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performance of the alloys.

This work uses qualitative analyses to investigate the corrosion behavior of two non-equilibrium Zr-Sn-Nb-Fe-
Cu-O alloys in 0.01 M LiOH aqueous solution at 360 °C/18.6 MPa. Precipitates of second-phase particles (SPPs)
SEM and local recrystallization in the matrix are observed near the oxide/metal interface during extended periods of
corrosion. Oxides formed on both alloys exhibit different hardness and gradually degrade. The oxides embedded
with more SPPs show a lower hardness and therefore break down earlier. The variations of non-equilibrium
microstructures of the substrates influence the properties of the oxides, thereby determining the corrosion

1. Introduction

At high temperature and high pressure in water or LiOH aqueous
solutions, oxides form on the zirconium alloys and grow continuously in
association with a decreasing corrosion rate [1-8]. Under these con-
ditions, the weight gain of zirconium alloys primarily follows a cubic or
parabolic law [7,8]. After a certain time, a rapid increase in the weight
gained by the alloys could be observed: such a phenomenon is known as
the transition in corrosion kinetics [9,10]. However, weight gain is not
the sole criterion for evaluating the corrosion resistance of zirconium
alloys that are corroded in water or LiOH aqueous solutions under
conditions of high temperature and high pressure. For example, al-
though several zirconium alloys (such as Zr-Nb alloys) were reported to
demonstrate similar weight gain before the transition in corrosion ki-
netics under the same testing conditions, the best corrosion resistance
within the test time was observed in the alloy that went through the
transition last of all [9-13].

Many researchers have studied the corrosion behavior of zirconium
alloys in water or LiOH aqueous solutions under conditions of high
temperature and high pressure [9,10,14-20]. For example, Wei et al.
[10] systematically investigated the effect of Sn on corrosion

mechanisms in Zr-Sn-Nb alloys corroded at 360 °C/18 MPa in simulated
primary water and proposed that Sn can stabilize the tetragonal ZrO,
phase, thus reducing the pre-transition time; Garner et al. [9] and
Wenman et al. [14] interpreted this result in terms of the microtexture
of the oxides and density function theory (DFT). Wang et al. [15] found
that those cations (Y™, Fe®*) which have larger diffusion coefficients
in ZrO, than Zr** would trigger the Kirkendall effect, resulting in na-
noscale porosities in the oxides formed on zirconium alloys in 0.01 M
LiOH aqueous solution at 360 °C/18.6 MPa; the oxides with nanoscale
porosities were more prone to delaminate than the counterparts
without porosity. Hu et al. [16] corroded (Zr, Nb).Fe alloy in simulated
reactor conditions and pointed out that Fe** can also stabilize the
tetragonal ZrO, phase. Bell et al. [17] studied the valences of Nb ions
under different oxygen partial pressures by DFT and showed the effects
of Nb ions on the corrosion behavior and the hydrogen pick-up beha-
vior of the alloy in various valences. Huang et al. [18,19] investigated
the corrosion behavior of Zr-0.8Sn-1.0Nb-0.3Fe-0.1Cr-xS (in wt.%; the
same hereafter unless otherwise indicated) and 90Nb-10Zr alloys by
analyzing the precipitates of second-phase particles (SPPs), pointing out
that various SPPs have different oxidation rates. Skarohlid et al. [20]
coated Zr-0.9Sn-0.9Nb-0.1Fe alloys with nanocrystalline diamond
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layers and found that the uptake of oxygen and hydrogen was effec-
tively mitigated in water at 360 °C/16 MPa.

Manipulation of the processing procedure is also a useful method to
optimize the performance of zirconium alloys by tailoring the micro-
structures [11,13,21-24]. Ly et al. [21] found that the pre-transition
time of recrystallized Zircaloy-4 (Zr-1.25Sn-0.2Fe-0.1Cr-0.130) alloy in
primary water at 360 °C/18 MPa reduced as the final annealing tem-
perature increased, which resulted in increase in grain size of the
substrate. On account of this result, Likhanskii et al. [22,23] established
a model on the basis of elastic energy minimization to evaluate the
transition in corrosion kinetics of zirconium alloys. They provided
evidence that this transition is related to the undulations of the oxide/
metal interface. By analyzing data relating to correlations between the
length of the lateral cracks in the oxides and the amplitude of the un-
dulations, Chen et al. [11,13] pointed out that Zr-0.4Sn-0.35Nb-0.3Fe-
0.080 and Zr-0.4Sn-0.35Nb-0.3Fe-0.05Cu-0.080 alloys, which under-
went a final annealing at recovery temperature after cold rolling, would
experience a postponed transition in corrosion kinetics in both water
and 0.01 M LiOH aqueous solution at 360 °C/18.6 MPa. For HANA-6
alloy (Zr-1.1Nb-0.05Cu), experimental results also proved that the alloy
with low-temperature final annealing (about 470 °C) had a longer pre-
transition time than that with high-temperature final annealing (about
570 °C) when HANA-6 was corroded in pure water at 360 °C [24]. These
researches enhanced the corrosion resistance of zirconium alloys;
however, there was no overall understanding of the degradation of the
oxides formed on non-equilibrium zirconium alloys processed by low-
temperature final annealing.

In general, the emergence of pores and cracks is the precondition for
the degradation of oxides, which finally leads to the transition in cor-
rosion kinetics of zirconium alloys under conditions of high tempera-
ture and high pressure [25-29]. Therefore, further understanding of the
relationship between the properties of the oxides grown from metal
substrates and the corrosion behavior of zirconium alloys is the main
objective of the work described in this paper. In this work, two Zr-Sn-
Nb-Fe-Cu-O alloys composed of non-equilibrium microstructures with
different Nb contents were selected. The microstructures of the alloys
were studied. The properties of the oxides formed on the alloys in
0.01 M LiOH aqueous solution at 360 °C/18.6 MPa were investigated by
nanoscratch tests. Pertinent factors in the transition in corrosion ki-
netics of zirconium alloys were evaluated.

2. Experimental
2.1. Material preparation

Two zirconium alloys with nominal chemical compositions of Zr-
0.4Sn-0.35Nb-0.3Fe-0.05Cu-0.080 (denoted as Zr-0.35Nb) and Zr-
0.4Sn-1Nb-0.3Fe-0.05Cu-0.080 (denoted as Zr-1Nb) were prepared by
vacuum arc re-melting three times to obtain chemical homogeneity.
Both alloys were corroded in an isothermal static autoclave in 0.01 M
LiOH aqueous solution at 360°C under a saturation pressure of
18.6 MPa after processing. The chemical compositions of Zr-0.35Nb and
Zr-1Nb alloys are listed in Table 1. The disk-shape ingots were forged to
10 mm thick at 1000 °C and (3-quenched at 1050 °C. The as-quenched
samples were then hot-rolled, intermediate annealed at 570 °C for 1 h
and cold-rolled to 1.8 mm. At this point, the second (-quenching

Table 1
Chemical compositions (in wt.%) of Zr-0.35Nb and Zr-1Nb alloys.

Alloy Elements

Zr Sn Fe Nb Cu (6]
Zr-0.35Nb Balance 0.55 0.32 0.35 0.05 0.079
Zr-1Nb Balance 0.54 0.33 1.01 0.05 0.082

222

Corrosion Science 136 (2018) 221-230

processing was used instead of intermediate annealing. Afterward, the
samples were cold-rolled twice to a final thickness of 0.6 mm accom-
panied by intermediate annealing of 470 °C for 1 h. Finally, the samples
were annealed at temperature of 470 °C for 5h. Each stage of the pro-
cedure is summarized in Fig. 1.

2.2. Autoclave corrosion

The samples used for the corrosion test were 15 mm X 20 mm in
size and chemically polished using a pickling solution containing H,O:
HNOs3: HySO4: HF of 3:3:3:1 (in vol.%, unless otherwise indicated) at
30-50 °C, then cleaned by pure water. The concentrations of HNOs,
H,SO,4 and HF used were 68%, 98% and 40%, respectively. The cor-
rosion resistance of the samples was evaluated by measuring their
weight gain per unit surface area as a function of the exposure time,
such as 3, 14, 42, 70, 100, 130, 160 and 200 days. The corroded
samples were named after their exposure time (e.g. Zr-0.35Nb-100
stands for the Zr-0.35Nb sample after 100-day exposure, and so on).
The corrosion test was conducted with an isothermal static autoclave in
0.01 M LiOH aqueous solution at 360 °C under a saturation pressure of
18.6 MPa according to ASTM-G2/02 [30].

2.3. Microstructure characterization

Microstructures of the alloys were characterized by using a FEI
Sirion 200 field emission gun scanning electron microscope (SEM) and
a JEOL-2100F transmission electron microscope (TEM). The samples for
SEM observations were mechanically ground with SiC paper up to 2000
grits and polished to a mirror surface by a diamond paste with a particle
size of 1.5um in a polishing machine, then etched in a solution con-
taining H,O: HNO3: HF of 9: 9: 2 for about 15 s. The alloy specimens for
TEM observations were prepared using a twin-jet polishing machine
with a solution containing C;HsOH: HCIO,4 of 9:1 at a voltage of 20 V
and a temperature of —30 °C. The concentrations of Co,HsOH and HCIO,4
used were 99.7% and 72%, respectively. The cross-sectional specimens
of the oxides for TEM observations were prepared according to the
following procedures. Two transverse cross-sectional segments of about
1 mm width were cut from the 100-day corroded samples, then glued
together and inserted into a titanium tube of 3 mm diameter, fixed in
place with epoxy. Slices (about 0.5mm thick) were cut from the as-
prepared titanium tube to provide some disks. Both sides of the disk
sample were manually ground using 4000-grit SiC paper to a thickness
of ~40 pm. The final thinning was performed using a Gatan Model 691
PIPS (Precision Ion Polishing System) instrument. The crystallographic
characteristics of second-phase particles were determined by high re-
solution TEM (HRTEM) and analyzed using the software Image-Pro Plus
5.0.

2.4. Tensile tests

Tensile tests were performed using a Zwick Z100/SN3A universal
testing machine in air at room temperature and 380 °C, respectively.
Dog-bone flat tensile samples with a nominal gauge length of 15 mm
and a cross section of 12mm x 0.6 mm were cut parallel to the rolling
direction by electric discharge machining from the alloy samples. The
samples were subsequently mechanically ground with SiC paper up to
2000 grits. A displacement rate of 1 mm/min (nominal strain rate of
0.001 s~ 1) was used for all the tensile tests.

2.5. Nanoscratch tests

Nanoscratch tests were carried out using the scratch option avail-
able in the CSM-NHT2 machine platform equipped with a Rockwell
indenter with a 100 um tip radius. In the tests, each specimen was
moved against the static and loaded indenter at a speed of 10 mm/min
for a total length of 5 mm. The tests were conducted in a linear loading
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Hot rolling at Annealing Cold rolling B-quenching

600 C to 3 mm 570 'C/1h to 1.8 mm 1050 'C /0.5 h

Final annealing Cold rolling Annealing Cold rolling
470°C/5h to 0.6 mm 470 C/1h to 1.2 mm

Fig. 1. Process flow of experimental alloys. Both alloy samples underwent the second -quenching processing instead of intermediate annealing after the samples were cold-rolled to
1.8 mm. Afterward, the samples were cold-rolled twice to the final thickness of 0.6 mm accompanied by intermediate annealing of 470 °C for 1 h and final annealing of 470 °C for 5h.

mode. The load increased progressively from 0.03 N to a maximum load
of 10N at a loading rate of 0.333 N/s. The 3-day, 42-day, 100-day and
130-day corroded samples were conducted on the nanoscratch tests.
The images of the scratch tracks were obtained using an optical mi-
croscope attached to the CSM-NHT2 machine. Penetration depth and
acoustic emission as a function of loaded normal force (displacement of
specimen) were used to characterize the properties of the oxides. For
the slope obtained on the penetration depth curve, the uncertainty was
within 10%. Although nanoscratch tests were always used to examine
the adhesion strength between the films and their substrates, other
properties (such as cohesion of films and flaws) could also be detected
qualitatively [31,32]. Therefore, the work reported in this paper
adopted this method to test the properties of the oxides formed on Zr-
0.35Nb and Zr-1Nb in 0.01 M LiOH aqueous solution at 360 °C/
18.6 MPa.

3. Results
3.1. Microstructures and weight gain of experimental alloys
Fig. 2 shows the representative microstructural characteristics of the

studied alloys. Both Zr-0.35Nb and Zr-1Nb reveal non-equilibrium
partially recrystallized microstructures. The lath structure, which

fc‘“ No, SPPs observed

No.SPPs Ql;asé[;ved-

results from (-quenching, is still reserved in Zr-0.35Nb and no SPPs are
observed (Fig. 2a). A similar phenomenon was reported in Zr-0.35Nb in
our previous study [11]. For Zr-1Nb, the lath structure associated with
about 0.2 vol.% SPPs is illustrated in Fig. 2b, as indicated by the solid
white arrows. In previous reports [11,33-35], the alloys containing
comparable contents of alloying elements would have about 2-10 vol.%
SPPs after annealing at the recrystallization temperature. In this work,
almost no precipitates can be observed in Zr-0.35Nb. The amount of
SPPs detected in Zr-1Nb is only 0.2%, which is much lower than those
mentioned in the papers [11,33-35]. As such, one can infer that Zr-
0.35Nb and Zr-1Nb after final annealing are still in an oversaturated
solid solution state.

TEM examinations were also carried out to further detail the mi-
crostructures of the studied alloys. As shown from Fig. 2c and d, the
microstructures of both alloys are extremely similar. The lath structures
accompanied by abundant dislocations are found in both alloys. This is
ascribed to the second B-quenching and the subsequent cold rolling.
Because of the low-temperature final annealing, the progress of re-
crystallization becomes sluggish in both alloys, leading to the con-
servation of the lath structures. It is important to note that SPPs could
not be observed in Fig. 2c. In Fig. 2d, a small number of tiny SPPs can
be found, as indicated by white arrows. The TEM results are consistent
with those in the SEM observations. Therefore, one can conclude that

Lath stfucture

100 om

Fig. 2. SEM micrographs of (a) Zr-0.35Nb, (b) Zr-1Nb alloy samples and TEM micrographs of the typical microstructures for (c) Zr-0.35Nb and (d) Zr-1Nb alloy samples. The lath
structures are observed both in Zr-0.35Nb and Zr-1Nb. However, no second-phase particles (SPPs) are observed in Zr-0.35Nb and only 0.2 vol.% SPPs are detected in Zr-1Nb.
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Fig. 3. Autoclave corrosion weight gain profiles for Zr-0.35Nb and Zr-1Nb in 0.01 M LiOH
aqueous solution at 360 °C/18.6 MPa during 200-day exposure. Zr-1Nb shows a post-
transition phenomenon after 100-day exposure, whereas Zr-0.35Nb exhibits no apparent
sign of the transition in corrosion kinetics up to 200-day exposure. Scatter bands re-
present the standard deviations of five independent samples.

most alloying elements are still in solid solution in both alloys prior to
corrosion test.

Fig. 3 reveals the corrosion weight gain of the alloys as a function of
exposure time after the autoclave test in 0.01 M LiOH aqueous solution
at 360 °C/18.6 MPa. The weight gain of both alloys follows a parabolic
law before the transition in corrosion kinetics. The corrosion rate of Zr-
1ND is a slightly higher than that of Zr-0.35Nb, since the weight gain of
both alloys is almost the same at 3-day exposure. The gap of weight
gain in both alloys becomes larger as the exposure time increases. After
100-day exposure, a relatively rapid increase in weight gain is observed
in Zr-1Nb. With up to 200-day exposure, Zr-0.35Nb shows no apparent
sign of the transition in corrosion kinetics. Under the same testing
conditions, higher corrosion resistance is often related to a longer pre-
transition period, if there is no significant difference in weight gain of
the alloys before the first transition [13,15,21,35-38]. Hence it means
that Zr-0.35Nb possesses better corrosion resistance than Zr-1Nb in
0.01 M LiOH aqueous solution at 360 °C/18.6 MPa under 200-day ex-
posure, although both alloys have been subjected to an identical pro-
cessing procedure and have similar microstructure after final annealing.

3.2. Mechanical properties

Table 2 shows the tensile results for both alloys in air at room
temperature and at 380 °C. At room temperature, the ultimate tensile
strengths of Zr-0.35Nb and Zr-1Nb are 590 MPa and 698 MPa, respec-
tively. At 380 °C, the tensile strengths of both alloys decrease (380 MPa
for Zr-0.35Nb and 446 MPa for Zr-1Nb). The Zr-0.35Nb exhibits much
higher tensile strength than its recrystallized counterpart [13]. Such a
discrepancy is ascribed to the formation of a partially recrystallized
structure coupled with a large number of dislocations in the alloy
during low-temperature final annealing after cold work. At both test
temperatures, Zr-1Nb exhibits slightly higher strengths than Zr-0.35Nb,
which may be attributed to presence of more Nb element solid solution
in Zr-1Nb matrix [39,40]. Correspondingly, Zr-0.35Nb has larger
elongations at both room temperature (14%) and 380 °C (22.4%) than

Table 2

Mechanical properties of alloys in air at room temperature and 380 °C. UTS indicates
ultimate tensile strength. Scatter bands represent the standard deviations of three in-
dependent samples.

Alloy Room temperature 380°C

UTS (MPa) Elongation (%) UTS (MPa) Elongation (%)
Zr-0.35Nb 590 *= 14.0 £ 1.5 381 = 5 224 = 0.3
Zr-1Nb 698 + 19 12.0 = 0.9 447 + 27 209 =1
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Zr-1Nb (12% at room temperature and 20.9% at 380 °C).

3.3. Microstructures of alloys near the interface of the oxide/metal after
100-day exposure

Fig. 4 shows the microstructures of the alloys near the interface of
the oxide/metal after 100-day exposure. Recrystallized grains with sizes
of 0.5-2um are observed near the oxide/metal interface, associated
with precipitated SPPs (Fig. 4a and c), both for Zr-0.35Nb and Zr-1Nb.
Such microstructures are significantly different from those observed
after final annealing (Fig. 2c and d). In Zr-0.35Nb, the SPPs are merely
10-20 nm in diameter and their volume fraction is about 2.9% (Fig. 4a).
As shown by the white square in Fig. 4a, the SPPs are identified as C15
type face-centered structured (Zr, Nb)Fe, particles by Fast Fourier
Transform (Fig. 4b). The same phenomenon is revealed in Zr-1Nb; the
location in the vicinity of the interface (location A) contains more SPPs
(about 12.3 vol.%) than that slightly further away from the interface
(location B, about 7.1 vol.%) (Fig. 4c). Most SPPs in Zr-1Nb are iden-
tified as C14 type hexagonal structured Zr(Nb, Fe), (Fig. 4d). It is worth
noting that the SPPs in both samples would be capsuled by the oxides as
corrosion progresses.

3.4. Nanoscratch tests

Fig. 5 illustrates the relationship between penetration depth/
acoustic emission and normal force/displacement of the Zr-0.35Nb-3
and Zr-1Nb-3 specimens. In the figure, PD stands for the penetration
depth curve and AE means acoustic emission curve. The images below
the curves show the corresponding scratch tracks. A-H are the magni-
fied images as indicated by the red dash rectangles in Fig. 5a and b. The
peaks of the acoustic emission curve are associated with the detection
of flaws (such as cracks) in the oxides and the size of a flaw is always
proportional to the intensity of the peak of the acoustic emissions [31].
The magnified images were selected on basis of the peak positions of
the acoustic emission curves. If there were not sufficient peaks to be
chosen, random selection was conducted. As seen from Fig. 5a, the
penetration depth increases linearly with the increase of the normal
force. Only a strong peak of acoustic emissions is detected. Meanwhile,
only a few tiny cracks are found in the scratch tracks and the oxides are
still attached to the substrate after 10 N load for Zr-0.35Nb-3 (Fig. 5a-B,
C, D). The bare metal is hardly observed in Fig. 5a-C and disappears in
Fig. 5a-D. This result indicates that the thickness of the oxide layer is
inhomogeneous due to the undulations of the oxide/metal interface,
which has been reported elsewhere [13,26,27]. In contrast, the bare
metal is presented at the load of about 7 N for Zr-1Nb-3 (Fig. 5b). The
number of cracks in the scratch track for Zr-1Nb-3 is greater than that
for Zr-0.35Nb-3 (Figs. 5b-E, F, G). Meanwhile, the number of acoustic
emission peaks for Zr-1Nb-3 is also greater than that for Zr-0.35Nb-3.

The slopes of the penetration depth curves could be regarded as a
qualitative method to evaluate the hardness of the oxides. The lower
the slope of the penetration depth curve, the more difficult the indenter
penetrates the oxides. Since the penetration depth curves always consist
of several segments (such as an oxide segment and a metal segment),
fitting is not a convenient way to calculate the slopes. In this work,
therefore, the slopes of the penetration depth curves are evaluated by
drawing a line approaching the curve within the oxide segment scale
and then calculating the slope of this line. As seen from Fig. 5, the
slopes of the penetration depth curves are 117 nm/N for Zr-0.35Nb-3
and 165nm/N for Zr-1Nb-3, indicating that the oxides formed on Zr-
0.35Nb-3 in 0.01 M LiOH aqueous solution at 360 °C/18.6 MPa are
harder than those formed on Zr-1Nb-3.

The same analyses could be applied to Fig. 6, which represents the
results of nanoscratch tests for Zr-0.35Nb-42 and Zr-1Nb-42. As the
thickness of the oxides increases, the oxides on both alloys are still
attached to their substrate after 10 N load. However, bare metal can be
found continuously at about 1.8 um depth in the scratch track for Zr-
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1Nb-42 (Fig. 6b-G), resulting in a broad peak of the acoustic emission
curve in Fig. 6b. Regardless of the other scratch information, it is worth
noting that the penetration depths are still in proportion to the normal
force before the indenters penetrate the metal substrate, indicating that
the oxides formed on Zr-0.35Nb and Zr-1Nb after 42-day exposure in
0.01M LiOH aqueous solution at 360 °C/18.6 MPa are still homo-
geneous. The slope of the penetration depth curve of Zr-0.35Nb-42 is
168 nm/N, which is smaller than that of Zr-0.1Nb-42 (201 nm/N).

Fig. 7 shows the nanoscratch results for Zr-0.35Nb-100 and Zr-1Nb-
100. As mentioned in Section 3.1, the transition in corrosion kinetics of
Zr-1Nb takes place after 100-day exposure. It has been reported that a
lot of lateral cracks would be present in the oxides formed on zirconium
alloys at high temperature in water or aqueous solutions and the outer
layers of the corresponding oxides would become loose and porous at
this period [13,25-27,41]. The slopes of the penetration depth curves
for both samples change at a certain depth (as indicated by segment 1
and 2 in Fig. 7). This represents the formation of the two layers of the

(a)

Normal force (N)
4 6

(b)

T T T

211) _
(200)

am
Z.A=|011]
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Fig. 4. TEM micrographs showing the oxide/metal
interfaces for Zr-0.35Nb and Zr-1Nb in 0.01 M LiOH
aqueous solution at 360°C/18.6 MPa for 100-day
exposure: (a) Zr-0.35Nb, recrystallized grains asso-
ciated with precipitated second-phase particles
(SPPs) are observed; (b) high resolution image as
indicated by white square in (a), the inset is the Fast
Fourier Transform for the SPP (identified as C15 type
(Zr, Nb)Fe; particle) in (b); (¢) Zr-1Nb, recrystallized
grains associated with multiple SPPs are observed;
and (d) selected area electron diffraction pattern for
SPPs (identified as C14 type hexagonal structured Zr
(Nb, Fe), particle) in (c). Z.A. is the zone axis.

oxides with different hardness after 100-day exposure. Both slopes of
the penetration depth curves in segment 1 (335 nm/N for Zr-0.35Nb-
100 and 528 nm/N for Zr-1Nb-100) are larger than the corresponding
ones in segment 2 (177 nm/N for Zr-0.35Nb-100 and 258 nm/N for Zr-
1Nb-100), indicating that the inner layers of the oxides are more
compact and harder than the outer layers of the oxides. Furthermore, a
bunch of the acoustic emission peaks are observed in Fig. 7b. These
peaks correspond to large cracks in the oxides or the interface of the
oxide/metal, as indicating in Fig. 7b-F, G, H. Furthermore, the indenter
penetrates the metal substrate at about 7 N normal force load for Zr-
1Nb-100.

The nanoscratch results for Zr-0.35Nb-130 and Zr-1Nb-130 are
presented in Fig. 8. Two segments of the penetration depth curves are
still observed in both samples. The slopes in segment 1 are 496 nm/N
for Zr-0.35Nb-130 and 722nm/N for Zr-1Nb-130. The slopes in seg-
ment 2 are 242 nm/N for Zr-0.35Nb-130 and 364 nm/N for Zr-1Nb-130.
The penetration depth curve of Zr-1Nb-130 has a sharp fluctuation,

Fig. 5. Penetration depth and acoustic
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displacement of specimen for (a) Zr-0.35Nb-
3 and (b) Zr-1Nb-3. The images below each
curve are the corresponding scratch tracks.
A-H are the magnified images as indicated
by the red dash rectangles in (a) and (b).
Only one strong acoustic emission peak is
detected and a few tiny cracks are found in
the scratch track for Zr-0.35Nb-3. In con-
trast, the bare metal is presented at the load
of about 7N for Zr-1Nb-3 and more cracks
are found in the scratch track for Zr-1Nb-3.
The slopes of the penetration depth curves

w
=}

N
®
Acoustic emission (%)

N
o

are 117 nm/N for Zr-0.35Nb-3 and 165 nm/
N for Zr-1Nb-3, indicating that the oxides
formed on Zr-0.35Nb-3 is harder than those
formed on Zr-1Nb-3.
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Fig. 6. Penetration depth and acoustic
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displacement of specimen for (a) Zr-0.35Nb-
42 and (b) Zr-1Nb-42. The images below
each curve are the corresponding scratch
tracks. A-H are the magnified images as in-
dicated by the red dash rectangles in (a) and
(b). A few tiny cracks are found in the
scratch track for Zr-0.35Nb-42. In contrast,
more cracks are observed in the scratch
track for Zr-1Nb-42. A broad peak of the
acoustic emission curve in Fig. 6(b) coin-
cides with the depth located at the interface
of the oxide/metal for Zr-1Nb-42 (Figs. 6b-G
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corresponding to the depth of about 2.4 um (Fig. 8b). At this location,
plenty of cracks are noted (Fig. 8b-E). By SEM examination, the dela-
mination of the oxide layer is found (Fig. 8b inset), indicating that the
Zr-1Nb has undergone the transition in corrosion kinetics. This phe-
nomenon is always associated with long linked-up cracks as reported in
previous research [15,21-23,27,42], which could be the main reason
accounting for the sharp fluctuation of the penetration depth curve in
Fig. 8b. Indenters penetrate the metal substrate at approximately 10 N
load for Zr-0.35Nb-130 and Zr-1Nb-130.

4. Discussion
4.1. Formation of the microstructures before and after corrosion

In this work, the alloy samples underwent the second B-quenching
at 1050 °C, then were cold-rolled twice to the final thickness accom-
panied by intermediate annealing of 470°C and final annealing of
470 °C. Typically, the alloying elements would dissolve into the matrix
when alloys were annealed at (3-Zr region [11,43]. After the second f-
quenching, alloying elements were still in solid solution in the matrix.
Recent work [33,44] suggested that migration energy of Nb®* and
activation energy of Nb-containing SPPs are much greater than the
corresponding values for Zr** and Nb-free SPPs in zirconium alloys.
Therefore, the precipitation of SPPs becomes difficult after the second

and H). The slope of the penetration depth
curve for Zr-0.35Nb-42 is 168 nm/N, which
is smaller than that for Zr-0.1Nb-42
(201 nm/N) (For interpretation of the refer-
ences to color in this figure legend, the
reader is referred to the web version of this
article.).

B-quenching [33,45]. Meanwhile, the recrystallization is also sluggish
and the lath structures formed by p — a transformation in both alloys
are retained. The solid solubility of Nb is no more than 0.3% in a-Zr at
phase equilibrium at room temperature [46]. Therefore, 0.35% Nb
oversaturated in a-Zr is in a non-equilibrium state for Zr-0.35Nb after
the final annealing. Compared to Zr-0.35Nb, Zr-1Nb contains more Nb
element. Although the same processing procedure is conducted on Zr-
1Nb, some fine SPPs still precipitate (Fig. 2b). However, the fraction of
SPPs (0.2 vol.%) in Zr-1Nb is much lower than the fraction of SPPs in
the alloys with the same or similar chemical compositions [34,47,48].
Thus, there is still considerable Nb solid solution in the matrix for Zr-
1Nb.

When zirconium alloys are corroded in aqueous solutions under
conditions of high temperature and high pressure, the inward diffusion
of oxide ions leads to the continuous growth of oxides [49]. These oxide
ions even penetrate the matrix during corrosion [50,51]. Meanwhile,
due to the large volume difference between Zr and ZrO, (1:1.56), me-
chanical stress is produced at the oxide/metal interface, leading to the
movement of dislocations in the metal substrate during the corrosion
test [52]. As discussed above, the microstructures of the alloy samples
after final annealing are oversaturated and partially recrystallized.
Therefore, one can speculate that some changes occur in the matrix
under the combined effect of inward diffusion of oxide ions and me-
chanical stress when alloys are corroded in LiOH aqueous solution at

Fig. 7. Penetration depth and acoustic
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(b). More and stronger acoustic emission
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Zr-1Nb-100. Both slopes of the penetration
depth curves in segment 1 (335 nm/N for Zr-
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are larger than the corresponding ones in
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Fig. 8. Penetration depth and acoustic
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360 °C/18.6 MPa for an extended period. Saintoyant et al. [53] pro-
posed that recrystallization could take place at a relatively low tem-
perature if a stress is applied. As shown in Fig. 2c and d, the alloy
samples have lath structures with a large number of dislocations. After
being corroded at 360 °C and chronically stressed, recrystallization in
the vicinity of the oxide/metal interface takes place in both Zr-0.35Nb
and Zr-1Nb. Thus, precipitates of SPPs are observed in the region ad-
jacent to the oxide/metal interfaces in both Zr-0.35Nb-100 and Zr-1Nb-
100 (Fig. 4). Comparatively, Zr-0.35Nb-100 has fewer (2.9 vol.%) and
smaller (10-20nm) SPPs in the region nearby the interface of the
oxide/metal since Zr-0.35Nb possesses a lower content of Nb elements.

4.2. Strengths of the substrates vs. properties of the oxides

Many studies reported that the deformation of the Zr substrate
during corrosion in water or aqueous solutions under conditions of high
temperature and high pressure led to a redistribution of stress in the
oxides, then the cracks were triggered [13,22,23,41]. Thus, the alloy
strength has been considered as an important influencing factor for the
transition in corrosion kinetics, and the higher strength alloys may
often have longer pre-transition times [11,13,22,23]. These results
might be suitable for alloys with the identical compositions [21,22].
However, this law does not seem to apply to Zr-0.35Nb and Zr-1Nb
(Fig. 3 and Table 2). Based on the requirements for the formation of
cracks in the oxides, not only the redistribution of stress induced by the
deformation of the substrate but also other factors such as the proper-
ties of the oxides should be considered.

As seen from Fig. 4, more SPPs are incorporated into the oxides in
Zr-1Nb since Zr-1Nb contains more Nb elements. Moreover, the C14
type SPPs in zirconium alloys are oxidized more slowly than the sur-
rounding matrix in aqueous solutions at high temperature [29]. Thus,
the C14 type SPPs are prone to induce micro-cracks in the oxides [54].
As a result, more peaks of acoustic emissions, caused by flaws (such as
micro-cracks), are detected in nanoscratch tests for Zr-1Nb (Figs. 5b,
6b, 7b and 8b). This demonstrates that the oxides formed on Zr-1Nb are
more susceptible to the formation of micro-cracks in another way.
Meanwhile, from the perspective of the slopes of the penetration depth
curves (Figs. 5-8), the oxides formed on Zr-1Nb in 0.01 M LiOH aqu-
eous solution at 360°C/18.6 MPa within 130-day exposure have a
lower hardness compared to the oxides formed on Zr-0.35Nb. In gen-
eral, cracks are triggered by stress [41,54]. As such, cracks are more
prone to occur in the oxides formed on Zr-1Nb in this work. Hence, the
transition in corrosion kinetics of Zr-1Nb associated with the delami-
nation of the oxides is detected earlier than that of Zr-0.35Nb (Figs. 3
and 8).

to the delamination of the oxide layer (the
inset SEM image for cross-sectional oxide in
(b)) located at the depth of about 2.4 pm
(For interpretation of the references to color
in this figure legend, the reader is referred to
the web version of this article.).

4.3. Degradation of the oxides

The oxides formed on Zr-0.35Nb and Zr-1Nb in 0.01 M LiOH aqu-
eous solution at 360 °C/18.6 MPa at 3-day and 42-day exposure are still
relatively homogeneous (Figs. 5 and 6). However, as the exposure time
is extended, two segments of the penetration depth curves with dif-
ferent slopes are found in Zr-0.35Nb and Zr-1Nb at 100-day and 130-
day exposure (Figs. 7 and 8). The slopes of segment 1 of the penetration
depth curves are larger than those of segment 2 for both Zr-0.35Nb and
Zr-1NDb (Figs. 7 and 8). It is known that the compressive stress decreases
as the thickness of the oxide layers increases [55]. The relaxation of
stress is believed to be an important factor for the degradation of the
oxides [27]. Zr-1Nb does not show any apparent sign of the transition in
LiOH aqueous solution at 360 °C/18.6 MPa under 100-day exposure
(Fig. 3) but the penetration depth curve for Zr-1Nb-100 displays two
segments (Fig. 7b), indicating that the outer oxide layer of Zr-1Nb-100
degrades before the transition in corrosion kinetics. This result suggests
that the outer oxide layer becomes loose and the inner oxide layer is
still compact, although the oxides have not substantially delaminated.

Another interesting phenomenon is that the thickness of the loose
oxide layer seems to become greater as corrosion progresses (segment 1
in Figs. 7 and 8). The thickness of the compact oxide layer is kept at a
relatively constant level of about 1-1.2pum before the transition in
corrosion kinetics (segment 2 in Figs. 7a, b and 8a). If the loosening
process in the oxides gradually takes place as the in-plane stress gra-
dually relaxes far away from the interface of the oxide/metal [55-571],
two segments of the penetration depth curves would not be observed as
the exposure time increases. Although there is still a lack of sufficient
evidence to interpret the exact reason for the formation of two segments
on the penetration depth curves, some facts can be deduced from the
growth characteristics of the oxides. The region in the oxide near the
oxide/metal interface is subjected to large compressive stress due to the
volume difference between Zr and ZrO, [41]. Two segments on the
penetration depth curves for Zr-0.35Nb and Zr-1Nb are presented when
the thicknesses of the oxides exceed a certain value (Figs. 7 and 8). This
apparent change in the slopes of the penetration depth curves may be
ascribed to the transformation of monoclinic ZrO, grains from tetra-
gonal ZrO, grains which could be stabilized by compressive stress [58].
This phase transformation would induce flaws (such as pores and
micro-cracks) into the local region of the oxides formed on zirconium
alloys in water or aqueous solutions under conditions of high tem-
perature and high pressure [58,59]. The compressive stress decreases
gradually from the interface of the oxide/metal to the surface of the
oxides [55,57]. Hence, the compressive stress would reduce to a level at
a distance from the interface of the oxide/metal and could not stabilize
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the tetragonal ZrO, grains. A considerable number of tetragonal ZrO,
grains transform to monoclinic ZrO, grains at a certain distance from
the oxide/metal interface. Therefore, the oxides degrade quickly far
away from the oxide/metal interface. As such, two slopes of the pene-
tration depth curves are evident.

4.4. Possible mechanism relating to the transition in corrosion kinetics

The delamination of oxides is widely proved as indicative of the
transition in corrosion kinetics which initially results from the forma-
tion of lateral cracks in oxides formed on zirconium alloys in water or
aqueous solutions under conditions of high temperature and high
pressure [21-23]. In such a corrosion environment, the reason for oxide
delamination is attributed to the combined effect of the deformation of
the metal substrate and the production of cracks in the oxides. Although
the redistribution of stress in oxides mainly stems from the deformation
of the substrate [22,41,60], the formation of cracks definitively de-
pends on the properties of oxides. Special attention should be paid to
the distinctive properties of oxides due to the different compositions
and microstructures of zirconium alloys. In the present work, the cor-
rosion test in autoclave was performed in an aqueous environment at
360 °C/18.6 MPa. This corresponds to the alloys being aged for an ex-
tended period at 360 °C. In the meantime, the substrate is subjected to
tensile stress near the oxide/metal interface chronically. Therefore, as
seen from a schematic illustration in Fig. 9a, the non-equilibrium mi-
crostructures of zirconium alloys might vary under conditions of high
temperature and high pressure and the properties of the oxides would
be determined in terms of the altered microstructures, as Zr-0.35Nb and
Zr-1Nb in this work. In comparison, the equilibrium microstructure
(such as recrystallized microstructure) of zirconium alloys may not
much change (Fig. 9b) [52].

(@)

Corroded in autoclave
for an extended period

Oxide ions ingress
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5. Conclusions

Two non-equilibrium Zr-Sn-Nb-Fe-Cu-O alloys with different Nb
contents, i.e. Zr-0.4Sn-0.35Nb-0.3Fe-0.05Cu-0.080 (denoted as Zr-
0.35Nb) and Zr-0.4Sn-1Nb-0.3Fe-0.05Cu-0.080 (denoted as Zr-1Nb),
were corroded in 0.01 M LiOH aqueous solution at 360 °C. The corro-
sion behavior of the alloys and the degradation of the surface oxide
films were investigated by transmission electron microscope and na-
noscratch tests. Some key conclusions can be drawn as follows:

1 Although Zr-0.35Nb and Zr-1Nb have similar microstructures prior
to corrosion test, they exhibit significantly different corrosion be-
havior within the testing period. The transition in corrosion kinetics
for Zr-1Nb takes place after 100-day exposure, whereas Zr-0.35Nb
shows no apparent sign of the transition with up to 200-day ex-
posure.

2 After an extended period corroded at 360 °C, local recrystallization
of the Zr matrix and precipitates of second-phase particles are ob-
served near the oxide/metal interface in both alloys. More second-
phase particles are found in Zr-1Nb than in Zr-0.35Nb, which is
attributed to higher Nb content in Zr-1Nb. These second-phase
particles would be incorporated into the oxides as corrosion pro-
ceeds.

3 By comparing the nanoscratch results obtained on the oxides formed
the alloys at the same exposure time, the oxides formed on Zr-
0.35Nb show a higher hardness and fewer flaws than those formed
on Zr-1Nb. Therefore, the oxides formed on Zr-1Nb break down
earlier than those formed on Zr-0.35Nb. This may stem from the
different amounts of second-phase particles embedded in the oxides
formed on both alloys.

4 According to the penetration depth curves obtained on the oxides
formed on the alloys at different exposure time, the oxides degrade
gradually as corrosion progresses. After 100-days exposure, the
outer oxide layers show a lower hardness than the inner oxide layers

Fig. 9. Schematic illustrations for the possible mechanism of zirco-
nium alloys with non-equilibrium and equilibrium microstructures in
water or aqueous solutions at 360 °C/18.6 MPa for an extended period:
(a) The non-equilibrium microstructures of zirconium alloys might
vary under these conditions and the properties of the oxides would be
determined in terms of the altered microstructure, (b) the equilibrium
microstructures of zirconium alloys may not change much.

(b)

Tensile stress

Corroded in autoclave
for an extended period

x alloying elements in solid solution
L dislocations
o second-phase particle

Bl oxides
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for both Zr-0.35Nb and Zr-1Nb, even though the transition in cor-
rosion kinetics does not take place in the two alloys.

This work suggests that the variations of non-equilibrium micro-
structures significantly influence the properties of the oxides grown
from the metal substrates, thereby determining the corrosion perfor-
mance of the Zr alloys.
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