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Abstract

The oxidation behavior of zirconium alloy in high-temperature steam plays a
dominant role in the operation of nuclear reactors under accident conditions. The
present work investigated the effect of Sn on the oxidation behavior of zirconium
alloys in high-temperature steam at 1000°C. The results of scanning electron
microscopy (SEM), metallographic microscopy and synchrotron X-ray diffraction (S-
XRD) analyses show that there are three layers in the oxidized sample, including prior
B-Zr, a-Zr(O) and ZrO,. High resolution analyses conducted in these layers by
transmission electron microscopy (TEM) show that Sn atoms segregate around the
oxide-metal (O-M interface and Zr-Sn intermetallic precipitates only present in the
oxide film. Clear atomic arrangements of ZrsSn; were obtained by TEM, resulting in
accurate identification of the Zr-Sn intermetallic phase. Also, TEM energy dispersive
spectroscopy (EDS) maps show that Zr-Sn particles invariably accompany the
segregation or precipitation of Nb. However, no clear precipitation sequence was
observed, which suggests that a co-precipitation mechanism of Sn and Nb is in
operation. As oxidation proceeds, nanovoids next to the Zr-Sn intermetallic particles
were observed accompanied by local areas deficient in oxygen, identified as ZrO.

Combining the interdiffusion trend obtained by Density functional theory (DFT) and
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ab initio molecular dynamics (AIMD) simulations, a mechanism for the
transformation from the Zr-Sn intermetallic precipitates to nanovoids was proposed.
This proposed mechanism may shed new light into the role of Sn in the oxidation

resistance of zirconium alloy under LOCA conditions.

Key words: Zirconium alloy, high-temperature oxidation, effect of tin, nanovoids

1. Introduction

Zirconium alloys are used for light-water reactor cladding tubes due to their
excellent properties, especially its low absorption cross section for thermal neutrons.
As cladding tubes, the structural integrity needs to be guaranteed, since fuel pellets
must be well contained to prevent possible reaction with water and the leakage of
radioactive products. However, oxidation interactions between cladding and coolant
triggered by high temperature would decrease the effective thickness of the cladding
tubes and degrade its protective function [1]. This process is accelerated dramatically
under high-temperature oxidation conditions [2,3] during the loss-of-coolant accidents
(LOCA) in pressurized water reactors (PWRs). At temperatures lower than 1200 °C
(the transformation temperature from the tetragonal to monoclinic phase of ZrO,),
there is a general consensus that decreasing the Sn content would improve the
oxidation resistance of zirconium alloys [2—4]. Also, the addition of Sn into Zr-Nb
alloys would degrade the oxidation resistance, under both normal service or LOCA
conditions [5-7]. However, the exact underlying mechanism leading to the different
oxidation performance caused by Sn is still not well understood, especially for the
LOCA condition in PWRs.

The impact of Sn on oxidation behavior has been widely studied under normal
operating conditions around 360 °C. Initially, Sn was added to zirconium alloys to
deal with the effects of nitrogen impurities and to enhance the mechanical properties
[8-11], which led to the development of Zr-Sn alloys. However, later experiments

[2,10] suggested that a further increase in Sn content was detrimental to the oxidation
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resistance, leading to the development and application of a series of zirconium alloy
with low Sn content (around 1 wt%). At this level, Sn tends to completely dissolve
into the Zr lattice [8,12] and its role in corrosion is less clear than elements such as
Nb, Fe, and Cr that are incorporated into second phase particles (SPPs) [13-16].
Recently, the relationship between Sn and the stabilization of the tetragonal form of
the oxide, t-ZrO,, has been investigated. Normally, t-ZrO, is considered as the
protective barrier to oxidation [17—19] stabilized by compressive stress [20—24], grain
size [20,21], chemical dopants [25,26] and vacancies [27-29]. However, its
transformation from the tetragonal phase to the monoclinic phase (m-ZrO,) is
regarded as a possible mechanism for breakaway oxidation [23,30,31]. It has been
observed that a reduction in Sn content caused an increase in the fraction of t-ZrO,
[2]. As a heterovalent dopant in the oxide, Sn ions can introduce charged vacancies,
one of the stabilizers of t-ZrO,, to maintain electric neutrality. [25,27,32]. Moreover,
the density functional theory (DFT) simulations by Bell [33] emphasized that the Sn**
ions tended to bind with vacancies and transform to Sn*" when the oxygen partial
pressure exceeds a critical value. Nevertheless, all these researches are based on the
service condition, further investigation are required for the accident conditions.

At higher temperatures, increasing Sn content also contributes to faster
oxidation kinetics [34,35]. However, in contrast to normal service conditions, Raman
spectra obtained in the range of 800-1000 °C showed that t-ZrO, became increasingly
difficult to observe with the increase of temperature[36]. Thus, at higher temperature,
the t-m transformation of ZrO, may not play a dominant role in oxidation resistance,
and so this mechanism cannot be responsible for the effect of Sn on the oxidation
behavior. The observation of Sn segregation in zirconia during high-temperature
steam oxidation experiments [37—41] and annealing experiments [42] might provide a
new standpoint for us to understand the role of Sn in the high-temperature oxidation
of zirconium alloys. Pawel et al. [40], Dobson et al. [41] and Grosse et al. [38]
observed remarked segregations of Sn parallel to the oxide-metal (O-M) interface in

the oxide formed on cladding tubes when the temperature exceeded 1300 °C. Pawel et
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al. [40] suggested that the oxide film had a tendency to spall off along this Sn-rich
line. Meanwhile, Lee et al. [37] found that ZrsSn; and ZrSn, precipitates formed at
oxide grain boundaries at 1200 °C. They argued that these particles along grain
boundaries impeded the diffusion of oxygen and thus improved the oxidation
resistance. However, insufficient experimental evidence was provided to support their
hypothesis on the effect of Sn on the oxidation behavior of zirconium alloys. At lower
temperatures, there are also several groups reporting the existence of Sn segregation.
Dong et al. [43] reported the segregation of Sn in oxide at 360 °C through ATP
experiments. Due to lack of transmission electron microscopy (TEM) results, their
conclusion that Sn segregations was located at grain boundaries was based on the
similarity of the spacing between Sn segregation and the width of oxide grains in the
same sample. Furthermore, DFT simulations conducted by Yuan et al. [44] indicated
that Sn atoms have a 100% likelihood to segregate to ZrO, grain boundaries at 633
and 673 K. Because of the rare observation of Sn segregation or Zr-Sn intermetallic
particles at low temperatures, their existence in the oxide under normal operation
conditions is currently unclear. In addition, the structural complexity of Zr-Sn binary
phases [45] and the small size of segregation at lower temperatures render phase
identification rather challenging. From this summary, it is clear that further
investigation in the behavior of Sn atoms is needed over the full range of possible in-
reactor temperatures.

In this work, ZIRLO, a commercial Zr-Sn-Nb alloy, was used to investigate the
influence of Zr-Sn intermetallic precipitation on the oxidation behavior of zirconium
alloys at 1000 °C in high-temperature steam. To record the evolution of Zr-Sn
intermetallic phases and nanovoids in oxide film at different oxidation stages, six
specimens were prepared and characterized by metallographic microscope, scanning
electron microscope (SEM), TEM, spherical aberration corrected transmission
electron microscope (ACTEM) and synchrotron X-Ray diffraction (S-XRD). DFT and
ab initio molecular dynamics (AIMD) simulations were also conducted to obtain a

deeper insight into the dynamic evolution of Zr-Sn intermetallic phases during
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oxidation. Integrating all the results, a new mechanism is proposed to explain the
impact of Sn on oxidation resistance at high temperatures based on the evolution of

Zr-Sn precipitation and the formation of nanovoids.

2. Method
2.1 High-temperature steam oxidation test

The cladding tube used in the present research is commercial ZIRLO (Zr-1Nb-
1Sn-0.1Fe) with 9.5 mm outer diameter and 0.5 mm wall thickness. The tubes were
cut into shorter ones of 15 mm in length so that they could be accommodated by the
instruments. Before the oxidation experiments, acid pickling with a mixed acid
solution (volume ratio of solution HF: HNO3: H,O = 1:4.5:4.5) was used to obtain a
smooth surface. Subsequently, they were cleaned in acetone and ethanol, respectively,
for 10 mins to remove organic solvent and dust, and finally dried in hot air.

The oxidation experiments were conducted with a simultaneous thermal analysis
system (NETZSCH STA 449F) to acquire a continuous weight gain curve. The
experimental procedure and parameter settings were similar to those used in our
previous experiments [46]. The temperature of the samples rose to 1000 °C at a rate of
5 °C/min, with inert gas (argon) flowing at 20 mL/min. As soon as the designated
temperature was reached, water vapor at 150 °C was injected into the furnace and its
flux was controlled at 50 mL/min. When the oxidation was completed, the water
injection was shut down immediately to ensure the precision of oxidation time.
Finally, the samples were cooled down in flowing argon. To follow different stages of
oxidation, samples with three different oxidation times (as shown in Fig. 1) were
chosen to prepare specimens for TEM observation. More detailed information is

presented in Table 1.
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Fig. 1. [llustration of oxidation samples and TEM specimens (a) oxidation stages of three samples;
(b) SEM SE images showing the location of TEM specimens

Table 1. The weight gain and oxide thickness of samples

Number Oxidation time/ s Weight gain/ mg-dm™  Oxide thickness/
um
105 232.23 22.25
589 695.82 47.61
C 2818 2317.29 147.81

2.2 Microstructural characterization

After oxidation, a metallographic microscope (Axio Scope Al) was used to
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obtain the overall morphology of the samples. To clearly observe matrix grains, acid
pickling was performed on the sample A with the same acid solution mentioned
above. The detailed microstructural information about the sample was obtained by
TEM (FEI Tecnai F30) and ACTEM (FEI Themis Z) equipped with high-angle
annular dark/bright field (HAADF/BF) detectors and energy dispersive spectroscopy
(EDS) detectors. The porosity in oxide film was characterized using the scanning
transformation electron microscopy (STEM) mode, showing a darker contrast due to
the lower mass locally. Since particular attention was paid to the relationship between
porosity and Zr-Sn intermetallic precipitates, which can be only observed in STEM
mode, the contrast in STEM mode was considered as the criterion to identify
nanovoids. The specimens used in the TEM experiments were prepared by focused
ion beam technology (FIB, Thermo Scientific Scios 2), and foils with an
approximated size of 4.5 pm X 4.5 pm X 50 nm were obtained. Six TEM specimens
were extracted from different samples and different locations, as described in Fig. 1

and Table 2.

Table 2. Location and oxidation time of TEM samples

Number Original sample Oxidation time/s Locations
#1 A 105 The core of matrix
#2 A 105 Matrix beneath the oxide film
#3 B 589 Inner side of oxide film
#4 B 589 Outer side of oxide film
#5 C 2818 Inner side of oxide film
#6 C 2818 Outer side of oxide film

In order to study the phase distribution at different scale thicknesses, S-XRD was
conducted in the Shanghai Synchrotron Radiation Facility (SSRF). 2D SXRD
measurements were conducted with the BL15U1 beamline and the obtained XRD
patterns were recorded by a MAR-CCD 165 area detector as described in Fig. 2(a).
The beam spot was approximately 3 (horizontal) X 0.5 (vertical) um? at a wavelength

7
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of 0.7293 A, corresponding to a beam energy about 17.04 keV. This working energy is
lower than zirconium K-edge absorption threshold and can thus avoid fluorescence
effects [47]. The angle between incident beam and sample surface was fixed at 5°,
which resulted in a penetration depth of about 11.7 um. Before testing, the geometry
of the experimental system was determined by calibrating with standard CeO, powder
sample. To acquire the distribution of phases with respect to thickness, a scan along
the oxidation direction throughout the whole cross section of the oxidized cladding

tube was conducted with the step size of 1 um, as shown in Fig. 2(b).

(a)

Toroidal
mirror Secondary
source slits
\J
Source A
monochromator

K-B mirror

Fig. 2. (a) Schematic diagram of experimental equipment in SSRF; (b) scanning direction of S-
XRD experiments

2.3 DFT simulation method

DFT simulations were performed using the Vienna ab initio simulation package
(VASP) code [48-51]. The projector augmented-wave (PAW) method was employed
for the description of ion-electron interactions, and the Perdew—Burke—Ernzerhof
(PBE) functional was used to describe the electron-electron exchange correlations
[52-54]. AIMD simulations were carried out using NVT ensemble with 300 eV
energy cutoff of plane wave basis sets and 1 fs time step. And AIMD simulations were
performed at 2000 K which is lower than the melting points of m-ZrO, and ZrsSn;.
The purpose of the AIMD simulation with small cutoff energy and high temperature is
to achieve the relatively approximate structure relaxation. After AIMD simulations,

DFT simulations with 500 eV cutoff energy were conducted to accurately optimize
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atom positions, bringing about the findings that the system achieves the minimum
total energy when the total energy changes between two steps are smaller than 107 eV
and all the atomic forces are smaller than 0.02 eV A™. It is noted that formation
energies and atomic configurations are obtained by conventional DFT calculation at 0
K. For all DFT simulations and AIMD simulations present here, a single k-point was
applied to perform the Brillouin zone. In this work, m-ZrO,(001) with an O vacancy
and perfect ZrsSn;(100) interfaces were constructed to investigate the evolution of
microstructure of Zr-Sn intermetallic phase and ZrO,. The interface orientation of m-
Z1r0,(001) (3%2)/ZrsSn;3(100) (2*2) was tailored to decrease the strain at the interface.

The formation energy Ef of O in bulk ZrsSn; was defined as:

1
) ] 1 1
Er=Fo. ZrsSny EZ"SS”.% 2 E02 v

where E and E are the total energies of the supercell with and without O
O+Zr;Sn, ZrsSn,

atom in bulk ZrsSns, respectively. [ presents the total energy of an O, molecule in
o,

vacuum. For bulk ZrsSns, a 2 x 2 x 1 supercell was used and a 3 x 3 x 2 k-point mesh
generated by the Monkhorst—Pack scheme was sampled in the first Brillouin zone
[55]. To search for the minimum energy path (MEP) for O diffusion in bulk ZrsSn;
[56], climbing image nudged elastic band (CI-NEB) was performed. Finally, MEP

was achieved by five images between the initial state and the final state.

3. Results
3.1 Phase distribution

The phase distribution in the oxidized samples was characterized by SEM,
metallographic microscope and S-XRD, as shown in Fig. 3. The SEM results of three
samples in Fig. 3(a)-(c) show that the oxide film thickens with oxidation time. Since
the Raman spectra in our previous research [46] have given the phase distribution in
the oxide film, sample A with the biggest matrix area was chosen to perform further

investigation through metallographic microscope and S-XRD. The metallographic
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observations on sample A in Fig. 3(d) demonstrate that two distinct morphologies are
observed in the matrix. The grains located in the core of matrix display the
Widmanstatten morphology [57], which is similar to the parallel plate structure
generated from (-o phase transformation during cooling [57]. In contrast to the
matrix core, the grains beneath the oxide film are equiaxed, similar to a-Zr stabilized
by oxygen [58,59], a-Zr(O). Due to the oxygen concentration gradient, a-Zr(O) only
exists within a layer around 63 um from the oxide-metal (O-M) interface. Meanwhile,
Fig. 3(e) shows diffraction peaks obtained from integration of the whole 2-D
diffraction pattern using S-XRD, respectively from the matrix and the oxide. In order
to demonstrate the phase distribution of three layers observed by the metallographic
microscope, the diffraction patterns were displayed with different steps. In the matrix,
a-Zr is the dominant structure, which is characterized by three main peaks. Generally,
increasing the temperature will cause a-f3 transformation of Zr [60,61]. However, the
oxygen dissolved in the Zr lattice can preserve the structure of o-Zr, denoted as o-
Zr(0), even at higher temperatures [62]. During the cooling, 3-a transformation of Zr
occurs and gives rise to the Widmanstatten morphology, different from the equiaxed
structure observed before heating [57]. To distinguish two different morphologies of
o-Zr, the term prior B-Zr was used to describe the o-Zr with Widmanstatten
morphology, following previous work [5,63]. As for the oxide scale, it contains both
the tetragonal and monoclinic phases. It can be seen that m-ZrO, dominates the oxide
scale with a small proportion of t-ZrO,. Based on the intensity of diffraction peaks,
the t-ZrQO; is distributed throughout the oxide film and its fraction gradually increases
with thickness. The different metal grain morphologies with the same lattice structure
result from the stabilization of o-Zr by temperature or by oxygen. Combining results
from the two techniques, it can be concluded that, after cooling, samples display

multiple layered structure, including prior 3-Zr, a-Zr(O) and ZrO..
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Fig. 3. SEM, metallographic microscope image and S-XRD results of the phase distribution in
sample a: (a), (b) and (c) SEM SE images of sample A, B and C; (d) metallographic microscope
results of sample A; (e) S-XRD scanning results of oxidation system.

3.2 Precipitates in the matrix and oxide

Particular attention has been paid to two alloying elements, Nb and Sn, and their
precipitates. To gain a deep insight of the evolution of these particles, characterization
results from three separate regions, prior 3-Zr, a-Zr(O) and ZrO,, were analyzed and
compared.
3.2.1 precipitation in prior 3-Zr and a-Zr(O)

Fig.4 displays the precipitation in the matrix, including both the prior -Zr and
a-Zr(0O) layers. Sample A, with the biggest fraction of matrix, was used to prepare
TEM specimens to characterize its microstructure. In the core of the matrix (specimen

#1), in the layer of prior B-Zr, segregation of Nb with Fe enrichment on its edge was

11
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observed, as shown in Fig. 4(a) and (b). Using selected area electron diffraction
(SAED), Fig. 4(c) clearly shows that two phases are contained in the corresponding
region, which were identified as a-Zr and 3-Nb, respectively. The identification of the
precipitation of Nb as 3-Nb instead of 3-Zr, which has a similar lattice parameter, is
on the basis of their difference in oxidation resistance. (3-Zr would be oxidized
preferentially [64,65], while 3-Nb can remain in the oxide because of the delayed
oxidation of SPPs [14,66-68]. Since Nb precipitates in the oxide and matrix
demonstrate a comparable size, it is assumed that the Nb precipitation in the matrix
core is also B-Nb.

Similarly, Fig. 4(d) and (e) show that Nb-rich precipitates are located along the
grain boundaries of a-Zr(O) in a TEM specimen extracted from sample A and denoted
as specimen #2. Due to the linear morphology of Nb observed in the oxide film, as
described in section 3.2.3, it is suggested that these Nb particles in the a-Zr(O) are
preserved during oxidation. Therefore, the precipitation in a-Zr(O) layer is identified
as P-Nb instead of B-Zr. In addition, it is noticeable that no segregation of Sn is

observed in either a-Zr(O) or prior B-Zr.

250nm 1-250nm
—— E i
|

250nm 250nm
o Lt D ——

(e)

B
200nm 200fm_ &

Fig. 4. TEM results from the matrix in sample A (oxidized for 105s): (a) BF image of p-Nb

12
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precipitation in prior 3-Zr (specimen #1); (b) EDS maps of Nb particles in prior -Zr; (c) SAED
result of Nb precipitation and matrix in prior $-Zr; (d) BF image of Nb particles in a-Zr(O)
(specimen #2); (e) EDS maps of Nb particles in a-Zr(O); (f) HRTEM and corresponding FFT
images of Nb particles and a-Zr(O)

3.2.2 The precipitation and concentration around the O-M interface

Fig. 5 demonstrates the precipitation and segregation of alloying elements around
the O-M interface, characterized by TEM. Fig. 5(a) and (b) show a significant
concentration of Sn near the O-M interface, accompanied by a moderate segregation
of Nb. Through the EDS line scan result across the O-M interface in Fig. 5(c), the
width of the Sn concentrated region around the O-M interface, is about 11 um, and its
location is marked according to the STEM result. The atomic concentration ratio of
Sn to Zr in the Sn-concentrated area is in the range of 0.88 to 1.14. This kind of Sn
concentration around the O-M interface is consistent with the APT results of Zircaloy
corroded in 360 °C water [43], which reported segregation of Sn at the interface
between ZrO and a-Zr(O). Wei et al. [2] also observed a segregation of Sn at the O-M
interface after corrosion experiments at 360 °C with simulated primary water
chemistry. However, in their opinion, this apparent segregation at the interface is
attributed to the sensitivity of Sn to the evaporation field, and so is an APT
evaporation artefact.

Also, around the O-M interface, a large number of small particles of Sn can be
observed, as shown in Fig. 5(d). In the immediate vicinity of the O-M interface, small
precipitates (around 10 nm, as shown in Fig. 5(e)) are dominant. The EDS maps in
Fig. 5(f) demonstrate that they are Nb- and Sn-rich. Due to their small size, it is
difficult to determine their structure. Besides, in the inner side of the oxide film, a
linear B-Nb precipitate perpendicular to the O-M interface, as shown in Fig. 5(g) and

Fig. 5(h), is also observed with a enrichment of Sn.

13
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Fig. 5. Precipitation and segregation around O-M interface in the specimen #5: (a) HAADF image
showing O-M interface morphology; (b) EDS maps from region shown in (a); (c) EDS line scan
result from red line marked in (a); (d) HAADF image from region around the O-M interface; (e)

HAADF image of area marked by red square in (d); (f) EDS maps of precipitation closed to the O-

M interface; (g) Nb particles in the inner oxide film; (h) EDS maps of Nb particles in the inner
scale

3.2.3 Precipitation in the oxide film

As the distance to the O-M interface increases, the precipitate size increases to
up to 30 nm, while their density decreases dramatically. Fig. 6 shows the
characterization results of these precipitates slightly further away from the O-M
interface. Aiming to identify its structure, STEM-HAADF was used to characterize
the larger precipitates in specimen #5. Fig. 6(a) and (b) present the HAADF image
and EDS maps showing the Sn-rich precipitates. Its atomic arrangement was clearly
obtained by STEM-HAADF, as shown in Fig.6 (c), further identified as ZrsSns. Due
to the difference in atomic number (Zr=40, Sn=50), the Sn atoms appear brighter than
Zr atoms (see Fig. 6(c)). The observation that Zr-Sn particles only exist in the oxide

agrees with the ATP results obtained by Dong et al. [43]. They reported that Sn

14
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segregation was only observed in the oxide, including ZrO and ZrO,, with a lower Sn/
Zr ratio in ZrO; than that in the suboxide. Other than linear $-Nb particles, Zr-Sn

intermetallic particles always demonstrate a spherical morphology in the oxide.

Fig. 6. Precipitation in the vicinity of the O-M interface in specimen #5 extracted from sample C
(oxidized for 2818s): (a) HAADF image showing ZrsSn; precipitation; (b) EDS maps from (a); (c)
HAADF atomic-resolution image from precipitate in (a); (d) HAADF image showing ZrsSn;
precipitation; (e) EDS maps from (d); (f) HAADF atomic-resolution image from precipitate in (d);
(g) HAADF image showing [3-Nb particles; (h) EDS maps from (g); (i) HAADF atomic-resolution
image from precipitate in (g); (j) HAADF image showing co-precipitation of Zr;Sn; and 3-Nb; (k)
EDS maps from (j); (1) HAADF atomic-resolution image from precipitate in (j).

It should be noticed that a small concentration of Nb can be observed in the EDS
maps of ZrsSns. To understand the co-precipitation of Nb and Sn, numerous TEM
experiments were conducted for the Sn precipitates around the O-M interface, as
shown in Fig. 6(d)-(n). The results can be classified into three categories:

(i) ZrsSn; surrounded by small Nb-rich regions, as shown in Fig. 6(d), (e) and (f);

(ii) B-Nb particles with segregated Sn at the interface, as shown in Fig. 6(j), (k) and

15
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s
(iii) Closely associated ZrsSn; and the initially oxidized 3-Nb particles, as shown in
Fig. 6(g), (h) and (i);

These results do not demonstrate a clear precipitation sequence for the different
phases incorporating these two elements. Unfortunately, the clear atomic arrangement
of Nb particles cannot be obtained with the same zone axis of ZrsSn;. However,
according to the quantitative analysis of EDS spectrum, Nb particle makes a partial
contribution to the local oxygen signal. Thus, it is suggested that Nb is slightly
oxidized and embedded in ZrO, with metallic ZrsSn;. It agrees with their oxidation
sequence deduced from the standard Gibbs formation energies (per mole of O,) of the
oxides of Zr, Nb and Sn at 1000°C [69] (SnO: -318 kJ/mol, SnO,: -317 kJ/mol, ZrO,: -
857.917 kJ/mol; NbO: -609.95 kJ/mol; NbO,: -567.65 kJ/mol, Nb,Os: -539.53
kJ/mol).

3.3 Nanovoids in the oxide

To record the evolution of nanovoids during oxidation, STEM experiments were
conducted at both the inner side (besides the O-M interface) and the outer side (close
to the steam-oxide interface) of oxide films formed both before breakaway oxidation
(sample B) and after breakaway oxidation (sample C). Before breakaway oxidation,
several nanovoids are observed near the O-M interface (in Fig. 7(a)), while nanovoids
at the outer side of scale in Fig. 7(b) display an obviously aligned tendency. After
breakaway oxidation, a few microcracks are found in the vicinity of the O-M interface
(as shown in Fig. 5(g)), whereas nanovoids are rarely observed along grain boudaries.
As for the outer side of the oxide film, shown in Fig. 7(c), a multitude of
interconnected nanovoids were observed, which results in the formation of
microchannels along grain boundaries. Comparing Fig. 7(b) and (c), a significant
increase in nanovoid density can be observed at the outer oxide film after the
occurrence of breakaway oxidation. Furthermore, it should be noticed that precipitates

are not observed in the outer side of the oxide film after breakaway oxidation.
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Fig. 7. HAADF images showing nanovoids in the oxide film: (a) the inner side of oxide film
before breakaway oxidation (specimen #3); (b) the outer side of oxide film before breakaway
oxidation (specimen #4); (c) the outer side of oxide film after breakaway oxidation (specimen #6)

Around the nanovoids at the outer side of an oxide film formed before
breakaway oxidation occurs, a different intensity in the HAADF images is repeatedly
observed (specimen #4), as shown in Fig. 8(a) and (b). EDS results in Fig. 8(c) imply
that this interesting area beside the nanovoids is caused by a heterogeneous
distribution of oxygen and tin. Using HAADF, an oxide region which exhibited a
higher intensity (and, therefore, potentially a sub-stoichiometric oxide) was identified
as ZrO, as shown in Fig. 8(d), while the area with a stronger contrast was identified as
the monoclinic phase of ZrO,, as shown in Fig. 8(e). The marked difference in atomic
number result in the observation of only Zr in ZrO and ZrO,. Due to the metastability
of ZrO, quantitative EDS was performed in the oxygen-deficient area, obtaining a
Zr:0 ratio of ~1, suggesting that it is, indeed, ZrO. It also should be noted that a
severe distortion occurs in the ZrO lattice, leading to a marked mismatch between the
observed lattice structure and the ideal one. As for the Sn concentration, because of
the small area of high Sn concentration, it is difficult to characterize its structure
thoroughly. Combining the obtained STEM-HAADF results and the observation
around the O-M interface, it is reasonable to believe that the residual Sn on the edge
of nanovoids demonstrated in Fig. 8(g) is also a kind of Zr-Sn intermetallic phase,
possibly ZrsSns. Measuring the interplanar spacing of ZrsSns; and ZrO obtained with

fixed o and 3 angles in the TEM, it is suggested that ZrO compresses its lattice to
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match the lattice parameter of ZrsSn; so that they can form an interface with lower
energy, as shown in Fig. 8(h). Simultaneously, an area deficient in oxygen but with a
significant Sn concentration can be observed next to the nanovoids, as shown in Fig.
8(i) and (j). Referring to the HAADF result in Fig.8(k), the suboxide is also identified
as ZrO. Accordingly, it can be concluded that the region around nanovoids is
composed of a composite structure, namely the nanovoid, Zr-Sn intermetallic phase,

Z1r0 and ZrO..
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Fig. 8. Phase distribution around nanovoids: (a) HAADF image obtained at the outer side of oxide
scale in specimen #4 (oxidized for 589s); (b) HAADF image showing nanovoids with Sn
concentration; (c) EDS maps from the region shown in (b); (d) HAADF atomic-resolution image
from ZrO; (e) HAADF atomic-resolution image from m-ZrO»; (f) lattice structure of m-ZrO»; (g)
HAADF atomic-resolution image from ZrsSns; (h) the orientation relationship between ZrO and
ZrsSns; (i) HAADF image showing nanovoids without Sn concentration; (j) EDS line scanning
results of the red line in (i); (k) HAADF atomic-resolution image from the area deficient in
oxygen; (1) lattice structure of m-ZrO.,.

3.4 DFT simulation
To study the evolution of Zr;Sn; and provide an atomic-scale description of this

process, AIMD and DFT simulations were used to track the trajectory of O, Zr and Sn
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atoms at the ZrO,/ZrsSn; interface. Fig. 9 shows the dynamic evolution of all atoms
over the first 36 ps of simulation time for the ZrO./ZrsSn; interface. In order to
analyze the results, dashed circles are employed to characterize the trajectories.
Clearly, interdiffusion between Zr and Sn atoms has taken place at the interface. More
specifically, O atoms at the interface tend to occupy octahedral interstitial positions of
Zr in ZrsSns, which is mainly attributed to the low formation energy of O atoms (-5.17
eV) (see Fig. 10(a)). At 2 ps, the octahedral interstitial positions of Zr are wholly
taken up with O atoms from the interface (black dotted circles in Fig. 9) leading to the
formation of oxygen vacancies at the interface. On the other hand, this attraction
between Zr and O atoms draws Zr atoms at the interface closer to the O atoms,
causing larger spaces available for Sn and O atoms. It should be noted that Sn atoms
at the interface without O are stabilized in the initial stages (blue dashed circle in Fig.
9). However, Sn atoms are observed to rearrange with the introduced O atoms by
diffusion (red dashed circle in Fig. 9). In the following 3~36 ps, O atoms at the
octahedral interstitial positions are not observed to further diffuse into ZrsSns;, on
account of the high diffusion barrier energy of 4.3 eV (see Fig. 10(b)), stabilizing at
the interstitial positions. At 3 ps, Zr atoms from the subsurface diffuse to the interface
assisted by O atoms. At 8 ps, Sn atoms at the interface migrate towards the
subsurface. After 12 ps, the interdiffusion between a Zr atom from the subsurface and
a Sn atom from the interface is completed, and the interdiffusion is stabilized at the
interface subsequently (12~36 ps). Although the interdiffusion between two Zr and Sn
atoms at the interface occurs at 28 ps, it then quickly returns to exchange between

single Zr and Sn atoms.
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Fig. 9. Snapshots of the dynamic evolution at the ZrO,/ZrsSn; interface. O, Sn and Zr atoms are

colored with green, yellow and blue balls, respectively (similarly hereinafter).

Diffusion path

Fig. 10. Formation energy of interstitial O atoms and barrier energy of O diffusion in ZrsSns: (a)
Top view and side top view of a single O in bulk ZrsSn; with corresponding formation energies of
O at different interstitial sites; (b) Barrier energy of O diffusion in bulk ZrsSn; along with [100]
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direction. The illustrations are the structures of initial state (IS), transition state (TS) and finial
state (FS) in O diffusion from an octahedral interstitial position to another.

4. Discussion
4.1 The formation of Zr-Sn precipitate

As Arias and Roberti [8,12] reported, the solubility limit of Sn in a-Zr is about
1.2 at% at 853 K. Therefore, it could be expected that a complete Zr-Sn solid solution
is formed in our experiments where the Sn content is 1 wt%. As such, the negative
solution energy of Zr-Sn intermetallic phases calculated by DFT suggests that they
tend to dissolve in the B-Zr phase [70]. Therefore, Sn particles are not observed in
either the prior 3-Zr layer or the a-Zr(O) layer. As we discussed before, Zr atoms will
be preferentially oxidized, and, combining our EDS results, Sn atoms are repelled by
the oxide and accumulate around the O-M interface, reaching a Sn/Zr concentration
ratio around 1. With the assistance of temperature, this high concentration of Sn
around O-M interface encourages the formation of Zr-Sn intermetallic phase
according to the synthetic condition reported by previous research [71,72]. In
addition, the high vacancy concentration generated at the O-M interface to balance the
current of oxygen ion diffusion might also be beneficial to Zr-Sn intermetallic
formation [73,74].

Based on the EDS maps and HAADF atomic-resolution image, it is concluded
that Sn exists in the oxide in the form of Zr-Sn intermetallic precipitates, namely
ZrsSns. Even though various Zr-Sn intermetallic phases were reported by Kwon and
Crobett [45], according to previous DFT calculation results as listed in Table 3
[70,75], it is proposed that the most favorable Sn based intermetallic phase is ZrsSny,
followed by ZrsSns. Both of these two phases belong to the MnsSis-type structure, and
due to their structural resemblance [71,75,76], only a moderate enthalpy difference is
expected in their formation. The limited Sn content in our materials cannot provide
sufficient Sn atoms to serve as self-interstitials, thus leading to the formation of ZrsSns

instead of ZrsSna.
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Table 3. The calculation results of Baykov et al. [75] Perez et al.[77] and Liu et al. [78]

Compound Enthalpy of formation (meV/atom)
Baykov et al. Pérez et al. Liu et al.
Zr:Sn -29.940 -442.2 -309.0
ZrsSn -34.834 - -366.6
ZrsSn; -55.670 -770.5 -571.6
ZrsSny -58.490 -820.0 -601.0
ZrSn, -42.905 -583.2 -443.8

To our knowledge, Zr-Sn intermetallic phases in the oxide film are rarely
observed in corrosion experiments at 360 “C, but widely reported under the condition
of neutron radiation at about 600 °C [79] or high-temperature steam oxidation [37—
41]. This may result from the fact that growth of Zr-Sn intermetallic phase strongly
depends on the temperature, leading to the all observations mentioned above being
made under condition of enhanced Sn diffusion rate.

4.2 The formation of nanovoids and their influence on oxidation behavior

On the basis of the evolution and co-location of precipitates and nanovoids, it is
logical to assume that their formation correlates to the Zr-Sn particles. According to
our simulation results, Sn atoms in ZrsSn; tend to diffuse into oxide, which is a
process commonly observed during the oxidation of SPPs. When the SPPs oxidize,
the alloying element would migrate out the original SPP bounds [80]. Thus, it is
suggested that the diffusion of Sn from ZrsSn; to the ZrO, also accompany the
oxidation of Sn element.

Combining our simulation and experimental results, a mechanism about the evolution
from ZrsSn; precipitates to nanovoids can be proposed illustrated by the schematic in
Fig. 11. According to our DFT and AIMD simulations, Sn atoms in the Zr-Sn
intermetallic phase tend to diffuse toward zirconia, while oxygen atoms in the oxide
are inclined to move in the opposite direction. As a result, the moving oxygen atoms
combine with Zr atoms in the precipitates forming oxide. Due to the moderate

oxidation rate before breakaway oxidation, the oxidation interaction gives rise to ZrO
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next to the nanovoids. Regions deficient in oxygen were not observed after breakaway
oxidation, as shown in Fig. 7(c). It is then assumed that the suboxide next to
nanovoids is completely oxidized after long-term oxidation. As for Sn atoms, their
slow migration in the oxide also accompanies the oxidation. which means Sn
chemical potential varies during the diffusion, as suggested by Bell [32]. At the
beginning of oxidation, to achieve lower energy and stabilize themselves, Sn atoms
with +2 state would capture oxygen vacancies in the oxide film to form the bound
defect {Snz:Vo}. As oxidation of Sn proceeds, the valence state transformation from
+2 to +4 results in isolated Sn ions dissolved in zirconia. The remaining vacancies
would be captured by the interface between precipitates and zirconia, and aggregates
of vacancies will finally form isolated aligned nanovoids in grains or along grain
boundaries. On the basis of this mechanism, the distribution of Zr-Sn precipitates
could be considered as the explanation for the aligned nanovoids observed after
breakaway oxidation. It can also provide an explanation for the uniform distribution
of component around the nanovoids. When the ZrsSn; is partly consumed, nanovoids,
a high local concentration of Sn and an area deficient in oxygen coexist, as shown in
Fig. 8(b). When the Zr-Sn precipitate is completely depleted, nanovoids surrounded
by an area deficient in oxygen can be observed, as displayed in Fig. 8(i). After
breakaway oxidation, the accelerating oxidation rate and prolonged oxidation time
cannot maintain the suboxide around the nanovoids, which then gives rise to the
isolated nanovoids. It should be noted that, in general, stress relaxation caused by the
t-m transformation of ZrO is the accepted reason for porosity in oxide film [23,81].
However, as reported by Idarraga et al [36], t-ZrO, becomes more difficult to observe
at higher temperatures, so it seems likely that the impact of t-m transformation in the
oxide film will also weaken, and that the effect of Zr-Sn precipitation may play a
more dominant role. At the higher temperature where the existence of Zr-Sn
intermetallic phases has been confirmed, it is believed that the mechanism is valid.
For the service condition, even though the Sn segregation [43] and nanovoids [82]

were observed in the oxide separately, the relationship between them has not been
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proposed yet. Thus, we suggest that further investigation on the existence of Zr-Sn

phase is required before applying the mechanism to lower temperature.

nanovoid

Fig. 11. Schematic diagram of the formation of the nanovoids

After prolonged oxidation, nanovoids both in grains and at the grain boundaries
are gradually formed and connect with each other, which ultimately constitutes
microchannels in Fig. 7(c) through the oxide, as described by Fig. 12. As previous
characterization has shown, a preferential orientation of oxide growth induces the
formation of columnar oxide grains with a strong fiber texture perpendicular to the O-
M interface [83,84]. Correspondingly, the microchannels deriving from connected
nanovoids located at the grain boundaries also develop perpendicular to the O-M
interface, which is along the diffusion direction of oxygen. Serving as easy path for
oxygen diffusion, the microchannels necessarily accelerate the oxidation as described
in previous research [14,36,46,82]. When reaching the inner side of the oxide film,
these microchannels would trigger the occurrence of breakaway oxidation. As the Sn
content increases, the densities of both Zr-Sn particles and nanovoids deriving from
Zr-Sn precipitation increase. It can be inferred that the distance between nanovoids
would also decrease, leading to the easier formation of microchannels and earlier
occurrence of breakaway oxidation as reported by Wei et al. [2]. Indeed, the formation

of nanovoids deriving from Zr-Sn precipitation can be considered as the result of the
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oxidation of tin, thus the transformation from Zr-Sn intermetallic precipitates to
nanovoids requires a particular oxidation time. In this case, the aligned nanovoids are
gradually formed in the oxide with a certain distance away from the O-M interface,
which means there is a constant thickness of dense inner side. Therefore, a linear
oxidation kinetics can be observed after breakaway oxidation due to this dense layer
with constant thickness, as proposed by Maroto et al. [85]. However, it is noteworthy
that the breakaway oxidation with linear oxidation kinetics [65,86] and connected
nanovoids [82] were also found in zirconium alloy containing no Sn. Therefore, it is
suggested that mechanism proposed in the present work explains the influence of Sn
on oxidation resistance, but further research is still required to find out the underlying

mechanisms behind the initiation of microchannels in other cases.

0 y (c) \\ n Gy
DD 0 |
5 o A ’

o

(a)

4 e LT g ~
o ’ W & &) S y ( ¥
' v - s U -
rd
- ) : \/; X . .Y e
Q i = N [ - ) Microchannel
Qy ST o Cp , o
2 o ' O
& o A ZrSn,
0 a
| n
U N N il -
0 ( ( . .
U Oxide Oxide S ) Oxide [ .

(&

Fig. 12. Schematic diagram of the effect of Sn on the oxidation behavior through Zr-Sn
intermetallic phase and nanovoids.

4.3 The co-precipitation of Sn and Nb and its influence on oxidation behavior
According to the three types of co-precipitation of Sn and Nb shown in Fig. 6, it
is difficult to draw a conclusion on the sequence of their formation. After all, ZrsSn;
with Nb segregation on its edge and -Nb with an edge segregated with Sn can be
observed simultaneously. More importantly, neither isolated Nb precipitation nor
isolated Sn segregation was found in the vicinity of the O-M interface. On the basis of
atomic volume, the compression induced by Nb atoms in the Zr lattice can be
compensated by the larger Sn atoms. This compensation leads to a drop in strain
energy and stabilizes the system, which is supported by the optimal distance between

Sn and Nb atoms given by Wu et al. based on mixing energy and Nb-Sn binding
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energy by DFT simulations [87]. Therefore, the conclusion that Sn and Nb attract
each other and can precipitate to form a number of different phases in close proximity
rather than precipitating following a specific sequence, can be drawn. This
concentration feature of Nb and Sn is still valid when Sn accumulated around the
interface and react with Zr to form Zr-Sn clusters and when linear 3-Nb formed in the
matrix. It means that when Zr-Sn clusters are included into the oxide film, there are a
range of Nb clusters surrounding them, which would then lead to the co-precipitation
of Nb and Sn phases. Analogously, linear $-Nb particles formed in the matrix, due to
the solubility change of Nb during the f-a transformation of Zr [88,89], also attract
Zr-Sn clusters formed around the O-M interface contributing to the co-precipitation
shown in Fig. 5(h).

It is commonly believed that dispersed [3-Nb particles can improve the oxidation
resistance by relaxation of accumulated stress during oxidation, which stabilizes the
columnar grains and reduce the possibility of cracks under operating condition
[81,90]. However, for the higher temperature, the mechanism proposed in present
work suggests that the addition of Nb in the Zr-Sn-Nb alloy system would cause a
higher density of co-precipitation resulting in easier connection between nanovoids
deriving from ZrsSns;. Meanwhile, the linear -Nb particles formed at a-Zr(O)
likewise attract Zr-Sn clusters, resulting in Zr-Sn precipitates embedded in linear -
Nb particles, as shown in Fig. 5(h), and connected nanovoids along the oxidation
direction. Referring to this mechanism, it is suggested that the improvement of
oxidation behavior of the Zr-Sn-Nb alloy system can be achieved by an appropriate
decrease of Sn content, so that the density of nanovoids can be controlled to be low
enough to impede the formation of microchannels while preserving the improvements
in mechanical properties induced by the inclusion of Sn. Also, the co-precipitation
mechanism may provide an explanation for the different oxidation resistance observed

between Zr-Nb and Zr-Sn-Nb alloy systems caused by the addition of Sn [2,86,91].

5. Conclusion
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A study on oxidation behavior in high-temperature steam at 1000 °C was carried
out using STA, metallographic microscope, S-XRD, TEM and ACTEM. Combining
the simulation and experimental results, a new standpoint to understand the role of Sn
element is provided referring to the Zr-Sn intermetallic precipitates and nanovoids.
Several conclusions are drawn as below:

(1) During oxidation, Sn atoms dissolving in matrix are rejected by the oxide and
accumulate around the O-M interface and form Zr-Sn intermetallic precipitates,
which were identified as ZrsSns, in the oxide.

(2) The AIMD and DFT simulations show that there is a tendency that O atoms in the
ZrO, will diffuse toward to Zr-Sn particles, forming ZriO, compound and are
stabilized at the octahedral interstitial positions. Zr atoms at the ZrO,/ZrsSn;
interface prefer to permeate into the Zr-Sn particles, assisted by O atoms. But Sn
atoms in the Zr-Sn particles are inclined to migrate along the opposite direction of
the migrating O atoms.

(3) Due to the oxidation and diffusion of Sn atoms in the Zr-Sn precipitates,
nanovoids are formed adjacent to the Zr-Sn particles. The vacancies left by
transformation from Sn** to Sn** segregate at the interface between precipitates
and the oxide and eventually form nanovoids. Meanwhile, the movement of O
atoms would lead to a local area deficient in oxygen next to the nanovoids.

(4) As oxidation proceeds, isolated nanovoids along grain boundaries would connect
with each other and lead to the formation of microchannels perpendicular to the
O-M interface. These microchannels provide easy diffusion paths for oxygen,
which inevitably causes oxidation acceleration, that is, breakaway oxidation.
Correspondingly, the co-precipitation of Nb and Sn induces a higher density of
nanovoids and easier formation of microchannels, which can be considered as a

new route to understand the role of Sn in the oxidation of Zr-Sn-Nb alloy systems.
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