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Abstract The characteristics of oxide films on Zr and Zr—
Nb alloys (with Nb content of 2.5, 5, and 10 at.%)
galvanostatically formed (at a current density of
100 pA cm 2) in 0.5 M H,SO, solution were investigated
by means of electrochemical impedance spectroscopy.
Electrochemical impedance spectroscopy spectra were
interpreted in terms of an “equivalent circuit” with the
circuit elements representing the electrochemical properties
of a single layer oxide. The resistance of the oxide films
was found to increase with increased Nb content in the
alloy while the capacitance showed an opposite trend. The
stability of the anodic oxide films grown in the sulfuric acid
solution on Zr and Zr—Nb alloys was investigated by
simultaneously measuring the electrode capacitance and
resistance at a working frequency of 1 kHz as a function of
exposure time to naturally aerated 3 M NaOH solution.
Analyses of the electrode capacitance and resistance values
indicated a decrease in chemical dissolution rate of the
oxide films with the increase of Nb content in the alloy.
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Introduction

Zirconium (Zr) has been the subject of numerous inves-
tigations, mainly because of the stability of its passive film
toward corrosion and hydrogen embrittlement and its small
cross section for neutron absorption, which makes it a
suitable material for use as pressure tubes immersed in
lithiated heavy water for nuclear fuels [1]. Moreover, the
great demand of stable materials to be used in thermal
reactors, chemical industries, and electrochemical methods
of the PUREX process for waste minimization [2, 3] makes
the corrosion and passivation of zirconium and its alloys
important cases worthy of intensive studies.

The electrochemical stability of zirconium, a valve metal,
is attributed to the stability and thickness of the ZrO, film
covering the unstable bare metal [4]. In aqueous solutions, the
standard potential at 25 °C for reaction 1 is —1.46 V/RHE:

Zr + 2H,0=2Zr0; + 4H' + 4e™ (1)

Thus, the bare metal is always covered by a very thin
oxide layer. Such a film is responsible for the apparent
behavior of the metal under open circuit conditions or
under the influence of an alternating field, since the film
acts as a source or sink for electrons which participate in
the electrochemical reaction.

Like zirconium, niobium (Nb) forms passive films in a
wide variety of media and can be covered with a stable
oxide film (Nb,Os) protecting it from continuous corrosion
[5]. Nevertheless, Nb is more corrosion resistant than Zr
due to the higher stability of its oxide, and Zr—Nb alloys
were developed in order to improve the corrosion resistance
of Zr [6-8]. The enhanced corrosion behavior of Nb-
containing Zr alloys in aqueous solutions has been ascribed
to the passive film formed on their surface [6—8]. Thus,
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characterization of the passive films is essential for the
understanding of the corrosion behavior of these alloys in
aqueous environments.

Very few papers are concerned with the electrochemical
behavior of anodic oxide films on zirconium in alkaline
solutions using electrochemical methods, and no data were
found on Zr—Nb alloys. It was shown that the oxide films
on zirconium anodically formed in 0.5 M H,SO, solution
are fairly stable in alkali concentration <1 M, while they are
highly unstable when immersed in more concentrated
solutions [9, 10].

The aim of the present work is to examine the effect of
Nb alloying additions (up to 10 at.%) on the characteristics
of anodically formed oxide films on Zr and their stability in
NaOH solution of concentration >1 M. This was done using
galvanostatic and electrochemical impedance spectroscopy
(EIS) techniques.

Experimental

The metals used were Zr (99.8 mass%, NewMet Koch,
Waltham Abbey, UK) and Nb (99.6 mass%, H.C. Starck,
Inc., Newton, MA, USA). The Zr-Nb alloys (with Nb
contents of 2.5, 5, and 10 at.%), having a mass of about
2 g each, were prepared by arc melting starting from
pieces of metals in inert Ar atmosphere. The samples were
melted and reversed at least five times to assure
homogeneity. These alloys were characterized using
energy-dispersive X-ray analysis (EDX), scanning electron
microscopy (SEM), and X-ray diffraction (XRD); a
detailed description of the alloys’ microstructure was
reported elsewhere [11].

The Zr—Nb samples were made into electrodes by
inserting insulated copper wires and protecting all sides
but one with epoxy resin. The exposed surface area was
0.25 cm?. Before each experiment, the electrode surface
was mechanically polished using successively finer grades
of emery paper until a mirror-bright surface was attained.
The electrode was then immediately immersed in 0.5 M
H,SO, solution, previously purged of oxygen by purified
nitrogen. A large platinum sheet served as counter
electrode, and all potentials measurements were made with
reference to a saturated calomel electrode. Electrochemical
measurements were performed using a Solartron 1286
Electrochemical Interface controlled by a computer. Oxide
films on Zr and Zr—Nb alloys were formed under conditions
of galvanostatic anodizing. During anodizing, the anodic
charging curves were recorded at a current density of
100 A cm 2 for a period of 5 min. After anodizing, the
oxide film was stabilized at the open circuit potential
(Eocp) for a period of 30 min, after which, impedance
measurements were performed. EIS was used to determine
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the characteristic magnitudes of the oxide films anodically
formed on Zr and Zr-Nb alloys. Impedance spectra were
recorded at Eqcp using an EG&G PAR system Model 2263
driven by a computer. The frequency studied ranged from
100 kHz to 10 mHz at seven points per decade. The
amplitude of the sinusoidal perturbation signal was 10 mV.
Data were stored in the computer and processed according
to the EQUIVCRT program (B.A. Boukamp, University of
Twente).

The stability of the anodic oxides obtained in sulfuric
acid solution on Zr and Zr—Nb alloys was investigated by
simultaneously measuring the electrode capacitance, C,,
and resistance, R,,, (working frequency=1 kHz, amplitude
of the sinusoidal perturbation signal=10 mV) in naturally
aerated 3 M NaOH solution at 25 °C as a function of
exposure time.

Results and discussion

The EDX analysis confirmed the nominal composition of
the samples. SEM characterization reveals that all the alloys
are single-phase, laying in the continuous solid solution
(BZr,Nb) field. XRD patterns match with these results, as
they show a cI2-W type structure stable at high temperature
(solid solution (3Zr,Nb)) [11].

Figure 1 shows the anodic charging curves for Zr and
Zr-Nb alloys in 0.5 M H,SO, solution at the current
density of 100 wA cm 2. A linear increase of potential with
time is observed in all cases. During formation of the oxide
layer at the constant current density, each newly formed
part of the oxide layer, dd, requires an increase in voltage,
dE, in order for the electric field within the oxide, and
thereby the current of anodizing, to remain constant. If the
voltage drop on the already formed oxide layer does not
change during anodizing, the value dE/dd will be deter-
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Fig. 1 Anodic charging curves of Zr and Zr-Nb alloys in 0.5 M
H,SO, solution at a current density of 100 pA cm 2
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mined precisely by the increasing part of the layer.
Therefore, the rate of potential increase with time represents
the rate of oxide formation, dE/dz [12]. As can be seen in
Fig. 2, the oxide formation rate, dE/dz, increases with the
increase of Nb content in the alloy. A higher slope of the
anodic charging curves is related to a more resistant
character of the oxide film, which could be ascribed to a
greater thickness or to a more insulating character.
Ellipsometric characterizations are being carried out in
order to evaluate the thickness of the anodic oxide films on
Zr-Nb alloys. A similar behavior was observed by Gudi¢ et
al. for anodic oxide films anodically grown at 100 uA cm >
on Al-Sn and Al-In alloys [13, 14].

The characteristic magnitudes of oxide films were
determined by measurement of impedance of Zr(Zr—Nb
alloy)/oxide film/electrolyte systems. Anodic oxide films
were formed galvanostatically on Zr and Zr—Nb electrodes
in 0.5 M H,SO4 solution at the current density of
100 pHA cm 2. After anodizing for 5 min and reaching a
certain potential, the current was switched off, and the
impedance measurements were performed at the open
circuit potential, Eqcp, after stabilization at Egcp for
30 min. Impedance spectra for Zr and Zr-Nb alloys are
presented as Nyquist plots in Fig. 3. The response of the
system in the Nyquist complex plane was a single
capacitive arc that can be correlated with the dielectric
properties of the oxide film. As can be seen in Fig. 3,
the diameter of the capacitive arc increases with increasing
Nb content in the alloy. A satisfactory fitting of all data
could be obtained using a simple Ry(OR,) circuit (Fig. 4),
where R, and R, are the solution and the parallel (oxide
film) resistances, respectively, and Q is a constant phase
element (CPE), which takes into account the capacitive
behavior of the film. Oliveira et al. [15, 16] proposed
Ry(OR,,) as the equivalent circuit model to fit the EIS data
in the case of a single passive film anodically grown on Ti—
Zr and Ti-Nb alloys in 0.5 M H,SO, solution. The
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Fig. 2 Dependence of oxide formation rate on Nb content in the alloy
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Fig. 3 Nyquist plots for the impedance of the galvanostatically
formed oxide films on Zr and Zr-Nb alloys at 100 uA cm 2 in 0.5 M
H,S0, solution obtained after stabilization at the open circuit potential
for 30 min

impedance, Zcpg, of CPE is described by the expression
[17-19]:

Zepe = [Q(@)"]”!

with —1<n<1 and j=\-1, while Q is a frequency-
independent constant, being defined as pure capacitance
for n=1, resistance for n=0, inductance for n=-—1.
Diffusion processes are characterized by the value of n=
0.5. According to the fitting results, the n values are >0.9
indicating that O=C.

The parameters of the equivalent circuit Ry, R,, and O
are presented in Table 1. As can be seen, when the Nb
content in the alloy increases, the value of the oxide resistance
increases and the value of the capacitance decreases, which
indicates an increase of the insulating character of the oxide
film. As a consequence, anodically formed oxide films are
expected to display better corrosion resistance with higher
Nb content in the alloy, as already observed by Gudic et al.
for Al-Sn and Al-In alloys [13, 14].

In order to confirm this hypothesis, electrode capaci-
tance, C,,, and resistance, R,,, were simultaneously mea-
sured in 3 M NaOH solution where anodic oxide films on
pure Zr are highly unstable [9, 10]. The oxide films were
formed by galvanostatic anodizing at a current density of
100 pA cm 2 for a period of 5 min in 0.5 M H,SOy4
solution. After a 30-min stabilization at the open circuit

Fig. 4 Equivalent circuit,
Ry(ORy), used to fit the experi-
mental impedance data

CPE (Q)
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Table 1 Electrical parameters

of equivalent circuit obtained by Sample R (Q sz) 0 (Mcmi2 7 n values R, (MQ sz)

fitting the experimental results

of EIS Zr 1.52 9.52 0.93 1.62
Zr-2.5Nb 1.53 8.21 0.94 2.44
Zr—5Nb 1.54 6.53 0.95 3.57
Zr—10Nb 1.56 4.35 0.97 5.79

potential, the electrode was rinsed with triply distilled
water and transferred immediately to the electrochemical
cell containing the dissolution medium where the elec-
trode capacitance, C,,, and resistance, R,,, were traced with
time for about 6 h. The variation of the resistance, R,,, and
the reciprocal capacitance, C,, ', with time in naturally
aerated 3 M NaOH solution is illustrated in Fig. 5. A rapid
decrease in Ry, and C,, ' followed by a slow decay to attain
a steady state value is observed in all cases. The same trend
was already observed both in NaOH solutions of concen-
tration >1 M and in 0.05 M HF solution for anodically
formed oxide films on Zr [9, 10, 20]. The drift of R, and
C., ! to lower values with time indicates that the anodic
oxide films are subjected to a chemical dissolution process
activated by OH ™ ions [9, 10]. However, the steady state
values of R, and C,, ! increase with increasing Nb content
in the alloy, as inferred from Fig. 5, indicating a decrease in
the chemical dissolution rate of the oxide film [9, 10, 20].

During anodic oxidation of Zr-Nb alloys, niobium
species may be incorporated into the oxide film. Nb is a
strong oxide former [21], resists to chemical dissolution in
high pH environments [22, 23], and easily forms M-O
bonds of high strength [21]. Yu et al. [24, 25] investigated
the effects of Nb and Zr alloying additions on the
activation of Ti and suggested the formation of mixed
Ti—Zr or Ti-Nb oxides that are thermodynamically stable
and protected from active dissolution of Ti. Moreover,
Olivera et al. [15, 16], using X-ray photoelectron spectros-
copy (XPS) studies, claimed that films anodically grown on
Ti—Zr and Ti-Nb alloys in 0.5 M H,SO, solution consist
of a single layer mixed oxide phase containing both TiO,
and ZrO, or TiO, and Nb,Os groups.

There are very few studies on the passive behavior of
Zr-Nb alloys in the literature. The only available experi-
mental results confirming the presence of niobium in the
oxide film on Zr-Nb alloys have been published by Kim
and coworkers [26]. Using the photo-electrochemical
analysis, these authors claimed that the anodically formed
oxide films of on Zr-Nb alloys with niobium contents up to
2.5 at.% consist of a single layer containing a mixture of
zirconium oxide and niobium oxide.

Data reported in the present study show: (a) the presence
of niobium in the alloy improves the oxide film dielectric
properties (increased resistance and decreased capacitance)
and (b) the presence of niobium increases the resistance of
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the oxide film to chemical dissolution. Thence, the results
obtained lead to the conclusion that the presence of
increasing oxidized Nb amounts in the passive layer can
progressively reduce surface activation in alkaline solution,
thereby improving the stability and, therefore, the chemical
dissolution resistance of the anodically formed oxide films
on Zr-Nb alloys. On the other hand, similar results were
found on Ti-Nb alloys in chloride-containing solutions [27].

Conclusions

The characteristics of oxide films on Zr and Zr-Nb alloys
(with Nb content of 2.5, 5, and 10 at.%) galvanostatically
formed in 0.5 M H,SO, solution were investigated by
means of electrochemical impedance spectroscopy.
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Fig. 5 a Resistance, R,,, and b reciprocal capacitance, Cw !, of

anodized Zr and Zr-Nb alloys as a function of exposure time to
naturally aerated 3 M NaOH solution
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Anodic charging curves recorded at a current density of
100 pA cm 2 highlighted an increase of the oxide
formation rate with the increase of Nb content in the alloy.

EIS results indicated that the films grown on Zr and Zr—
Nb alloys are composed of a single layer oxide whose
resistance increases with increasing Nb amount in the alloy
while the capacitance shows an opposite trend.

The electrode capacitance and resistance measurements
carried out in naturally aerated 3 M NaOH solution showed
the beneficial effect of increasing Nb contents in the alloy
on the oxide films stability.
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