fig. 4 Surface SEM morphologies of Ti—6Al-4V ELI (a) and
TNTZF (b) alloys after polarization test

spectrum of the passive film is shown in Fig. 5(a), which
confirms the presence of Ti, O, Al, V, C and Ar. The
peaks of C 1s and Ar 2p observed in the spectrum can be
attributed to the surface contamination of specimen
during experiments. Quantitative analysis of XPS reveals
that the chemical composition is 26.6% Ti, 5.9% Al,
0.8% V and 66.7% O (mole fraction). It suggests that the
passive film consists predominantly of Ti oxides.

The narrow scanning spectrum of Ti 2p (Fig. 5(b))
can be decomposed into three doublet peaks which are
assigned to oxidation states Ti'', Ti*" and Ti*,
corresponding to TiO,, Ti,O; and TiO, respectively.
Quantitative analysis of XPS indicates that the majority
of titanium (78%) is in the form of TiO, (Ti*"), 15% as
Ti,O5 (Ti*") and the rest (7%) is in TiO (Ti*") state. This
result is consistent with the previous report [16] that TiO,
was predominant in the passive oxide layers on Ti alloy
and a small amount of sub-oxides TiO and Ti,O; were
also observed at the inner metal/oxide interface. In the
case of Al 2p (Fig. 5(c)), the centre of the peak is located
at 74.2 eV, thus denoting the formation of AL,O3 [16].
Figure 5(d) shows the narrow scanning spectrum of V 2p
spectrum which can be fitted to a doublet peak with a
single peak. The doublet peak located at 512.5 and
520.4 eV are in association with the 2p;, and 2p;, of
metallic vanadium (V°), respectively, while the single
peak at 515.0 eV corresponding to V', as previously
reported [23]. Thus, this result confirms the presence of
V,0; in the surface passive film. As shown in Fig. 5(e),
the peak of the O 1s can be separated into mainly two
peaks: the primary peak located at 530.5 eV originating
from O ions in oxide, and the minor peak at 531.8 eV
corresponding to hydroxyl groups, OH [24]. Based on
the results of XPS, the passive film formed on the
surface of Ti—6A1-4V ELI alloy is predominately TiO,
with a small amount of TiO, Ti,O3, Al,0O; and V,0s.

Figure 6 shows the XPS spectra for the passive film
formed on the surface of TNTZF alloy after polarization
in Ringer’s solution. Apart from the peak of C, the peaks
of Ti, Nb, Ta, Zr and O are observed in the wide
scanning spectrum, as shown in Fig. 6(a). The peak of Fe
can not be detected in the wide scanning spectrum due to
the small amount of Fe in the alloy. The chemical
composition is 23.6% Ti, 6.4% Nb, 0.8% Ta, 0.9% Zr
and 68.3% O (mole fraction). It suggests that the passive
film of TNTZF alloy is also predominantly composed of
Ti oxides.

Figure 6(b) is the narrow scanning spectrum of Ti
2p of TNTZF alloy, which shows a similar shape to that
of Ti—6A1-4V ELI alloy. This spectrum is also composed
of three doublets corresponding to TiO,, Ti,O; and TiO.
The relative contents of TiO, (Ti*"), Ti,Os (Ti*") and TiO
(Ti2+) are calculated to be 83%, 13% and 4%,
respectively, according to quantitative analysis of XPS.
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Fig. 5 XPS spectra of surface of Ti—6Al-4V ELI alloy after polarization test: (a) Wide scanning; (b) Ti 2p; (c) Al 2p; (d) V 2p;

(e) O 1s spectra

This indicates that TiO; is also the predominant oxide of
the passive film of TNTZF alloy. The narrow scanning
spectrum of Nb 3d (Fig. 6(c)) can be separated into a
singlet peak and a doublet peak, which are corresponding
to Nb*"and Nb’" states, respectively. This suggests that
the Nb oxides NbO, and Nb,Os are formed in the passive
film, the latter is predominant due to the fact that the
relative content is 7(Nb>")(Nb,Os):n(Nb*")(NbO,)=75:25.
The peaks of Ta 4f spectrum (Fig. 6(d)) are located at
about 26.1 and 27.9 eV, which can be assigned to 4f;),

and 4fs, core levels of Ta>', respectively [16]. This
indicates that Ta exists in the oxide film as Ta,Os. The Zr
3d spectrum is composed of a doublet peak
corresponding to 3ds, (182.4 eV) and 3d;, (184.9 eV)
electrons of Zr*', as shown in Fig. 6(e). These binding
energy values are in agreement with those reported in the
literature for ZrO, [25]. Similarly to that of Ti—6Al-4V
ELI alloy, the spectrum of O 1s of TNTZF alloy also
consists of two peaks corresponding to O* and OH~
(Fig. 6(f)). Thus, the above XPS analyses confirm that,
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Fig. 6 XPS spectra of surface of TNTZF alloy after polarization test: (a) Wide scanning; (b) Ti 2p; (c¢) Nb 3d; (d) Ta 4f; (e) Zr 3d;
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in addition to TiO and Ti,O;, there are Nb,Os, NbO,,
Ta,05 and ZrO, oxides in the TiO, matrix in the passive
film formed on the surface of TNTZF alloy.

The corrosion resistance of metals and alloys
depends on several factors, such as composition,
environment and microstructure. In the present study,
TNTZF alloy exhibits a better corrosion resistance than
Ti—6Al-4V ELI, which can be mainly attributed to the
additions of Nb, Ta and Zr elements in the alloy,
resulting in the formation of a more stable and inert

oxide film (mainly composed of TiO,, Nb,Os, NbO,,
Ta,0s and ZrO,) on the surface of TNTZF alloy.
According to YU et al [15], the additions of both Nb and
Zr to Ti resulted in a ternary alloy with extremely high
resistance to active and passive dissolution in oxidizing
acids. They explained the beneficial effect of Nb or Zr
alloying on the corrosion resistance through the
formation of strong covalent bonds between near
neighbors Ti, Nb and Zr by sharing the unpaired d-level
electron [15]. The addition of Ta can improve the
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resistance of Ti alloys in the chloride solutions because
pure Ta is resistant to chlorine due to relatively stable
Ta,Os oxide film. Therefore, as observed in Fig. 4(b),
TNTZF alloy exhibiting a superior resistance to pitting
corrosion can be attributed to the presence of Nb,Os,
NbO,, Ta,Os and ZrO, oxides in the passive TiO, layer,
which can restrain CI” ingress into the oxide layer and
improve the structural integrity of the oxide film, thereby
reducing the initiation of pits. In contrast, the inferior
pitting corrosion does occur for Ti-6Al1-4V ELI alloy, as
observed in Fig. 4(a). This is attributable to the additions
of Al and V elements which can significantly diminish
the pitting resistance of Ti alloys [26]. It was also
reported that localized corrosion of Ti—6A1-4V ELI alloy
was related to the dissolution of V oxide at the surface

film/electrolyte interface in Cl -containing solutions [27].

Moreover, Ta, Zr and Nb ions have lower solubility than
Al and V ions in aqueous media [28], indicating that the
passive film of TNTZF alloy is more stable and difficult
to dissolve into the solution compared with that of
Ti—6Al1-4V ELI alloy.

On the other hand, the distribution of alloying
elements in different phases also influences the corrosion
resistance of these two alloys to some extent. Previous
studies showed that the structural and chemical
differences between o and S phases of Ti alloys caused
galvanic interaction, which led to the formation of
unstable passive layer and the acceleration of
corrosion [29]. HE et al [30] reported that the large
difference in composition between a and S phases caused
the different rates of film formation on a and S phases,
which resulted in film fracture at the a/f interfaces
thereby initiating corrosion attack. Thus, the segregation
of p-stabilizer V to f phase and a-stabilizer Al to o phase
in Ti—6Al-4V ELI alloy probably causes the galvanic
interaction between a and f phases and the preferential
dissolution of o/f interfaces. This viewpoint can be
approved by the previous reports that localized corrosion
often initiated at the o/f interface in Ti—6Al-4V ELI
alloy [31]. In contrast, pitting corrosion hardly occurs in
TNTZF alloy with the microstructure of single f phase,
in which alloying elements distribute more uniformly.

Therefore, the corrosion resistance of TNTZF alloy
is much better than that of Ti—-6A1-4V ELI alloy used as
a standard biomaterial, suggesting promising potential of
TNTZF alloy for biomedical applications from the
viewpoint of excellent corrosion resistance.

4 Conclusions

1) TNTZF alloy has higher corrosion potential,
lower and more stable passive current densities and
wider passive region than Ti—6Al-4V ELI, indicating
that TNTZF alloy possesses much better corrosion

resistance.

2) A lot of small pits are observed on the surface of
Ti—6Al1—-4V ELI alloy but almost no pits can be found on
that of TNTZF alloy.

3) Based on the results of XPS, the passive film
formed on the surface of TZNTF alloy is composed of
Nb,Os, NbO,, Ta,0s, ZrO,, TiO and Ti,O; oxides in the
matrix of TiO,, which makes the passive film more
stable and protective than that formed on Ti—6Al-4V
ELI alloy and contributes much to its superior corrosion
resistance.
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