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ABSTRACT: Zirconium—niobium alloys are currently proposed for
applications in water-cooled nuclear reactors. However, the
mechanisms by which Nb impacts the corrosion resistance of these
alloys are yet to be clarified. In this work, we utilize a thermodynamic
framework informed by density functional theory calculations to
predict the effect of Nb on the equilibria of charged defects in
tetragonal ZrO,, and discuss how the changes in the defect
concentrations affect the protectiveness of this oxide that grows
natively on Zr alloys during oxidation. Our analysis shows that Nb
dissolves predominantly in the oxidation state 5+ as a substitutional
defect on the Zr sublattice, with charge compensation achieved by
the negatively charged Zr vacancies. Moreover, Nb dissolution is
limited to the oxygen-rich conditions, i.e., in the oxide surface facing
oxidizing environment. We validate this finding by performing X-ray

photoelectron spectroscopy on oxidized Zr—Nb alloys. The introduction of Nb in tetragonal ZrO, is found to enhance the
concentration of Zr vacancies and of free electrons and to decrease the concentration of oxygen vacancies. We conclude that the
net effect of Nb on the corrosion kinetics of Zr alloys is favorable if the rate limiting process is oxygen transport, while Nb would

be detrimental if electron transport limits the oxidation kinetics.

1. INTRODUCTION

Zirconia (ZrO,) is among the most important metal oxides
because of its wide range of applications." Its applications span
fuel cells,” thermal barrier coating,” and protection against the
corrosion of nuclear fuel cladding in water-cooled nuclear
reactors.* ® Furthermore, zirconia is used in biomedical hip
implants” and dental restorations® and recently it was sug%ested
as a gate dielectric for metal oxide semiconductor devices.” This
richness in zirconia’s applications can be traced back to its high
strength and fracture toughness,10 its high dielectric constant,’
and the possibility of significantly enhancing its ionic
conductivity via doping'' and straining.'>"® Properties of
zirconium oxide in all these applications, as in the larger family
of oxides, are affected by the equilibria and the structure of
intrinsic (native) and extrinsic charged defects. For example,
the protectiveness of the native zirconium oxide layer against
fast corrosion of zirconium alloys is governed by the
concentration and mobility of anion, cation, and electronic
defects. While the specific aim of the current work is to assess
the effect of an extrinsic defect, niobium (Nb) dopant, on the
defect equilibria and charge transfer properties of tetragonal
ZrO, (T-ZrO,) in the context of protectiveness against
corrosion, the approach and findings reported here are more
broadly applicable to other applications of zirconia as well.
Traditional corrosion resistant zirconium alloys have Fe, Cr,
and possibly Ni in composition,'* whereas modern zirconium
allogrs have varying content of Nb ranging from 1.0 to 2.5 wt
9%." Despite the indication from alloy designers that higher Nb
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content is correlated with improved corrosion resistance,* there
have been conflicting experimental reports on the effect of Nb
on corrosion kinetics."”>~"” Some corrosion experiments
conducted in a simulated light water reactor environment
over extended times undoubtedly point to the superior
performance of Nb containing alloys compared to alloys in
which Zr is alloyed by Fe, Cr, and Ni.* However, fundamental
experimental efforts which attempted to find a correlation
between the better corrosion performance and Nb content have
resulted in no clear conclusion.”® Yilmazbayhan et al.
conducted corrosion weight gain measurements on Zr based
alloys with varying Nb content (0.4—2.5 wt % Nb) while
keeping other constituents constant but eventually did not
identify a clear correlation between Nb content and corrosion
kinetics."”> Similar work by Yueh et al. also produced
inconclusive results.'” On the contrary, there are experiments
even indicating that Nb containing alloys exhibit poor corrosion
performance compared to traditional alloys during the initial
stages of corrosion.'®

Corrosion protectiveness is impacted by intrinsic chemical
and electronic properties, microstructure, and mechanical
stabili? of the oxide layer that forms natively on metallic
alloys."® In this paper, we focus on assessing how the intrinsic
chemical and electronic properties of the zirconia layer that
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forms on zirconium alloys are impacted by the presence of Nb.
Thermodynamically, ZrO, is stable in the monoclinic phase at
ambient pressure and up to 1440 K.'” At higher temperatures,
the tetragonal phase is stable. However, experiments indicate
the presence of a large fraction of the tetragonal phase close to
the metal/oxide interface in nuclear reactor operation temper-
ature (~600 K).* The stabilization of the tetragonal phase at
such low temperatures was attributed to the large compressive
stress exerted on the oxide due to the lattice mismatch between
the metal and the oxide.”® Moreover, the part of the oxide
where there is enrichment in tetragonal ZrO, is believed to be
coherent and intact and hence protective.4 Thus, in this work,
we focus on the effect of Nb on tetragonal ZrO,.

The intrinsic defect chemistry of T-ZrO, has been studied in
our recent work;?' however, the impact of Nb on the defect
equilibria in T-ZrO, is yet to be elucidated. Nb can exhibit
various oxidation states when present as a dopant in the oxide.
There is disagreement in the literature on the charge state of
Nb in ZrO,. X-ray absorption near-edge structure (XANES) K-
edge measurements conducted by Froideval et al. concluded
that the Nb charge state falls between 2+ and 4+ and that the
S+ charge state of Nb is not present in the ZrO, layer grown on
Zr alloys.”* However, many authors assume a stable Nb**
charge state in ZrO,.>** As the previous experiments did not
provide conclusive evidence to describe either the correlation
between Nb content and corrosion of the alloys or the nature
of the Nb impurity defect in the oxide, we aim here to resolve
these questions by first principle simulations coupled with some
validation experiments. In particular, we quantify the effect of
Nb on the defect equilibria in tetragonal zirconia while
clarifying the dominant oxidation state of Nb in T-ZrO,.

Corrosion of Zr alloys proceeds via the point-defect
mediated diffusion of oxygen and zirconium through the
oxide layer.”'* It was also hypothesized that electron transport
plays an important role in the corrosion of Zr and of Zr-based
alloys."* Both the diffusion of point defects and the electron
transport are directly proportional to their respective
concentrations. Thus, we take the first step in fundamentally
understanding the corrosion of Zr and its alloys, by determining
the concentration of point and electronic defects in the
protective oxide, i.e., in this case taken as the T-ZrO,. Recently,
we assessed the equilibrium concentration of the intrinsic point
and electronic defects in tetragonal zirconia.*' In the current
work, we quantitatively assess the effect of Nb, present initially
as an alloying element in the Zr alloy and subsequently as an
oxidized impurity in tetragonal ZrO,, on the equilibrium
concentration of point and electronic defects in the oxide. The
goal is to understand the impact of Nb in ZrO, on net
corrosion rate by altering the concentration of ionic and
electronic defects.

We constructed a Kroger—Vink diagram for Nb-doped
tetragonal ZrO, while taking into account finite temperature
effects, based on our theoretical approach informed by density
functional theory (DFT) calculations.”' Our results indicate
that Nb is present predominantly in the form of a substitutional
defect (substituting the host Zr*") and in the oxidation state 5+.
The presence of Nb leads to an increase in the concentrations
of the zirconium vacancies in 4— charge state and of free
electrons and to a decrease in the concentration of the oxygen
vacancies in 2+ charge state. All these trends were found in the
high oxygen partial pressure regime corresponding to the
oxide/water or oxide/oxygen gas interface in a corrosion
scenario. We expect that the decrease in the oxygen vacancy
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concentration should slow down the corrosion rate, whereas
the increase in electrons should accelerate the corrosion rate.
The net effect of Nb depends on which of these two defects
(oxygen vacancies and free electrons) is the rate limiting in
oxidation kinetics. Our theoretical predictions are in part
validated by experiments, where both are in qualitative
agreement, suggesting Nb enrichment at the oxygen-rich region
of the oxide (i.e., near its surface).

The organization of the rest of this paper is as follows. First,
we summarize the theoretical framework to calculate the defect
equilibria in Nb-doped T-ZrO,, the details of the DFT
calculations, and the experimental details to quantify the
near-surface composition (Nb content) of the oxide by using X-
ray photoelectron spectroscopy. Second, we present the results
of both the computational and experimental approaches. Third,
we discuss the implications of the results in relation to the
corrosion of Zr alloyed with Nb. Finally, we give concluding
remarks and recommendations for future work.

2. METHODS

2.1. Theoretical Approach. In this section, we summarize
the framework of computing defect formation energies in an
insulator, the representation of the defect equilibria in the form
of a Kroger—Vink diagram, and our approach in analyzing the
defect electronic and atomic structures. More details can be
found in our work on the native defects of T-ZrO,.>" In this
work, we adopt Kréger—Vink notation for denoting the defects.
For example, Nby, represents a Nb ion sitting on a Zr site
(substitutional) with an effective charge of (+) with respect to
the original ion which is Zr*". It follows that the formal charge
of Nb in this case is (S5+).

2.1.1. Defect Energetics. The details of computing the
formation energy of a defect in a material with a band gap can
be found in refs 21 and 25. Here we summarize the important
notions exemplified on a Nb substitutional defect. The
formation energy of the defect Nb}, can be expressed as in
eql

AE'(NbS,) = EI(NbL,) — ERC + py — iy,
+ q(Evpy + pp) + Eyp (1)

where EPFT(NbY,) and EJ)g, are the DFT energies of the

defective and defect-free supercells, respectively. Eygy; denotes
the energy of the valence band maximum in the defect-free
supercell. y7, and pyy, are the chemical potentials of zirconium
and niobium, respectively. yiy. represents the chemical potential
of electrons which is also known as the Fermi level. Finally, E\;p
is the leading term of the Makov—Payne correction for the
spurious interactions arising from applying periodic boundary
conditions.”® This correction was shown to perform reasonably
well for the native and hydrogen defects in T-ZrO,.*"*’

The oxygen chemical potential i is defined in terms of the
oxygen partial pressure Pg, as in eq 2

ZMO(T, POZ) = ﬂoz(Tl POZ)

DFT

P
= B3 + ug (T, P°) + kgT ln(%)

)
where EQ'' is the energy of an isolated O, molecule as

calculated by DFT. u¢, (T, Po) is the difference in the chemical
potential of O, between T = 0 K and the temperature of
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interest at a reference pressure P° which is set to 1 atm. /4?)2( T,
Po,) was extracted from tabulated thermochemical data.*® The
chemical potential of zirconium was expressed as in eq 3

DFT
'qu = EZrO2 - 2:“0 (3)
In this work, we set the chemical potential of Nb to be
independent of Py, This fixed value was calculated as

oy (T) = Entd — Ho(T, Py, = 1 atm) (4)

with EQtg representing the DFT calculated energy of the NbO
chemical formula. The choice of NbO as a reference to
calculate pyy, is due to a literature-based suggestion that during
the oxidation of Zr—Nb alloys in steam at temperatures close to
reactor operation (600 K) both NbO and NbO, form but
Nb,O; does not form.* Since our calculations here are
performed at a much higher temperature (1500 K), we expect a
more reduced form of Nb oxide, that is, NbO, to be
thermodynamically favored. Therefore, we adopted NbO here
as the reference state of Nb oxide. It should be noted that there
is a possibility of a compound in the form Zr,Nb,O, to be
produced during Zr—Nb oxidation and if confirmed exper-
imentally it would be a more appropriate reference state for
Hn,e However, in the absence of such experimental con-
firmation and because of a lack of NbO—ZrO, and NbO,—
ZrO, phase diagrams, it is not possible to guess a physically
justifiable chemical formula or a crystal structure for such a
compound.

Equation 1 describes the formation energy of the defects at 0
K with the exception of oxygen chemical potential. The latter
was obtained from thermochemical tables, and thus, it includes
finite temperature effects. However, as we showed previously,”!
the finite temperature effects in the solid crystal impact the free
energy of formation of the defects. The dominant contribution
is due to phonons, and that is included here. A secondary
contribution is due to the band electronic entropy, and this one
was not included in this work.

To measure the stability of a defect complex with respect to
dissociation into its constituents, we calculated its binding
energy following the definition in ref 27. The defect complex of
interest in this work is Nbj, which can dissociate into a Zr
vacancy and an interstitial Nb. For this complex, the binding
energy reads

Epq(Nb2,) = max[AE"(NbY,) — AE'(Nb)
- AE"(VE ™) (s)

Per this definition, a negative binding energy indicates a stable
complex. The association of NbjJ, with native defects such as
oxygen vacancies and interstitials was found to be very unlikely
(large positive binding energy), and hence, such complexes are
excluded from discussion in this work.

2.1.2. Constructing Kroger—Vink Diagram. A Kroger—Vink
diagram for a metal oxide is an isothermal representation of the
defect concentration as a function of Py. The procedures

described in detail in ref 21 to construct this diagram were
adopted here in combination with the new ingredient added in
this work which is Nb defects. The DFT calculated band gap
for T-ZrO, is 3.9 eV. In ref 21, it was shown that applying a
rigid shift for the DFT calculated conduction band by 0.3 eV to
match the experimental band gap of 4.2 eV*° results in native
defect equilibria in good agreement with prior electrical

conductivity measurements.’’ Thus, a similar rigid shift was
applied here too.

2.1.3. Defect Electronic and Atomic Structure. In this
study, we focus on analyzing the electronic and atomic
structure of Nb defects in T-ZrO,. Interstitial Nb defects
were found to have a very high formation energy, and thus, the
analysis was limited to the substitutional defects. On a
substitutional site, we examined various formal oxidation states
for Nb starting from 5+ to O which correspond to effective
charges ranging from 1+ to 4—. This was achieved by varying
the number of electrons in the simulation supercell followed by
ionic relaxation. However, as extensively discussed in the
literature, it is not always possible to achieve all charge states
due to electron or hole delocalization into the bands.””**** To
decide which achievable charge states Nb can take on a
substitutional site (i.e., without delocalization), we employed
several analytical approaches. First, Bader charge analysis®* was
used to determine the charge on each ion in the DFT supercell
using the code developed by Henkelman et al*® Charge
delocalization is evidenced by negligible change in the
calculated Bader charge on Nb ion when an electron is
inserted or removed from the simulation supercell. Second, we
examined the net electronic spin density localized on each ion
as another indication for charge localization. In the rest of the
paper, we focus on the charge states which were possible to
localize on Nb. Finally, we calculated the electronic density of
states for the oxidation states of Nb substitutional defects which
were deemed to be achievable.

2.2. Computational Details. Total energy calculations
were performed using the projector augmented wave method*®
in the density functional theory framework. The Perdew, Burke,
and Ernzerhof (PBE)*”*® exchange-correlation functional as
implemented in the Vienna Ab Initio Simulation Package
(VASP)**~* was employed. The adequacy of the standard PBE
functional to describe tetragonal zirconia was discussed in our
previous work.>' However, Nb as a transition metal dopant in
an oxide with band gap can have multiple oxidation states as
discussed above. Standard PBE may fail in properly localizing
the d electrons needed to describe these multiple oxidation
states. To overcome this issue, we applied an intra-atomic
onsite Coulomb interaction term (the so-called U term) to the
d electrons of Nb. We adapted a value of 1.5 eV for the U term
from ref 43. In addition, we employed the rotationally invariant
version of DFT+U suggested by Dudarev et al.** In comparing
the results of PBE and PBE+U, we found both of them to
stabilize the oxidation states 3+, 4+, and 5+ of Nb on a
zirconium site. The main impact of the U term is to increase
the formation energy of the 5+ oxidation state. In what follows,
we present results using PBE+U.

A Monkhorst—Pack 2 X 2 X 2 k-point mesh is used for
reciprocal space sampling. Plane wave expansion is cut off at a
kinetic energy of 450 eV. Ionic relaxation was considered
converged when the forces on all ions were less than 0.01 eV/
A. The convergence criterion for electronic free energy was set
to 107* eV. The host T-ZrO, simulation supercell consists of 96
atoms, and point defect and defect complexes were added to
the host supercell in their respective calculations. DFT
calculations were performed to simulate the dilute defect
concentration limit, and hence, the supercell volume was fixed.
The electronic density of states of the achievable oxidation
states of Nb substitutional defects were calculated using a k-
point mesh of 6 X 6 X 6 centered at the gamma point in
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Table 1. Calculated Bader Charge, Net Spin, and Assigned Formal Oxidation States and Spin States for the Three Achievable

Charge States of Nb Substitutional Defect

Nb defect Nb7, Nb3, Nb3,
Bader charge on Nb (e) +2.0 +2.3 +2.6
net spin on Nb/net cell spin (u5) 1.8/1.9 0.9/1.0 0.0/0.0
formal oxidation state/spin state Nb**/triplet Nb*/doublet Nb**/singlet
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Figure 1. Calculated net spin density distribution of the three achievable

charge states of the Nb substitutional defect and the corresponding

electronic density of states (DOS). Nb,, Nbj,, and Nby, are shown in parts A, B, and C, respectively. Green (large), blue (medium), and red (small)
balls represent Zr, Nb, and O ions, respectively. The shown gray isosurfaces of the net spin density distributions were rendered at 0.01 e/A% In the
DOS plots, the energy of the edge of the valence band in the defective cell was set to zero and filling indicates occupied states. The gap states in Nb3,
are unoccupied, whereas those in Nb7, and Nby, are occupied. Positive and negative DOS indicate spin up and spin down, respectively. The
atomistic visualizations in parts A, B, and C were rendered using the software VESTA.Y

combination with the tetrahedron method with Blochl
corrections.*®

The finite temperature effect is incorporated by including the
phonon contribution to the free energy of formation of point
defects. The details of calculations are the same as in our recent

work,* and the code PHONOPY was used to calculate the
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phonon density of states from the DFT calculated Hessian
matrix.** The computational results in this work are presented
at 1500 K where tetragonal ZrO, is thermodynamically stable
without doping or stress. The transition temperature from pure

monoclinic to tetragonal ZrO, is 1440 K.
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2.3. Experimental Approach. In order to assess the
chemical composition of the oxide near the surface and
compare that to the computationally predicted Nb enrichment
near the oxide-oxygen gas interface (discussed below), X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed on oxidized Zr—2.5 wt % Nb alloy. The polycrystalline
Zr—2.5 wt % Nb was purchased from Princeton Scientific Corp.
and mechanically polished (last step 0.25 um). Then, the
sample was introduced into an ultrahigh vacuum (UHV)
system for surface preparation and in situ measurement upon
oxidation (base pressure <3.0 X 1072 atm). The native oxide
and other contaminations on the surface were removed by
cycles of Ar* beam sputtering and vacuum annealing at 650 °C.
A 1.5 kV acceleration voltage and 20 mA emission current were
used during sputtering. After more than five cycles of sputtering
and annealing, there was no other peak than Zr and Nb
observed in the XPS survey spectrum. Next, the oxide films
were grown by oxidation at 300 °C at 2.0 X 107" atm by
exposure to pure oxygen gas in the analysis chamber.

An Omicron EA 125 hemispherical analyzer and Omicron
DAR 400 Mg/Al dual anode non-monochromatic X-ray source
were used for the angle resolved X-ray photoelectron
spectroscopy (AR-XPS) measurements probing the near-
surface chemistry of the metal and of the grown zirconium
oxide. A key focus was measurement of the Zr 3d and Nb 3d
emissions (binding energy from 175 to 211 eV) to determine
the atomic ratio between Zr and Nb. The AR-XPS measure-
ments were performed before and after oxidation, by detecting
the photoelectrons at 90, 60, and 30°. The XPS measurements
were performed in the UHV chamber. An Al K X-ray source
(1486.7 eV), operated at 300 W, was used for all the XPS
measurements. Peak-fitting and chemical quantification were
performed using the CasaXPS 2.3.16 software.

3. RESULTS

In this section, we present the key results based on our
theoretical analysis and experimental validation. Our results
indicate that Nb exists as a substitutional defect in tetragonal
ZrO, in the oxidation states 3+, 4+, and S+. The latter is by far
the dominant in concentration. Nb** is charge compensated by

7¢ and is present only under oxygen-rich conditions. Our XPS
measurements confirmed the presence of Nb in the oxygen-rich
part of the oxide where Nb segregation to the near-surface
region of the oxide scale grown on Zr—Nb alloy was detected.
Nb leads to an increase in V7, and free electrons and decrease
in V& in T-ZrO,. The implications of these results are
discussed in the next section.

3.1. Electronic Structure. As discussed in the theoretical
approach section, the Nb interstitial defects have a very high
formation energy so we limit the discussion to Nb substitu-
tional defects. Table 1 summarizes our charge localization
analysis for the three oxidation states of Nb on a Zr site for
which we observed correct charge localization on the Nb defect.
We observed that Nb can take only 5+, 4+, and 3+ oxidation
states on a Zr site. Any additional electrons added to the 3+
oxidation state in order to attain 2+ or less relax into the
conduction band. Moreover, we found out that the two
electrons localized on Nb** have a triplet ground state. While
these results were obtained using PBE+U, similar conclusions
were drawn using the standard PBE functional.

In Figure 1, we show the calculated net spin density
distribution and electronic density of states (DOS) for the
three achievable charge states of Nb substitutional defects. In

the case of S+ (Figure 1A), we observe unfilled electronic states
in the band gap, whereas for 4+ (Figure 1B) a filled state
appears in the band gap together with a net magnetic moment
on the Nb ion. In the case of 3+ (Figure 1C), a state in the
band gap appears which accounts for two electrons in the
triplet spin state.

3.2. Defect Energetics. The formation energy of the
possible charge states of the Nb,, defect as a function of the
chemical potential of electrons yy is shown in Figure 2. Starting
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Figure 2. Formation energy of the Nby, defect under oxygen-rich
conditions (Py, = 1 atm), as a function of the chemical potential of
electrons jig. The solid line represents the minimum formation energy
over all possible charge states, while dashed lines are the formation
energies of the (+), 0, and (—) charge states.

from the edge of the valence band and for a wide range of yi in
the DFT-calculated band gap, we found Nbj, to be the
predominant charge state. At 1500 K, under oxygen-rich
conditions, i lies in the range of predomination of Nbz,, as we
show in the next subsection. It is important to notice that the
Nbj, predomination range is still relatively far from the edge of
the conduction band, which indicates that free electrons may
not be the main charge compensation mechanism and negative
native defects are needed to compensate Nby,. Our calculation
of the Kréger—Vink diagram shows that V7, is the main
compensator, as we discuss below.

Following the definition of eq 5, we calculated the binding
energy of the Nbj, defect against dissociation to its constituents
and the results are summarized in Table 2. All three stable

Table 2. Calculated Binding Energies and Dissociation
Products of the Nb Substitutional Defects

defect Nby, NbE, NbS,
Eping (ev) —52 —6.6 77

dissociation products Nb;*® + Vi, Nb*** + V7, Nb;**** + V7,

charge states of this defect were found to be thermodynamically
bound (negative binding energy). The easiest dissociation
pathway for each charge state is also listed in Table 2.

3.3. Calculated Kroger—Vink Diagram and Compar-
ison with Experiments. Following the theoretical framework
presented in section 2.1, the Kréger—Vink diagram for Nb
containing T-ZrO, was constructed and compared to the
previously computed defect equilibria for pure T-ZrO,.*' The
results are presented in Figure 3. In the high Py range, the
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Figure 3. Calculated Krdger—Vink diagram for tetragonal ZrO, at 1500 K. (A) Undoped case (reproduction of the results in ref 21). (B) Nb-doped
case. Ionic defects are denoted using Kréger—Vink notation. Conduction band electrons and valence band holes are denoted by n. and p,,
respectively. The dashed line in part B indicates a slope of +1.0. Defects with a concentration less than 10~ per ZrO, are not shown.
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Figure 4. (A) Zr 3d and Nb 3d X-ray photoelectron spectra measured after 30 min of oxidation at detection angles of 30 and 90° (probing depth 2.6
and S.1 nm, respectively). (B) Nb/Zr ratio quantified from the Zr 3d and Nd 3d X-ray photoelectron spectra measured as a function of detection
angle (depth) and time of oxidation. The near-surface data shows more Nb enrichment.

positive charge introduced into the system by the creation of
Nby, is compensated by an increase in the concentration of
conduction band electrons n. and of V7;, and by a drop in the
concentration of V. Our results suggest that the increase in

7. is the dominant charge compensation mechanism for Nb3,.
This is in contrast to prior suggestions which attributed the
charge compensation to oxygen related defects without regard

to zirconium vacancies.”> At low Py, the difference between the

defect equilibria in undoped and Nb-doped zirconia is
negligible. This is indeed expected, since the lattice site
through which Nb dissolves in zirconia is the cation site. The
implication here for the corrosion of zirconium alloys is that Nb
does not dissolve in zirconia in the oxygen-poor region, that is
close to the metal oxide interface. Instead, it dissolves in the
oxygen-rich part of the oxide close to the surface (oxide/
oxidizing environment interface).

The tetragonal phase of ZrO, is stable at typical nuclear
reactor operation temperatures (~600 K) mainly by virtue of
the biaxial stress that arises due to the lattice mismatch between
the oxide and the underlying zirconium alloy.”> Our simulation
results represent the defect equilibria in tetragonal zirconia at
1500 K. This high temperature in the simulations is necessary
in the absence of stress effects to stabilize the tetragonal phase
in the simulations. However, even in the presence of stress and
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at reactor temperatures, we still believe that the picture
predicted by our simulations at 1500 K is qualitatively valid.
That is, Nb dissolves in zirconia in the high Py region close to

the oxide/environment interface and is absent in the low Pg,

region near the metal/oxide interface. The reason for the
validity of this picture is that Nb predominantly dissolves as a
substitutional defect on the cation site with almost zero
contribution from interstitial sites. To confirm this, in our XPS
measurements, the Nb and Zr contents were quantified at
various depths from the surface of the oxide by changing the
detection angle. The resulting Nb/Zr atomic ratio at different
probing depths indicates whether Nb indeed enriches at the
oxygen-rich region of the zirconia, that is, near the surface of
the oxide as the metal oxidizes. According to the inelastic mean
free path of photoelectrons, about 95% of the signal comes
from the top 7.2, 6.2, or 3.6 nm when the detection angle is 90,
60, or 30° respectively. There is no evidence for Nb
enrichment on the 2.5% Nb—Zr alloy surface before oxidation,
as shown in Figure 4B. With oxidation times up to 70 min, an
increase in the Nb/Zr atomic ratio was found at/near the
surface (0.033 compared to 0.025 before oxidation), as in
Figure 4A and B. This experimental evidence to the segregation
of Nb toward the near surface region of the oxide validates well
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the computational prediction of an increasing amount of Nb3,
in the oxygen-rich region of T-ZrO, shown in Figure 3B.

4. DISCUSSION

4.1. Charge State of Nb in Tetragonal ZrO, and
Charge Compensation Mechanism. Our theoretical model
showed that Nb dissolves in oxygen-rich T-ZrO, in S+ charge
state on a Zr lattice site, that is, Nby,. The defect Nby, is
typically what is assumed in explaining the corrosion of Zr—Nb
alloys™ or even in atomistic simulation of Nb-doped zirconia.”*
In ref 23, the defect Nby, (Nb**) was also assumed to be
present in the oxide layer of the Zr—Nb alloy in the oxygen-
poor part of the oxide. However, our DFT calculations indicate
that localizing an electron on Nb** to form Nb*" is not possible.
Moreover, even if Nby, exists in the oxide layer, it has to exist
predominantly in the oxygen-rich part of the oxide, since it is a
substitutional defect on the Zr site.

More importantly, to the best of our knowledge, the charge
compensation mechanism of Nbj, in the dilute limit in
tetragonal zirconia discussed in the literature never took into
account the role of native cation vacancies. In classical atomistic
simulations, the compensator is typically assumed to be another
extrinsic dopant such as Y>*.** In interpreting the experimental
results of ref 23, Hobbs et al. assumed the depression of V' as
the mere compensation mechanism. While the latter
assumption was confirmed in our calculated Kroger—Vink
diagram, we also showed that the predominant compensator is
V7.

4.2. Implications on Corrosion Kinetics. The presence of
Nb alters both the ionic and electronic defect concentrations in
T-ZrO,. Therefore, the expected effect of Nb on corrosion
kinetics is both through the diffusion of oxygen and cation
vacancies and through the charge transfer at the surface. In the
oxygen-rich medium near the oxide/water or oxide/gas
interface, a drop in the oxygen vacancy concentration acts to
limit the availability of the key mediator to oxygen diffusion. In
the same region, the increased concentration of electrons in the
conduction band would increase the electron conduction rate
and facilitate charge transfer at the surface of the oxide. Below
we compare these two competing factors quantitatively to
decide whether Nb should increase the corrosion resistance or
not based on intrinsic properties of the zirconia passive film.

The increase in conduction band electrons, n, in high Pg,

due to the added Nb is shown in Figure 5. At the highest P,

there is an increase of more than twice in the concentration of
n. in the presence of Nb. This relatively small change in n, is
anticipated given that the compensation of Nbj, is achieved
mainly via the native ionic defects, specifically by V7. An
increase in n, would provide more electrons available for
transfer on the surface to the oxidizing species such as oxygen
molecules,*®* thereby increasing the corrosion rate. It was
shown previously that the reduction and dissociation of the
oxygen molecule, electron transfer may not be necessary for the
reduction of water at the zirconia surface.’® In that case, the
increase in n, would contribute to the electron conduction rate
in the bulk and to the reduction of protons (byproducts of
water splitting), leading to hydrogen gas evolution at the
surface. Thus, the increase in n_ induced by Nb suggests that
Nb can potentially, and detrimentally, accelerate the corrosion
kinetics of Zr alloys. However, the complete picture of the Nb
effect requires careful examination of Nb impact on also the
concentrations of ionic defects.
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Figure S. Relative change in the concentration of conduction band
electrons, n, in the Nb-doped tetragonal ZrO, compared to the
undoped tetragonal ZrO, at 1500 K.

Under oxygen-rich conditions and due to Nb doping in
tetragonal ZrO,, the relative decrease in the concentration of
V& and the relative increase in the concentration of V7, are
shown in Figure 6. These point defects mediate the transport of
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Figure 6. Relative change in the concentrations of Vg and V7 in the
Nb-doped tetragonal ZrO, compared to the undoped tetragonal ZrO,
at 1500 K.

oxygen from the oxide/environment interface to the metal/
oxide interface and the transport of zirconium from the metal/
oxide interface to the oxide/environment interface, respectively.
Both of these transport processes are important in the oxidation
of zirconium.® The self-diffusivity of oxygen or of zirconium
arises from the contribution of all the defects of oxygen or
zirconium that can exist in ZrO,. Each defect contributes to the
self-diffusivity via its concentration and migration (mobility).>!
In the dilute limit considered in this work, it is reasonable to
assume that the migration barriers of the defects are not
influenced by Nb doping or by the variations of P, . Thus, the

effect of Nb on the self-diffusivity of O and Zr will be
accomplished through its effect on the concentration of O and
Zr defects. In Figure 6 and at the highest Py considered, the
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concentration of V§® drops by 80% because of Nb.
Consequently, oxygen self-diffusivity is expected to drop by
80% as well. We note here that, at high P, and at the

temperature considered here 1500 K, oxygen self-diffusivity is
predominantly controlled by V¢, as we showed in our previous
work.>! Figure 6 also shows that the concentration of V7 is
elevated by about 60 times at 1 atm as a result of Nb point
defects in T-ZrO,. Following the same argument above, the Zr
cation transport would be accelerated by about 60 times in this
case. However, the diffusivity of oxygen in zirconia is faster by
many orders of magnitude compared to that of the zirconium in
zirconia scale that grows on zirconium alloys.*>>* For example,
at 500 K in monoclinic ZrO,, the diffusion coeflicients of
zirconium and oxygen are 1072 and 107"* cm? s,
respectively.”* Therefore, we believe that the 60 times increase
in the concentration of V7, in the presence of Nb is not large
enough to render V7, a mobile defect in comparison with V.

In order to understand the net effect of Nb on the corrosion
kinetics of zirconium alloys, we recall here the fact that the
oxidation of zirconium is inward."* That is, oxygen is much
more mobile than zirconium and diffuses from the surface of
the oxide toward the metal/oxide interface in order to oxidize
the underlying metal. This process takes place via the diffusion
of V&' from the metal/oxide interface to the oxide surface. In
order to maintain charge neutrality and to close the cycle of the
corrosion reaction, electrons have to transport from the metal/
oxide interface toward the oxide surface. There is a controversy
in the literature over which of these transport processes is the
rate limiting: oxygen diffusion or electron transport.'* Our
results indicate that Nb increases conduction band electrons
and decreases Vg, at comparable magnitude of relative changes
in each. Thus, if oxygen vacancies are the rate limiting defects,
then Nb slows down the corrosion kinetics. Conversely, if free
electrons are the rate limiting defects, then Nb accelerates
corrosion kinetics, an undesirable outcome. The rich and
complex change in the defect chemistry of T-ZrO, generated by
Nb doping provides an explanation for the inconclusive
experimental results regarding its impact on the corrosion
kinetics, as discussed in the Introduction. Although these
comparisons were conducted on the basis of the calculated
defect equilibria at 1500 K without stress effects, we believe that
the qualitative trends still hold at lower temperatures. The next
step in future work would be the explicit inclusion of stress
effects and calculating the defect equilibria in T-ZrO, at lower
temperatures.

On the basis of the variations in the point defect
concentrations discussed above, it is possible to calculate an
integral quantity that is representative of the overall defect
equilibria. That is, the off-stoichiometry, x. This quantity is
experimentally measurable and was measured previously for
undoped zirconia.”> From the constructed Kroger—Vink
diagram, x was calculated as

~ 2+ 3, [07] - X, (V8] .
IREDAZIEDWITAED WIS TN ©)

In Figure 7, we present the calculated off-stoichiometry in Nb-
doped T-ZrO, at 1500 K. Contrary to undoped T-ZrO, which
was found to always be hypostoichiometric (x < 0) both
theoretically”’ and experimentally,®® our results indicate that
Nb-doped T-ZrO, can exhibit hyperstoichiometry under
oxygen-rich conditions. This is mainly due to the creation of
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Figure 7. Calculated off-stoichiometry, x, in Nb-doped tetragonal
ZrO, at 1500 K. At Py, lower than 107* atm, the oxide is

hypostoichiometric, while, above 107* atm, the oxide is hyper-
stoichiometric due to the presence of cation vacancies.

zirconium vacancies. As P, decreases and at about 107 atm,

the oxide becomes hypostoichiometric by virtue of the increase
in the concentration of V. Our calculation for x in Nb-doped
tetragonal ZrO, motivates future experimental work for
validation of our predictions.

5. CONCLUSION

In this work, we presented a thorough DFT-based analysis of
the effect of Nb on the defect equilibria in tetragonal ZrO,, and
partly validated our predictions by XPS measurements. We
showed that Nb dissolves in T-ZrO, in the form of a
substitutional defect on the Zr site in the oxidation states 3+,
4+, and S+, with 5+ being the predominant one. Charge
compensation of Nby, is achieved mainly by V7. Moreover, Nb
dissolution in T-ZrO, takes place only under oxygen-rich
conditions, which is representative of the oxide/water (oxide/
oxygen gas) interface in a corrosion scenario. This finding was
confirmed by our XPS measurements where Nb enrichment
near the surface compared to the bulk of the oxide scale grown
on Zr—Nb alloy was detected.

Under oxygen-rich conditions, Nb doping results in an
increase in the concentration of V7, and of free electrons and a
decrease in the concentration of V. The very slow mobility of
V7 excludes it from playing an important role in the corrosion
kinetics. The diffusivity of V&y and the conductivity of free
electrons are both proposed in the literature to be important in
determining the oxidation kinetics of Zr. The changes in the
concentrations of those two defects induced by Nb in T-ZrO,
are comparable. Thus, depending on the rate limiting defect,
V& vs free electrons, Nb could decelerate or accelerate the
corrosion kinetics. The rich and complex change in the defect
chemistry of T-ZrO, generated by Nb doping provides an
explanation for the inconclusive experimental results in the
literature regarding its impact on the corrosion kinetics. Finally,
we observed that the net effect of the defect equilibria due to
the introduction of Nb is the possibility of attaining a
hyperstoichiometric T-ZrO, under oxygen-rich conditions.
This result is amenable to future experimental validation.

A future refinement of our work would be to explicitly
account for the effect of stress on the defect equilibria in Nb-
doped T-ZrO,. This is needed to achieve a more quantitative
comparison with the actual conditions to which T-ZrO, is

dx.doi.org/10.1021/jp504874v | J. Phys. Chem. C 2014, 118, 20122—20131



The Journal of Physical Chemistry C

exposed in nuclear reactors. The results and analyses presented
here are broadly applicable in other fields such as catalysis and
fuel cells where the effects of doping metal oxides are
consequential.
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