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Abstract

A new near o-titanium alloy Til12.5Zr2.5Nb2.5Ta (TZNT) for surgical implants was designed. The potentiodynamic technique was per-
formed to investigate the corrosion behaviors of TZNT in Ringer’s solution, and Ti6A14V, Ti6A17Nb, and TA2 were taken as comparison.
The structure of the passive film was analyzed using an X-ray photoelectron spectrometer (XPS). The results indicate that TZNT possesses
better corrosion resistance, when compared with Ti6Al4V, Ti6Al7Nb, and TA2. The passive film formed on the TZNT surface is composed
of oxides, such as TiO,, ZrO,, Nb,Os, and Ta,0s. The elements Zr and Ta are rich, whereas Ti and Nb are poor in the passive film. The addi-
tion of Zr, Nb, and Ta with relatively low electrochemical reaction potentials can reduce the anode activity and improve passive properties.
Other than that, oxides such as ZrO,, Nb,Os, and Ta,Os with the nobler equilibrium constants make the passive film more stable.

Keywords: titanium alloy; surgical implant; electrochemistry; passive film; corrosion resistance

1. Introduction

Titanium alloys have been widely used for implant mate-
rials due to their excellent biocompatibility and corrosion
resistance. Among these, Ti6Al4V as a kind of a + B tita-
nium alloy is most frequently used as implant materials [1].
However, recent studies have shown that it possesses a high
elastic modulus (about 120 GPa) which is gravely incom-
patible with that of human bones (about 28 GPa) [2].
Long-term experiments have confirmed that titanium im-
plants with a high elastic modulus can transfer insufficient
load to the adjacent remodeling bone and result in bone re-
sorption and eventual loosening of prosthetic devices [3].
Moreover, reservations have been reported concerning the
presence in long-term implants of the element vanadium
which is toxic to the human body both in the elemental stat
and as oxides [4-5]. Consequently, B-titanium alloys without
toxic alloying elements and with a comparatively low elastic
modulus are developed [6]. Unfortunately, the biomechani-
cal compatibility of this kind of titanium alloys is not very
satisfactory for admission strain (the ratio of yield strength
and elastic modulus) of about 1% is higher than that of hu-
man bones (about 0.67%), which is another important pa-
rameter to characterize the biomechanical compatibility of
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titanium alloys besides the elastic modulus [7]. The short-
coming for B-titanium alloys is inevitable owing to their
high yield strength and relatively low elastic modulus.

Based on the above analysis and the clinical requirements
for surgical implants, a new near-a titanium alloy with a low
aluminum equivalent content for restorative and prostho-
dontic materials was designed by the d-electron alloy design
theory. Toxicity-free elements such as Zr, Nb, and Ta are
selected as intensification elements, which have been exten-
sively evaluated and identified as producing no adverse tis-
sue reactions [8]. Considering the effects of three kinds of
alloying elements on strength of the titanium alloy, the con-
tents for Zr, Nb, and Ta were ascertained. The new titanium
alloy was named as Til12.5Zr2.5Nb2.5Ta (TZNT) which has
been certified to possess approximately equivalent admis-
sion strain (0.65%) with that of human bones (0.67%); other
than that, the elastic modulus is lower (about 100 GPa) than
that of Ti6Al4V (about 120 GPa) [9].

As a new titanium alloy for biomedical applications,
evaluation of the corrosion behaviors is very crucial for cor-
rosion properties have close relation with other properties
such as biocompatibility and mechanical properties, which
can cause a release of those alloying elements to the sur-
rounding tissue [10]. Extensive release of ions from prosthe-
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sis can result in adverse biological reactions and lead to
mechanical failure of the device. Therefore, various in vitro
and in vivo tests have to be carried out to identify appropri-
ate materials for use as surgical implants. It is desirable to
keep metal ions release to a minimum by the use of corro-
sion-resistant materials, to a large extent, which depends on
the stable passive film formed on the surface to provide a
barrier between the bio-environment and the alloy substrate
[11].

Obviously, no detailed information with respect to the
corrosion behaviors of the new titanium alloy in Ringer’s
solution could be found in the literatures. The objective of
this research was to study the corrosion behaviors of TZNT
in the simulated physiological fluid by the potentiodynamic
polarization technique in comparison with that of TA2,
Ti6Al4V, and Ti6Al7Nb. Accompanied with the analysis
about the structure of the passive film formed on the surface
of TZNT by means of an X-ray photoelectron spectrometer
(XPS), the corrosion mechanism was analyzed in detail.

2. Experimental

Ingots of 10 kg with a nominal composition of
Ti12.5Zr2.5Nb2.5Ta (TZNT) were manufactured by homo-
geneously melting the special intermediate alloys in a con-
ventional consumable electrode vacuum arc melting furnace.
Each ingot was twice melted to ensure homogeneity, and the
chemical analysis results are given in Table 1. The testing
composition is approximately equivalent with the nominal
composition. A portion of the alloy was forged into 16 mm
diameter rolled bar and machined into testing specimens of
16 mm in diameter and 1.5 mm in thickness. Then they were
polished on a Buehler Phoenix 4000 sample preparation
system and rinsed with alcohol and acetone. Commercial
Ti6Al4V, Ti6Al7Nb, and TA2 as reference materials were
obtained in the form of rods and were dealt with according
to the above procedure.

Table 1. Chemical composition of TZNT wt.%
Chemical composition Ti Zr Nb Ta
Nominal composition 82.5 12.5 2.5 2.5

Testing composition 82.3 12.4 2.5 2.8

The corrosion behaviors for four types of materials were
tested and evaluated by means of the potentiodynamic po-
larization technique in 1000 mL Ringer’s solution of pH 7.4
(the chemical composition is shown in Table 2) at 37°C
which is equivalent to human body temperature. Prior to the
polarization tests, the specimens were immersed in Ringer’s
solutions for 2 h to reach a steady state with stable open cir-
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cuit potential. The tests were carried out by means of a
model 351 EG&G PARC electrochemical test system. A
standard three-clectrode cell composed of the investigated
titanium alloys as the working electrodes with 1 cm?® ex-
posed area, a saturated calomel reference electrode (SCE),
and a graphite counter electrode were used to perform the
polarization experiments. Scanning rate in dynamic potential
was 1 mV/s, and the potential was varied from —0.25 to 3.75
V.

Table 2. Chemical constitution of Ringer’s solution

NaCl/g NaHCO; /g CaCl,-6H,O /g KCl/ g Distilled water / mL
9.00 0.20 0.25 0.40 1000

The structure of the passive film formed on the TZNT
surface after applying a potential of 1 V located in the first
passive region for 20 min was studied by means of a VG
ESCALABMK II X-ray photoelectron spectrometer (XPS).
XPS spectra were acquired in the Fixed Analyzer Transmis-
sion (FAT) mode and corrected by the Cls peak with 284.6
eV bonding energy, using an Mg K, (12.54 eV) as the exci-
tation source. Argon-ion-sputter was applied at 4 keV for 5
min to eliminate contaminant. The vacuum level of the ana-
lyzing chamber during measurement was of the order of 1 x
107 Pa. Chemical composition was calculated by the rela-
tive atomic sensitivity factors [12]:

1
C_px _ x/Sx

x_zpi _Zli/Si

where C, is the atomic concentration of the element x, p is
the atomic density, / is the intensity for the corresponding
peak, and S is the relative atomic sensitivity factor.

o

3. Results and discussion

The isolated corrosion potential is a stable potential in a
corrosion system without polarization, which demonstrates
the thermodynamic characteristics of the objects and the
surface state of the electrode. Contact corrosion is often ob-
served in human bodies due to existence of more than two
kinds of metals. Based on the electrochemical principles, the
more negative the isolated corrosion potential is, the more
remarkable the corrosion inclination is. Thus, two kinds of
contact materials can be divided into an anode and a cathode,
one metal as the anode with a lower isolated corrosion po-
tential will be seriously dissolved, and the other will be pro-
tected from corrosion. The isolated corrosion potentials for
four tested materials were obtained as shown in Table 3. The
isolated corrosion potentials for TZNT, Ti6Al7Nb, Ti6AI4V,
and TA2 are —0.204, —0.245, —0.306, and —0.347 V; the
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corrosion trend of these materials is as follows: TA2 >
Ti6Al4V > Ti6Al7Nb > TZNT, which indicates that TZNT

39

is the most stable in comparison with other materials in
Ringer’s solution.

Table 3. Results of electrochemical corrosion tests for four materials

Material Eeon/ V ElV EJV Ey/V EZ/V L'/ (uAem™) I/ (wAem™) L2/ (nA-em™)
TZNT —0.204 0.11 1.43 1.78 1.93 7.58 15.85 18.63
Ti6AITNb ~ —0.245 0.12 1.32 1.80 2.14 7.09 173.78 77.62
Ti6AI4V -0.306 0.23 1.24 222 2.70 10.00 15848.93 1378.96
TA2 -0.347 0.39 1.36 1.90 233 28.18 1412.54 14791

Note: E,, is the isolated corrosion potential, E{ and E, are the low limit and high limit potentials in the first passive region, respectively, Ip'

is the current density in the first passive region, £ is the potential in correspondence with the highest current density, /;is the highest current

density during the whole scanning range, £ is the low limit potential in the re-passive region, and Ip2 is the current density in the re-passive

region.

Fig. 1 shows the potentiodynamic polarization curves of
TZNT, Ti6Al7Nb, Ti6Al4V, and TA2 in Ringer’s solution
at a pH of 7.4 and a temperature of 37°C. The related corro-
sion parameters obtained from the potentiodynamic polari-
zation scans are displayed in Table 3. As shown in Fig. 1,
the polarization curves of the Ti-based alloys and TA2 are
divided into five regions. For the first region, the alloying
elements are oxidized into ions with different valences and
the formation of the passive films is carried on in parallel
with the reactions, which demonstrates that the electrodes
are in the active-passive state. Because the reactions are
predominant over the formation of the passive films, the
current density increases with the increase in potential.
When the potential approaches £y, the electrodes transfer
from the active-passive state to the passive state, the current
densities remain very stable with the increase in potential in
this region, about 7.58, 7.09, 10.00, and 28.18 pA-cm‘2 for
TZNT, Ti6Al7Nb, Ti6Al4V, and TA2, indicating that the
passive films were steadily formed on the electrode surface.
With the increase in potential, the abrupt increase in current
density is observed for three materials Ti6AI7Nb, Ti6Al4V,
and TA2 except TZNT at different potentials, about 1.32,
1.24, and 1.36 V, which should be attributed to the destruc-
tion of the passive films by chlorine ions from the solution.
Some fields of the electrodes, which were protected by pas-
sive films from corrosion once, are exposed to the solution
once again and the alloying elements such as Ti, Zr, and Al
take part in the charge transfer with the increase in potential.
When the potentials rise to about 1.78, 1.80, 2.22, and 1.90
V for TZNT, Ti6Al7Nb, Ti6Al4V, and TA2, respectively,
the corresponding current densities also reach the maximum
values, about 15.85, 173.78, 1584893, and 1412.54
pA-cm . Along with further increase in potential, the resto-
ration of the breakdown portions on the passive films is car-
ried on and gradually becomes dominant over the reactions.
Finally, the current densities are fixed on the relatively sta-
ble values of about 18.63, 77.62, 1378.96, and 14791

uA-cm‘2 for four materials, TZNT, Ti6Al7Nb, Ti6Al4V,
and TA2, indicating that the electrodes formally enter into
the re-passive state.

4
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Fig. 1. Polarization curves of four materials.

The passive behaviors can be used to assess the passivity
inclination of the materials and the relative stabilization of
the passive films in the given environment by the potentio-
dynamic polarization technique. Three parameters such as
E{' for the first passive region, Eyand [, for the re-passive
region are related to the former. E;' characterizes the diffi-
culty into the first passive state. The closer it is to the iso-
lated corrosion potential, the easier the system is to be pas-
sive, and the materials are earlier protected from corrosion.
When I is low, the areas subjected to spot corrosion are
small and the restoration time for the passive films is corre-
spondingly short. As a result, the electrodes are easier to
change from the active state to the re-passive state. Similarly,
it is beneficial for the system to step into the re-passive stage
when Ej in correspondence with /; is small. As shown in Fig.
1 and Table 3, among four materials, TZNT possesses the
smallest values for Ef', E,, and I,. Grounded on the above
analysis, it can be concluded that TZNT enters the passive
state more easily.
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The stability of the passive films is characterized by two
parameters: the potential range and the passive current den-
sity in the passive state. The broader the potential range is,
the more difficult it is for the passive films to transform
from the passive state into the active state. On the other hand,
the passive current densities are small whether in the first
passive or in the re-passive state, and the dissolution speed
of the passive films is relatively low, indicating that the pas-
sive films are more stable. For TZNT, Ti6Al7Nb, Ti6Al4V,
and TA2, the potential ranges in the first passive region are
1.32, 1.20, 1.01, and 0.97 V. Obviously, TZNT has the
broadest potential range. Similarly, the passive current den-
sities for TZNT are low whether in the first passive region
or in the re-passive region; they are 7.58 and 18.63 uA-cm™,
respectively. The above analysis shows that the passive film
formed on the TZNT surface is the most stable in compari-
son with the remains.

Among four materials, the passive properties of three
kinds of Ti-based alloys are better than that of TA2 due to
the addition of the alloying elements such as V, Al, Zr, Nb,
and Ta which contribute to reducing the anode activity and
promoting passivity. To further investigate the corrosion
mechanism of TZNT which outmatches two kinds of
Ti-based alloys, the composition and quantivalence of each
element for the passive film were analyzed by XPS. Fig. 2
shows the XPS survey spectrum over the wide binding en-
ergy region for the passive film of TZNT. The spectrum
mainly consists of electron peaks Ti2p, Zr3d, Nb3d, Ta4f,
and Ols throughout the whole scanning, which indicates
that the passive film is mainly composed of Ti, Zr, Nb, Ta,
and O elements.

Ols N(A)

3

5

£ Zr3dd  Zr3p

Nb3d Nis
Cls
0 200 400 600 800 1000
Binding energy / eV
Fig. 2. XPS survey spectrum for the passive film of the TZNT

surface.

Figs. 3(a)-3(e) show the typical Ti2p, Zr3d, Nb3d, Ta4f,
and Ols XPS spectra. Combining with the comparison be-
tween experimental data and standard data of binding en-
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ergy as presented in Table 4, the structure of the passive film
can be further confirmed. The Ti2p XPS spectrum is com-
posed of 2ps, (458.4 eV) and 2p;, (463.7 eV) electron
peaks that represent the existence of TiO,. The Zr3d XPS
spectrum includes 3ds, (181.7 eV) and 3ds, (184.1 eV)
electron peaks revealing the presence of ZrO,. The Nb3d
XPS spectrum only consists of a very broad electron peak
which may result from the overlapping of two electron
peaks with approximately equivalent binding energy: the
one is Nb3ds, with binding energy 207.4 eV, and the other
is Nb3d;), with binding energy 207.2 eV. As shown in Table
4, the analysis result of the Nb3d XPS spectrum reveals the
presence of Nb,Os. In the case of the Tadf XPS spectrum,
two peaks are also found, associated with the metallic form
(substrate) and the oxide form, Ta,Os, present in the passive
film. The second electron peak is broader, which can be
discomposed into two peaks with about the same binding
energy: one is Ta4f;, with a binding energy of 26.6 eV, and
the other is Ta4fs, with a binding energy of 26.7 eV. The Ols
XPS spectrum shown in Fig. 3(e) only includes a very strong
peak indicating the presence of metal oxides for elements Ti,
Zr, Nb, and Ta (as shown in Table 4), which further sub-
stantiates the above analysis. Based on the analysis results, it
is concluded that the passive film on the TZNT surface con-
sists of four metallic oxides which are TiO,, ZrO,, Nb,Os,
and Ta,0s. Similar results were obtained in Ref. [13].
Moreover, quantitative analysis of XPS data indicates
that the chemical composition (at.%) in terms of four metal
elements is Ti : Zr : Nb : Ta=71.61 : 9.56 : 1.24 : 17.59 in
the oxide film, which is significantly different from that of
the bulk (Ti: Zr : Nb: Ta=90.64 : 7.21 : 1.42 : 0.73 (at.%)).
The Ti concentration is decreased from 90.64% in the bulk
to 71.61% in the passive film. With respect to the Nb con-
centration, the change is not obvious, and there is only a lit-
tle decrease. On the contrary, the concentration for the other
two elements Zr and Ta is improved; particularly for Ta, the
concentration is abruptly increased about twenty three times.
The difference can be described by the enrichment factor
[14].
£ (Me) = Me/TZNT (in tl.1e passive film)
Me/TZNT (in the body)

where Me/TZNT (in the passive film) is the atomic percent
for the element Me which represents Ti, Zr, Nb, and Ta in
the passive film; and Me/TZNT (in the body) is the atomic
percent for some elements in the bulk.

According to the calculation, the enrichment factors for
Ti, Zr, Nb, and Ta are 0.79, 1.32, 0.87, and 24.10. f(Ti) and
f(Nb) are less than 1, whereas f(Zr) and f'(Ta) are beyond 1,
which indicates the elements Ti and Nb are poor and Zr and
Ta are rich in the passive film.

@
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Fig. 3. XPS spectra for the passive film of the TZNT surface: (a) Ti2p region, (b) Zr3d region, (¢) Nb3d region, (d) Ta4f region, and
(e) O1s region.

Table 4. Comparison between experimental data and standard data of binding energy

Element Experimental data of binding energy / eV Standard data of binding energy / eV~ Standard element =~ Chemical bonding

T 458.4 458.5 Ti2ps, TiO,

463.7 463.6 Ti2pi TiO,

7r 181.7 182.0 Zr3ds), 7r0O,

184.1 185.3 Z13dy 710,
Nb 207.3 207.4 Nb3ds), Nb,Os
207.3 207.2 Nb3ds), Nb,Os

21.7 21.5 Tadf;, Ta

Ta 26.3 26.6 Tadf;), Ta,05
26.3 26.7 Tadfs), Ta,0s

530.1 Ols TiO,

0 530.1 530.0 Ols 710,
5304 Ols Nb,0s

530.4 Ols Ta,05




42

The difference may be attributed to the difference in
electrode reactions occurring at different potentials and ox-
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ide stabilities. The following electrochemical reactions can
take place based on Ref. [15-16].

Ti(Il) = Ti(0) Ti*"+2e = Ti p=-1630V
For Ti element§ Ti(Ill) = Ti(1) Ti*' +e=Ti* = -0900V

Ti(VI) = Ti(0) TiO,+4H" + 4e = Ti + 2H,0 p=-0860V
For Zr element  Zr(IV) = Zr(0) ZrO,+4H" +4e = Zr+2H,0 p=-1553V

Nb(III) = Nb(0) Nb*" +3e = Nb p=-1.099 V
For Nb element

Nb(V) = Nb(0) Nb,Os +10H" +10e = 2Nb+5H,0 ¢ = —0.644 V
For Ta element Ta(V)= Ta(0) Ta,0s + 10H" + 10e = 2Ta + 5H,0 =-0.750 V

According to the standard chemical potentials against
standard hydrogen electrode at 25°C, these electrochemical
reactions follow the order: (3) > (6) > (7) > (4) > (5) > (9) >
(8). Combined with analyses results of potentiodynamic po-
larization and XPS, the growth behavior of the passive film
can be represented by physical illustration shown in Fig. 4,

(€)
4
)

(6)

(7
®)

©

where the growth process of the passive film is divided into
Six steps.

(1) Prior the electrochemistry test, the specimen exposed
to the air is subjected to forming metal oxides (thickness 1 to
4 nm) on the alloy surface, which is not very compact, con-
sidering that titanium and other alloy elements present
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Fig. 4. Physical illustration for the growth behaviors of the passive film: O Ti atoms; @ Zr atoms; A Nb atoms; A Ta atoms.
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greater affinity to the oxygen [17].

(2) As presented in Fig. 4(b), with the rapid increase in
potential from the initial scanning value, the element Ti can
be dissolved into the solution with two valence electrons,
resulting in the poorness of Ti in the passive film.

(3) During this process, the element Zr is firstly turned
into ZrO,, as analyzed by XPS, unlike the element Ti which
enters into the solution with the ion form. It indicates that
ZrO, along with other oxides spontaneously formed on the
surface establish the barrier and inhibit the dissolution of
metal elements to a certain extent. The Zr concentration has
little loss in the passive film as demonstrated in the quantita-
tive analysis of XPS.

(4) Following the formation of ZrO,, the element Nb is
also transformed into Nb*" and takes part in the charge
transfer with the further increase in potential. It leads to low
concentration in the passive film compared with the bulk,
which is in accordance with the XPS results. At the same
time, the parallel reactions (3) and (6) proceed.

(5) When the potential further increases to some value,
the elements Ti, Ta, and Nb are turned into three kinds of
oxides according to the reactions (5), (8), and (9) for they
possess the approximately equivalent standard chemical po-
tentials. As a result, a thick, adherent, and uniform passive
film is formed on the TZNT surface, and the electrode is
transformed from the active-passive state into the passive
state as shown in Fig. 1. Similar to the element Zr, the ele-
ment Ta is directly changed into the oxide form from the
elementary form and the concentration is relatively im-
proved due to the loss of the elements Ti and Nb.

(6) At this step corresponding with the first passive re-
gion, thickness of the passive film gradually increases with
the increase in potential as shown in Fig. 4(f). Other than
that, the latent hazard for spot corrosion occurring on the
passive film gradually progresses, which can destroy the in-
tegrity of the passive film and make the corrosion system

correspondingly come into the active zone, i.e. the third re-
gion owing to the irregular absorption of chlorine ions and
the formation of freely soluble complex ions on the passive
film’s surface, particularly at some spots with defects. Con-
sequently, spot nuclei are formed and the current density
correspondingly increases.

Difference of the passivity inclination of four materials
and relative stabilization of the passive films in the given
environment can be explained by the above physical model.
For Ti6Al4V and TA2, passivity is mainly attributed to the
formation of TiO,; however, for TZNT and Ti6Al7Nb, be-
sides the formation of TiO,, the alloying elements Zr, Nb,
and Ta added into pure titanium can also be quickly trans-
formed into the oxides in a relative low potential, which
form a barrier along with TiO,. For this reason, TZNT and
Ti6Al7Nb can earlier enter into the passive state as pre-
sented in Fig. 1. Relatively speaking, the initial potential into
the passive region for TZNT is lower due to the prior forma-
tion of ZrO, in comparison with other oxides. Compared
with other materials, TZNT also possesses the relatively sta-
ble and lower current density and a broader passive potential
range in the passive state, showing that the passive film
formed on the TZNT surface is more stable and is more dif-
ficult to break. The stabilization of the passive films is
closely related to that of the oxides. The physicochemical
properties of some pure metals and their oxides are shown in
Table 5. Ta,Osand Nb,Os possess more positive equilibrium
constants, indicating that the passive film consisting of these
compounds is more stable and is difficult to dissolve into the
solution, so TZNT possesses the broadest potential range
and the lowest current density in the first passive region.
Based on the above analysis, it is very easy to explain the
subsequent processes, that is why the alloy TZNT can enter
into the second region from the active and active-passive
states more quickly and has the lowest current density in
comparison with the other materials.

Table 5. Physicochemical properties of some pure metals and their oxides [16, 18-19]

Element  Oxide  Relative dielectric constant, & Formation enthalpy, AHaeg/ (kJ-mol™) Solubility, pK Biocompatibility
\'% V,05 Not available —1558 10 Toxic
Al Al,O4 5-10 -1680 15 Potentially necrotic
Ti TiO, 110 -945 18 Inertness
Zr 71O, 10-18 —1088 17 Inertness
Nb Nb,Os 280 =794 20 Inertness
Ta Ta,0s 12 -2054 20 Inertness

4. Conclusions

(1) The newly developed titanium alloy TZNT for surgi-
cal implants possesses a better corrosion resistance in

Ringer’s solution, from two points of view, the passivity in-
clination of the materials and the relative stabilization of the
passive film, in comparison with Ti6Al7Nb, Ti6Al4V, and
TA2.
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(2) The passive film formed on the TZNT surface is
composed of the oxides, such as TiO,, ZrO,, Nb,Os, and
Ta,0s, based on the results of XPS. The elements Zr and Ta
are rich, but the elements Ti and Nb are poor in passive
films.

(3) The addition of the elements Zr, Nb, Ta, V, and Al
into pure Ti can reduce the anode activity and further im-
prove passive properties. Comparatively, ZrO,, Nb,Os, and
Ta,Os possess the nobler equilibrium constants; that is why
TZNT with Zr, Nb, and Ta as alloying elements has a better
corrosion resistance.
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