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Abstract: In pressurized water reactors, LIOH may be concentrated in some areas, leading to the
accelerated corrosion of fuel claddings. Injecting boric acid into primary coolants can mitigate the
accelerated corrosion effect of LiOH on Zircaloys, but the effects of boron content on the corrosion
behavior of the Zr-Sn-Nb alloy are still unknown. This work focused on the corrosion and hydrogen
absorption behavior at 360 °C/18.6 MPa in 100 mg/kg LiOH solutions with 0 mg/kg, 50 mg/kg, and
200 mg/kg boron contents for up to 510 days, aiming to study the effect of boron content on corrosion
resistance in LiOH solutions. Corrosion kinetics, microstructures of oxide films, hydrogen absorption
concentrations and hydride morphology were obtained after the test. The results show that injecting
boron in LiOH solutions can significantly reduce the corrosion weight gain, hydrogen concentration,
and hydrogen length of Zr-Sn-Nb alloys, that is, improving corrosion resistance effectively. During
the oxidation of the Zr-Sn-Nb alloy, B3* and Li* incorporate in oxide films. The incorporation of
Li* may lead to the generation of oxygen vacancies, which can carry oxygen from the solutions to
O/M interface, accelerating corrosion. The incorporation of B3* in oxide films will slow down the
oxidation of Zr-Sn-Nb alloys by reducing the oxygen vacancies caused by Li* aggregation.

Keywords: boron content; LiOH solutions; corrosion; Zr-Sn-Nb alloys

1. Introduction

Zirconium (Zr) alloys, also well known as Zircaloys, are currently the only cladding
material used in water-cooled reactors due to its low thermal neutron capture cross-section,
excellent radiation resistance, reasonable mechanical properties and unique corrosion
resistance in high temperature water [1-3]. Traditional Zircaloys alloys, such as the Zr-2
and Zr-4 alloy, were widely used in water-cooled reactors from the 1950s to the 1990s [3].
Zr-2 alloy with nominal composition Zr-1.5wt%Sn-0.15wt%Fe-0.1wt%Cr-0.05wt%Ni showed
good corrosion resistance, and had been applied to boiling water reactors (BWRs) and
pressurized water reactors (PWRs) as fuel claddings. However, Ni in the Zr-2 alloy led
to hydrogen embrittlement. To solve this problem, Zr-4 alloy with nominal composition
Z1-1.5wt%5Sn-0.2wt%Fe-0.1wt%Cr was developed. Zr-Nb alloys, such as the M5 alloy, had
excellent corrosion and hydrogen absorption resistance [4], are still the first choice for the
cladding materials of many PWRs. With the development of PWRs toward deepening
the burn-up of nuclear fuel and extending the reload cycle, higher requirements are put
forward for the performance of zirconium alloys. Thereupon, Zr-Sn-Nb alloys with better
corrosion, radiation, creep, and fatigue resistance have been developed [5].

At present, most of the primary coolant of PWRs is boron-lithium type, and the
irradiation decomposition of water is suppressed by dissolved hydrogen [6]. Under this
condition, Zr-Sn-Nb alloy maintains good corrosion resistance. However, LIOH may
be concentrated in some areas, and has a negative effect on the corrosion resistance of
zirconium alloys. The effect of Li* concentrations (within the range of 2.2-7000 mg/kg) on
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the corrosion resistance of Zr-4 has been studied [7,8], and the following phenomena were
found. Firstly, when the Li* concentration was only a few mg/kg, the corrosion behavior
of Zr-4 alloy is almost the same as that in pure water. Secondly, when the Li* concentration
was tens of mg/kg, the corrosion transition was earlier, and the corrosion after transition
was accelerated. Thirdly, when the Li* concentration increased to 350 mg/kg, the stage
before corrosion transition was no longer measurable, and the corrosion rate continued
to increase after corrosion transition. Injecting boric acid could mitigate the accelerated
corrosion effect of LIOH on Ziraloys [9]. Although autoclave corrosion tests have shown
that the corrosion resistance of the Zr-Sn-Nb alloy in LiOH solutions was better than
Zircaloys [10], there was still a lack of research on the effect of injecting boron on the
Zr-5Sn-Nb alloy.

There are three understandings of the deterioration of corrosion resistance induced by
Li*. Firstly, Li* replaces the position of Zr** in ZrO, lattice, resulting in the generation of
additional oxygen vacancies and promoting oxygen diffusion [11]. Secondly, Li* promotes
the recrystallization of ZrO,, leading to an increase in grain boundary and the formation
of pores and cracks in oxides [12]. Thirdly, Li* increases the porosity of oxide films,
leading to the preferential dissolution of connection positions in the ZrO, lattice, causing
the penetration of protective oxide films, ultimately leading to the rapid diffusion of the
oxygen-to-oxide/metal (O/M) interface [13]. Xie et al. [14] found the aggregation of Li at
the ZrO, grain boundary, and they believed it reduced the grain boundary energy of oxide
film, resulting in defects and cracking.

As for the corrosion inhibition mechanism of injecting boron, there are also three un-
derstandings. Firstly, the reaction between boric acid and the -OLi group on the surface
may alleviate the corrosion problem caused by Li* concentration [15]. Secondly, boron
promotes the formation of oxides from dissolved alloy elements, covering the pores in
ZrO, and hindering corrosion [16]. Thirdly, Boron changes the chemical environment in
the pores of ZrO,, reducing the solubility of oxides [17]. However, there is still a lack of
clear conclusions about the corrosion inhibition mechanism of injecting boron.

To sum up, LiOH is a commonly used non-volatile alkaline agent in PWRs. It poses a
risk of local concentration on the surface of fuel cladding, which can lead to the accelerated
corrosion of zirconium alloy. Therefore, it is considered to inject a certain concentration
of boric acid to mitigate the effects of Li*. However, the mechanism by which zirconium
alloy accelerated the corrosion caused by the local concentration of LiOH is still unclear,
and the laws of boric acid alleviating Zr-Sn-Nb alloy corrosion are also unknown. In order
to clarify the influence of injecting boron on the corrosion resistance of Zr-Sn-Nb alloy, this
paper studied the corrosion behavior of the Zr-Sn-Nb alloy in concentrated LiOH solutions
with different boron concentrations, and an attempt has been made to explain the corrosion
inhibition mechanism of zirconium alloys by injecting boron to the aqueous solutions of
the primary loop of PWRs.

2. Materials and Methods
2.1. Alloy and Materials
In this study, we selected a Zr-Sn-Nb alloy plate with a thickness of (2.1 & 0.1) mm

as a material. We obtain Zr-Sn-Nb plate from State Nuclear Bao Ti Zirconium Industry
Co., Ltd., Baoji, China and the composition is shown in Table 1.

Table 1. Range of Zr-Sn-Nb alloy composition (wt%).

Element Sn Nb Fe Cr Zr
Content 0.9-1.2 0.25-0.35 0.3-0.4 0.05-0.10 Bal.

2.2. Corrosion Experiment

The corrosion experiment was conducted using an autoclave. Plates were cut into
(30 £ 1) mm x (20 & 1) mm x (1.4 £ 0.1) mm sheets. Before corrosion, specimens were
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pickled in the standard metallographic etching solution for about 1 min to obtain a shiny
surface. These specimens were moved immediately into the flowing water after pickling.
Rinsing in the flowing water lasted for about 10 min and then specimens were transferred
into the boiling deionized water for another 10 min to eliminate the influence of fluorine.
The corrosion test was carried out in a static autoclave at 360 + 3 °C/18.6 &= 1.4 MPa
following the ASTM-G2/G2M-06 standard [18]. The autoclave was deaerated each time
during heating-up at 140-150 °C. After deaeration, the autoclave was heated to 360 & 3 °C,
and then the corrosion test started. The aqueous solution compared in this study is shown
in Table 2. By injecting 50 mg/kg and 200 mg/kg of boron to the concentrated LiOH
solutions, the effects of different boron concentrations on the corrosion resistance of the
Zr-Sn-Nb alloy were compared. Specimens were taken and weighed every 30 days, and
corrosion resistance was evaluated by weight gain. In this work, at least three parallel
samples were left in the autoclave to ensure an average measuring of weight gain.

Table 2. Aqueous solutions compared in this study (mg/kg).

Type of Solutions Li Concentration B Concentration Dissolved Oxygen
B =0mg/kg 100 +5 0 <0.1
B =50 mg/kg 100 =5 50+5 <0.1
B =200mg/kg 100 £5 200 £ 10 <0.1

2.3. Microscopic Analysis after Corrosion

Scanning electron microscope (SEM) was used to observe the surface and cross-
sectional morphology of oxide films. Transmission electron microscope (TEM) was used to
obtain a more detailed local microstructure of the oxide films. The thin foils of cross-sections
of the oxide films were prepared using focused ion beam (FIB). X-ray diffraction (XRD)
was used to analyze the crystal structure of the sample after corrosion testing. Atom probe
tomography (APT) was used to analyze the aggregation of elements in the microzone of
the oxide film. Glow discharge optical emission spectrometry (GDOES) was conducted
to measure the distributions of elements in oxide films along the depth direction. The
oxygen/nitrogen/hydrogen determinator was used to analyze the hydrogen contents of
the corroded specimens, and the hydrides were observed in the matrix of the corroded
specimens using an optical microscope.

3. Results
3.1. Effect of Boron Injection on Corrosion Behavior of Zr-Sn-Nb Alloy
3.1.1. Corrosion Kinetics

The weight gain profile of Zr-Sn-Nb alloy is shown in Figure 1. The injection of
boron significantly reduced the corrosion rate of Zr-Sn-Nb alloy in aqueous solutions with
a Li concentration of 100 mg/kg. In B = 0 mg/kg solutions, the corrosion transition of
Zr-Sn-Nb alloy was occurred in 60 days, after that, the corrosion rate increased sharply,
and the weight gain was more than 10,000 mg/dm? in 420 days. In B = 50 mg/kg and
B =200 mg/kg solutions, the corrosion rates were much lower than that in B = 0 mg/kg
solutions, and after 510 days, the weight gain was 202.38 mg/dm? and 184.77 mg/dm?,
respectively, which was only 1/50 of that in B = 0 mg/kg solutions. It is clear that the
corrosion rate of Zr-Sn-Nb alloy decreases significantly after increasing the B concentration
from 0 to 50 mg/kg. When the B content was increased from 50 mg/kg to 200 mg/kg, the
corrosion inhibition effect was significantly reduced. After 510 days, the weight gain of the
Zr-Sn-Nb alloy in B = 200 mg/kg solutions was only about 18 mg/dm? lower compared to
that in B = 50 mg/kg solution.
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Figure 1. Corrosion kinetics of Zr-Sn-Nb alloy corroded in Li = 100 mg/kg solutions with, 50,
200 mg/kg boron, black square data represent the weight gain of samples corroded in B = 0 mg/kg
solutions, red circular data represent the weight gain of samples corroded in B = 50 mg/kg solutions,
blue triangle data represent weight gain of samples corroded in B = 200 mg/kg solutions.

3.1.2. Top Appearance

The photograph of corrosion specimens are shown in Figure 2. In B = 200 mg/kg
and B = 50 mg/kg solutions, the surface of Zr-Sn-Nb alloy remained uniformly grey-black
throughout the corrosion test, and there were no obvious defects on surface. In B =0 mg/kg
solutions, the specimen only showed uniform grey-black color in the first 30 days. After
60 days, a small number of white spots began to appear, and gradually increased and
covered the whole surface with the prolongation of the test time. After 210 days, cracks
appeared on the surface of specimen. After 480 days, severe cracking occurred in the
oxide films.

B=200mg/kg  B=50mg/kg B=0Omg/kg B=200mg/kg  B=50mg/kg B=0mg/kg

B=200mg/kg  B=50mg/kg B=0mg/kg B=200mg/kg  B=50mg/kg B=Omg/kg

210 days 240 days
B=200mg/kg B=50mg/kg B=0mg/kg B=200mg/kg B=50mg/kg B=0mg/kg

X

. 0 days 510 days

Figure 2. Top appearance of the Zr-Sn-Nb alloy in different solutions at different corrosion times, the
solutions samples corroded in are labeled in the upper part of sub-figures, and the corrosion times
are labeled in the bottom part of sub-figures.
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3.1.3. SEM Morphology of Oxide Films

The SEM surface morphology of oxide films are shown in Figure 3. In B = 200 mg/kg
and B = 50 mg/kg solutions, the oxide films were uniform and dense. In B = 0 mg/kg
solutions, the oxide films present a large number of groove corrosion morphology after
30 days, which may be related to plate textile [19]. After 180 days, cracks began to appear.
Comparing the surface morphologies of oxide films in different solutions after the same
cycle test, it can be found that there are a large number of oxide particles and a small
number of corrosion pits on the surface in B = 0 mg/kg solution.

B=200mg/kg 30days

5 um

B=200mg/kg 90days | B=200mg/kg 180days B=200mg/kg 450days B=200mg/kg 510days

o um 5 pm

B=50mg/kg 30days

B=50mg/kg 90days B=50mg/kg 180days B=50mg/kg 450days B=50mg/kg 510days

5 um 5 um 5 um 5 pm

B=0mg/kg 90days B=0Omg/kg 180days B=0Omg/kg 450days B=0mg/kg 510days

Figure 3. SEM surface morphology of Zr-Sn-Nb alloy in different solutions at different corrosion times,
the solutions samples corroded in and corrosion time are labeled in the upper part of sub-figures.

The SEM cross-sectional morphology of Zr-Sn-Nb alloy corroded for several days
(containing Zr matrix and oxide films) are shown in Figure 4. In B = 0 mg/kg solutions,
a large number of cracks appeared in oxide films after 90 days. In B = 200 mg/kg and
B =50 mg/kg solutions, cracks appeared in oxide films after 360 and 450 days, respectively.
Inhomogeneous oxidation of Zr-Sn-Nb alloys leads to the accumulation of stress in oxide
films, which may destroy oxide films and cause cracks [20]. Inhomogeneous oxidation was
more severe in B = 0 mg/kg solution, resulting in cracking of oxide films after 90 days
corrosion, which was earlier than that in B = 200 mg/kg and B = 50 mg/kg solutions. In
addition, after 180 days, cracks perpendicular to surface had appeared in oxide films in B
= 0 mg/kg solution, indicating that stress generated by the growth of oxide films led to
brittle cracking, and such cracks directly promoted the mass transfer process from surface
to O/M interface, accelerating corrosion. As can be seen in Figure 4, with the extension of
the test time, the cracks continued to expand to O/M interface, while no cracks appeared
until the end of the 510-day test in B = 200 mg/kg and B = 50 mg/kg solutions.
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Figure 4. SEM cross-sectional morphology of Zr-Sn-Nb alloy in different solutions at different
corrosion times, the solutions samples corroded in and corrosion time are labeled in the upper part
of sub-figures.

3.1.4. Hydrogen Absorption Concentrations

The hydrogen absorption concentrations of Zr-Sn-Nb alloy in different solutions are
shown in Table 3. In B = 0 mg/kg solutions, hydrogen absorption concentrations increased
sharply to 400 mg/kg after 90 days, and to 3900 mg/kg after 510 days. In B = 200 mg/kg
and B = 50 mg/kg solutions, the hydrogen absorption concentrations was lower than that
in B = 0 mg/kg solution. When boron concentration was increased from 50 mg/kg to
200 mg/kg, the hydrogen absorption concentration was slightly decreased.

Table 3. Hydrogen absorption concentration of Zr-Sn-Nb alloy corroded in different solutions at
different times (mg/kg).

Times 30 90 180 270 360 450 510
Solutions Days Days Days Days Days Days Days
B=0mg/kg 18 400 2400 3700 3500 3800 3900

B =50 mg/kg 14 18 20 34 44 58 74

B =200 mg/kg 20 16 14 28 40 46 49

3.1.5. Hydrides Morphology

After chemical etching, hydrides morphology is shown in Figure 5. At the beginning
of the corrosion test, the hydrides length and density in B = 200 mg/kg solutions was lower
than that in B = 50 mg/kg and B = 0 mg/kg solutions. As time went on, the hydrides
length and density was increased, which tended to be similar in the B = 200 mg/kg and
B =50 mg/kg solutions. In B = 0 mg/kg solutions, hydrides had a tendency to interconnect
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after 90 days, and then hydrides’ density increased sharply until it covered the whole
observation field of view.

B=200mg/kg 30days B=200mg/kg 90days B=200mg/kg 180davs B=200mg/kg 450days B=200mg/kg 510days

===

100pum 2 » ~ 100pm BT 100pm | o = 100um ~ ! 100pm

-

B=50mg/kg 30days || B=50mg/kg 90days B=50mg/kg 180days B=50mg/kg 450days B=50mg/kg 510days

[

L

100pm

4h

100pm 100pum "","} —\_‘7, 100pm

B=0mg/kg 510days

B=0Omg/kg 90days B=0mg/kg 180days B=0Omg/kg  450days

100pum 100pm 100pm

Figure 5. Hydride morphology of Zr-Sn-Nb alloy in different solutions at different corrosion times,
the solutions samples corroded in and corrosion time are labeled in the upper part of sub-figures.

3.2. Effect of Boron Injection on Microstructure of Oxide Films of Zr-Sn-Nb Alloys
3.2.1. Cross-Sectional Microstructures of Oxide Films

The oxide films microstructure of Zr-Sn-Nb alloy corroded in B = 200 mg/kg solutions
for 30 days (studied by TEM) are shown in Figure 6. From Figure 6a, oxide films were
composed of an equiaxed crystal layer, a columnar crystal layer and an oxygen-enriched
layer. The outer films were porous, and the thickness was about 200 nm, which consisted
of equiaxed crystals with the size of 20-50 nm. The presence of pores between equiaxed
crystals indicates that the outer films were not protective, as shown in Figure 6b. Below
the equiaxed crystal layer was a columnar crystal layer with a thickness of 1.2 um. The
columnar crystal grew perpendicular to surface with a width of 50-100 nm. To reduce
stress accumulation, zirconium alloys preferentially form columnar crystal oxides, and
this oxide films can prevent the flow of corrosive media to O/M interface [21]. Near O/M
interface, some island-shaped second phase particles (SPPs) with sizes of 50-200 nm could
be observed. They are Zr(Nb,Fe,Cr);, and all of them cracked on the side near surface, as
shown in Figure 6¢. Zr in Zr(Nb,Fe,Cr), were preferentially oxidized, followed by Fe, Cr,
and Nb. The Pilling-Bedworth ratio (PB ratio) of Fe is 2.05, Cr is 2.00, Nb is 2.67. They are
larger than that of Zr. So in the subsequent oxidation, the volume expansion of SPPs is
inconsistent with that of Zr, generating additional stress and leading to cracking around
SPPs [22]. An oxygen-enriched layer with a thickness of 200 nm also existed near O/M
interface, and the morphology was shown in Figure 6d,e. Performing electron spectroscopy
point scanning at position 1, 2 and 3 in Figure 6e, the results are shown in Table 4. Oxygen-
enriched layer can effectively prevent the further diffusion of oxygen into Zr matrix by
continuously dissolving oxygen atoms.
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(a) Equaixed crystal layer ~

-~

b g

Micro cracks

Figure 6. Cross-sectional microstructure of oxide films corroded in B = 200 mg/kg solutions for
30 days: (a) cross-section morphology of oxide film; (b) pores between equiaxed crystals; (c) SPPs
observed near O/M interface; (d) bright field image of oxygen enriched layer; and (e) HAADF image
of oxygen-enriched layer.

Table 4. The electron spectroscopy results of positions 1, 2, and 3 in Figure 6e (Wt%).

Position (@) Cr Fe Zr Nb Sn
1 2.21 0.00 0.07 96.84 0.41 0.46
2 11.77 0.08 0.06 86.77 0.07 1.26
3 36.83 0.00 0.04 61.94 0.22 0.97

Figure 7 shows the cross-sectional microstructure of oxide films corroded in
B = 0 mg/kg solutions for 30 days. The oxide films consisted of an equiaxed crystal
layer, a columnar crystal layer, and an oxygen enriched layer, which were consistent with
the cross-sectional microstructure corroded in B = 200 mg/kg solutions. This indicates that
the corrosion mechanism has not changed in different solutions. From Figure 7a, it can be
seen that cracks appeared in oxide films. This type of crack was usually caused by stress.
When the local stress in oxide films exceeds the limit, cracks parallel to the surface will
occur. The local stress was usually caused by uneven oxidation. In B = 0 mg/kg solutions,
the Zr-Sn-Nb alloy exhibits significant uneven oxidation leading to oxide cracking, which
means that the concentrated Li aggravates the inhomogeneous oxidation of Zr-Sn-Nb alloys.
Table 5 shows electron spectroscopy results of positions 1, 2, and 3 in Figure 7b. There is
also a oxygen-enriched layer nearby the O/M interface, which is coincided with the result
of Figure 6.
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Figure 7. Cross-sectional microstructure of oxide films corroded in B = 0 mg/kg solutions for 30 days:
(a) cross-section morphology of oxide film; (b) morphology of O/M interface; and (c) SPPs observed
near O/M interface.

Table 5. The electron spectroscopy results of positions 1, 2, and 3 in Figure 7b (wt%).

Position (@) Cr Fe Zr Nb Sn
1 2.59 0.43 2.10 93.11 1.77 0.00
2 5.78 0.03 0.03 91.34 0.39 2.43
3 23.39 0.00 0.03 75.48 0.19 0.92

3.2.2. Crystal Structure of Oxide Films

XRD was performed to obtain the crystal structure of oxide films, and the results
are shown in Figure 8. All the XRD results showed diffraction peaks of Zr [23]. After
30-day corrosion, the oxide films in B = 0 mg/kg solutions was mainly monoclinic ZrO,
(m-ZrOy) [24], and the oxide films in B = 50 mg/kg solutions were composed of m-ZrO,
and tetragonal ZrO, (t-ZrO;) [25]. In B = 200 mg/kg solutions, the oxide films were mainly
composed of t-ZrO;. After being corroded for 180 days and 360 days, the oxide films in
B = 0 mg/kg and B = 50 mg/kg solutions mainly consisted of m-ZrO, and contained a
small amount of t-ZrO,, and oxide films in B = 200 mg/kg solutions were made up of
m-ZrO; and t-ZrO,. After being corroded for 510 days, the oxide films in B = 0 mg/kg,
B =50 mg/kg, and B = 200 mg/kg solutions were mainly made up of m-ZrO,. However,
the number of m-ZrO; diffraction peaks in B = 200 mg/kg and B = 50 mg/kg solutions is
less than that in B = 0 mg/kg solutions.

During the oxidation of zirconium alloys, t-ZrO, was formed firstly, and then t-ZrO,
is converted into m-ZrO, [3]. Therefore, the XRD results show that the oxidation of the
Zr-Sn-Nb alloy is effectively inhibited in B = 200 mg/kg solutions. However, in all solutions,
the oxidation process of Zr-Sn-Nb did not show significant changes, with the difference
being the change in corrosion rate.

3.2.3. Distribution of Elements in Oxide Films

GDOES was used to obtain the element distribution along the depth direction in oxide
films, and the results are shown in Figure 9. In B = 0 mg/kg solutions, Li infiltrated into
oxide films and Li concentration decreased with depth. In B = 50 mg/kg and B = 200 mg/kg
solutions, B and Li infiltrated into oxide films, and the infiltration of B did not affect the
infiltration of Li. The variation of B concentration showed a periodic wave shape law. The
variation pattern of Li concentration is different from B. These indicate that a corrosion
transition may have an impact on B distribution in oxide films, while it has no effect on
Li distribution.
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Figure 8. XRD results of Zr-Sn-Nb alloys immersed in different solutions at different times:
(a) B = 200 mg/kg, (b) B = 50 mg/kg, (c) B = 0 mg/kg, the corrosion times are labeled in the
upper left corner of sub-figures.

APT was conducted to study the local element segregation in oxide films, and the
element distribution of oxide films corroded in B = 200 mg/kg solutions for 510 days are
shown in Figure 10. Fe, Li, and O accumulated in a certain area of oxide films, while Zr
and Sn were uniformly distributed in the entire oxide. B was not detected, which may be
related to the low B concentration. Taking a cylindrical area (with a diameter of 20 nm)
along the direction indicated by the arrow in Figure 10a, and the concentration distribution
of Fe and Li are shown in Figure 10b. Li and Fe gathered at the same location.

Fe usually exists in the form of Zr(Nb,Fe,Cr), in Zr-Sn-Nb alloys [2]. This kind of
SPPs has good corrosion resistance and will oxidize later than the Zr matrix. Due to the
extremely low solid solubility of Fe in ZrO,, when Zr matrix around Zr(Nb,Fe,Cr); is
oxidized, Fe will be discharged and aggregated at SPPs boundaries [26]. Meanwhile, others
have also found the phenomenon of Fe segregation at oxide grain boundaries [27]. There
are different opinions on how Li and O enter oxide films and how they affect the corrosion
resistance of zirconium alloys. Research has confirmed that Li in oxides films exists in the
form of LiOH e H,O or LiOH, and most of Li exists in porous oxides [28]. Xie et al. [14]
found that Li will aggregate at grain boundaries during corrosion. Based on the research
results mentioned above, the process of Li accelerated corrosion is as follows: Li* and OH"
diffuse inward along pores or grain boundaries of oxides, and continuously aggregate at
grain boundaries and pores. The size of Li* is 76 pm and the size of Zr** is 72 pm. When
a large amount of Li* aggregate at grain boundary, it is easy to replace the Zr** in ZrO,,
leading to an increase in oxygen vacancy. The oxygen vacancies promote the diffusion of
H, O, and another corrosion medium along grain boundaries, accelerating corrosion.



Materials 2024, 17, 2373

11 of 17

_ Fe,Nb B,Li _ FeNb B,Li H,
B—gOOmg/kg 30days (Wi%) (Wi%) (&’t% ) B—200mg{kg 180days (WE%) (WE%) (Wt%)
10— 10 T 0207 0-14
) ,
' 115 {0157%20 | 115 {0.12
p— !
: — X 10150 9.10
, . . .
g . —Nb 10.15 = _ oxide/metal interface
g 80 —B = e
z : —L| {10 {010 g 80 1.0 10.08
' i i e = 10.10
1] g oxide/metal interface cr P Los
|
|
0.5 0.05 0.5 10.04
\ 10.05 7005
10.02
0.0 |0.00 ; 0.0 [0.00
0.00
0 5 10 15 20 000 % 5 10 15 20
Depth(pm) Depth(pm)
_ FeNb B,Li H, B=200mg/kg 510days FeNb B.LIH,
- B 200mg/kg 360day§ (WE%) (Wi%) (Wt%) 100 Z/Kg y (wt ;n)z(wt%) (Wt%)
00 : :
— o - . . "
oxide/metal interface ! 10 40207008 %0 oxide metal interface . 0.015
; .
! 108
' 10.1510.06 30 0.8
<80 ! S {0.010
S ' 10.6 $ 0.6
5 20 -
Z ! 40.10 10.04 & Jo1
20 ' -
I ' 10.4 5 0.4 L 0.00s
° i 40.02 10 .
10 Jog 700570 0.2
)
i ! 0.0 100
M—F«MWM-V"AWMMAMrM 1 0.0 0, 0 0.000
% s " e % 200,00 0 5 10 15 20
Depth(pm) Depth(pm)
= FeNb B,Li B=50mg/kg 180days Fe,Nb B,Li H,
B=50mg/kg 30days (WE%) (Wi%) (f:;t%) 10 g kg Y (Wt%) (Wt%) (wt%{4
10— 0.10]0.25 o . 15 [015 ]
' 120 . 10.12
i E— 10.080.20 90 :
! Zr ' 1o Jos0]%10
' = 1 g | oxide/metal interface 1™
gso» : fgh 40.060.15 B 80 e 10.08
z ' _oxide/metal interface |—ii '
£ . i i
ol + G L0 To04]0.10 S 20 ' oo 0.06
0.5 0.
My . 10.04
05 10.02-0.05 10 \
40.02
00 looof o 0 : 00 Jo00] o
0 5 10 15 20 0 5 10 15 20
Depth(pm) Depth(pm)
B=50mg/kg 360days FeNb B,Li H, B=50mg/ke 510days FeNb B,Li H,
&g Y . (Wt%) (Wt%) (Wt%) 100 ge Y . (Wt%) (wt%) (wt“/‘i)“
100 ' 15 Jois )% ' Tia oa5]™
' ' 4
: 40.12 90| : lia 0.12
]
. {0.10 ! 1 qo.10
_ : 110 Ho.10 ! 0.10
8o : {0.08 ! |08
£ | : 0.06
i i
1+ oxide/metal interface 10.06 , .
52 ' 105 {0.05 . qo0s]
I ’ “TH0.04 ' -
Y
10.02
40.02
\ 0.00
0 F 00100000 0.00
0 5 10 15 20
Depth(pm) Depth(pm)
B=0mg/kg 30days FeNb B,Li H,
. grkg Saay (V%) (wi%%) (¥e%)
o ' 0.040] %5
) 10.035
or 4 110 10.20
. 10.030
3 1
< 8 ' 10.025
H : 10.15
. . 10.020
Y - oxide/metal interface
o ! 405 | 0.0157 0.10
10.010
40.05
10.005
b sva v o v wem w000 00 10,000 g0

5 10 15
Depth(pm)

20

Figure 9. Element distribution along depth direction in oxide films in different solutions at different

times, the solutions” samples corroded in and the corrosion times are labeled in the upper left corner

of sub-figures.
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Figure 10. APT results of oxide films corroded in B = 200 mg/kg solutions for 510 days: (a) APT
three-dimensional reconstruction of the distribution of elements in oxide films, (b) distribution of Fe
and Li concentrations along the arrow direction in the sub-figure (a).

In order to analyze the influence of boron on the segregation behavior of Li and Fe, the
APT analysis of oxide films corroded in B = 200 mg/kg solutions was compared to that in
LiOH =1 mol/L solutions (no boron injected) conducted by Xie et al. [14]. It was found that
the injection of boron did not slow down the segregation of Li and Fe at grain boundaries.
In contrast, the peak concentration of Li at grain boundaries (0.6%~0.8%) was higher than
that in B = 0 mg/kg solutions (0.1%), which may be related to the longer corrosion time.
The peak concentration of Fe at the grain boundary (0.4%) is approximately equal to that in
B = 0 mg/kg solutions (0.4%). Based on the above analysis, it can be concluded that the
injection of boron will not affect the segregation behavior of Li and Fe.

3.3. Accelerated Corrosion Mechanism Induced by Li and Corrosion Inhibition Mechanism of
Injecting Boron

The weight gain, the length and concentration of hydrides in B = 50 mg/kg and
B = 200 mg/kg solutions was much lower than that in B = 0 mg/kg solutions. These
indicate that the injection of boron inhibits the corrosion of Zr-5n-Nb alloys in concentrated
Li solutions. The oxide morphology, composition, and structure of Zr-Sn-Nb alloys in
B =0mg/kg, B =50 mg/kg and B = 200 mg/kg solutions showed no significant differences,
which means injecting boron did not change corrosion process. It was found that B and Li
can infiltrate the oxide films, and Li exhibits an aggregation effect in oxides. This indicates
that boron injection does not affect the infiltration and aggregation behavior of Li.

In order to clarify the effects of pH, undissolved LiOH and Li* on corrosion of Zr-
Sn-Nb alloy, we calculate pHzgooc, undissolved LiOH and Li* concentration in different
solutions (aqueous solutions in this paper and in other literature) and compare corrosion
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resistance of zirconium alloys, as shown in Table 6. When the Li concentration exceeds
70 mg/kg, if boron is not injected to the solution, Li will significantly accelerate the corrosion
of zirconium alloys. When the B concentration exceeds 1/3 of Li concentration, injecting
boron will have a good corrosion inhibition effect. However, increasing B concentration
after exceeding the critical concentration cannot enhance the corrosion inhibition effect.
In addition, When the Li concentration exceeds 700 mg/kg, injecting boron cannot slow
down the accelerated corrosion effect. It also can be found that the Li-induced accelerated
corrosion is not related to pHgzgoec, undissolved LiOH, and Li* concentration.

Table 6. PH340cc, undissolved LiOH, Li*, and corrosion resistance of Zr-Sn-Nb alloys indifferent solutions.

Serial

Li Concentration B Concentration Undissolved Lit Concentration Corrosion

Number (mg/kg) (mg/kg) PHse0°c LiOH (mol/L) (mg/kg) Accelerated?
1 70 0 10.56 453 x 1077 ~56 yes
2 70 100 10.44 341 x 1077 ~70 no
3 70 1000 9.83 830 x 108 ~70 no
4 100 0 10.76 1.13 x 107 ~100 yes
5 100 50 10.71 1.00 x 1076 ~100 no
6 100 200 10.56 7.15 x 1077 ~100 no
7 300 0 11.05 422 x 1070 ~300 yes
8 300 100 10.98 3.64 x 107° ~300 no
9 300 1000 10.44 1.05 x 10 ~300 no
10 700 0 11.30 1.33 x 107> ~700 yes
11 700 100 11.26 123 x 1075 ~700 yes
12 700 200 11.23 1.13 x 10° ~700 yes
13 700 1000 10.90 527 x 107° ~700 no
14 700 2000 10.51 217 x 107° ~700 no

In the three solutions studied in this paper, the Li concentration was basically the same,
indicating that the accelerated corrosion is not the sole effect of Li. Although zirconium
alloys undergo accelerated corrosion in LiOH solutions, accelerated corrosion does not
occur in LiNO3, NaOH, KOH, RbOH, and CsOH solutions [7], indicating that single OH™
cannot accelerate corrosion. Therefore, the accelerated corrosion in LiOH solution is the
result of the cooperative effect of Li* and OH™.

According to the Macdonald model [29], the oxide film exhibits semiconductor prop-
erties in aqueous solutions. Anionic vacancies in oxides conduct oxygen from aqueous
solutions to O/M interface, leading to the oxidation of the matrix, where the concentration
of oxygen vacancies determines the rate of oxidation. According to the cross-sectional
microstructure, oxide films of Zr-Sn-Nb alloys are consist of equiaxed crystal oxide (outer-
most), columnar crystal oxide (middle), and oxygen-enriched layer (bottom).

Based on the discussions mentioned above, we propose the accelerated corrosion
mechanism induced by the Li and corrosion inhibition mechanism of injecting boron, as
shown in Figure 11. In B = 0 mg/kg solutions, Li* and OH" accelerate corrosion through
the six following steps:

1. Li* and OH™ diffuse from aqueous solutions to the top of columnar crystal through
pores of equiaxed crystal. Moreover, the concentration of corrosive medium is prone
to occur in these pores, leading to the enrichment of Li* and OH™ at the top of
columnar crystals.

2. Li* and OH™ diffuse along the grain boundaries of columnar crystal towards by
solid-state diffusion, resulting in a uniform distribution of Li in the depth direction.
In oxide films, columnar crystals also contain micropores [30]. Therefore, Li* and OH"
also tend to be enriched near the micropores.

3. Oxides exhibit acidity or neutrality in solutions, while their surfaces exhibit electroneg-
ativity in alkaline solutions [31], requiring the neutralization of cation in solutions.
OH- enriched at the top of columnar crystal makes the local environment appear
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(a)

alkaline, promoting negative charge accumulate on the surface of the nearby colum-
nar crystal. At this time, Li* adsorbs on the surface of columnar crystal, which is
conducive to its diffusion to the interior of columnar crystal.

4. When Li* is adsorbed on the surface of columnar crystal, it can easily replace Zr** in
ZrO, due to the very close size of Li* and Zr**. In addition, Li* continuously diffuse
along grain boundaries to the O/M interface.

5. When Li* replaces Zr*", 1.5 oxygen vacancies form near it [32]. Therefore, due to the
presence of a large amount of Li* at the top of columnar crystals, grain boundaries
and micropores, a large number of oxygen vacancies will also be generated nearby.

6.  Oxygen in solutions can occupy these oxygen vacancies easily through short-range
diffusion, resulting in an excess of oxygen in ZrO, lattice. These oxygen diffuse rapidly
along grain boundaries to O/M interface through solid-state diffusion, accelerating
corrosion [33].

(b

equiaxed

grains.

columnar
grains

o L

® OH

® ions containing
borons

O oxygen vacancy

<:i::::::::> oxygen enriched
layer
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Figure 11. Schematic diagram of mechanism: (a) LiOH accelerating corrosion and (b) corrosion
inhibition of injecting boron.

After injecting boron to solutions, the corrosion rate decreased significantly. According
to the calculation results in Table 4, the injection of boric acid did not change pH, that is, the
alkaline environment did not change, and did not affect the Li* concentration in solutions.
Li still exists stably in oxide films. The APT results also showed that the aggregation of Li
at grain boundaries was not affected by injecting boron. Calculations and experimental
results suggest that the injection of boric acid did not change the steps 1-4 mentioned
above. In addition, B infiltrated into oxide films and migrated to O/M interface, without
reducing the aggregation of Li in columnar crystals. The size of B** is 27 pm, which is
much smaller than that of Li*, Zr**, and O%. So, B®* can be easily incorporated in the ZrO,
lattice, affecting steps 5-6. The corrosion inhibition mechanism of injecting boron is shown
in Figure 10b: Li*, OH~ and B?* diffuse from aqueous solutions to the top of columnar
crystal. When Li* replaces Zr* of the ZrO, lattice, B3* also incorporated in the ZrO; lattice,
and its three positive charges balance the loss of positive charges caused by Li* replacing
Zr**. Tt maintains the electrical neutrality of ZrO,. Therefore, the generation of oxygen
vacancies is suppressed, resulting in insufficiency of oxygen vacancies in oxides, which can
transport oxygen to O/M interface, thereby slowing down corrosion. Due to the limited
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dissociation of boric acid in high-temperature water, it is necessary to inject sufficient
boric acid to provide sufficient B**. When the boric acid concentration exceeds a certain
degree, the B3+ in the ZrO; lattice will reach saturation, and corrosion inhibition effect will
reach the upper limit. Therefore, when the B concentration increases from 50 mg/kg to
200 mg/kg, the improvement in the corrosion inhibition effect is much smaller than that
when B concentration increases from 0 to 50 mg/kg.

4. Conclusions

To clarify the influence of injecting boron on the corrosion resistance of the Zr-Sn-
Nb alloy, the 360 °C/18.6 MPa autoclave corrosion test was performed in concentrated
LiOH solutions with different boron concentrations. Corrosion resistance and the hydrides’
absorption behavior were obtained. SEM, TEM, GDOES, and APT were used to characterize
the oxide films in different solutions. An attempt has been made to explain the accelerated
corrosion mechanism induced by the Li mechanism and the corrosion inhibition mechanism
of injecting boron.

1. InB=0mg/kg solutions, Zr-Sn-Nb alloys were corroded severely, and oxide films
showed significant cracking after 180 days. After 510 days, the weight gain was
10879.01 mg/dm?. After injecting 50 mg/kg and 200 mg/kg boron in LiOH solutions,
the surface of oxide films maintained uniform and dense throughout the entire test.
After 510 days, the weight gain increased to 202.38 mg/dm? in B = 50 mg/kg solutions,
and 184.77 mg/dm? in B = 200 mg/kg solutions. Injecting boron significantly reduced
the corrosion rate, hydrogen concentration, and length of Zr-Sn-Nb alloys.

2. The accelerated corrosion mechanism induced by the Li is as follows: Li* tends to be
incorporated in oxides in an alkaline environment, leading to the generation of a large
number of oxygen vacancies. Oxygen vacancies carry oxygen from the solutions to
the O/M interface, accelerating corrosion.

3.  The corrosion inhibition mechanism of injecting boron is as follows: after B®* incor-
porated in oxides films, the generation of oxygen vacancies is inhibited. This leads
to insufficiency of oxygen vacancies, thereby slowing down corrosion. However,
when boron concentration exceeds the critical value, the B3* incorporated in the ZrO,
lattice will reach saturation, and corrosion inhibition effect will reach the upper limit.
Continuing to increase the boron concentration cannot significantly improve corrosion
inhibition effect.

The results of this work can do some help to clarify the influence of the boron content
in LiOH solution on corrosion resistance of Zr-Sn-Nb alloy, and can provide reference for
the optimization of primary coolant in PWRs.
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