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ARTICLE INFO ABSTRACT

Keywords: Comprehensive understanding of the oxidation behavior of Zr alloys, a vital cladding material in nuclear power
Zircaloy-4 plants, is essential for developing improved materials and enhancing the safety and performance of nuclear
Oxidation

systems. Herein, the bulk oxidation behavior in ambient air atmosphere of Zircaloy-4 were revisited through in
situ synchrotron X-ray diffraction and DFT computation. The results reveal the phase transition sequences at a
representative 900 °C oxidation temperature: hcp Zr recrystallizes rapidly and then transforms into bee Zr while
reaching the a+p transus, followed by speedy appearance of textured tetragonal (t-)ZrO,, monoclinic (m-)ZrO»
and ZrN that consume oxygen and nitrogen. Continuous air ingress favors t-ZrO; and m-ZrO; dominance,
accompanied by re-oxidation of ZrN into t-ZrO, due to its low thermodynamic stability revealed by experiment-
informed DFT calculation and low oxygen activity at the oxide-metal interface. Ensemble-averaged lattice vol-
ume expansions during phase transitions have been quantified. This expansion-induced compressive stress
promotes the presence of a significant fraction of t-ZrO, at elevated temperature that eventually transforms into

In situ synchrotron X-ray diffraction
DFT computation

m-ZrOy during cooling.

1. Introduction

Zirconium (Zr) alloys have been used worldwide in nuclear power
industries as fuel claddings due to their endurability in harsh application
conditions which require excellent corrosion and mechanical properties,
and more importantly, low neutron absorption cross-section [1]. During
hypothetic nuclear power plant accidents that are indeed of very low
probability, high temperature oxidation of Zr alloys by air and air-steam
mixed atmospheres is very likely to result in serious degradation of
claddings and release of fission products, which potentially have very
severe consequences [2]. Despite that it has been intensively proposed to
replace Zr alloys by more advanced materials with optimized oxidation
resistance and properties [3,4], Zr alloys still prevail owing to their
exceptionally low neutron cross section. The most promising alternative
is to implement either protective coatings that are more durable in the
corrosive nuclear reactor environment [5-7]. Nevertheless, the key
challenges in the adoption of coating are inadequate adhesion with Zr
alloy substrates and potential cracks after irradiation creep and growth

* Corresponding authors.

[3,8]. In turn, Zr alloy claddings still suffer oxidation.

During hypothetical accidental situations, Zr alloy claddings are
exposed to not only high temperature oxidation in possibly various at-
mospheres and but also quenching due to core reflooding [9,10]. There
are extensive studies carried out examining the oxidation kinetics of Zr
alloys at high-temperature air and air-steam mixture environments, for
example in [11-18]. The obtained kinetic data are generally consistent
well with each other: oxidation in air-steam mixture is more severe than
in steam only but varies with air/steam mixing ratio and temperature;
and oxidization rate in air is generally comparable to, or even faster than
that in air-steam mixture. Additionally, research efforts have increas-
ingly focused on air ingress degradation scenarios [17-20], after the
Fukushima accidents. On the other hand, detailed microstructural ana-
lyses, especially in situ measurement, of the oxidation products, se-
quences of Zr to ZrO, phase transformations are less reported. Generally,
the growth of zirconia scale on the surface of Zr alloys is due to
solid-state diffusion of oxygen. In atmospheric air, nitridation could also
take place [19,21]. The structure of oxide layers depends significantly
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on oxidation temperatures, i.e., tetragonal (t-) ZrO, at high temperature
above 1100 °C, mixture of t- and monoclinic (m-) ZrO, at intermediate
temperature range, and then mainly m-ZrO5 below 900 °C [22,23].
Drawn conclusions are mainly based on post-mortem structural char-
acterizations and/or surface characterization techniques [21-23]. It
means that exiting data regarding the structural complexity of
solid-state phase transformations within bulk Zr alloy and oxide layer
are scarcely reported.

Herein, we adopted in situ synchrotron X-ray diffraction (SXRD), a
non-destructive technique for studying and statistically quantifying
microstructural features in materials [24,25], to investigate the struc-
tural evolutions during oxidation of a common Zircaloy-4 cladding
material in air. The oxidation temperature was chosen to be at 900 °C
that is a typical median value in most of the publications and in hypo-
thetic accident scenarios, for instance in spent fuel pools [26]. We also
combine quantitative analysis of in situ SXRD results with experimental
data informed density functional theory (DFT) computations to revisit
and to elucidate the oxidation mechanism.

2. Experimental

A commercial Zircaloy-4 cladding tube (10.75 mm external diam-
eter, 0.75 mm thickness) was employed and machined into segments
with a dimension of 0.9 x 0.75 x 15 mm? along the tube’s longitudinal
direction. In situ SXRD measurement using monochromatic X-ray beam
(A=0.1779 A) was performed in a transmission mode at the Brockhouse
High Energy Wiggler Beamline [27], Canadian Light Source, Canada.
The rod segments were heated at a rate of 10 °C/s using a flow-cell
furnace [28] under natural air convection to simulate possible air
ingress accident scenarios. Therefore, oxidation occurred on all the free
surface of the employed sample. Raw SXRD patterns were collected in a
stepwise manner during the heating to 900 °C and cooling cycle, where
the temperature was held at each step (every 100 °C and every 30 min
during holding at 900 °C) for 60 s for data recording. Here, the exposure
time was 1 s, and 10 snapshots were acquired to optimize the data
collection and to ensure a reasonable statistic. The acquired 2D
diffraction patterns were integrated into 1D profiles by GSAS-II [29].
Quantitative phase weight fractions are calculated by applying the RIR
method to resulting profiles [30].

The formation energy (Ey) was calculated using:

_ E. — Z nil;

Ef N

(€))
where Ey, is the system’s total energy, n; is the number of atoms of
element i in the structure of interest, y; is the energy of a single atom of
element i when it is in its most stable simple substantial form, N is the
total number of atoms in the system, respectively. To calculate Ef of the
structure at elevated temperatures, the shape and volume of considered
unit cells were frozen in DFT calculations, which was contrary to the
relaxed ground-state structure calculations at absolute 0 K where all the
lattice parameters were optimized. All the calculations were conducted
in the framework of DFT implemented in the Vienna ab initio simulation
package (VASP) [31]. The Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional under the generalized gradient
approximation (GGA) [32] was applied. A cutoff energy of 520 eV was
adopted for the plane wave basis set. The I'-centered scheme k-mesh

generated by VASPKIT [33] with a spacing value of 0.04 in unit of 2z-

A" was used. To simulate vacancies and substitutional nitrogen atoms
that were believed to stabilize the metastable t-ZrO, structure [34], 2 x
2 x 2 supercells were generated using the open-source Transformer code
[35] by enumerating all the symmetry-inequivalent structures and de-
generacies built by successively introducing vacancies in the supercells.
We intentionally set the vacancies and substitutional atoms at O sites to
be 4 % [36] to simplify the calculations. This yielded 2367 unique
structures in 15 distinct configurations, respectively, among which only
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10 were picked randomly for the calculation of formation energy.
3. Results and discussion

Experimental SXRD profiles for the starting and finishing material
and simulated powder diffraction spectra for phases that could present
in the material based on the well-established Zr-O and Zr-N phase dia-
grams [37,38] are shown in Fig. la. At room temperature (RT),
diffraction peaks of the starting material correspond well to the lattice
plane reflections of hexagonal close packed (hcp) a-Zr (PDF
04-008-1477). A clear basal texture is seen, as the intensity ratio of
(0002) to (1011) peak is much higher than that of its powder counter-
part given in Table S1. This anisotropic phenomenon is representative in
such Zr alloys, which is attributed to the hep crystals that deformed by
both slip and twinning mechanisms to develop a strong texture during
cold working in order to enhance the yield strength [39,40]. The final
products after oxidation at 900 °C for 2 h consist of mainly m-ZrO,
(space group of P21/c, PDF 01-070-2491) with a few t-ZrO, (space
group of P42/nm, PDF 01-070-6627). Thanks to the high resolution of
synchrotron X-ray, we do not observe the presence of high temperature
cubic polymorph of ZrO, or zirconium oxynitrides ZrOz_oxN4y/3 as in
[23]. Nevertheless, a subtle peak asymmetry at 20 around 3.89° and
peak splitting around 4.45° (inset of Fig. 1a) gives a hint of the presence
of minor ZrN (PDF 00-035-0753).

Comparing with the high temperature spectra shown in Fig. 1b, it is
clear that the post-mortem observations cannot represent the phase
transitions that occurred in bulk Zr alloys during high temperature
oxidation. The intensity ratio of (0002) to (1011) peak for a-Zr decreases
with increase in temperature before 900 °C, indicating the occurrence of
recrystallization [40] at the expense of initial cold worked components.
It is further supported by the 2D diffraction pattern where the
Debye-Scherrer rings for o-Zr at initial RT turn into scattered diffraction
spots (Fig. S1). Observation of the diffractograms at 800 and 900 °C
demonstrates that the onset of hep to bee (body centered cubic p-Zr, PDF
04-004-9112) transformation occurs, evidenced by the most distin-
guishable and intense (110) reflection for p-Zr located between o-Zr
(0002) and (1011) reflections. Simultaneous appearance of m- and
t-ZrO; is clearly visible after 30 min oxidation at 900 °C. Dominant
phase constituents are still metallic «- and p-Zr after 60 min oxidation,
and then change completely to zirconia after 90 min. During cooling,
t-ZrO, is seen transforming to m-ZrO,. Ideally, at room temperature,
intensity ratio of (111) at 3.578° to (111) peak at 3.220° for m-ZrO,
should be 71.6 % in Table 1. However, the experimental data displays
79 %, indicating that the oxidation products also have preferred crystal
orientations. This is an interesting finding, which might related with the
strong texture and texture memory effect in such Zr alloys [41].

Quantitative determinations, summarized in Fig. 2, are necessary to
fully unveil the phase fractions characterized by these diffraction peaks.
Owing to the presented texture and peak overlapping at high 26 angle
range, we limited our interests in a 20 range from 2.5° to 5° covering the
most intensive peaks for all the phases summarized in Fig. 1a. During
rapid heat ramp from 800 to 900 °C, hcp to bce transformation occurs
prior to any oxidation. It is noticeable that the ratio between o- and p-Zr
maintains roughly 1:1 before full oxidation, representing the a+f region
with 50 % f-Zr at 900 °C. The Zr lattice could tolerate up to about 30 at
% O or N at 900 °C to stabilize the hcp a crystal structure [37,38],
resulting in more a-Zr in this work compared with [42]. Thus, O, and/or
N, uptake at the metal-air interface firstly occurs:

z(a/ﬁ)'zr + 02/N2—>2(X-ZI‘(O/N) (2)

Holding at 900 °C for just about 1 min results in a small fraction
(~2.5wt %) of co-existing t- and m-ZrO,, marking the initiation of
newly formed oxide at the surface of bulk sample. The presence of ZrN is
barely detectable, which might be due to the surface to bulk diffusion
coefficient of Ny is lower than O, (Fig. S2) [43]. After continuous
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Fig. 1. SXRD profiles of Zircaloy-4 sample. (a) Comparison between room temperature SXRD profiles (scatters) and single-phase power diffraction pattern (solid
lines). (b) Contour plot for all profiles as a function of the heating-cooling cycle. The intensity values of the profiles were normalized using min-max scaling method.
Inset of (a) depicts the presence of minor ZrN phase results in the asymmetric peak at around 3.89° owing to (111)z reflections and ‘shoulder’ hump around 4.45°
owing to (200)z reflections, in which the colored dash lines highlight the peak positions of different phases.

Table 1
Lattice parameters (a, b, c in A) of phases involved in the oxidization of investigated Zircaloy-4 alloy. Number in parentheses represents the uncertainties on the last

digit of the corresponding calculated lattice parameter.

hep a-Zr bee p-Zr t-ZrOy m-ZrO, ZrN
RT a =3.2301(1)
¢ =5.1520(1)
900 °C a = 3.2477(2) a = 3.6096(2) a =3.6390(2) a =5.1866(1) a = 4.6140(2)
¢ =5.2120(2) ¢ =5.2310(2) b =5.2155(2)
¢ = 5.3765(1)
RT f a = 3.5908(2) a = 5.1594(1) a = 4.5850(2)
¢ =5.2192(2) b =5.2207(1)
¢ =5.3265(1)
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Fig. 2. Weight fraction of phases during the heating and cooling cycles, estimated by quantitative analysis of SXRD patterns. The inset drawing schematically shows
the cross-sectional distribution of phases in the Zircaloy. Areas in the inset drawing do not represent the actual phase fractions.
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oxidation for 30 min, both t- and m-ZrO, increase significantly along
with a small fraction (~ 2.3 wt %) of ZrN. The increment of t-ZrO, is
more than m-ZrO,, deviating from grazing incident XRD observations in
[22] where only a very shallow surface layer was probed. Therefore, it
can be concluded that t-ZrO, presents more inward than m-ZrO,,
meaning that the oxygen diffusion inwards across existing oxide layer
leads to the formation of t-ZrO, at the metal-oxide interface firstly at 900
°C. The presence of m-ZrO, at outer layer is owing to the inner-layer
t-ZrO5 to m-ZrO, transition. Consequently, we can conclude that Oy
and Ny is further consumed by these reactions,

27Zr(0O/N) + 0,—-t-Zr0, 3
2Zr(O/N) + N, —27iN @
respectively:

To access the thermodynamical behavior of metallic Zr, we calcu-
lated the stability of phases in the form of formation energy Ey in Fig. 3,
employing the experimentally obtained structural information (Table 1)
of the product phases at 900 °C for 30 min. Reliability of the associated
calculations [25] were validated by comparing the total energy E, of an
optimized structure from experimentally obtained results at ground
state with these in database [44], which reveals only a small deviation <
1 % (Table S2). Specifically, we also introduce O deficiency and N
dopants for t-ZrOs, as it is frequently reported that metastable t-ZrO,,
mainly in powder form for catalytic reactions, can be stabilized by
introducing O deficiency [34] and dopants [45,46]. Positive Ey values
are seen for metallic a- and p-Zr, while negative values for ZrO; and ZrN
phases, hence, oxidation occurs. The Ef of t- and m-ZrO; appears to be
much lower than that for ZrN, following the order of Ef -z:0, < Ef-zr0,
<Efrz0,; < Efpzomn), , < Epzn. ZIN is the least energetically
favourable species. However, oxygen activity is low enough for ZrN to
from typically at the metal-oxide interface [47], suggesting that Eq. 4
could take place competitively, simultaneously, or even early than Eq. 3.
As the reactions, Eqs. 3 and 4, progress, ZrN moves away from the
metal-oxide interface to oxide matrix where the oxygen activity in-
creases to re-oxidize ZrN to ZrO, owing to its low thermodynamic
stability:
27N + 20,-2t-ZrO, + N, 5)

This reaction has been experimentally observed to be a strong
exothermic reaction [48,49], consistent with calculated Ey. It is associ-

ated with a ~41 % increase in volume of ZrN to t-ZrO, according to
Table 1.
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Fig. 3. Thermal-related DFT calculated formation energy (Ep) for metallic Zr
(a/B), ZrN, t-ZrO,, vacancy-containing t-ZrO,.5, N doped t-ZrO(xN),s and m-
ZrO,. Regarding the metastable tetragonal ZrO,, oxygen deficiency was taken
as roughly & = 4 %, referring to [34].
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m-ZrO, is the most stable species and supposed to be predominant
compared with t-ZrOy and ZrN. According to the zirconia phase dia-
gram, the t- to m-ZrO, transition is martensitic type, which occurs
around 1100 °C and then completes at around 900 °C [50]. However, a
greater increment of t-ZrO, and nearly constant fraction of ZrN are
detected in our work despite of the concurrent t- to m-ZrO, transition
(Fig. 2), ascertaining i) the occurrence of Eqs. 3 and 4 for the mitigation
of oxidation front, ii) that the formation of only-interfacial but ther-
modynamically unstable ZrN (Eq. 4) is ascribed to low oxygen activity as
in [47], and iii) that the formation of metastable t-ZrO, is very likely due
to oxygen starvation. As a diffusion-controlled reaction observed by the
parabolic kinetics in [11-16,18], t-ZrOy dynamically transforms into
m-ZrOy due to their intrinsic thermodynamic stabilities and oxygen
uptake with increase in surrounding oxygen abundance by continuous
air ingress:

t—ZrO(z,x) + 2/x02—>m—Zr02 (6)

Hence, from the inner centre towards surface, the order of stacked
phases is: p-Zr | a-Zr(O/N) | ZrN incorporated t-ZrO; layer | m-ZrO,, as
schematically shown in the inset of Fig. 2.b.

The cooling cycle causes continuous t- to m-ZrO, transition as the
metallic Zr has been consumed completely. It is believed that this
transition especially during cooling leads to significant volume incre-
ment and built compressive stress owing to the volume and thermal
expansion coefficient mismatches in Zr, ZrN, t- and m-ZrOy [51,52].
Such stress is relieved by the formation of lateral cracks within the ZrO,
scales and at center of the rod (Fig. 4b,e vs a,c), and subsequently
breakaway of ZrO, scales (Fig. S3), revealing a roughly isotropic
oxidation. Failure of zircaloy based claddings, thus, is just there.

Color of the sample’s surface shows a rich yellow color (Fig. S3),
which is the same color (light yellowish) observed using normal indoor
lighting illumination as previous result [53]. Post-mortem SEM char-
acterization on another set of samples oxidized in muffle furnace at 900
°C for 20 min was also performed. Thickness of the oxide layer, with
wavy front and interior lateral cracks (Fig. 4d1), is measured to be
roughly 20 pm, agrees well with [54]. This layer is dominated by m-ZrO,
with poor conductivity (surface charging in the image) through t- to
m-ZrO, transition, as evidenced by above in situ study. Stress is partially
relaxed in this region by quite large crack generation, while
smaller-scale micropores and cracks are observed in the thinner region
that consists of mainly t-ZrO, and ZrN at the oxide-metal interface
(Fig. 4d2). It is frequently believed that the layer has high compressive
stress [55-59] that contributes to stabilize t-ZrO, despite of its intrinsic
metastability revealed by lower Ey. Herein, from the unveiled sequence
of stacked phase by SXRD quantification (Table 1), the
ensemble-averaging volume expansions, as sources stress, due to the
listed reactions (Eqs. 2-6) are calculated to be i) 1.3 % by a-Zr to p-Zr
then back to a-Zr(O,N) transition occurring within the metallic matrix
(Eq. 2), ii) 45.5 % by Zr oxidation to t-ZrOs, (Eq. 3), iii) 3.2 % by for-
mation ZrN (Eq. 4), iv) 41 % by ZrN re-oxidation (Eq. 5), and v) 4.0 %
due to t- to m-ZrO, transition (Eq. 6). The overall expansion is 51 %
from Zr to final product m-ZrOs.

4. Conclusion

Using in situ SXRD and DFT computation, the oxidation behavior of a
nuclear cladding material, Zircaloy-4 in air, was explored in this work.
During a rapid heating/cooling cycle that simulates the low-probability
nuclear plant accident, the hep Zr recrystallizes and then transforms to
bee Zr first. Experimental results informed DFT calculation shows the
zirconia and ZrN phases are more energetically favorable at 900 °C.
Therefore, t- and m-ZrO; form rapidly and simultaneously, which de-
viates from the phase diagrams and previous reports. As the oxidation
duration extends at 900 °C with continuous air ingress, t- and m-ZrO,
become predominant through the simultaneous Zr and O, reaction and
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TOE

Fig. 4. SEM cross-sectional images of Zircaloy-4 alloy sample before (a, c) oxidation and after oxidation at 900 °C for (d) 30 min and (b, e) 2 h, respectively. Yellow
and red dashed lines denote the interface between sample and supporting epoxy, interface between ZrO, and o-Zr(O) metallic region.

t- to m- ZrO; phase transition. Nitrogen in the air is consumed by the
formation of ZrN. However, ZrN can be re-oxidized into t-ZrO5 which
occurs mainly oxide-metal interface, owing to its low thermodynamic
stability compared with zirconia. The obtained lattice parameter for
various phases gives roughly 1.3 % volume expansion for the metallic
Zr transitions in the central layer and about 4.0 % for t- to m-ZrO,
transition in the outer layer, but more than 40 % by formation of t-ZrO,
via direct oxidation of Zr and re-oxidation of ZrN. Such compressive
stress facilitates the presence of a large fraction of t-ZrO; in the inter-
mediate layer at elevated temperatures which eventually transforms to
m-ZrO; during the cooling stage.
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