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Corrosion behavior of Zr-14Nb-5Ta-1Mo alloy in simulated body fluid
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Metals that are used to reconstruct skeletal structures often interfere with magnetic resonance imaging (MRI) owing to differences
in magnetic susceptibility; consequently, metals with lower magnetic susceptibilities need to be developed for use in implant devices.
Herein, we investigated the corrosion properties of the Zr-14Nb-5Ta-1Mo alloy, which exhibits low magnetic susceptibility and
excellent mechanical properties. The pitting potential of Zr-14Nb-5Ta-1Mo was higher than that of pure Zr. The passive current
density of Zr-14Nb-5Ta-1Mo also higher than that of pure Zr, which is ascribable to slow reconstruction of the initial passive film
associated with the presence of Nb and Ta. XPS revealed that the passive film is enriched with Nb and Ta. Therefore, while the
Zr-14Nb-5Ta-1Mo alloy exhibited a high initial passive current density in simulated body fluid, it formed a stable passive film that

suppressed localized corrosion. Zr-14Nb-5Ta-1Mo is therefore a prospective implant-material alloy candidate.
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INTRODUCTION

Metals are often used to reconstruct skeletal structures
that require load-bearing capacities’? because they
exhibit balanced strengths and ductilities. However,
while magnetic resonance imaging (MRI) is widely used
for surgical diagnoses, MR images captured near metallic
implants show defects ascribable to artifacts resulting
from differences in the magnetic susceptibilities of
biological tissue and metals®*®. Furthermore, artifact
volume 1is directly proportional to the magnetic
susceptibility difference between those of metallic
implant and biological tissue around. Consequently,
the magnetic susceptibilities of the metals used in
implant devices need to be reduced. In addition, metallic
biomaterials require low Young’s modulus to prevent
bone resorption.

Zr alloys have recently been investigated for use in
medical devices. Zr resides in the fourth group of the
periodic table along with Ti, which is widely used in dental
and medical devices. Therefore, Zr and Ti have similar
mechanical and chemical properties. Furthermore, Zr is
poorly cytotoxic compared to other conventional metals;
consequently, Zr alloys are considered to be biosafe
metallic materials. The magnetic susceptibility of Zr
is also lower than those of other metallic biomaterials;
indeed, the magnetic susceptibility of pure Zr has been
reported to be approximately thirty-times lower than
that of type 316L stainless steel, seven-times lower than
that of a Co-Cr-Mo alloy, and approximately half that
of Ti™9, In addition, the properties of Zr are superior to
those of Ti for medical applications. In vivo, Zr combines
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with phosphate ions to form zirconium phosphate,
which is stable and protective; consequently, calcium
ions are not incorporated and calcium phosphate is less
likely to form on the Zr surface'”. Hence, unlike Ti, Zr
is less likely to fuse with bone in the post-implantation
period; in other words, devices fabricated using Zr can
be removed even after long-term implantation.

Recently, Zr-14Nb-5Ta-1Mo (wt%) was prepared as a
new beta-type Zr alloy'>'?; this alloy was designed using
the d-electron alloy design method and exhibited values
of 17.34x107° m?kg™?, 796 MPa, and 61 GPa for magnetic
susceptibility, yield stress, and Young’s modulus,
respectively. Indeed, this alloy exhibited a lower Young’s
modulus and a lower magnetic susceptibility than the
Ti-6Al-4V alloy. In addition, the Zr-14Nb-5Ta-1Mo alloy
exhibits good cytocompatibility and osteoconductivity'®.
However, the corrosion resistance of this alloy needs
to be evaluated for dental and medical applications, as
metallic-biomaterial corrosion can induce fatigue, wear,
and fretting in an implanted device, which may seriously
harm the patient (e.g., metal allergy). Zr forms a passive
film on its surface; therefore, Zr is highly corrosion
resistant in both acidic and alkaline solutions. However,
pitting corrosion occurs on Zr surface in the chloride ions
containing environments, initiated by inclusions!*!®. Zr-
alloy devices are in constant contact with chloride ions in
vivo because Cl is present in all living body. Therefore,
the corrosion resistance of the Zr-14Nb-5Ta-1Mo alloys
needs to be evaluated to ensure biological safety. In
this study, we investigated the corrosion resistance of
the Zr-14Nb-5Ta-1Mo alloy in simulated body fluid and
analyzed its passive film.



756 Dent Mater J 2024, 43(6): 755-761

MATERIALS AND METHODS

Specimen preparation

The chemical compositions of the prepared Zr-14Nb-
5Ta-1Mo (wt%) alloy and pure Zr plate are listed in
Table 1. The theoretical design of the Zr-14Nb-5Ta-1Mo
alloy was described in a previous report'?. The alloy was
dissolved using the cold crucible-induced melting (CCIM)
technique using pure Zr crystal bars (99.94%), Zr sheets
(97.38%), Nb chips (99.87%), Ta chips (99.98%), and Mo
wire (99.95%). Each ingot was dissolved for 20 min and
furnace-cooled for 1 h in an Ar atmosphere, after which it
was inverted, remelted, and cooled in an Ar atmosphere.
The ingot was then inverted, melted for 20 min, and
cooled under vacuum. The ingot had a diameter 130
mm and weighed 6 kg. The melted ingot was hot-forged
using a forge-heating furnace and a 1-t air hammer.
After being heated in a furnace at 1,323 K for 1 h, the
ingot was drawn to a diameter of 32 mm. Lathing was
then performed to obtain a hot-forged material with a
diameter of 24 mm. As a comparison material, Zr-14Nb-
5Ta alloy specimen and pure Zr plate (99.5%) were also
prepared. Zr-14Nb-5Ta alloy specimen was melted and
processed in the same method as the Zr-14Nb-5Ta-1Mo
alloy.

The ingots and plates were cut to a thickness of 1 mm
and used as specimens. The surfaces of the corrosion-
evaluation specimens were mechanically ground using
#150-, #320-, #600-, and #800-grit abrasive SiC papers.
The surface of each passive-film-analysis specimen was
polished to a mirror finish by mechanical grinding with
#800-grit abrasive SiC paper, followed by buffing with
a colloidal silica suspension. The specimens were then
ultrasonicated twice in acetone and once in isopropanol
for 600 s (each). The specimens were immersed in
ultrapure water for 24 h at room temperature to stabilize
the passive film'?,

Corrosion resistance evaluation

Corrosion resistance was evaluated using anodic
polarization measurement which were conducted
according to the JIS T0302 Japanese standard testing
method. In addition to the Zr alloy, the corrosion
resistances of pure Mo, pure Nb, and pure Ta, of which
the Zr-14Nb-5Ta-1Mo alloy is composed of, were also
evaluated. For comparison, the corrosion resistance
of commercially pure (CP) Ti (grade 2), prepared
using the same method used to polish the Zr alloy,
was also evaluated. A specimen holder composed of
polytetrafluoroethylene (PTFE) and acrylic resin'?

was used as the working electrode, with the specimen
and O-ring fixed to the holder. The measured area was
0.353 cm? Pt plate and Ag/AgCl (in saturated aqueous
KCIl) were used as counter and reference electrodes,
respectively. Measurements were performed using an
electrochemical measurement system (HZ-7000, Meiden
Hokuto, Tokyo, Japan) with a saline (0.9% aqueous
NaCl) measurement solution used as the simulated body
fluid. The solution temperature was maintained at 310
K. The final open-circuit potential, which was measured
after 600 s of immersion in the solution, was taken as
the corrosion potential (E.,.). A potential was applied at
—100 mV relative to E..., and a linearly increasing anodic
potential scan was initiated at 1 mV s'. A rapid increase
in current due to pitting corrosion was recorded. The
experiment was terminated when the current density
reached 10 mA cm™. These experiments were repeated
five times for each alloy to evaluate reproducibility.
The pitting potential (E,;) was determined from the
polarization curve, and is defined as the potential at
which a current density of 100 pA cm 2 was recorded.

Passive-film analysis

Passive films were analyzed using X-ray photoelectron
spectroscopy (XPS; JPS-9010MC, JEOL, Tokyo, Japan)
using untreated and surface-treated pure Zr and Zr-
14Nb-5Ta-1Mo-alloy specimens. The surface treatments
were polarization for 1 h at a constant potential of 0.4
or 1.0 V in saline to reveal changes in the passive film
in solution. All binding energies reported in the present
work are relative to the Fermi level (Er), and all spectra
were recorded following excitation using a MgKa source
(1,253.6 €V), with the accelerator voltage and current
set to 10 kV and 10 mA, respectively. Pass energies of
50 and 20 eV were used for the wide and narrow scans,
respectively. The measurement chamber was maintained
at an ultrahigh vacuum of 3.0x10°" Pa or lower, and a
90° detection angle relative to the specimen surface was
used. All binding energies were calibrated against the
C 1s peak ascribable to adventitious carbon (285.0 eV).
Shirley’s method?” was used to calculate the integrated
peak intensities, which involved subtracting the
background from the recorded spectrum, and CasaXPS
Version 2.3.12 (computer aided surface analysis for X-ray
photoelectron spectroscopy) was used to deconvolute
the spectra. The chemical composition and thickness of
each passive film were determined from the intensities
of the integrated peaks in each spectrum?'??; target
XPS spectra included: C 1s, O 1s, Zr 3dss, Nb 3dsp,
Ta 4f;,, and Mo 3ds.

Table 1 Chemical compositions of pure Zr and the Zr-14Nb-5Ta-1Mo alloy
Composition (wt%)
Specimen
Zr Nb Ta Fe Cr C O N H
Pure Zr >99.5 — — 0.045 0.006 0.004 0.072 0.004 0.004

Zr-14Nb-5Ta-1Mo alloy Bal. 13.5 4.98

0.97 <0.01 <0.01 <0.01 0.044 0.010 0.010
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RESULTS

Polarization measurements

Figure 1 (A) shows polarization curves for the Zr-14Nb-
5Ta-1Mo alloy, pure Zr, and pure Ti, which reveals
pitting corrosion in the Zr-14Nb-5Ta-1Mo alloy and
pure Zr specimens, with none observed for pure Ti. Only
one polarization curve was shown for pure Ti because
no variations were observed. Pure Zr was determined
to have an average E,; of 0.83+0.30 V (varying between
0.50 and 1.10 V). The pitting corrosion observed for pure
Zr at relatively low potentials reveals that an in-vivo
pitting risk exists. On the other hand, the average E,;
value for the Zr-14Nb-5Ta-1Mo alloy was determined to
be 1.85+0.23 V (varying between 1.60 and 2.20 V), which
is higher than that of pure Zr.

The polarization curve acquired for the Zr-14Nb-
5Ta-1Mo alloy exhibits specific behavior: the initial
current density was observed to be higher than that of
pure Zr and decreased slightly with increasing applied
potential. The current density at 0.4 V, where both the
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Fig.1 Polarization curves for the (A) Zr-14Nb-5Ta-1Mo
alloy, pure Zr, and pure Ti and (B) Zr-14Nb-5Ta
alloy and pure Zr.

Zr-14Nb-5Ta-1Mo alloy and pure Zr exhibit passivity,
is defined as the passive current density (ip.ss). The Zr-
14Nb-5Ta-1Mo alloy and pure Zr exhibited average ipass
values of 23.3+1.94 and 5.3+0.58 pA cm™?, respectively.
Pure Nb, pure Ta, and pure Mo, which are constituents
of the alloy, were subjected to anodic polarization
measurements to determine the reason for the high i
value associated with the Zr-14Nb-5Ta-1Mo alloy. Figure
2 shows polarization curves for pure Nb, pure Ta, and
pure Mo. Only one polarization curve each for pure Nb,
pure Ta, and pure Mo is shown because no variation was
observed. Pure Nb and pure Ta exhibited passivation
behavior up to 3.0 V when the current was increased
from near the corrosion potential. In contrast, the
polarization curve for pure Mo showed active dissolution
behavior near E.,.

The corrosion behavior of the Zr-14Nb-5Ta (wt%)
alloy was also investigated to clarify how Mo effects
the initial increase in the i, value of the Zr-14Nb-
5Ta-1Mo alloy. The Zr-14Nb-5Ta alloy was subjected
to anodic polarization measurements under the same
conditions. Polarization curves for the Zr-14Nb-5Ta
alloy and pure Zr are shown in Fig. 1 (B), which reveals
that the polarization curves for the Zr-14Nb-5Ta and
Zr-14Nb-5Ta-1Mo alloys show similar behavior, with a
high initial i, that slightly decreases with increasing
applied potential. The Zr-14Nb-5Ta alloy exhibited an
average ip. value of 31.3+1.14 pA cm™.

Passive-film analysis

The current density in the passive region depends
significantly on the passive film. The passive film of the
Zr-14Nb-5Ta-1Mo, Zr-14Nb-5Ta alloy, and pure Zr were
analyzed by XPS. Specimens were either untreated or
treated under constant potential polarization conditions
for 3,600 s at a passivation potential of 0.4 or 1.0 V in
saline. XPS survey spectra of the untreated and 0.4-V-
polarized specimens are shown in Fig. 3. In addition to
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Fig. 2 Polarization curves for pure Nb, pure Ta, and pure
Mo, which are alloying elements of the Zr-14Nb-
5Ta-1Mo alloy.



758 Dent Mater J 2024; 43(6): 755-761
a5 peaks derived from the C, O, and Zr in all specimens,
CKLL OKLL Ofs .3 peaks associated with Nb, Ta, and Mo were observed in
Na 16 Z3P: Nbad  Tadf the spectra of the Zr-14Nb-5Ta-1Mo alloy, with a further
al Zr3s 7r 3d small peak at approximately 1,072 eV observed for the
r—"—’—“NL 4
M‘*k_\_ww Zrdp| polarized specimens; this peak corresponds to the Na 1s

L

Zr-14Nb-
5Ta-1Mo

Zr-14Nb-
5Ta

1000 800

600 400 200

Binding Energy, Eg / eV

Fig. 3 Wide scan XPS spectra of the: (a) untreated Zr-
14Nb-5Ta-1Mo alloy, (b) Zr-14Nb-5Ta-1Mo alloy
polarized at 0.4 V, (c) untreated Zr-14Nb-5Ta
alloy, (d) Zr-14Nb-5Ta alloy polarized at 0.4 V, (e)
untreated pure Zr, and (f) pure Zr polarized at 0.4 V.
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binding energy®” and is ascribable to the saline solution
used during polarization treatment. Figure 4 shows
narrow scan Zr 3d, Nb 3d, Ta 4f, and Mo 3d spectra. The
Zr 3ds. peak observed at a binding energy of 182.1 eV
reveals that Zr is present in the form of ZrO,?*??. No peak
corresponding to Zr metal was detected. All specimens
exhibited similar peaks in the 178.0-188.0 eV range.
The XPS spectra of the Zr-14Nb-5Ta-1Mo and Zr-14Nb-
5Ta alloys exhibit peaks derived from Nb at 200.0-214.0
eV; Nb 3ds, peaks separated into Nb?* (201.8 eV), Nb*"
(204.7 V), Nb** (207.3 eV)?*3), No peaks corresponding
to metallic Nb were detected on any surface. Peaks
derived from Ta were also detected at 17.0-31.0 eV,
with O 25 and Zr 4p*>?9 peaks also observed at binding
energies close to those observed for Ta 4f. We assumed
that the positions, shapes, and areas of the O 2s and
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Fig. 4 Narrow scan (A) Zr 3d, (B) Nb 3d, (C) Ta 4f, and (D) Mo 3d XPS spectra of the (a) untreated Zr-14Nb-
5Ta-1Mo alloy, (b) Zr-14Nb-5Ta-1Mo alloy polarized at 0.4 V, (c) untreated Zr-14Nb-5Ta alloy, (d) Zr-
14Nb-5Ta alloy polarized at 0.4 V, (e) untreated pure Zr, and (f) pure Zr polarized at 0.4 V.
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Zr 4p peaks in the spectra of pure Zr and the Zr-14Nb-
5Ta-1Mo and Zr-14Nb-5Ta alloys are equivalent. The
Ta 4f peaks observed for the Zr-14Nb-5Ta-1Mo and
Zr-14Nb-5Ta alloys were analyzed with reference to
that of untreated pure Zr. Ta 4f7; binding energies of
Ta? (19.5 eV), Ta** (21.6 eV), and Ta® (27.6 e€V) were
observed®**?  No peaks corresponding to metallic Ta
were detected on any surface. The relative amounts of
Nb? and Ta’* exceeded those of Nb?* and Nb*, and Ta?*
and Ta*, respectively, with the same trend observed
irrespective of the alloy type or polarization treatment.
Peaks corresponding to Mo were detected at 225.0-236.0
eV, with Ta 4d;,*>*? peaks also observed close to the
Mo 3d region. We assumed that the Ta 4ds» spectra of the
Zr-14Nb-5Ta-1Mo and Zr-14Nb-5Ta alloys are equivalent.
The Mo 3d peak observed for the Zr-14Nb-5Ta-1Mo
alloy was analyzed with reference to the untreated Zr-
14Nb-5Ta alloy, which revealed Mo 3ds: and Mo 3ds.
peaks at 229.0 and 232.3 eV, respectively, consistent
with the presence of Mo oxides**?. The Mo oxide
spectrum contains Mo*", Mo®*, and Mo®" peaks; however,
the Mo-derived peaks detected in this study were weak,
and detailed peak deconvolution was not possible.
Therefore, the Mo**, Mo®*, and Mo®" peaks were collectively
analyzed as “Mo oxides”. No peaks corresponding to
metallic Mo were detected on any surface.

DISCUSSION

The pitting corrosion potentials of both pure Zr and Zr-
14Nb-5Ta-1Mo alloys varied. The variations in pitting
potential are ascribable the exposure of inclusions
with different corrosion-inducing properties on the
Zr surface'®. Pitting corrosion on the Zr surface first
occur at sites where most corrosion-inducing inclusions
are exposed. Inclusions which induce pitting corrosion
at low potentials contain Sn, C, and O'"'® and these
inclusions are believed to have been exposed on the pure

Zr surface. While the pitting potential of the Zr-14Nb-
5Ta-1Mo alloy varied, the lowest pitting potential of
this Zr alloy is higher than that of pure Zr. Therefore,
the Zr-14Nb-5Ta-1Mo alloy suppressed the formation of
pitting-corrosion-inducing inclusions at low potentials;
hence, the Zr-14Nb-5Ta-1Mo alloy exhibited superior
pitting-corrosion resistance than pure Zr.

The polarization curve acquired for the Zr-14Nb-
5Ta-1Mo alloy exhibits a high initial i,,ss and decreased
slightly with increasing applied potential. Anodic
polarization measurements of the constituent elements
were performed to clarify the high initial i, values.
Pure Nb and pure Ta showed passivation behavior,
whereas pure Mo showed active dissolution behavior, as
shown in Fig. 2. Thus, it was suggested that the increase
in iy observed at the commencement of the potential
sweep 1s ascribable to the selective dissolution of Mo,
with the current density decreasing with decreasing Mo
concentration on the surface. The corrosion behavior
of the Zr-14Nb-5Ta alloy was also investigated to
clarify how Mo effects the initial increase i, value.
The polarization curves for the Zr-14Nb-5Ta exhibited
similar behavior to Zr-14Nb-5Ta-1Mo alloys show
similar behavior, as shown in Fig. 1 (B). Therefore, the
high initial i, value is not related to the presence or
absence of Mo in the alloy.

The effect of passive film on corrosion properties
was evaluated. While polarization treatment may
have increased the thickness of the passive film, no
substrate-metal-derived signals were observed for any
of the samples, which indicates that the passive film on
each specimen is thicker than the XPS detection depth;
consequently, the thickness of each the passive film was
unable to be determined in this study. The composition
of the passive film was calculated from XPS results. The
concentrations of O were found to be similar, irrespective
of the Zr alloy type and polarization. Table 2 lists the
compositions (at%) of the Zr-14Nb-5Ta-1Mo and Zr-

Table 2 Substrate compositions (at%) and cation fractions in the passive films of pure Zr and the Zr-14Nb-5Ta-1Mo and

Zr-14Nb-5Ta alloys

Substrate composition (at%)

Specimen Zr Nb Ta Mo
Zr-14Nb-5Ta-1Mo alloy 82.3 14.1 2.6 1.0
Zr-14Nb-5Ta alloy 83.3 14.1 2.6 —
pure Zr 100 — — —
Cation fraction in the passive film (at%)
Specimen Zr Nb Ta Mo
ZraNbSTaMoally RIS 04y Gy sLosld  14s08 802 0701
wiNbsTaaly  pBC ey @ sm07 1540 4mos
Untreated (e) 100 — — —
pure Zr Polarized at 0.4 V ® 100 — — —
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14Nb-5Ta alloy substrates and the cation fractions in the
passive films on their surfaces. The atomic composition
ratios of the substrates were calculated from the weight
ratios of the alloys. On the other hand, the cation
ratios in the passive films were calculated from the
experimental XPS data. The passive-film compositions
of the specimens polarized at 1.0 V are equivalent to
those of the specimens polarized at 0.4 V. While the
passive films have lower Zr and Mo concentration than
the substrates, their Nb and Ta concentrations are
higher; in other words, the passive films are enriched
with Nb and Ta. The Nb and Ta concentrations are
also slightly affected by the presence or absence of Mo
in each alloy; their concentrations depended on the
type of alloy and the polarization-treatment conditions,
although no significant differences were observed. As
described above, Mo in Zr-14Nb-5Ta-1Mo alloy does not
affect corrosion behavior and passive film formation. It
is inferred that addition of 1 wt% Mo to Zr-14Nb-5Ta
alloy is stabilized the B-phase a little more and can be
obtained lower Young’s modulus of the alloy, which
enabled the Zr-14Nb-5Ta-1Mo alloy to achieve both
high strength, low Young’s modulus and low magnetic
susceptibility'?. However, the Mo concentration was
small as only 1 wt% because Mo has a higher stability
of the B-phase compared with other added elements of
Nb and Ta. Due to the small Mo content, the presence or
absence of Mo had little effect on corrosion properties.

Figure 1 (A) shows that the Zr-14Nb-5Ta-1Mo
alloy has a higher i, value than pure Zr or CP Ti. The
passive film is reconstructed following immersion in
the test solution, and the higher i,.. value for the alloy
is believed to be due to the fact that it takes longer to
reconstruct and stabilize the passive film on the alloy
following immersion than on pure Zr. However, Nb
and Ta form stable passive films, as shown in Fig. 2.
Furthermore, the addition of Nb and Ta to a Ti alloy has
been reported to enrich the passive film with Nb and
Ta, resulting in good corrosion resistance. When Ti-Nb-
Ta alloys are immersed in a simulated body fluid, the
concentration of Nb and Ta in the passive film increases
with time due to passive film reconstruction, and the
corrosion rate decreases with time*®. The passive film on
the Zr-14Nb-5Ta-1Mo alloy showed similarly enriched
Nb and Ta. Therefore, the addition of Nb and Ta to a Zr
alloy is believed to improve corrosion resistance, as has
been observed for Ti alloys. In addition, although the
cytocompatibility of the Zr-14Nb-5Ta-1Mo alloy has been
evaluated in its initial passive-film state, it exhibited
properties comparable to those of CP Ti'¥. Therefore,
the passive film on the Zr-14Nb-5Ta-1Mo alloy exhibited
sufficient corrosion resistance, even in its initial state,
with corrosion resistance expected to improve over the
longer term.

CONCLUSION

In this study, we evaluated the corrosion properties of
the Zr-14Nb-5Ta-1Mo alloy, which exhibits low magnetic
susceptibility and a low Young’s modulus, in a simulated

in-vivo environment. Anodic polarization measurements
in simulated body fluids and XPS analysis of passive
films were performed. The Zr-14Nb-5Ta-1Mo alloy
exhibited a higher E,; value than pure Zr, which
indicates that it is less likely to undergo pitting corrosion
in an in-vivo environment because corrosion-inducing-
inclusion formation is suppressed. The Zr-14Nb-5Ta-
1Mo alloy exhibited a higher initial current density
than pure Zr, which decreased slightly with increasing
applied potential, and is ascribable to the slow rate
associated with the reconstruction of the passive film in
the simulated body fluid owing to the presence of Nb and
Ta, irrespective of the inclusion or non-inclusion of Mo in
the alloy. The Zr-14Nb-5Ta-1Mo-alloy passive film was
found to be enriched with Nb and Ta; hence, this alloy
forms a stable passive film and exhibits good corrosion
resistance in simulated body fluid. The Zr-14Nb-5Ta-
1Mo alloy is therefore a prospective implant-material
candidate.
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