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Zr-Sn-Nb-Fe-Mo alloys are heat treated at two different temperatures (480 and 550 °C). A better corrosion re-
sistance is obtained when annealed at 550 °C. The lower oxidation rate is attributed to the reduction of oxide
grain boundary area, as the grain boundaries are the most common short-circuiting paths for oxygen diffusion.
Two mechanisms are responsible for crack formation in the oxide: phase transition from tetragonal to monoclinic
and delayed oxidation of precipitates. The cracks are generated continuously and linked together to form long

cracks, leading to the delamination of oxide films and stress relaxation in the oxide.

1. Introduction

Aqueous corrosion of zirconium alloys has become the major factor
limiting prolonged fuel campaigns in nuclear industry [1-4]. The oxide
films form on the surface of zirconium alloys during waterside corro-
sion at high temperature and high pressure, and then grow inwards by
the diffusion of O ions through the crystallite boundary or the bulk of
oxide grains [5-8]. Initially, the oxide layers have a protective nature,
leading to a decreasing oxidation rate [9,10]. The corrosion kinetics
primarily follow a parabolic or cubic law [11-13]. At a certain oxide
thickness, regions of the previously protective oxide break down,
eventually resulting in an increased corrosion rate, which is commonly
known as transition in corrosion kinetics [14-16]. The protective oxide
will then build up again, resulting in cyclic oxidation kinetics until a
regime of accelerated linear growth is reached.

It is well known that the properties of zirconium alloys depend
basically on their chemical compositions [17-25]. Based on in-reactor
experience of various Zr-based alloys, the important elements in com-
mercial zirconium alloys such as ZIRLO and M5 tubes are Sn and Nb
[17-21]. It is commonly accepted that Sn was originally added to zir-
conium alloys to counter the poor corrosion resistance caused by ni-
trogen. In N-free zirconium alloy, however, Sn has been found to de-
teriorate the corrosion resistance [17,18]. Thus, the modern trend of Zr-
based alloy design is to reduce Sn content, but only slightly (from
1.0-1.7% to 0.4-0.6%), in order to maintain the good creep properties
[26]. Nb is found to increase the corrosion and irradiation-induced
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growth resistance, and it was introduced to ZIRLO and M5 tubes to
improve the corrosion resistance with a good creep resistance
[19,20,27]. Fe has been playing important roles in the development of
zirconium alloys for nuclear applications [28-30]. The effect of Fe on
the corrosion resistance of zirconium alloys is mainly controlled via the
type and distribution of the second phase particles [31]. In the modern
design of zirconium alloys, Fe element is generally added to improve
the corrosion resistance. Mo is one of the promising alloying elements
to achieve better performance in zirconium alloys. The Mo addition can
increase the creep resistance [32], enhance the yield strength [33] and
improve the corrosion resistance via proper heat treatment [34]. The
Mo addition was previously recommended to be limited to 0.1%.

On the other hand, the microstructure of alloys has a profound in-
fluence on the corrosion behaviors under conditions of high tempera-
ture and high pressure. A number of work has been implemented to
correlate the microstructure of zirconium alloys with their corrosion
behaviors. Yao [35] studied the effect of final annealing condition on
the corrosion behavior of Zircaloy-4 in lithiated water and found that
the corrosion resistance got worse with increasing annealing tempera-
ture in the range of 480-600 °C. Ni [36] demonstrated that the final
heat treatment had minor influence on the oxidation kinetics for ZIRLO
alloy. Kim [37] investigated the variation of microstructure and cor-
rosion characteristics with different annealing temperature
(540-660 °C) for HANA-4 (Zr-1.5Nb-0.4Sn-0.2Fe-0.1Cr) alloy. They
found that the corrosion resistance increased with the increase of an-
nealing temperature. However, Park [38] reported an opposite trend
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that, HANA-4 alloy with lower final annealing temperature had better
corrosion resistance at 360 °C in pure water autoclave.

It was found that the impact of microstructure variation on the
corrosion behavior for different commercial zirconium alloys is dif-
ferent. In this paper, a new Zr-Sn-Nb-Fe-Mo alloy was designed for
nuclear cladding and it possessed surprisingly better corrosion re-
sistance than ZIRLO™ alloy. In order to establish some correlations
between microstructure variation and corrosion resistance of alloys,
two different annealing temperatures were selected and two kinds of
microstructure were obtained. A detail characterization of the micro-
structural features including grain size, degree of recrystallization,
oxide cross-sectional microstructure and phase composition of oxide
films formed on samples was carried out.

2. Experimental
2.1. Material preparation

Zr-Sn-Nb-Fe-Mo alloy was processed by vacuum arc re-melting for
three times to obtain chemical homogeneity. The alloy contains 0.34%
Sn, 0.74% Nb, 0.31% Fe, 0.14% Mo, 0.11% O and with Zr as the bal-
ance (in wt. %). The manufacturing process of the experiment alloys
comprised of a hot forging at 1000 °C for 1h, a B-quenching at 1050 °C
for 30 min, a hot rolling at 600 °C, and four times of cold rolling fol-
lowed by an annealing. The sequence of the heat treatments was illu-
strated in Fig. 1. The specimens were divided into two groups (denoted
as sample 1 and 2) by different annealing temperature. For sample 1,
the intermediate annealing was conducted at 550 °C for 4h and the
final annealing condition was 550 °C for 5 h. By contrast, a much lower
annealing temperature was carried out in sample 2 (480 °C/4 h for the
intermediate annealing and 480 °C/5 h for the final annealing).

2.2. Corrosion test

Rectangular specimens of (25 x 15 x 0.6) mm?> were prepared from
sample 1 and 2. Prior to the autoclaving tests, all the samples were
chemically polished using a pickling solution (10% HF, 30% HNOsg,
30% H,SO4 and 30% H,O, in volume), sequentially rinsed in pure
water, boiling deionized water and then blow-dried with warm air.
Corrosion testing was performed in a static autoclave in pure water up
to 300 days at 360°C and saturation pressure, corresponding to
18.6 MPa at this temperature according to ASTM G2-88. Autoclaving
tests of different durations were performed determining in each case the
weight gain per unit area of the specimens. The weight gain was
averaged from 6 specimens.

2.3. Microstructure characterization

The microstructure of the annealed specimens before corrosion tests
were characterized by electron back-scatter diffraction (EBSD) analysis
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Fig. 1. Schematic of the heat treatment history of experimental alloys.
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system (Channel 5, AZtec HKL Max), installed on a Mira 3 SEM scan-
ning electron microscope. EBSD data for each sample were collected at
step size of 0.2 um with a scanning area of 90 x 130 um? on the surface.
The cross-sections of oxide films were characterized by SEM (JEOL-
7800F, Japan) and TEM (JEOL-2100F, Japan). The fractured cross-
section of oxide films for SEM observation were prepared by breaking
the oxide on the edge of the samples after etching in the solution
(H,O:HNO3:HF = 9:9:2) for 20 min to dissolve the metal substrates.
The cross-section of oxide scales for SEM analysis in back-scattered
electron (BSE) mode was ground according to standard metallographic
techniques. Before SEM observations, the cross-sections were coated
with a gold layer to improve the surface conductivity of the oxide films.
The cross-sectional samples of the oxides for TEM observation were
prepared using a FEI Scios focused ion beam (FIB) in situ lift-out
technique [39,40]. The different phases in the oxide films were char-
acterized by Raman spectroscopy (LabRAM HR Evolution, France)
using a 532 nm excitation line of a solid laser. Spectra were acquired
using a 50 x (NA = 0.75) objective. Before each analysis, the incident
power of 10 mW was used to avoid excessive heating of the samples.
The wavenumber accuracy is about 0.1 cm ™! and the acquisition times
of individual spectra were in the 20-30s range, depending on the
signal/noise ratio needed. For each sample, systematic area scans with
a step size of 0.3 um were performed on the polished cross-sections of
the oxides to study the variations in oxide crystal structure and com-
position as a function of position in the oxide thickness. The Raman
images was obtained using band fitting procedures, and each line of
interest is fitted with a mixed Gaussian-Lorentzian line shape to take
into account instrumental broadening.

3. Results
3.1. Characteristics of microstructure of the experimental alloys

Fig. 2 exhibits the inverse pole figure (IPF) maps, grain boundary
(GB) maps and mis-orientation angle distribution (MAD) histograms
derived from EBSD data for both groups. As shown in the IPF maps,
sample 1 is mainly composed of well-equiaxed grains, as well as some
fine grains (less than 0.5 pm) around them after 550 °C/5h heat treat-
ment. Meanwhile, the orientations (colors) of some grains are non-
uniform according to the standard triangle at the bottom of Fig. 2. It is
assumed that these non-uniform grains are usually caused by the in-
sufficient annealing time or low annealing temperature. After 480 °C/
5h treatment, the apparent long strip structure along the rolling di-
rection (RD) is observed in sample 2, and a large number of fine grains
are observed as well. Meanwhile, the orientation (color) non-uni-
formities are also confirmed in most of the grains. It is believed that
these long strip structures and distorted grains are the remnant pro-
ducts by cold rolling, implying that recrystallization degree is very low
in sample 2. The average grain size is reduced by the decrease of an-
nealing temperature, from 2.8 pm to 1.5 um. With respect to GB maps, it
is worth noting that nearly half of GBs possess low angle grain
boundaries (LAGBs, marked as sky-blue line) for sample 1, whereas the
LAGBs are predominant in the GB maps for sample 2. Hence, it is
confirmed that the degree of recrystallization in sample 1 is sig-
nificantly higher than that in sample 2, which is caused by a lower
annealing temperature. The MAD histograms exhibit a quantitative
result for the grain mis-orientation angle for two groups. It is clear that
the fraction of LAGBs gradually increases from 50.7% to 81.3% with the
decrease of annealing temperature. In general, the sub-grains will
coalesce together by grain boundaries migration and dislocation slip
during the annealing process, leading to the recrystallization nucleation
behavior. The equiaxed grains are formed by the growing of sub-grains,
then replacing the deformed structure. Consequently, the higher the
annealing temperature, the higher the recrystallization degree.
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Fig. 2. EBSD inverse pole figure (IPF) map, grain boundary (GB) map and mis-orientation angle distribution (MAD) in the samples for (a) 550 °C/5 h and (b) 480 °C/

5 h, respectively.

3.2. Corrosion kinetics of experimental alloys

Fig. 3 shows the corrosion weight gain of the two groups as a
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Fig. 3. Weight gain in mg/dm?® versus exposure time for the corrosion of ex-
perimental alloys in pure water at 360 °C/18.6 MPa. (For interpretation of the
references to colour in the text, the reader is referred to the web version of this
article.)

function of exposure time in deionized water at 360 °C/18.6 MPa for
300 days. The weight gains of both groups follow a parabolic law before
the transition in the oxidation kinetics. The oxidation rate of sample 2 is
higher than that of sample 1, and the gap of weight gain between them
becomes larger as the exposure time increases. An abrupt increase in
weight gain is observed after 200-day exposure in sample 2 (black
arrow), indicating that the oxidation transition occurred. While in
sample 1, there is no sudden increment in weight gain until 260-day
exposure (red arrow). Hence, it can be concluded that the oxidation
transition time for sample 1 and 2 are almost 260 and 200 days, re-
spectively. Sample 1 possesses a relatively better corrosion resistance
than sample 2 in deionized water at 360 °C/18.6 MPa.

3.3. SEM observation of the oxide appearance

Fig. 4 shows the cross-sections of the oxide films formed on both
groups. At exposure time of 100 days, large columnar grains and small
equiaxed grains are clearly observed in the oxide film formed on both
groups (Fig. 4a and e). The equiaxed grains are formed in the outer part
of the oxide film, whereas the columnar grains are situated in the inner
part, aligning in the oxide growth direction and growing perpendicular
to the O/M interface. The equiaxed grains are 20-50 nm in diameter,
and the columnar grains are 300-700 nm in length and 50-100 nm in
width. With up to 200 days, a few micro-pores are observed in oxide



H. Shi, et al.

(a) Equiaxed grains

¥

Inner layer

1pm

Corrosion Science 163 (2020) 108255

Fig. 4. Cross-sectional morphology of the oxide films formed on both samples: (a)-(d) 100-day, 200-day, 260-day and 300-day exposure for sample 1, respectively;
(e)-(h) 100-day, 200-day, 260-day and 300-day exposure for sample 2, respectively. (For interpretation of the references to colour in the text, the reader is referred to

the web version of this article.)

Table 1
Statistical data about oxide thickness from SEM observation in both samples.

Alloy Exposure time Pre/Post- Oxide thickness (pm)

(days) transition

Total Inner layer Outer layer

Sample 1 100 Pre-transition  1.8-2.1 - -

200 Pre-transition 21-25 - -

260 Post-transition  3.5-3.9 0.9-1.3 2.6-2.8

300 Post-transition 4.1-4.5 1.4-1.6 2.8-3.1
Sample 2 100 Pre-transition  2.3-2.5 - -

200 Post-transition  2.6-3.0 0.2-0.5 2.3-2.5

260 Post-transition  4.4-5.0 1.4-2.3 2.5-2.9

300 Post-transition  6.4-7.5 2.9-3.9 3.2-4.0

film of sample 1 (marked by red circles in Fig. 4b), while several lateral
cracks can be observed near the oxide/metal interface in the film of
sample 2 (marked by red arrows in Fig. 4f). As exposure time increases
to 260 days, some long cracks are clearly observed in both groups, and
the oxide films are divided into two layers (red arrows in Fig. 4c and g).
The discrepancy between them is that the inner layer of oxide film in
sample 2 is thicker than that in sample 1, while the outer layers in both
samples have the same thickness. The inner layer is almost composed of
large columnar grains, which is believed to have a protective nature.
The long cracks in both samples allow for the ingression of pure water
through the oxide films, and the O oxidizing species can move parallel

to the oxide/metal interface, resulting in an increased oxidation rate in
water. The similar characteristics are more evident in both samples
after 300 days' exposure time (Fig. 4d and h), and the inner layer of
oxide grows thicker as the exposure time increases. Table 1 listed the
statistical data about oxide thickness from SEM observation. It can be
found that the oxide film in sample 1 is relatively thinner than that in
sample 2 at the same exposure time, indicative of a slower oxidation
rate for sample 1.

The features of the oxide films were also examined in cross-section
using SEM in back-scattered electron (BSE) mode. At exposure time of
100 days, no visible cracks are detected in sample 1, while a continuous
oxide layer with some cracks is observed in the oxide film of sample 2
(Fig. 5a and e). With up to 200 days, it is important to note that some
long cracks are observed in the oxide of sample 2 (marked as white
arrow) and it is near to the transition time (Fig. 5f). In sample 1,
however, only few and tiny cracks are observed in the oxide, which is
prior to the transition time (Fig. 5b). The number of the lateral cracks
increase with the extension of exposure time in both samples. The oxide
film on sample 1 possesses obviously less number of cracks than that in
sample 2 at the same exposure time. After 260 and 300 exposure days,
most of the cracks are inter-connected to form long cracks, result in the
layering of the oxide scales (Fig. 5c—d and g-h). Accordingly, it can be
deduced from Fig. 5 that the transition time of oxidation occurs at about
200 days for sample 2, whereas the transition time for sample 1 is about
260 days.



H. Shi, et al.

100 days 100 days

Tnitial cracks
200 days

200 days

ﬂ‘ Initial cracks
260 days

cracks -
260 days

Transition
o o

300 days

Transition 4

300 days

Transition o
Transition

Fig. 5. Back-scattered electron mode SEM images representative of the oxide
(cross-section): (a—d) 100, 200, 260 and 300 days’ exposure for sample 1, re-
spectively; (e-h) 100, 200, 260 and 300 days’ exposure for sample 2, respec-
tively.

3.4. TEM analysis on the morphology and structure of oxides

To further characterize the cross-sectional morphology of oxide
scales, TEM observation was applied in the specimens. Fig. 6 shows the
cross sectional TEM micrograph of the oxide formed on both groups in
pure water after 200 exposure days. Note that typical grain morphol-
ogies of oxide films are exhibited in both groups: large columnar grain
structure in the inner part and small equiaxed grain towards the outer
part. The diameter of the equiaxed grains is 10-50 nm; the length and
width of columnar grains are 70-500 nm and 20-140 nm, respectively.
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A large number of micro-pores (marked as red ellipse) are observed in
the outer surface in both groups, corresponding to the porous area of
equiaxed grains (Fig. 6¢ and e). This area is generally 500 nm in width
and is commonly correlated with the fast corrosion rate at the initial
stage of zirconium alloy oxidation [41]. For sample 1, small cracks
(marked as red arrows) are observed with length of 50-200 nm in the
oxide, which are parallel to the O/M interface. In addition, some tiny
cracks are observed on the side of the precipitate opposite to the oxide/
metal (O/M) interface, as marked by the red circles in Fig. 6b. For
sample 2, more cracks are examined in the TEM image and some of
them link together to form long cracks (Fig. 6d-h). The length of these
cracks can reach to several microns, which are easy path for water to
ingress. The highly oriented columnar grains are aligned tightly in the
inner part of oxide (marked as dashed lines in Fig. 6g-h), with some
micro-cracks observed close to the O/M interface (marked as red cir-
cles, same to the feature in Fig. 6b).

Figs. 7 and 8 show the HRTEM images of oxide grain morphology on
sample 1 and 2 at 200 days' exposure time, respectively. The monoclinic
zirconia is detected at different areas of the oxide depth such as the
outer surface (the domains A-C in Figs. 7a and 8 a), middle oxide layer
(the domains D-F in Figs. 7b and 8 b), and the O/M interface (the
domains I-J in Fig. 7c and G in Fig. 8c). The tetragonal zirconia is found
only at the O/M interface (the domains G-H in Fig. 7c and H-I in
Fig. 8c). As shown in Fig. 7, equiaxed grains are 15-20 nm in size and
semi-coherent grain boundaries are formed between grain B and C. This
can be attributed to the lattice misfit by many dislocations around
them. In the middle region, columnar grains are aligned tightly. The
boundary between grain D and E is completely coherent without any
deviation and can be seen as one columnar grain. Micro-cracks can be
seen between grain D and F, with some dislocations formed in the grain
boundaries. At the O/M interface, the oxide grains G and H are revealed
as a tetragonal phase. The IFFT results from the regions I and J indicate
that some dislocations were observed in the monoclinic phase. Similar
results are obtained in sample 2, as shown in Fig. 8. Note that large
columnar grains in the middle region are closely arranged in the oxide

Porous
area

200nm

Columnar] ™. . ~7Columnar
grains 177 grains

200 nm 7 20.9_11.“\1

Fig. 6. TEM images of the cross-sectional morphology of oxide films in both groups after 200 days’ exposure: (a—c) the morphology of oxide formed on sample 1;
(d-h) the morphology of oxide formed on sample 2. (For interpretation of the references to colour in the text, the reader is referred to the web version of this article.)
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growth direction and growing perpendicular to the O/M interface
(marked as dashed lines in Fig. 8b).

3.5. Raman spectroscopy analysis on the oxide scales

Raman spectroscopy has been used as a method to characterize the
various phases involved in the corrosion of zirconium alloys [42-44].
This technique measures the wavelength shift due to inelastic scattering
of photos incident on the sample, the degree of which depends on the
molecular nature of the materials. In this work, specimens for both
groups after 200 days' exposure were investigated using Raman spec-
troscopy as described above. To create the 2D spectral images, the
Raman data was processed using the LabSpec 5.0 software. Firstly, the
baseline was subtracted by the way of linear fitting or polynomial fit-
ting, and the integrate intensity of all the spectra was normalized to
unity and computed for each studied peak. Then, the peak position of
interest for all the spectra was fitted with a mixed Gaussian-Lorentzian
line shape to take into account instrumental broadening. The different

Corrosion Science 163 (2020) 108255

Fig. 7. HRTEM images for the cross-sectional morphology of oxide films in
sample 1 after 200 days’ exposure: (a) the outer surface of oxide; (b) the middle
part of oxide; (c) the O/M interface. The white arrow indicates the approximate
direction of oxide growth. The Fast Fourier Transform (FFT) and Inverse Fast
Fourier Transform (IFFT) diffraction patterns are for the square regions A-J
marked in (a)-(c).

Fig. 8. HRTEM images for the cross-sectional morphology of oxide films in
sample 2 after 200 days’ exposure: (a) the outer surface of oxide; (b) the middle
region of oxide; (c) the O/M interface. The white arrow indicates the approximate
direction of oxide growth. The FFT and IFFT diffraction patterns are for the
square regions A-I marked in (a)-(c).

resulting images clearly show where the different phases are located. In
our study, the 280cm ™! and 189 cm ™! peak were used to create the
phase distribution of t-ZrO, and m-ZrO, in the oxide, respectively.
Fig. 9 shows the typical Raman spectra of oxide film close to the O/M
interface formed on sample 1. The more intense of the Raman peaks are
located at 177, 189, 475 cm ™! (identified as monoclinic phase) and a
weak Raman peak of tetragonal phase is detected at 280 cm ™' position.
Fig. 10 displays the phase distribution of cross-section of oxide formed
on both groups after 200 days' exposure. Results show that a higher
tetragonal phase fraction is observed near the O/M interface (Fig. 10a
and c), whereas the monoclinic phase is predominant in the oxide films
for both groups (Fig. 10b and d). This result is consistent with our TEM
observation. As the oxide grows into the metal, the newly formed oxide
usually consists of tetragonal and monoclinic phase, and the tetragonal
phase will transform into monoclinic phase at some distance from the
interface [45,46].

Fig. 11 shows the Raman peak shifts of 189 cm ™' line and the
corresponding stress magnitude on the cross section of oxide films
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Fig. 9. Typical Raman spectra near the O/M interface formed on sample 1,
which was oxidized at 360 °C/18.6 MPa for 200 days. M and T represent
monoclinic phase and tetragonal phase, respectively.

formed on both groups after 200 days' exposure. The stress magnitude
and distribution in the oxide film can be calculated by multiplying a
stress shift coefficient, which has a value of 2.49 cm/GPa [43] or
0.528 GPa/cm [47]. It is clearly shown that a stress gradient throughout
the oxide scale is present and the compressive stress is highest at the O/
M interface in sample 1. The plausible reason for this gradient of stress
is caused partly by creep in the metal substrate [48] and the gradually
formation of cracks [49]. The magnitude of compressive stress is about
1.3 GPa at the O/M interface, which may effectively contribute to the
stabilization of the tetragonal phase [50]. For sample 2, a steeper stress
gradient is obtained on the cross section of oxide films, from 0.031 GPa
at the outer surface to 1.6 GPa at the O/M interface. It has been pro-
posed that a steeper stress gradient usually results in a weaker re-
sistance to breakaway for the oxide films [51], indicating that sample 2
possesses a relatively worse corrosion resistance than sample 1. The
compressive stress magnitudes measured in our samples are consistent
with the stress values obtained by Bouvier (1.5 GPa) [52] and Godlewsk
(0.2-1.5GPa) [53] on Zr-4 alloy under steam using Raman spectro-
scopy, and also those obtained by Polatidis (0.7-1.5 GPa) [54] and
Preuss (1-1.5 GPa) [15] using synchrotron X-ray diffraction. Besides, a
significant stress relaxation is observed in the oxide, with a distance of
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Fig. 11. Raman peak shifts of 189 cm™" line and the corresponding stress
magnitude on the cross section of oxide films on both samples after 200 days’
exposure: (a) sample 1; (b) sample 2.

~0.8um away from the O/M interface (Fig. 11b). The relaxation
phenomenon has been reported by many researchers in zirconia scales
and the possible mechanical factors include oxide or metal creep [48],
hydrogen induced lattice strain [55], or crack formation in the oxide
layers [56]. However, finite element analysis by Platt [57] suggested
that the impact of oxide creep is trifling and the influence of both creep
and hydrogen-induced lattice strain in the metal too weak to explain
the observed stress relaxation. Thus, the more possible reason for the
relaxation could be attributed to the presence of long cracks in the area
of oxide (Figs. 4f, 5 f and 6 f). As is seen from Figs. 5f and 6 f, some long
cracks are located hundreds of nanometers away from the O/M inter-
face, corresponding to the position of stress relaxation in the oxide.
These long cracks relax the oxide and make it divide into two layers,
resulting in the presence of two distinct stress gradients.
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Fig. 10. Location of the m-ZrO, and t-ZrO in the cross section of oxide scales formed on both groups after 200 days’ exposure: (a)—(b) t-ZrO, and m-ZrO,, distribution
for sample 1, respectively; (c)-(d) t-ZrO, and m-ZrO, distribution for sample 2, respectively.
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Fig. 12. TEM images of the cross-sectional morphology of oxide films formed
on sample 1 with different exposure time: (a-b) after 100 days’ exposure time;
(c—d) after 200 days’ exposure time; (e-h) after 300 days’ exposure time. (For
interpretation of the references to colour in the text, the reader is referred to
the web version of this article.)
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Fig. 13. (a) HADDF image of cross-sectional oxide films at O/M interface formed on sample 1 after 200 days’ exposure time; (b) the corresponding EDS results along
the path of red arrow in (a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Discussion
4.1. Two mechanisms for the crack formation

It is widely accepted that the formation of pores and cracks is the
precondition for the degradation of oxides, which will finally result in
the transition of oxidation kinetics for zirconium alloys [58,59]. The
cracks or interconnected porosity in oxide scales are important as they
will provide fast tracks for diffusing species. According to the litera-
tures, the appearance of lateral cracks in the oxide is correlated with the
O/M interface roughness [60] or the large compressive stress [61]. A
good consensus has been reached in recent years by researchers that a
higher tetragonal fraction often results in a better corrosion resistance,
or a longer pre-transition time in the zirconium alloys [8,44,62]. During
the formation of zirconia scales, either tetragonal or monoclinic grains
will firstly be formed at the O/M interface [63]. As shown in Fig. 12a, a
thin layer (300-500 nm) is formed in the outer part of oxide, with small
equiaxed grains and high levels of porosity. The newly formed grains
will be properly oriented for growth under the effect of large com-
pressive stress, and a high content of tetragonal zirconia could be sta-
bilized by the compressive stress. Thus, a dense and will-developed
columnar structure will be formed close to the O/M interface, as shown
in Fig. 12b. As the oxide grows inwards, the tetragonal columnar grains
will grow to a critical length when the compressive stress will not able
to stabilize them, since the O/M interface is gradually to drive away
from the previously formed oxide. Then the tetragonal grains will
transform into monoclinic. It is well known that this phase transfor-
mation is highly correlated with volume expansion (3-7%) [49] and
large shear strain (14-18%) [45]. Platt [64] simulated the tetragonal to
monoclinic transformation during oxidation and found that both the
dilatation and shear processes can cause stress concentrations in the

surrounding oxide, allowing for an initiation site for the formation of
lateral cracks. Bossis [65] found evidence of nano-cracks along the
grain boundary between column grains, and suggested that the nano-
cracks were correlated with the tensile stresses generated due to shear
in the phase transformation. As shown in Fig. 12b, some nano-cracks
(red circles) are observed between the column grain boundaries, which
is consistent with previous studies. Therefore, it is assumed that the
tetragonal-to-monoclinic phase transformation would result in crack
formation during oxidation. As the oxidation progresses, more and
more nano-cracks will generate in the oxide as the phase transformation
occurs all the time. Fig. 12c and d shows the TEM morphology of the
oxide grains at the innermost and middle part of the oxide scale after
200 days' exposure time. It is clear that the columnar grain structure
predominates in these region, while lots of nano-cracks are also found
(red circles). These cracks are 20-50 nm in length and are believed to
be triggered by the tetragonal-to-monoclinic phase transformation. Si-
milar features can be observed in the oxide films after 300 days' ex-
posure, as shown in Fig. 12f and h. Besides, the oxide film is divided
into two layers by the long cracks, which are formed by the inter-
connection of nano-cracks (Fig. 12e and g).

On the other hand, the precipitates will be incorporated into the
oxide and some crescent shaped cracks are frequently observed at the
precipitate-oxide interface towards the outer surface [66]. Fig. 13 ex-
hibits the HADDF image of cross-sectional oxide films formed on
sample 1 after 200 days’ exposure time and the corresponding EDS
analysis. The path of line scan crosses over the precipitate from metal to
the oxide scale (red arrow in Fig. 13a). It is shown that micro-cracks are
formed on the top of precipitates (white arrows in Fig. 13a). The O and
Zr contents are decreased abruptly, while Fe and Nb contents are in-
creased obviously when the line passes through the precipitate
(Fig. 13b), indicating that the precipitates exhibit a delayed oxidation.



H. Shi, et al.

Fig. 14. Representative TEM images of the cross-sectional morphology of oxide
films in sample 2 after 200 days' exposure time: (a) a long crack passes through
the oxide films; (b)-(c) high magnification TEM images for the square region
marked in (a); (d) a precipitate is exactly located along the crack path. (For
interpretation of the references to colour in the text, the reader is referred to the
web version of this article.)

The volume of precipitates will not change, while the oxide scales
around it will dilate because of the high BP ratio (1.56 for Zr/ZrO,).
The oxide will expand outward because the compressive stress de-
creases towards the outer surface in the oxide, so the micro-cracks will
form above the precipitates.

Finally, the two mechanisms for crack formation occur simulta-
neously and play crucial roles together during the oxidation process for
zirconium alloys. Fig. 14 shows the typical TEM morphology of the
oxide grains near a long crack. It is clear that along the undulated crack,
some equiaxed grains are observed with size of 30-50 nm (Fig. 14b and
c). The long cracks destroy the integrity of the columnar grain and al-
lows for the transition from columnar to equiaxed grains. Meanwhile, it
is noting that some precipitates are exactly situated along the crack
path, as marked by red circles (Fig. 14d). It is therefore concluded that
the long cracks are formed by the inter-connection of short cracks,
which are caused by the phase transformation from tetragonal to
monoclinic and the delayed oxidation of precipitates. The long cracks
allow for the ingression of pure water through the oxide and finally
result in the occurrence of transition.

4.2. Effect of annealing temperature on the anti-corrosion properties

It is commonly accepted that the oxidation process of zirconium
alloys is mainly controlled by the rate of diffusing species through the
oxide layer to the O/M interface [14,58]. The effective diffusion coef-
ficient of oxygen in the zirconium alloys can be expressed by Hart’s law
[67]:

Deff = (1 _f)DL +f'ng (1)

where D; and Dy, respectively represent the diffusion coefficient for
lattice and grain boundary and f is the density of grain boundaries per
unit area, which can be formulated by the equation:

2
=3 @

where § corresponds to the grain boundary thickness and is typically
~0.5nm [68], and d corresponds to the alloy grain size. According to
the classical work of Richie [69], the numerical values of the diffusion
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parameters Dy and Dy, can be identified by the relations:

180835 )

Dy, = 2.747 x 10~Sexp(—
L exp(——%r 3)

Dy = 6.998 X 10-11exp(—%) @
where R is the ideal gas constant and T is the diffusion temperature
ranges from 290 to 650 °C. Thus, the diffusion rate of oxygen in zir-
conium can be calculated using Eq. (3) with the consideration tem-
perature of 360 °C (D = 3.28 x 10~ >; Dy, = 1.82 x 10 '®). It can be
seen that grain boundary diffusion for oxygen is approximately 500
times faster than lattice diffusion.

At the initial stage of corrosion, the oxidation rate in both groups is
very high due to the direct contact of metal with water at high tem-
perature and high pressure. The oxidation rate at this stage is de-
termined by the effective diffusion coefficient of oxygen in the alloys,
which can also be estimated by Egs. (1)—(4). Here, the parameter d used
in the calculation is derived from the EBSD data for both groups. The
average grain size of alloy is used in both samples for approximate
calculation (2.8um and 1.5um for sample 1 and 2, respectively).
Consequently, the effective diffusion coefficient of oxygen in sample 1
is 3.928 x 102! at the initial stage of oxidation, while this value is
4.491 x 10~ 2! in sample 2. From a theoretical point of view, it means
that diffusion of oxygen within the metallic substrate is then quicker for
sample 2, with a much higher fraction of grain boundary in the metal
(Fig. 2b). Although the weight gains of samples at the very beginning of
oxidation are not clear, it still can be estimated by the first measure
point of corrosion test. The oxidation rates (defined as the slope of the
weight gain curve in Fig. 3) are respectively 3.19 mg-dm~%day ' and
4.28 mg-dm ~2day ' for sample 1 and 2 after 3 days’ exposure. This
results show that the oxidation rate in sample 2 is much higher than
that in sample 1 at the early stage of oxidation, which agrees qualita-
tively well with theoretical approach previously shown.

As the oxidation progresses, a dense and well-oriented columnar
grains begin to form, and the grain boundary area and the mis-or-
ientation between grains are reduced. The oxidation rate at this time is
determined by the microstructure of oxide, especially by the grain
boundary area of oxide. Fig. 15 shows the typical oxide microstructure
at the O/M interface region of Zr-Sn-Nb-Fe-Mo alloy annealed at 480
and 550 °C after 200 days' exposure. The size of the columnar grains in
both groups was counted from the TEM images. To ensure the reliability
of the statistical results, at least 20 images from each sample were
counted. The detail information is listed in Table 2. A columnar grain
average width/length of 38/170 nm in oxide is obtained in sample 2,
and 79/210 nm in sample 1. The larger columnar oxide grain in sample
1 will result in the reduction of grain boundary area, thus the effective
diffusion coefficient of oxygen will decrease in the oxide, finally leading
to a lower oxidation kinetics. Previous work [70] suggested that the
termination of columnar grain growth is attributed to the small mis-
matches in the orientation of adjacent grains, leading to the stress ac-
cumulation. Sample 1 is annealed by a higher annealing temperature,
so a relatively higher recrystallization degree of alloy is obtained. EBSD

Fig. 15. Microstructure of the oxide/metal interface region in the oxide at
360 °C/18.6 MPa after 200 days’ exposure time: (a) sample 1 and (b) sample 2.
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Table 2
Statistical data about oxide columnar grain size at O/M interface from TEM
images after 200 days’ exposure in both samples.

Alloy Average width/Range (nm) Average length/Range (nm)
Sample 1 79/(37-144) 210/(88-515)
Sample 2 38/(16-70) 170/(73-358)

data shows that the fraction of LAGBs in sample 1 (50.7%) is much
lower than that in sample 2 (81.3%), thus fewer defects such as dis-
locations are existed in sample 1. It is likely possible that a reduced
degree of defects in metal will cause an improved degree of alignment
in the growing grains, which will be able to grow further to larger grain
size.

4.3. Possible mechanism relating to the oxidation process

The oxidation resistance of zirconium alloys is one of the main is-
sues for their use as fuel cladding material in nuclear plants, which is
mainly dependent on microstructure and composition. Based on the
discussion above, the proceeding model for the oxidation process of
zirconium alloys corroding in pure water at 360 °C is schematically
shown in Fig. 16. For sample 1 with partial recrystallization degree
(Fig. 16a), a thin layer (300-500 nm) is formed with small equiaxed
grains on the matrix at the initial stage of oxidation. Harlow [63] stu-
died the initial oxidation behavior by in-situ TEM techniques and sug-
gested that the oxide formed as a mixture of monoclinic and tetragonal
phase, and some HCP Zr remaining. Therefore, it can be concluded that
both monoclinic and tetragonal grains will nucleate in this thin layer
and a high volume fraction of tetragonal grains will be stabilized by the

Outer layer

A
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small grain size [51]. The compressive stress is not high as the oxide
film at this time is thin (300-500 nm). The oxidation rate is high owing
to the porous microstructure of these newly formed equiaxed grains and
the moderate density of dislocations in the matrix. As the oxide grows
inwards, the favorably oriented grains will grow into large columnar
grains at the interface. The columnar structures are composed of tet-
ragonal and monoclinic phases, and can grow to a certain length. The
small favorably oriented tetragonal grains will be allowed to grow to
the critical size, depending on the compressive stress distribution in the
oxide. In this case, the oxidation rate is relatively low, owing to the
protective nature of these well-oriented columnar structures. As is
shown in Fig. 11a, the stress distribution in the oxide is not uniform,
and a stress gradient is obtained from O/M interface to outer surface.
The stress magnitude is maximum at the O/M interface, especially
above the peak of undulating interface [71]. Thus, when the com-
pressive stress in a particular region of zirconia decreases to a critical
level away from the interface, the well-developed tetragonal grains in
that region will transform to monoclinic grains. The volume expansion
and shear strain associated with the tetragonal-monoclinic transfor-
mation causes the formation of cracking and porosity, which would
provide a fast track for diffusing species [64]. Meanwhile, the delayed
oxidation of the precipitate allows for the formation of crescent shaped
micro-cracks on the top of itself. Idarraga’s work [43] found local stress
relaxation close to cracks by Raman spectroscopy, so it is likely possible
that the local stress relaxation caused by these micro-cracks will result
in the tetragonal-monoclinic transformation, further leading to cracks
and porosity.

As the oxidation continues, more cracks will generate and link up
with pre-existing porosity and cracking in the oxide scales, providing
interconnected paths for oxygen or hydrogen to penetrate near the O/M
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Fig. 16. Schematic drawings for the oxide grain growth process on both groups in pure water at 360 °C/18.6 MPa: (a) sample 1 and (b) sample 2.
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interface. The inter-connected long cracks will finally lead to the
layering of oxides. Therefore, the transition occurs in oxidation kinetics,
corresponding to a relatively abrupt increase in weight gain. The long
cracks also promote the stress relaxation and could destroy the integrity
of oxide, resulting in transition from columnar to equiaxed grains. After
the transition, the entire oxidation process restarts and the periodic
oxidation kinetics occur. As for sample 2, a lower degree of re-
crystallization is obtained owing to the relatively lower annealing
temperature. Thus, more defects are existed in the metal, such as dis-
locations and sub-grains. The oxidation rate is relatively higher due to
an improved fraction of grain boundary area, as the grain boundaries
are the most common short-circuiting paths for diffusion. Therefore, as
shown in Fig. 16b, more cracks will be generated in the oxide films,
leading to the earlier delamination of oxides.

5. Conclusion

A detailed investigation on the microstructure and stress distribu-
tion of oxide scales formed on a Zr-Sn-Nb-Fe-Mo alloy at 360 °C/
18.6 MPa for 300 days has been performed in order to establish some
correlations between microstructure and anti-corrosion properties. The
results presented in this work give an insight on the corrosion me-
chanism of zirconium alloys. The main conclusions are as follows:

(1) The alloy shows a much higher corrosion resistance when heat
treated at 550 °C/5h in pure water at 360 °C/18.6 MPa, compared
with that heat treated at 480 °C/5h. The improved degree of re-
crystallization of alloy causes the reduction of grain boundary area,
thereby reducing the oxidation rate.

(2) Two mechanisms are responsible for the formation of cracks in the
oxide: one is the phase transformation from tetragonal to mono-
clinic; the other is the delayed oxidation of precipitates.

(3) As the oxidation progresses, cracks increase and link together to
form long cracks, leading to the layering of the oxide scales.
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