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Chapter 1 Introduction

1.1 The development of nuclear power

The nuclear industry is the important application field of zirconium and zirconium
alloys. The metallurgy industry of zirconium and zirconium alloys develops with the
exploitation and using of nuclear energy.

The nuclear energy age commences with the discovering of the nuclear fission and the
development of nuclear reactor pile realizes the using of the nuclear energy. The characteristic
of nuclear energy is its high energy density. The using of nuclear energy can greatly decrease
the exploitation of fossil fuel, thus alleviate the energy crisis. In addition, the nuclear power
plants don’t release CO,, SO, and NOy, so this can lighten the environment pollution and
decrease the harm of global calefaction. Also the accident probability of nuclear power plant
is very low 2. Therefore, the nuclear power is a kind of high efficient, economical, safe and
cleanly energy, and the final energy requirement of the human will depend on the nuclear
energy.

The first test nuclear power plant was found in Soviet Russia in 1954 and the first
commercial nuclear power plant was found in America in 1957. Nuclear industry has
developed for more than half one of century, and the loading capability and the ability of
furnishing power are enhancing steadily. At the end of 2004, there were 440 nuclear power
plants in the whole world, 104 in American, 59 in France, 53 in Japan. The amount of nuclear
generating electricity was 16% in the world &,

In China, the nuclear power development started at the middle time of 1980’s, but the
design work started at 1970’s. The first nuclear power plant (Qinshan nuclear power plant)
was built in 1985. Its favoring run finished the nonnuclear power history of China. At present,
there are 3 nuclear power plants in China: Qinshan nuclear power plant in Zhejiang province,
Dayawan nuclear power plant in Guangdong province and Tianwan nuclear power plant in
Jiangsu province. Another two new nuclear power plants are planning: Sanmen nuclear power
plant in Zhejiang province and Yangjiang nuclear power plant in Guangdong province. The
loading capability in China is 8.7 GW and the amount of furnishing power is 2.3%. China
government proposed that the nuclear power should be developed greatly and the loading
capability would reach 40 GW in 2020, So the decrease of nuclear power cost will promote
its great development. The best measure decreasing the nuclear power cost is to heighten fuel
consume, prolong the changing fuel period. Thus the security and reliability of reactor pile are
required, and the using problems of key materials in nuclear reactor pile are greatly noticed.

1.2 The nuclear reactor and fuel cladding

The reactor piles used at best are PWR. It is a thermal neutron reactor pile whose once

cooling water is under the boil pressure (14 ~ 16 MPa). PWR reactor piles occupy 67.5% of

the gross of nuclear power piles and 74.1% of the total power™®. Because PWR has many
advantages: 1) Mature technique and high security; 2) Low investment.

The reactor pile is the reaction equipment that can do fission reaction by controllable
method. Fig. 1-1 is structural scheme of PWR. It
consists of pile core, reflected shell, control club, pile container and shield shell et al. The fuel
subassembly is collected in the pile core, which consists of fuel core, cladding and port plug
et al. Nuclear fuel core is the matter that arises the fission reaction in the reactor pile. The fuel
core is packed in the cladding and becomes fuel assembly (Fig. 1-2). So the fuel assembly is
the most important components in the reactor pile. It decides the security and economy of the
reactor pile. However the using life of fuel assembly is close related to the properties of
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cladding materials. The actions of cladding include: 1) Separating the fuel core and cooling
water, preventing the chemical reaction between the fuel core and cooling water; 2) Stopping
the transgression of fission productions, preventing the pollution of matter with radioactivity.
It’s the first safe barrier of the reactor pile; 3) Transferring the heat energy caused by the
fission of fuel core to the refrigerant, and providing enough structure strength to make the fuel
components remain the integrity of structure and the steady of size. Therefore, the cladding
material is a kind of key material preparing the nuclear fuel components.
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Fig.1-1 The structure scheme of PWR
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Fig. 1.2 The fuel assembly of PWR

1.3 The main problems of zirconium alloys cladding

Due to the small thermal neutron absorption section, good corrosion resistance in high
temperature and pressure water and good high temperature strength et al, zirconium alloy is
the only cladding material in the water-cooling nuclear reactor pile at present.

When the reactor pile runs, the cladding material works in the high temperature and
pressure water and is corroded to ZrO,, at the same time, Hydrogen is released. On the one
hand, the cladding thickness reduces by the corrosion, thus the using life of fuel components
is shortened; On the other hand, a part of hydrogen released by the corrosion reaction is
absorbed by zirconium alloy, other hydrogen will precipitate to form hydride which makes
zirconium alloys brittle 1. There are many studies about the hydrogen weight gain
performance ®*Y. The corrosion and hydrogen pickup are two important problems in the
using of zirconium alloys. To reduce the nuclear power cost, the fuel consume has to be
heightened. Thus how to improve the corrosion resistance of cladding material and reduce
hydrogen pickup should be further studied.
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1.4 The purpose, significance and content of this research

In general, after the corrosion resistance of zirconium alloys is improved, the
corresponding hydrogen pickup is reduced. So the corrosion resistance of zirconium alloys is
an important aspect exploiting new alloys. It is good for the choice of the alloying elements
and adjusting of the heating treatment techniques to study the effects of alloying composition,
precipitate, oxide crystal structure and stress distribution et al on the corrosion behaviours.

In this thesis, several aspects as follows are studied:

(1) Studying the effect of matrix microstructure (alloying element composition, the
category and distribution of the precipitates) on the corrosion behaviours of zirconium alloys;

(2) Studying the effect of oxide crystal structure (phase transformation and stress
distribution) on the corrosion behaviours of zirconium alloys;

(3) Doing the above studies using two kinds of water chemical conditions.

The three aspect studies are not isolated, and they are interdependent. Understanding the
microstructure effect on the corrosion behaviour, this can provide the foundation to choose
alloying elements while developing the new zirconium alloys; It is good to improve corrosion
resistance and explore the corrosion mechanism t study the relation of oxide crystal structure
and corrosion behaviours.

There are 9 chapters in this thesis.

Chapter 1 introduces the nuclear power development, main problems of zirconium alloys
cladding in reactor pile and purpose, significance and content of this research.

Chapter 2 introduces the research summary of the corrosion resistance of zirconium alloys.

Chapter 3 introduces the study methods, including material, experimental conditions,
equipments and the analysis methods et al.

Chapter 4 introduces corrosion kinetics of new zirconium alloys in different mediums.

Chapter 5 studies the effects of microstructure, including alloying element composition,
precipitates, on corrosion resistance.

Chapter 6 studies how to the oxide structure change affect the corrosion resistance.

Chapter 7 is about the study of stress state in the oxide film; Chapter 8 discusses the corrosion
resistance of new zirconium alloys.

Chapter 9 is a summary of the total thesis.
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Research summary
of the corrosion resistance
of zirconium alloys
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Chapter 2 Research summary of the corrosion resistance
of zirconium alloys

2.1 Brief introduction on zirconium alloys used in nuclear reactor
2.1.1 Basic characteristics of zirconium

Pure zirconium crystal is hcp structure at room temperature, and the c/a is 1.593. The
crystal lattice constant is a=0.323 nm, ¢=0.515 nm 2. At 865°C pure zirconium has an
allotropic transformation from o hcp phase to B bcc phase. While cooling zirconium has

martensite phase transform. The a-phase formed in sheet B crystal. The melting point of
zirconium is 1860°C. The main physical properties of zirconium are given in Tab. 2-1.

Tab. 2-1 Physical properties of Zr'*®!

Unit Mean value [11-20] [0001]
direction direction
Density Kgm? 6.500
Coefficient of K? 6.7x10° 5.2x10° 10.4x10°
heat expand
Young GPa 99 125
modulus
Lattice nm a=0.323 c=0.515
constant
Heat W m'K? 22
conduction
Specific heat JkgtK™? 276
Thermal barn (10%°m®) 0.185
neutron seizing
section

2.1.2 Zirconium alloys used in nuclear reactor

Due to the low heat neutron absorption section, zirconium alloys are used as nuclear
fuel cladding. Thus good corrosion resistance and mechanics properties are gained. To remain
the property of low heat neutron absorption section, element composition with high heat
neutron absorption section should be very low!**!. Now main zirconium alloys include Zr-Sn,
Zr-Nb and Zr-Sn-Nb three systems

1. Zr-Sn system alloys 51!

The corrosion resistance of pure zirconium is good. But the impurity elements caused
by the metallurgy process, N, C, Ti, Al, Si et al, weaken the corrosion resistance. Sn is the
element stabilizing o and can form substitute solid solution in o and B phases. So it can
counteract the deleterious action of N in zirconium. The initial zirconium alloy was Zr-Sn
alloy, the composition is Zr-2.5Sn, called Zr-1 alloy. But the corrosion resistance of Zr-1
alloy is too bad to be used. Later Zr-2 alloy was developed. Ni is main element causing to the
high hydrogen weight gain of Zr-2 alloy. So Ni was removed from Zr-2 alloy and Fe was
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increased to get Zr-4 alloy. Zr-2 and Zr-4 alloys have been used commercially. Zr-2 is used to
the cladding material in BWR, and Zr-4 is used in PWR. They belong to Zr-Sn system, called
the first zirconium cladding material.

With the improvement of metallurgy technique, N can be controlled at lower level.
Because it is not good for the improvement of corrosion resistance to increase Sn content, Zr-
4 composition is optimized: adjusting Sn content to lower limit (1.2 ~ 1.5 Sn), Fe and Cr
contents to upper limits (Fe ~ 0.24, Cr ~ 0.13). This is improved Zr-4 alloy. Its corrosion
resistance is better than the normal Zr-4 alloy and has been used widely. This is called the
second cladding material.

2. Zr-Nb sytem alloys

When American and some west counties tried to develop Zr-Sn system alloys, Soviet
Russia developed another series of alloys, Zr-Nb alloys. The merits of Nb are low thermal
neutron absorption section. Nb can eliminate the harm of C, Al, Ti et al to corrosion resistance
and reduce the hydrogen pickuP. At present, E110 alloys of Russian, M5 of France, Zr-2.5Nb
alloys are commercially used ™92 zr-2.5Nb is specially used in CANDU pile. Zr-2.5Nb-
0.5Cu alloy is exploited to gain higher strength material 2422,

The corrosion resistance of Zr-Nb alloys is sensitive to the processing and heat
treatrr[lzes?t. Small and well-distributed B-Nb precipitates are good, however the B-Zr is not
good ",

3. Zr-Sn-Nb system alloys

Zr-Sn-Nb system alloys integrates the merits of Zr-Sn alloys and Zr-Nb alloys to meet
the need of high fuel consume. ZIRLO alloys of American, E635 alloys of Russian, NDA
alloys of Japan, HANA alloys of Korea , NZ2 and NZ8 alloys of China ?**" the in-pile
corrosion resistance of above alloys is better than that of Zr-4. At present, NZ2 alloys in
China have been used in in-pile testing.

The development of nuclear energy is gradually promoting the research work of
zirconium. Tab. 2-2 shows some main alloys used and studied.
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Tab. 2-2 Main zirconium alloys in nuclear industry

Name Composition Country Remark
Zr-2 Zr-1.5Sn-0.2Fe- American Using
0.1Cr-0.05Ni
Zr-4 Zr-1.5Sn-0.2Fe- American Using
0.1Cr
Zr-2.5Nb Zr-2.5Nb Canada Using
Zr-1Nb Zr-1Nb Soviet Union Using
ZIRLO Zr-1.0Sn-1.0Nb- American Using
0.1Fe
M5 Zr-1.0Nb-0.160 France Using
E635 Zr-1.2Sn-1.0Nb- Russia Using
0.4Fe
NDA Zr-1.0Sn-1.0Nb- Japan Studying
0.4Fe
NZ2 Zr-1.0Sn-0.1Nb- China Studying
0.28Fe-0.16Cr-
0.01Ni
NZ8 Zr-1.0Sn-1.0Nb- China Studying
0.3Fe
HANAG Zr-1.1Nb-0.05Cu Korea Studying
HANA3 Zr-1.5Nb-0.4Sn- Korea Studying
0.1Fe-0.1Cu
HANA4 Zr-1.5Nb-0.4Sn- Korea Studying
0.2Fe-0.1Cr

2.2 Research summary of the waterside corrosion of zirconium alloys
2.2.1 Water chemical effect on corrosion behaviour

Now more than 90% commercial nuclear power plants are light water reactor plants,
others are heavy water plants. Because zirconium alloys have good corrosion resistance,
mechanics property and high heat exchange property, the fuel component cladding or the
pressure tube material is made of zirconium alloys ™. When the nuclear plant of light water
pile runs, the internal side of zirconium alloy cladding contacts with the fission products at
400°C, and the external surface contacts with high temperature and high pressure water
(280~350°C, 10~16 MPa). Generally H3BOs; and LiOH are added to cooling water to
adjust the pH value.

The corrosion resistance of zirconium alloys are an important index deciding its using
properties in nuclear power plant. During the study on the corrosion behaviour, the out-pile
autoclave experiments are carried out to simulate the in-pile situation. For the same alloy, the
transition time and the post-transition corrosion rate in different mediums are different. And
the sensitivity of the same alloy to different water chemical conditions are different ¢!,
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2.2.2 Alloys composition effect on corrosion behaviour

To get the zirconium alloys with better corrosion resistance, many researches about the
alloying element effect on the corrosion resistance have been done 15434959 The alloying
element effects are very complicated, associating to the kind of alloying element, ratio and
water chemical condition. In general, low Sn content, high Fe content, the additions of a little
Nb and Cu, can improve the corrosion resistance of zirconium alloys. However, Mo is harm
and the function of V is not clear. For Zr-Sn alloys, Nb content should not be too high, and a
little Cu addition can further improve the corrosion resistance; For Zr-Sn-Nb alloys,
decreasing Sn and Nb contents can further improve the corrosion resistance.

To implode the zirconium with high properties, it is necessary to establish a clear
relation between alloying element and corrosion resistance, understand really the alloying
element effect on the corrosion resistance.

2.2.3 Heat treatment effect on the microstructure and corrosion behaviour of the alloys

Alloying composition and heat treatment decide the microstructure of the alloy,
moreover the microstructure decides the corrosion resistance and the mechanics property. In
the case of certain alloying composition, appropriate heat treatment can further improve the
corrosion resistance.

In Zr-2 and Zr-4 alloys, the solid solutions of alloying elements Sn, Fe, Cr, Ni are high
in B-Zr, however those are low in o-Zr . Most alloying elements exist in the precipitates.
The heat treatment in o phase region after B quenching can affect the precipitate size and
distribution. So Steinberg ¥ introduced the accumulative annealing parameter A, and studied
the relation between A value and corrosion resistance of Zr-2, Zr-4 alloys 2> The results
shown that 2x10™"%h < A < 5x10™*"h was good for even corrosion resistance and A < 10*°h
was good for nodular corrosion resistance.

Garzarolli and Foster 29567 thought that the precipitate size, amount and distribution
were changed by the A value change. When the size of precipitate was small (~50 nm), the
corrosion resistances of Zr-2 and Zr-4 in 420°C steam and 360°C water were bad, but the
nodular corrosion resistances in 500 °C steam were good. That’s contrary when the size of
precipitate was more than 200 nm. So they thought that the effect of heat treatment on the
corrosion resistance was related to the precipitate size and amount changed by the heat
treatment.

Zhou 8% found that there was no the above corresponding relation between the heat
treatment and corrosion resistance. They thought that the alloying element content change in
the matrix caused by the heat treatment was main reason of corrosion resistance change.

It’s obvious that there is no consistent understand in the effect reason of heat treatment
on corrosion resistance of Zr-2 and Zr-4 alloys. This should be studied further.

The microstructure of zirconium alloys containing Nb is more complicated than that of
Zr-4 alloys. The accumulative annealing parameter A is not applicable to zirconium alloys
containing Nb[™.

Many studies approved >""® that the corrosion resistance of zirconium alloys with
low Nb (< 0.6%) was not sensitive to heat treatment, however that of zirconium alloys with
high Nb (> 0.6%) was sensitive. B-Zr and supersaturated Nb in the matrix are harm to the
corrosion resistance. The corrosion resistance of zirconium alloys containing Nb is related to
the changes of the supersaturated Nb content and precipitates during heat treatment. The
mechanism of heat treatment effect on corrosion resistance of zirconium alloys containing Nb
is not understood clearly.
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2.3 The oxidation of zirconium alloys

The growth kinetics of oxide is obtained by the weight gain kinetics. This supposes that
the oxide is remained on the sample and the oxide is even. The oxide thickness is obtained by
the conversion of ZrO, density. 1um thickness oxide is equal to 15 mg/dm® weight gain.
Corrosion kinetics of different zirconium alloys can be compared by this method.

2.3.1 The oxidation kinetics of even corrosion of zirconium alloys

The weight gain kinetics of zirconium alloys is divided to two stages: pre-transition and
post-transition *2%4%] The pre-transition characteristic is low weight gain rate, similar to
cubic curve, not parabola curve expected by Wagner-Hauffe theory. Because the oxide
growth controlled by diffusion happens at the crystal boundary, not in the even solid ©#%8!,

Many studied about the stress, texture and crystal structure of oxide film have been
done ¥ At the beginning of corrosion, the oxide formed on the surface of metal is t-ZrOs.

The corrosion transition happens when the oxide film thickness reaches 2~3 um, and
the corrosion rate is similar linear ™2%81 The linear rate increases with the thickness
gg]creasing 4 The transition process is a mark of the formation of holes in the oxide film %

The corrosion Kinetics of Zr-Sn alloys and Zr-Nb alloys are different. There is no clear
rate transition in the kinetics of Zr-Nb alloys, and the change from cubic to linear is not
observed 811,

2.3.2 The oxidation process

First the zirconium alloys with fresh surface will take an oxidation reaction:
Zr+2H,0—ZrO,+2H,. The beginning reaction is slow and a thin, protective oxide film is
formed, which further prevents the oxidation. The dense oxide consists of t-ZrO,, which
stable at high temperature. Subsequently O in the oxide film dissolves to metal to form anion
vacancies. O% diffuses from the oxide film surface and passes the oxide by vacancy
mechanism to react with Zr. While the oxide growing, stresses are produced by the volume
expander. The compressive stresses can’t be counteracted by the tensile stresses in the metal,
thus the martensite phase transformation happens and the m-ZrO, is formed, the film becomes
loose. During the process, many small holes and cracks are formed and the corrosion is
accelerated !9*10%],

2.3.3 The growth theory of oxide film

Wagner theory thought that O® diffuse along the anion vacancies of oxide film and
passes the oxide film to metal surface, moreover the electrons moves from the metal surface
to outside, thus the oxide film grows at the metal/oxide interface. Their balance rate or the
substitute rate of O® and the vacancies in the oxide film decides the corrosion rate 1%,
Another theory supports O% diffusing through the crystal boundaries %1%,

2.3.4 Corrosion mechanism
The oxide structure change leads to many cracks and holes, thus the oxide film becomes

loose and loses protect. The corrosion rate increases, even the oxide film scales off %,
There are many corrosion mechanism of zirconium alloys in LiOH water[102,107].

21



1. Diffusion hypothesis

After Li* enters the oxide film, the concentration of anion vacancy increases, which
accelerates the vacancy diffusion and corrosion. There is another hypothesis, namely the re-
crystallisation process is changed by Li* in-break, which thins the crystal and increases crystal
boundaries. The short circuit diffuse channels of the anion vacancies are increased and the
vacancy diffusion is accelerated (%2081,

2. Dissolving hypothesis of Cox %%

Because c-ZrO, or t-ZrO; is preferential dissolved in LiOH to m- t-ZrO,, thus big holes
appear. These holes accelerate the corrosion rate.

3. OLi group cumbering hypothesis

Ramasubramanian ™% thought a majority of Li were absorbed in the holes of the oxide
film, and the undecomposed LiOH would react with the anion vacancies on the surface of
oxide film to form OL.i group. The OLi moved to ZrO, crystal boundary to prevent the crystal
growth and thin the crystal, increase the diffuse passages of anions.

4. Barrier hypothesis
Pecheur ™ proposed that there was a dense barrier at the metal/oxide interface. The
thickness of this barrier increases gradually at the corrosion pre-transition until about 1pum,
and the thickness decreases to 0.1um after the transition happens. So he thought the addition
of LiOH could destroy the barrier to accelerate the corrosion.

5. Phase transformation hypothesis 2

LiIOH can decrease the compressive stresses in the oxide film and lead to the
transformation from t-ZrO, to m-ZrO,, even the t-ZrO, is not formed.
2.3.5 The crystal structure of oxide film 1021%3]

In inner oxide film, t-ZrO,, c-ZrO,, m-ZrO, exist. In the middle layer of oxide,
vacancies et al diffuse and agglomerate and the internal stresses in the oxide film release.
Sub-stable phases transform to stable m-ZrO, and small holes form at the crystal boundary.
The hole[fl%evelop to cracks. On the oxide surface, the holes are big, so the oxide on surface is
m-ZrOy .

2.3.6 Oxidation of the precipitates **?

The precipitates are incorporated into the oxide film and oxidized at a certain distance
from interface. During the oxidation, the metal atoms in the precipitates will release to the
metal matrix. Fe is oxidized when t-ZrO, transforms to m-ZrO,. Some precipitates become
non-crystalline in the oxide film. And the precipitates have a function of short circuit, this
could be the starting position of nodular corrosion.
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2.4 Research summary of out-pile corrosion of zirconium alloys

Now, the studies about the relationships of processing techniques, microstructure
characteristic and out-pile corrosion resistance, have been done widely. The processing
techniques and microstructure characteristics belong to metallurgy factors. Although the
corrosion mechanism has been studied for more than half one century, there is no clear
understanding for the corrosion mechanisms of mature alloys (Zr-2, Zr-4, Zr-1Nb et al). So
the studies for the corrosion mechanism of the third zirconium alloy should be done deeply.
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Chapter 3 : Research methods

NZ2 and NZ8 alloys, submitted to a certain heat treatment, are chosen to study the
corrosion behaviours in different mediums. The effects of Nb addition and oxide
microstructure on the corrosion resistance are understood by studying the corrosion weight
gain, microstructure change of matrix, crystal structure of oxide film, phase content and stress
in the oxide film.

3.1 The materials used in the experiments

The experimental samples are 1mm plates from NIN. The element compositions of two
alloys and Zr-4 alloy (used to compare) are shown in Tab. 3-1. Zr-4 alloy belongs to Zr-Sn
system and is used widely now. NZ2 and NZ8 belong to Zr-Sn-Nb system and is in the stage
of studying and exploitation.

The plates are gained by following techniques flow:

Three vacuum melting-p forging-B quenching-a hot rolling (<600°C)-three intermediate
annealing and the 30-50% cold process after every annealing-plates (6=1mm) and final
recrystal annealing (580°C/2h). The intermediate annealing parameters are shown in Tab. 3-2.

Tab. 3-1 The element compositions of two alloys (wt.%)

Alloys Sn Nb Fe Cr O Zr

Zr-4 15 - 0.2 0.1 Balance
NZ2 1.0 03 0.3 0.1 0.08-0.14 Balance
NZ8 10 10 0.3 - 0.08-0.14 Balance

Tab. 3-2 The intermediate annealing parameters

First time annealing Second time annealing Third time annealing

650°C/2h 590°C/2h 590°C/3h

3.2 The autoclave experiment

The corrosion resistance of zirconium alloys to high temperature water is an important
property of nuclear fuel cladding. The out-pile autoclave corrosion experiment, simulating
nuclear reactor pile conditions, is a usual method of studying the corrosion behaviours. The
samples are corrosion tested simultaneously in single autoclaves with test being periodically
interrupted to measure specimen weight gain. Corrosion weight gain is the average value of
four samples. Corrosion Kkinetics is determined by measuring the weight gain as a function of
exposure time.
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3.2.1 Corrosion conditions

Long-term corrosion testing of plates specimens (15mmx25mmx1mm) was performed
in static autoclaves at 360°C/18.6MPa pure water, 360°C/18.6MPa lithiated water and 400
°C/10.3MPa steam. Then the samples corroded for different time were tested.
3.2.2 The instruments used in the autoclave corrosion testing

1. Autoclave: A special autoclave, cubage is 2L, compression resistance is 30MPa, and
pressure meter, drain tap and the slice preventing blast are equipped.

2. Instrument controlling temperature: controllable Si electric cooker instrument
controlling temperature, the controlling precision is +1°C.

3. Weighing up: the high precision balance is used, the precision is 0.01mg.

4. Testing the sample size: vernier calliper is used, the precision is 0.2mm.
3.2.3 The method indicating the corrosion degree

In this study, multiple specimens are tested simultaneously in single autoclaves with test

being periodically interrupted to measure specimen weight gain. Corrosion kinetics is
determined by measuring the weight gain as a function of exposure time. The corrosion
weight gain is indicated by the method of measuring the weight gain of unit area. The formula
is w=1000+(W-Wp)/S, Wy is the weight of sample uncorroded (mg), W; is the weight of
sample corroded (mg), S is the area of sample (mm?), w, is the weight gain (mg/dm?).
3.2.4 Preparation of samples in the autoclave experiments

1. Cutting the samples to 25x15 mm pieces.

2. Doing marks on the samples and drilling ¢1.5mm holes on the samples.

3. Dipping the samples in acetone and cleaning the smarminess of the sample surface
with the absorbent cotton.

4. Putting the samples in the acid to clean, the cleaning temperature is 30~50°%
10%HF+45%HNO3+45%H,0 is used to clean zirconium alloys containing Nb, and
10%HF+30%HNO3+30%H,S04+45%H,0 is used to clean zirconium alloys not containing
Nb.

5. Immediately putting the samples to flowing water for at least 15 min.

6. Putting the samples to boiling water to clean at least thrice.

7. Drying the samples.

8. Weighing in by the electronic balance, the precision is 0.01 mg.

9. Measuring the size by vernier calliper.

28



3.3 Analysis and measurement
3.3.1 The measurement of microstructure and precipitates of the alloy samples

JEM-200CX transmission electron microscope is used to test the microstructure and the
precipitates. The processing of specimen preparation is as following: thinning the specimen to
70~80 um by machine method, then preparing ¢3 mm wafer with special tool and preparing
thin specimens by electrolyse polishing. EDS is used to analyze the compositions of the
precipitates.

3.3.2 The measurement of crystal structure and internal stresses in the oxide film

To study the corrosion mechanism of new zirconium alloys containing Nb, a large panel
of normal methods were used in this study.

1. X-ray diffraction instrument

The phase structure of material could be confirmed by analyze the peak position and
intensity of X-ray diffraction; The internal stresses in the oxide film could be confirmed by
the peak shift of m-ZrO,. The grazing XRD instrument of PW3830 (Fe, Ak, = 1.93637
A) was used to test the surface structure of oxide film. The normal XRD instrument of

PW3830 (Cu, Ak, = 1.544426 A) was used to test the structure of the whole oxide film and
internal stresses.

2. A JY-T64000 laser Raman spectrometer in the Institute of Physics, Chinese Academy of
Sciences was used to test the crystal structure of different thickness of oxide film in order to
confirm the phase transformation during corrosion.

3. Neutron diffraction instrument
D1B neutron diffraction instrument of ILL in France was used to test the category and
structure of precipitate.
4. Scanning electron microscope
JSM-840A scanning electron microscope of CNRS in France was used to analyze the
oxide film section.
3.4 Processing of datas

Photoshop software was used to deal with the photos, XRD and Raman datas were
plots by Origin software, and the data about stress analysis was dealed with by Igor software.
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Chapter 4 Corrosion resistance of zirconium alloys
4.1 Introduction

The waterside corrosion resistance of zirconium alloys is an important index determining
if the material can be used as nuclear fuel cladding. In the investigation of the corrosion
behaviour of zirconium alloys, the autoclave testing is used to out-pile simulation study.
Several water chemical conditions are used in the out-pile autoclave corrosion test:

1. 350~370°C/16~19 MPa pure water, used to understand the normal corrosion
regularity.

2. 350~360°C/16~19 MPa LiOH or LiOH+H3;BO;3 aqueous solution, used to simulate
the in-pile water chemical conditions and understand the effect of LiOH or H3BO3 on the
corrosion behaviours of zirconium alloys.

3. 400~420°C/10.3 MPa steam, used to study the even corrosion behaviours of
zirconium alloys.

4. 500°C/10.3 MPa steam, used to study the study the nodular corrosion behaviours of
zirconium alloys.

When zirconium alloys are corroded in the high temperature water and overheating
steam, the corrosion weight increasing in divided to two stages**; Pre-transition and post
transition stages. The pre-transition corrosion characteristic is mainly the low weight
increasing rate, namely the oxide film is thin. The Kinetics curve of Zr-Sn alloys is close to
cube, not parabola kinetics expected by the Wagner-Hauffe theory, and the kinetics curve of
Zr-Nb alloys is cube or close to parabola. When the oxide film reaches to a certain thickness,
the corrosion kinetic takes a linear variation (or close to linear relation) ™52 As the oxide
film thickness reaches to 2~3 pum and the corrosion weight increasing reaches to
30~50mg/dm?, the corrosion transition happens. Some researchers found that the post-
transition kinetics curve of zirconium alloys is not simple linear relation 23!, So the weight
curve is divided: similar parabola curve, namely pre-transition stage, gradual change stage
and linear stage (Fig. 4-1) 18,

With the corrosion medium change, there are 3 kinds of kinetics transition models ™32,

The first is the circle gradual change: in 300 ~ 360°C water, the transition is sudden, the post-

transition corrosion rate increases rapidly and then the pre-transition corrosion discipline is
repeated. In this study the corrosion processes of NZ2 alloys in 360°C pure water and LiOH
water show the same discipline. The second is uni-directional gradual change: in higher
temperature Oxygen or steam, there is no sudden kinetics transition (from cube to linear). The
third is super-linear transition: the transition is from similar cube to square and then to linear.
The corrosion rate does not increase during the total corrosion. In this study the corrosion
processes of new zirconium alloys in 400°C steam show the same discipline.

It is generaII?/ considered that the kinetics transition indicates the hole formation in the
dense oxide film 4. The transition time is different in the different composition alloys and
different corrosion medium.

It is necessary to improve the corrosion resistance of zirconium alloys to meet the needs
of higher using properties. The corrosion behaviours of zirconium alloys in different mediums
are studied in this chapter.
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4.2 Corrosion resistance of zirconium alloys in LiIOH water

The corrosion kinetics curves of NZ2, NZ8, improved Zr-4 alloys in 360°C/18.6 MPa
LiOH water are shown in Fig. 4-2. Zr-4 alloy samples are sensitive to the corrosion in
360°C/18.6 MPa LiOH water. After the transition happens, the oxide film loses the protection
and the reaction controls the corrosion process. However the corrosion resistances of NZ2 and
NZ8 alloys are much better than that of Zr-4. When the new zirconium alloys are corroded for
about 200 days, the weight increase is less 10% than that of Zr-4 alloys. At the beginning of
corrosion, the corrosion resistances of NZ2 alloys and NZ8 alloys are similar, and the
transition happens at 126 days and 98 days respectively. The corresponding oxide thicknesses
at the transition points are both 2~3 um. The post-transition corrosion rate of NZ8 alloys is
higher than that of NZ2 alloys. When the alloys are corroded for more than 300 days, the
weight increasing of NZ2 alloys is about 80% that of NZ8 alloys. The corrosion resistance of
NZ2 alloys is the best, because of the Nb addition compared to Zr-4; Fe and Sn contents in
NZ2 alloys are the same to those in NZ8 alloys, but Cr exists in NZ2 alloys and the Nb
content in NZ2 alloys is lower that in NZ8. The precipitates in NZ2 alloys are cubic
Zr(Fe,Cr), and Zr(Fe,Cr,Nb),, and the precipitates in NZ8 alloys are f-Zr containing Nb. So
it’s concluded that Nb addition can improve the corrosion resistance of zirconium alloys in
360°C LiOH water.

4.3 Corrosion resistance of zirconium alloys in 400°C steam

The corrosion Kinetics curves of NZ2 and NZ8 alloys in 400°C/10.3 MPa steam are
shown in Fig. 4-3. The pre-transition corrosion rates of both alloys are the same, and the
transition time of NZ2 alloys is 42 days, that of NZ8 alloys is 70 days. The corresponding
oxide thicknesses are 2~3 um. The post-transition corrosion rate of NZ8 alloys is much higher
than that of NZ2 alloys. Investigating the kinetics curve differences of zirconium alloys, we
can find that the composition play an important role to improve the corrosion resistance of
zirconium in 400°C/10.3 MPa steam. The large quantities of B-Zr precipitates and the
supersaturated Nb content in the NZ8 matrix could be the main reason of high post-transition
corrosion rate, which will be discussed in next chapter. The low Nb content in NZ2 is the
main reason of its good corrosion resistance. Comparing the compositions and corrosion
resistances of these alloys, it’s difficult to conclude the alloying element effect regulation on
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corrosion resistances of zirconium alloys in 400°C/10.3 MPa steam, but it’s indicated that too
high Nb content is not good to improve corrosion resistance. In addition, the corrosion
transition time of NZ2 alloys is shorter than that of NZ8 alloys. The small precipitates in NZ2
alloys are oxidized rapidly, which shortens the pre-transition time. The oxidation of bigger
precipitates in NZ8 alloys needs longer time. Thus the appropriate size of precipitate is good
to improve the corrosion resistance.

4.4 Corrosion kinetics of zirconium alloys with low Nb content in different media

The corrosion kinetics curves of NZ2 alloys in 360°C/18.6MPa pure water, 360°C/18.6
MPa lithiated water, 400°C/10.3 MPa steam are shown in Fig. 4-4. The corrosion rate of NZ2
alloys increases in the sequence of 360°C/18.6 MPa pure water, 360°C/18.6 MPa lithiated
water and 400°C/10.3 MPa steam, and the transition time is 182 days, 126 days and 42 days
respectively. It’s indicated that the corrosion medium plays an important role to corrosion
behaviour of zirconium.

4.5 Summary

The corrosion resistance of new zirconium alloys containing Nb in 360°C lithiated water
is much higher than that of Zr-4 alloys, that is to say, Nb addition is good to improve the
corrosion resistance of zirconium alloys. Whatever in 360°C lithiated water or in 400°C
steam, the corrosion resistance of NZ8 alloys containing high Nb is less than that of NZ2
alloys with low Nb content, which is related to the precipitate particles and alloying element
content in matrix. And the oxide thickness at transition point is 2~3 pum. In addition, small,
well-distributed precipitates shorten the transition time of NZ2 alloys in 400°C steam, but
improve the post-transition corrosion resistance of zirconium alloys. In the different mediums,
the corrosion kinetics of one alloy is different.
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Fig.4-2 Corrosion kinetics of NZ2, NZ8 and Zr-4 alloys investigated in 360°C lithiated water
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Chapter 5 Relationships between the matrix microstructure
and the corrosion resistance of new zirconium alloys

5.1 The matrix microstructure of zirconium alloys

TEM images of NZ2 alloys matrix is shown in Fig. 5-1(a), (b). The precipitates are well-
distributed and the amount of the precipitates is small, the average size is about 50 nm. The
EDS analysis shows that there are two kinds of precipitates, cubic Zr(Fe,Cr), and
Zr(Fe,Cr,Nb), (Fig. 5-1(c), (d)). Because of the low Nb content in NZ2 alloys and the
formation of the precipitates containing Nb, the Nb content in NZ2 matrix is lower than the
solubility. Fig. 5-2 shows the microstructure of NZ8 alloys, the amount of the precipitates is
much more than that in NZ2 alloys and the average size of the precipitates is bigger, about
100 nm. The EDS analysis shows that there is one kind of B-Zr precipitate containing Nb in
NZ8 alloys. Because the Nb content in NZ8 alloys is high, however the Nb content in the
precipitates is low, the Nb content in NZ8 matrix is higher than the solubility. Sn is not
observed in the precipitates of both alloys, so Sn exists in matrix.
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Fig.5-1 TEM images of NZ2 alloys matrix and the EDS result of the precipitates (b) dark
image (c) and (d) microanalyses
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Fig.5-2 TEM images of NZ8 alloys matrix and the EDS result of the precipitates (b)
dark image corresponding to (a)

Fig. 5-3 and 5-4 show the neutron diffraction patterns of both alloys. It is observed that
there is the C14 type Zr(Fe,Cr) , precipitates in NZ2 alloys, but there is no this precipitate in
NZ8 alloys. This is consistent with the TEM results.
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Fig.5-4 Neutron diffraction pattern of NZ8 alloy matrix

5.2 Matrix microstructure effect on the corrosion resistance of zirconium alloys

It is well known that the corrosion resistance of zirconium alloys is closely related with
the alloying element content in matrix and the precipitate characteristics. The oxidation rate of
precipitates is faster than that of matrix. So the precipitates are incorporated into the oxide
layer and then undergo a chemical change starting at a particular distance from the
metal/oxide interface "33, The crystal structure of oxide film is affected by the delay
oxidation of the precipitates.

In this study, the corrosion resistance of NZ2 alloys is better than that of NZ8 alloys
whatever in 360°C lithiated water or 400°C steam. In NZ2 alloys, Fe and Cr atoms exist
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mostly in the precipitates, but Sn completely dissolves in the matrix, Nb exists in the matrix
and the precipitates. In NZ8 alloys, Sn completely dissolves in the matrix, a little Nb exists in
B-Zr precipitates and a great deal of Nb supersaturates in the matrix. During the oxidation, the
matrix of zirconium alloys is oxidized first and then the precipitates incorporated in the oxide
film are oxidized.

During the oxidation of the matrix, a great deal of Sn and Nb atoms dissolved in the
matrix are redistributed ***]. In the autoclave the stabilized oxides of Sn and Nb are SnO and
Nb,Os. The oxide of Nb needs more oxygen, which means that the volume fraction of SnQO is
lower than that of Nb,Os when the same content Sn and Nb are oxidized. The Nb and Sn
atoms are distributed at the crystal boundary, and when the oxygen pressure is high enough,
Nb and Sn will be oxidized. The delayed oxidation of alloying elements accelerate the
formation of cracks in the oxide film, thus the corrosion rate increases because of the
increasing of diffusing passes of the oxygen. This effect is very obvious in NZ8 alloys
containing high Nb, however it’s weak in NZ2 alloys. Because Nb content in NZ2 matrix is
less than the solid solution limit and a great deal of Nb atoms exist in the precipitates.
However, in NZ8 alloys, the oxidation of supersaturated Nb in the matrix causes to great
volume expander, which promotes the stress accumulation in the oxide film and the
transformation from t-ZrO, to m-ZrO,. That is to say, the supersaturated Nb in NZ8 matrix
deteriorate the corrosion resistance. In addition, the oxidations of Zr matrix and alloying
elements dissolved produce the compressive stresses in the oxide film. The alloying element
effect on corrosion resistance is a balance process of the compressive stress production and
the crack formation caused by the stress accumulation.

Later the incorporated precipitates are oxidized, the precipitate is another important
factor affecting the corrosion resistance of zirconium alloys. The oxidation rates of alloying
elements in the precipitates are digressive in the sequence of Fe, Cr, Nb 2367 |n the initial
stage of the precipitate oxidation, Fe and Cr diffuse to the oxide film one after the other and
are oxidized gradually, which enhances the compressive stresses in the oxide film. When the
stress exceeds a certain value, t-ZrO, transforms to m-ZrO,. With the oxide processing, Nb in
the precipitates diffuses to the around oxide films and is oxidized. If the oxygen pressure is
not high enough, Nb will be oxidized to NbO or Nb,O; first, which increases the vacancy
concentration. When the vacancy concentration is high enough to form the vacancy cluster
along a certain direction, t-ZrO, will first change into c- ZrO, to minimize the system energy
[138] "I fact, the stablest oxide of Nb is Nb,Os, so NbO or Nb,Os will transform to Nb,Os,
which reduces the vacancies in the oxide film. C-ZrO; transforms to m-ZrO,. At the same
time, the formation of Nb,Os makes the local volume expand more, which promotes the
produce of cracks and leads to corrosion acceleration ™. The oxidation rate of B-Zr
precipitates in NZ8 alloys is faster than that of Zr(Fe,Cr) ; and Zr(Fe,Cr,Nb), precipitates in
NZ2 alloys, and the oxidation of B-Zr precipitates accelerates the transformation from t-ZrO,
to m-ZrO,™ thus accelerates the corrosion rate of NZ8 alloys.

The volume fraction of the precipitates is another important factor affecting the
corrosion resistance™*. After the great deal of precipitates in NZ8 alloys are oxidized, the
additional stresses are produced in the oxide film, which increases the internal volume
expander attending by the formation of cracks, thereby the corrosion rate is accelerated. So
considering whatever the precipitate category, volume fraction or Nb content in the matrix,
we can explain the reason of higher corrosion rate of NZ8 alloys.

In addition, the precipitates of NZ2 alloys are small. These small precipitates shorten the
pre-transition time of corrosion. However, the oxidation of big precipitates of NZ8 alloys
needs longer time, therefore the pre-transition time is longer.
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5.3 Summary of the chapter

The corrosion resistance of new zirconium alloys is closely related with the Nb content
in the matrix and the supersaturation degree. The oxidation of supersaturated Nb in NZ8
alloys makes the oxide volume expand seriously, even makes the oxide film break, which
promotes the transformation from t-ZrO, to m-ZrO,. The Nb content in NZ2 matrix is lower
than the equilibrium solution limit. So the post-transition corrosion rate of NZ8 alloys is much
higher than that of NZ2 alloys. At the same time, the corrosion resistance of zirconium alloys
is closely related with the precipitate category and oxidation characteristic. The oxidation rate
of B-Zr precipitates in NZ8 alloys is faster than that of Zr(Fe,Cr) , and Zr(Fe,Cr,Nb),
precipitates in NZ2 alloys, and the oxidation of B-Zr precipitates accelerates the
transformation from t-ZrO, to m-ZrO,, thus accelerates the corrosion rate of NZ8 alloys. In
addition, the volume fraction of the precipitates is another important factor affecting the
corrosion resistance. After the great deal of precipitates in NZ8 alloys are oxidized, the
additional stresses are produced in the oxide film, which increases the local volume expander
attending by the crack formation, thereby the corrosion rate is accelerated. So considering
whatever the precipitate category, volume fraction or Nb content in the matrix, we can explain
the reason of higher corrosion rate of NZ8 alloys. The small precipitates in NZ2 alloys
shorten the pre-transition time of corrosion in 400°C steam.
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Chapter 6 The oxide film crystal structure effects
on the corrosion resistance

6.1 Introduction

When zirconium alloys are corroded in high temperature and pressure water (or steam-
gas), the oxide film form gradually at the oxide/metal interface™*?. The O® has to pass the
oxide film to reach the oxide/metal interface. So the oxide film microstructure and the
evolvement process during the corrosion will directly affect corrosion resistance. In addition,
because the ratio given by Pilling and Bedworth is 1.56 for the zirconia/zirconium system, the
oxide films are going to create a high level of stress due to the difference in volume between
the oxide and the metal when the zirconium alloys are oxidized. This will give compressive
stresses in the oxide and tensile stresses in the underlying metal. There are many defects in the
oxide films under the high compressive stresses. These defects make the stresses relax
partially. However the defects in the oxide gradually evolve under the stresses and
temperature. This is an important reason of the evolvement of the oxide microstructure during
the corrosion ™31, Another important factor affecting the oxide microstructure evolvement is
the precipitates. Generally, the oxidation rate of the precipitates is slower that of the matrix.
When the matrix oxidation occurs, the precipitates are not oxidized at the same time as the
surrounding metal. They are incorporated in the oxide and are going to be progressively
oxidized. This will have an effect on the local stress distribution in the oxide films. So this is a
point worth to research. In this chapter the oxide film microstructure of NZ2 and NZ8 alloys,
corroded in 360°C lithiated and 400°C steam, is studied to provide good information to
corrosion mechanism study.

6.2 The crystal structure of NZ2 alloy oxide films

Fig. 6-1 and 6-2 show grazing incidence XRD patterns of oxide film surface for NZ2

alloy exposed to 360°C lithiated water and 400°C steam during 3 days, respectively.

According to Fig, 6-3, the thicknesses measured, correspondingly to 0.2°, 0.3°, 0.5° and 1.0°,
are 0.02 nm, 0.03 nm, 43.18 nm and 143.48 nm respectively. It’s clear that the intensity of
T(101) Bragg peak for t-ZrO, increases from the outside to the inside of oxide film. Besides,
the t-ZrO, content in the oxide layer was found larger when processed in litiated water at
360°C than in steam at 400°C, for a common duration of 3 days. Fig. 6-4 shows the grazing
incidence XRD patterns of oxide film surface of NZ2 alloy exposed to 360°C lithiated water
for 3 days (curve A), 42 days(curve B) and 182 days (curve C) respectively. The grazing
incidence angle is 1.0° and the probed thickness of oxide film is 143.48 nm. In curve A
corresponding to the 3 days exposure, the intensity of the T(101) Bragg peak for t-ZrO; is
higher than that of M(111) one corresponding to m-ZrO, but it’s contrary in curve B and C
corresponding to 42 days and 182 days exposure. This means that the t-ZrO, content in the
oxide layer decreases whereas the content of m-ZrO, increases versus the duration of
corrosion process, i.e. the t-ZrO, transforms to m-ZrO,. Fig. 6-5 shows the grazing incidence
XRD pattern of oxide surface for NZ2 alloy exposed to 400°C steam for 3 days 42 days and
70 days. This result is consistent result with Fig. 6-4, namely, t-ZrO, transforms to m-ZrO,
with the prolongation of corrosion time.

From the reported grazing incidence XRD analyses, the outside oxide layer of corroded
NZ2 alloy was found to consist mostly of m-ZrO,, including a small amount of t-ZrO,. With
the corrosion process, t-ZrO, transforms to m--ZrO,. The higher t-ZrO, the content is, the
better the corrosion resistance is.
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Fig. 6-6 shows the normal XRD patterns of the oxide film of NZ2 alloy exposed to
360°C lithiated water for different times. It is worth to note that the intensity of M(002) Bragg
peak increases and that of T(002) one decreases with the corrosion process. T-ZrO, changes
to m-ZrO,. This is consistent with the results of grazing incidence angle XRD. The total
integrated intensities 1(hkl) of the M(-111), M(111) and T(101) were used to determine the t-
ZrO, volume fraction with respect to the total volume of zirconia using the Garvie-Nicholson
formulal*4:

i 1,(101)
T  1,(01)+1,,A11) +1,,(—111)

The result of calculation as shown in Fig. 6-8, validates the above conclusions. However,
the formula is likely biased because of the strong texture in the oxide film. So a better
determination of the relative proportion of the t-ZrO, and m-ZrO, phases needs additional
experiment and analysis, e.g. texture determination. The present analysis is only a guide to
appreciate the main impact of the corrosion time on the oxide layer transformation.

However, it is worth to note that in Fig. 6-6, trace 3 corresponding to (200) diffraction of
c-ZrO, phase appears when the corrosion time reaches 98 days and the oxide film thickness is
2.3um. Then the intensity of the (200) Bragg peak increases obviously with the corrosion time
(traces 4, 5, 6, 7), which corresponds to increased amount of c-ZrO, produced in oxide layer.
Besides, from the grazing incidence XRD patterns it appears clearly that there is no c-ZrO; on
the surface of oxide. Because the c-ZrO, exists only inside the oxide film, this is consistent
with the result of Li ™®. C-ZrO, nucleates during the transformation from t-ZrO, to m-ZrOs.
We infer two kinds of transformations occur during corrosion, from tetragonal to monoclinic
and from tetragonal to cubic, then to monoclinic phase. Also the existence of c-ZrO; relates to
the addition of Nb. The stabilization mechanisms of t-ZrO, and c-ZrO, will be discussed in
chapter 8.

Fig.6-7 shows the same result during the oxidation of NZ2 at 400°C in steam. The t-ZrO,
transforms to m-ZrO, versus of the prolongation of the corrosion time. It is worth to note that
the c-ZrO, is detected in oxide film when the corrosion time is for 14 days (curve 1). Then
thickness of the oxide film is 2.1 um. Further the content of c-ZrO; in the film clearly
increases for longer time of oxidation (traces 2, 3, 4, 5, 6, 7). Thus, the ¢c-ZrO; is a transition
phase appearing between the t-ZrO, and the m-ZrO,.

Fig. 6-8 shows the relationship between the content of t-ZrO, in oxide films and
corrosion time of NZ2 alloy corroded at 400°C and corroded at 360°C in lithuated water. In
this figure the variation of thickness of the t-ZrO, layer is presented in relative scale,
reference to the total amount of formed oxide. It is shown that the relative value of t-ZrO,
generated in lithiated water remains more than twice that is observed under steam conditions.
Moreover, the difference of the temperature, 360 to 400°C, can be considered as an additional
parameter favouring less proportion of t-ZrO, layers in the second experiment. The time
variations of the relative proportion of t-ZrO, in both conditions (360°C lithiated water;
400°C steam) fit fairly well with experimental A.exp(-ax) law. Interestingly, it is worth to
note that the o get the same value of -33.107°. The rate of transformation t-ZrO; is the same in
both experiments. As a result of initial conditions, under lithiated water at 360°C, the
thickness of t-ZrO, layer is much larger than at 400°C in steam. The c-ZrO, phase appears in
oxide films when the corrosion transformation concerns with Nb-oxidation process, c-ZrO,
being an intermediate state between t-ZrO, and m-ZrO, forms. Since, the protective ZrO;
layer is found thicker under lithiated water at 360°C, the formation of c-ZrO, that we assume
correlated with the oxidation of Nb-phase, is effectively more accentuated in steam 400°C.

From the normal XRD patterns, it appears that the relative content in t-ZrO, within the
oxide film diminishes reference to the amount of m-ZrO,, which continuously increases with
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the duration of corrosion process, where t-ZrO, transforms to m-ZrO,. C-ZrO, is a transition
phase from t-ZrO, to m-ZrO, transformation.
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Fig. 6-1 Grazing incidence XRD patterns of the oxide film surface of NZ2 alloy
exposed to 360°C lithiated water for 3d
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Fig. 6-2 Grazing incidence XRD patterns of oxide film surface of NZ2 alloy
exposed to 400°C steam for 3days
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Fig. 6-4 Grazing angle XRD spectrum of oxide film surfaces of NZ2 alloy
exposed to 360°C lithiated water for different times
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Fig. 6-8 Relation of corrosion time and t-ZrO, content in NZ2 oxide films
corroded in 360°C lithiated water and 400°C steam

Fig. 6-9 shows the Raman spectra of oxide film for NZ2 alloy exposed to 360°C lithiated
water for 14 days, 42 days and 70 days (pre-transition samples). For each spectrum, the peak
positions, intensities (relative to the more intense monoclinic peak at about 177.6 cm™), and
shifts (the shift is defined here as the difference between the actual peak position and the
position of the equivalent peak on powders which is showed in Tab. 6-1 ) are presented in
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Tab. 6-2. It is clear that the peak at about 280 cm™ and 440 cm™ are not found on powders
and become weaker when increasing the oxidation time. All the other peaks belong to m-
ZrO,. However, the small shifts are observed between the positions of m-ZrO, peaks in the
powder and in the film, and the maximal shift is 4.3 cm™. The peaks at about 280 cm™ and
440 cm™ are caused by the shift of the 267.1 cm™ and 456 cm™ peaks of t-ZrO,, and the shift
reason will be discussed in this paper. The shifts of 267.1 cm™ and 456 cm™ peaks are more
than 10 cm™. First, it’s considered that the shift is caused by compressive stress in oxide film
(48] 'However, for an isotropic pressure, the shift of the most characteristic t-ZrO, peak (267.1
cm™) should be about 1.0 cm™GPa™. This would imply compressive stress of more than 10
GPa, that is far greater than the mean stress (1-3 GPa). In addition, the stress should affect
also the m-ZrO, peaks in the same manner. The maximal peak shift of m-ZrO, is 4.3cm™ in
this experiment. So it’s determined that the compressive stress is not the only factor of the
peak shifts. Secondly, the chemical shifts caused by alloying elements are considered. The
alloying elements are precipitated in the metal matrix. During the oxidation of NZ2 alloy, the
precipitates oxidize and alloying elements will dissolve in the surrounding oxide, which
results in the peak shifts of ZrO,. Finally, we assumed that the shifted peak should be
attributed to a distorted t-ZrO, phase, with atom positions in the cell and lattice space
different from that in powder. In this structure, the displacement of the oxygen atom from its
position in the cubic phase is greater than that in t-ZrO, powder. The displacement of the
oxygen atom also causes to the Raman peak shifts. That is to say, compressive stress,
chemical factor and the deviation of lattice space are the reasons of Raman peak shifts. The
result is consistent with the study of Pierre 4],

Fig. 6-10 shows the Raman spectra of oxide film for NZ2 alloy exposed to 400°C steam
for 14 days, 42 days and 70 days. The same result is obtained that the t-ZrO, peak at about
280 cm™ and 440 cm™ become weaker when increasing the oxidation time. When the
corrosion time reaches 42 days, the peak at 440 cm™ disappears. And the peak at 280 cm™ also
disappears at 70 days corrosion time. The t-ZrO, content in the oxide film of NZ2 alloy
corroded in 360°C lithiated water is higher than that in 400°C steam. The total integrated
intensities I(hkl) of the t-ZrO, peak at 280 cm™ and the m-ZrO, peaks at about 179 cm™,
189cm™, were used to determine the t-ZrO, volume fraction with respect to the total volume
of ZrO, by the Godlewski’s formula %%

I 280)
I @80) +Iw @79) +ly (189)

The result of calculation as shown in Tab. 6-3, confirms the above conclusions. Namely,
the t-ZrO, content is decreasing and it is transforming to m-ZrO,. So we think that the lower
the t-ZrO, content in oxide film is, the higher the corrosion rate is. This is consistent with the
XRD results and other’s studies 6% Here, the formula is likely biased, because it was
established on stabilized t-ZrO,, with peaks at 264 cm™ instead of 280 cm™ and the
calculation results are different those by XRD method. The present analysis is only a guide to
appreciate the main impact of the corrosion time on the oxide layer transformation.

Fig. 6-11 shows the Raman spectra of oxide film at different distances from the surface,
the oxide film was gained by exposing NZ2 alloy to 360°C lithiated water for 70 days. It is
observed that the phase structure and content at different distances from the surface are
different. From the surface to metal/oxide interface, the t-ZrO, peak intensity is increasing
gradually, and the t-ZrO, peak intensity is the highest at the oxide/metal interface. This is
consistent with the simulation results of P. Barberis ™. Fig. 6-12 shows the Raman spectra
of oxide film at different distances from the surface, the oxide film was gained by exposing
NZ2 alloy to 400°C steam for 70d. It is shown that there is only a few t-ZrO, at the
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oxide/metal interface, there is no t-ZrO, on the surface of oxide film. The relative intensity of
t-ZrO, peak in this medium is much lower than that in 360°C lithiated water, and the peak at
about 440 cm™ is not observed here. The t-ZrO, content at different thickness of oxide film in
Fig. 6-11 and Fig. 6-12 was calculated by the same formula, which validates the above results.
That’s to say, there is high proportion t-ZrO, at the oxide film/metal interface. With the
corrosion process, the oxide film/metal interface advances, and the t-ZrO, formed previously
transforms to m-ZrO,, which leads to the decreasing of t-ZrO, away from the interface. The t-
ZrO, content at the oxide/metal interface of the NZ2 sample exposed in 360°C lithiated water
for 70 days is 28.5%, higher than that (4.3%) in 400°C steam for 70 days. So the higher t-
ZrO, content is, the corrosion resistance is better.

Fig. 6-13 and Fig. 6-14 show SEM images of oxide sections of NZ2 alloy exposed to
360°C lithiated water and 400°C steam for 3 days. It is clear that the oxide is intact when the
alloy is corroded for 3 days and there is no crack. When the corrosion time reaches 126 days
(transition point), there are some cracks in the oxide films. This indicates that the corrosion
rate increasing is related to the defect evolvement in the oxide. The micro-cracks and holes in
the oxide destroy the stabilization of the oxide film and accelerate the oxide growth. However
the oxide growth also affects the production and development of defects. Vacancies and holes
mainly are caused by the volume expander of zirconium matrix oxidation, but micro-cracks
mainly are produced by the phase transformation from t-ZrO, to m-ZrO, and the stress
release.
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Fig. 6-9 Raman spectra of NZ2 oxide films exposed to 360°C lithiated water
for 14, 42 and 70 days
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55



Thickness/pum

f \ Inte rLface

A ,
] ™ / kS /
14000 - et NN | N S M\M

Intensity

200 400 600
Wavenumber (cm™)

Fig. 6-12 Raman spectra of oxide films at the difference distances from surface,
which was gained by exposing NZ2 alloy to 400°C steam for 70 days

Tab.6-1: Raman spectra peak positions of pure t-ZrO, and m-ZrO, powder 4!

Monoclinic Tetragonal

145.9
158.0
177.4
189.5
2214
267.1
306.0
315.1
332.5
346.6
381.1
456
474.6
500.2
537.1
557.9
607.1
615.2
637.6
644.5

56




Tab. 6-2: Peak positions, intensities (relative to the most intense 177.6 cm™), and shift of the
Raman peaks of NZ2 oxide films exposed in 360°C lithiated water for 14, 42 and 70d

14d 42d 70d Attribution

position relative shift position relative shift position relative shift

(cm™) intensity (cm™)  (cm™) intensity (cm™) (cm™) intensity (cm™)

177.6 100 -0.2 1776 100 -0.2 177.6 100 -0.2 M
1874 77.6 2.1 187.4 78.8 2.1 1874 634 2.1 M
221.0 224 0.4 221.0 9.7 0.4 2210 174 0.4 M
278.1 285 -11 278.1 199 -11 278.1 16.9 -11 T
3340 56.7 -15 3340 364 -15 334.0 47.0 -1.5 M
379.9 156 1.2 3799 133 1.2 379.9 20.0 1.2 M
439.1 31.0 16.9 439.1 188 16.9 439.1 155 16.9 T
4769 715 -23 4769 975 -2.3 476.9 859 -2.3 M
503.8 31.0 -3.6 503.8 29.0 -3.6 503.8 285 -3.6 M
5329 259 4.2 5329 18.8 4.2 5329 21.1 4.2 M
556.3 154 1.6 556.3 169 1.6 556.3 18.5 1.6 M
619.0 343 -3.8 619.0 364 -3.8 619.0 41.0 -3.8 M
6379 36.1 -0.3 6379 327 -0.3 637.9 46.5 -0.3 M

Tab. 6-3: Relation of corrosion time and t-ZrO, content in NZ2 oxide films corroded
in 360°C lithiated water and 400 °C steam

Corrosion time T-ZrO, content (%)
(days) 360 °C lithiated water 400 °C steam
14 17.8 18.0
42 17.5 6.2
70 13.7 —
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Fig. 6-13 SEM image of NZ2 oxide films exposed to 360°C lithiated water for 3 days

Spm  HT=10kV

Fig. 6-14 SEM image of NZ2 oxide films exposed to 360 °C lithiated water for 126 days
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6.3 The crystal structure of NZ8 alloy oxide films

Fig. 6-15 shows the normal XRD patterns of the oxide films of NZ8 alloy exposed to
360°C lithiated water for 14 days and 98 days. It is clear that the intensity of M(002) Bragg
peak increases and that of T(002) one decreases with the corrosion process. t-ZrO, changes to
m-ZrO,. This is consistent with the results of NZ2 alloys.

In Fig. 6-15, trace 2 corresponding to (200) diffraction of c-ZrO, phase appears when the
corrosion time reaches 98 days and the oxide film thickness is 2.2 um. This indicates that c-
ZrO, nucleates before the corrosion transition (126 days) happens.

Fig. 6-16 shows the normal XRD patterns of the oxide films of NZ8 alloy exposed to
400°C steam for 42 days and 70 days. This result is consistent with the above results. With the
corrosion process, t-ZrO, changes to m-ZrO..

In Fig. 6-16, when the corrosion time reaches 42 days and the oxide films thickness is
2.6um, a weak (200) peak of c-ZrO, appears (curve 1). c-ZrO, nucleates before the corrosion
transition (70 days) happens. With the corrosion time prolongation, the c(200) peak intensity
is obviously enhanced. Namely the content of c-ZrO; in the post-transition oxide films
increases.

Fig. 6-17 shows the Raman spectra of oxide films for NZ8 alloy exposed to 360°C
lithiated water for 14 days and 98 days. For each spectrum, the peak positions, intensities, and
shifts are presented in Tab. 6-4. It’s clear that the peak at about 280 cm™ is not found on
powders and becomes weaker when increasing the oxidation time. All the other peaks belong
to m-ZrO,. However, the small shifts are observed between the positions of m-ZrO, peaks in
the powder and in the film. The peak at about 280 cm™ is caused by the shift of the 267.1 cm™
peak of t-ZrO,, and the shifts of 267.1 cm™ peak is more than 10 cm™. The compressive
stress, chemical factor and the deviation of lattice space are the reasons of Raman peak shifts.
The result is consistent with the study of NZ2 alloy.

Fig. 6-18 shows the Raman spectra of oxide films for NZ2 alloy exposed to 400°C steam
for 42 days and 70 days. The same result is obtained that the t-ZrO, peak at about 280 cm™
becomes weaker when increasing the oxidation time. When the corrosion time reaches 70
days, the peak at 280 cm™ disappears. The t-ZrO, content in the oxide films of NZ8 alloy
corroded in 360°C lithiated water is higher than that in 400°C steam. The t-ZrO, volume
fraction with respect to the total volume of ZrO, is determined by the formula 6-2. The result
of calculation as shown in Tab. 6-5, confirms the above conclusions. Namely, the t-ZrO,
content is decreasing and it is transforming to m-ZrO,. The lower the t-ZrO; content in oxide
film is, the higher the corrosion rate is.

Fig. 6-19 shows the Raman spectra of oxide films at different distances from the surface,
the oxide films were gained by exposing NZ8 alloy to 360°C lithiated water for 98 days. It is
observed that the phase structure and content at different distances from the surface are
different. From the surface to metal/oxide interface, the t-ZrO, peak intensity is increasing
gradually, and the t-ZrO, peak intensity is the highest at the oxide/metal interface. The t-ZrO,
content at different thickness of oxide films in Fig. 6-19 is calculated by 6-2 formula, and the
calculation result is shown in Fig. 6-21, which validates the above results.

Fig. 6-20 shows the Raman spectra of oxide films at different distances from the surface,
the oxide films were gained by exposing NZ8 alloys to 400°C steam for 70 days. This shows
the same result. However the t-ZrO, characteristic peak intensity in this medium is much
lower than that in 360°C lithiated water, and the t-ZrO, characteristic peak does not appear at
the surface in this medium.

Comparing the results of NZ2 and NZ8, we find that the t-ZrO, content of NZ2 alloys
oxide film is higher that of NZ8 alloy oxide films in the same corrosion medium. So the
corrosion resistance is improved by increasing the t-ZrO; content in the oxide films.
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6.4 Summary of the chapter

The oxide films of new zirconium alloys mainly consist of m-ZrO, and some distorted
t-ZrO,. c-ZrO, appears when the oxide films thickness reaches about 2 um, and the amount of
c-ZrO, in the post-transition oxide films is obviously increased. During the corrosion, there
two kinds of phase transformations, t-ZrO, —— m-ZrO,, and t-ZrO, — ¢-Zr0; —»
m-ZrO,. The ¢c-ZrO, is a transition phase. With the corrosion process, the t-ZrO, content
decreases gradually, which is not related the kinetics transition. That is to say, there is no
sudden decreasing of t-ZrO, content at the transition point. In the whole oxide films, the phase
structure and content at different distances from the surface are different. From the surface to
metal/oxide interface, the t-ZrO, content is increasing gradually, and the t-ZrO, content is the
highest at the oxide/metal interface. The t-ZrO; is mainly stabilized by the oxygen vacancies
and compressive stresses caused by the oxidation of Zr matrix and the precipitates. The t-ZrO,
transformation is a main factor deciding the corrosion resistance. The higher t-ZrO, content is,
the better corrosion resistance is.
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Fig. 6-15 XRD patterns of NZ8 oxide films exposed to 360°C lithiated water
for different times
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Fig. 6-16 XRD patterns of NZ8 oxide films exposed to 400°C steam for different times

NZz8-360°C Li water-14d
50000 - NZ8-360°C Li water-98d
£)
S 40000 -
=
2
D
IS
30000 -
20000

200 400 600
Wavenumber (cm™)

Fig. 6-17 Raman spectra of NZ8 oxide films exposed to 360°C lithiated water
for 14 and 98 days
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Fig. 6-19 Raman spectra of oxide films at different distances from the surface,
the oxide films were gained by exposing NZ8 alloys to 360°C lithiated water for 98 days
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Fig. 6-20 Raman spectra of oxide films at different distances from the surface,
the oxide films were gained by exposing NZ8 alloy to 400°C steam for 70 days
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Fig.6-21 The t-ZrO, content at different thickness of NZ8 oxide films
exposed to 360°C lithiated water for 98 days
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Tab. 6-4: Peak positions, intensities (relative to the most intense 177.6 cm™), and shifts of the
Raman peaks of NZ8 oxide films exposed in 360 °C lithiated water for 14 and 98 days

14d 98d

position relative shift position relative shift  Attribution
(cm™) intensity (cm™) (cm™) intensity (cm™)

177.6 100 -0.2 177.6 100 -0.2 M
188.2 584 13 188.2 645 1.3 M
221.3 16.2 0.1 2226 145 -1.2 M
279.1 156 -12 2839 6.7 -16.6 T
303.0 10.8 3.0 3028 9.0 3.2 M
334.8 494 -2.3 3348 54.3 -2.3 M
379.6 155 15 380.7 15.7 0.4 M
475.3 66.8 -0.7 476.3 86.9 -1.7 M
503.6 223 -34 503.6 255 -3.4 M
532.8 18.1 4.3 532.8 20.4 4.3 M
557.9 109 0.0 557.9 16.5 0.0 M
618.2 385 -3.0 619.2 41.0 -4.0 M
639.2 548 -1.6 638.2 48.0 -0.6 M

Tab. 6-5: Relation of corrosion time and t-ZrO, content in NZ8 oxide films corroded
in 360°C lithiated water and 400°C steam

Corrosion Corrosion time T-ZrO, content
Conditions (days) (%)
360°C Li-water 14 9.11
98 3.43
400°C steam 42 6.11
70 0.89
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Chapter 7 Relationships between residual stresses,
crystal structure of oxide films and corrosion resistance

7.1 Introduction

Corrosion testing results of zirconium alloys indicate that the stresses change with the
corrosion when the oxide films growth. The stresses are mainly derived from the volume
change of metal and oxide, the phase transformation from t-ZrO, to m-ZrO,, the oxidation of
the precipitates et al. During the oxidation of zirconium alloys, there are high compressive
stresses in the oxide films and tensile stresses in the metal %2, With the corrosion process, t-
ZrO, transforms to m-ZrO,. Because the crystal lattice constants t-ZrO, and m-ZrO, are
different, there are large phase stresses during the transformation. The oxidation of zirconium
alloy happens at the oxide/metal interface. A new oxide film forms gradually at the
oxide/metal interface, and the phase transformation also continues. The stresses caused by the
form of new ZrO, and phase transformation will affect the stabilization of the oxide films, and
change the diffusing coefficient. Thus the corrosion Kinetics is changed 163641,

Many works "¢ confirmed that the high compressive stresses, resulting from high
Pilling-Bedworth ratio of ZrO,/Zr, exist in the oxide films of zirconium alloys. The corrosion
rate of zirconium alloys is closely related to the value and the distribution of the compressive
stresses. These compressive stresses favour the formation of the t-ZrO, phase at room
temperature and pull off the corrosion transition, improve the corrosion resistance. However,
some studies also yielded rather controversial results "%l Whatever, the compressive
residual stresses are closely related to the corrosion kinetics and the microstructure of the
growing oxide, and influence the corrosion mechanism 2 Therefore, it is crucial to
characterize as accurately as possible the residual stress state and the
microstructure(specifically the t-ZrO, fraction) of the oxide films formed on zirconium based
alloys to better understand the eventual relationship between oxide phases, oxidation kinetics
and stresses, confirm the corrosion mechanism. In this paper, the compressive stresses of the
oxide films were investigated using x-ray diffraction techniques.

7.2 Principles

The interatomic distance of reflecting plane d is invariable for a certain material. When
X-ray enters the lattice, there is crystal diffraction. There is a certain relation between the
diffraction angle @ and crystal plane distance d. When the stress makes d change, 6 also
changes. The stress is calculated according to crystal plane distance d change measured by X-
ray diffraction. This is the stress measurement method. The principle of X-ray diffraction is
shown in Fig. 7-1.

X-ray can probe to certain region in materials and form certain intensity distribution.
According to the change of intensity distribution, the diffraction angle @ shift, caused by the
crystal lattice strain under stress, can be recorded. This can be described by the Bragg
formula:

2d sind=nx (7-1)
The differential form is

Ad
—=—ctgh-AB
d (7-2)
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So the plane distance d change can be expressed by the A6.
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Fig. 7-1 Principle of X-ray diffraction

For the multi-crystal material, there are many crystals in the area probed by X-ray, and
the tropism of every crystal is inordinate. So when X-ray enters the crystal, many crystals take
part in the diffraction.

If the sample is under the external force or residual stress, the (hkl) plane strain in
the crystals distributed in different directions is not the same. So when X-ray enters the
sample in different angles of incidence y, we can measure the change rule of 26 with .

The basic formula used to test stress by X-ray method is

o=K-M (7-3)

in the formula 7-3

2(1+u) 180 <°° (7-4)

K is the stress testing constant, indicating the mechanics property of material; oy is the stress
along X direction; M is stress testing factor, namely the change rate 26 with .

0(29,,)

M = >
a(sin” )

(7-5)

In fact, the testing stress is a process calculating the M value. Obviously, oy is a vector, so
we can confirm the value and direction by at least two points. In other words, the line
indicating M must be plot by at least two points. So more two angles of incidence are chose
during the testing to get the 26, corresponding to different angles of incidence. Thus 26,,.-
siny line can be plot. According to the slop M of 26,,-sin’y line, the o, can be calculated.
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7.3 Experimental methods

To determine the residual stress state in the sample by X-ray diffraction, the specimen
must be rotated along two axes. One rotation is characterized by the title angle w between the
normal to the specimens surface P; and the normal Ls to the diffracting planes of spacing dp,
which is parallel to the diffraction vector Q. This title can be accomplished by a rotation about
an axis L lying on the specimen surface and perpendicular to the diffraction plane, defined by
the incident and the diffracted beams ko and ki, respectively, i.e. using the Q-diffractometer
(Fig.7-2). It can also be achieved by a rotation about an axis lying on the
specimen surface and belonging to the diffraction plane, but perpendicular to the diffraction
vector Q, i.e. using the y-diffractometer (Fig.7-3). The second rotation is characterised by the
azimuth angle @ and is executed about an axis parallel to the specimen normal Ps.

diffraction
plane

diffraction

Fig. 7-3 y-diffractometer

In this thesis, the residual stresses in the oxide films of the samples, oxidized in 360°C
lithiated water and 400°C steam, have been determined on the (104) . planes of the m-ZrO,

(corresponding to a 26, angular position = 71.226° for Cu k, radiation) as usually reported
[179.180] ' The stress state of the phase is different from that of t-ZrO, and the value measured
must be different from the average stress. The mean residual stress determination by XRD
method uses the lattice parameters as local strain gauges.
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Microstrains are given by the relation:

£= (%)hk, - —%cot g6, * (26— 26,) (7-6)
0

where dg is the stress free interatomic distance of the (hkl) reflecting planes, 6, is the stress
free Bragg peak position.

By diffraction, the strains of the lattice are measured and the elastic stresses are
determined by the continuous mechanics analysis. In standard procedures, the material is
considered to be homogeneous and isotropic. Lattice strains are assumed to be homogeneous
in analyzed diffracting volume 184,

The distances between atomic planes vary as a function of y if there are some
macroscopic stresses in the material. By the sin“y> method, the diffraction peak shift can be
described as follows:

20 =20, - (%S 2)@tan Oy[0,,8IN %y + o5 siN(2)] - (Sl)@tan O,[o,, +0,,] (7-7)
T VA

where 1/2 S, and S; represent the elastic constants defined for an isotropic material by

1 l+v

=S, =

2 E
For the oxide film of NZ2 alloy, the stresses are thought to be biaxial state (c11=02,

013=0). We can get the formula from above two relations:

and S;= _E—V aijj IS the average stress intensity.

d= (“?V)doo-llsinz W_Z_Evo-ndo +d, (7-8)

S0 611 is deduced from the slope p of the d-sin®y line:

P= (H?V)doan, (E=281 GPa and v=0.29 ['#%)

In the case of crystal anisotropy, the elastic strains are linear fuction of the stresses
through the stiffness tensor and are expressed by the relation :

E1=Sijkiok (7-9)

where &q are the components of the elastic strain tensor and Sjq are the compliance
coefficients.

The growth of zirconia films of zirconium alloys leads usually to a fibre texture, which
was observed to remain constant with the oxide thickness 3%, |n that case, an orthotropic
elastic model would be a more appropriate description ! and the precise knowledge of the
Siji 1s necessary for stress determination from strain measurements. The existing models
[188.187] have been developed for the cubic of hexagonal structures but they are not appropriate
for monoclinic crystal. Moreover, stress gradients could be expected and are not take into
account in the equations presented. All these considerations show that what is determined is
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not homogeneous bulk stresses but rather average ‘pseudo-stresses’, whose absolute values
are questionable, but whose evolution can be considered though cautiously.

7.4 Experimental conditions and data processing

The residual stresses in the oxide films of the samples have been determined on the m-
ZrO,. Indeed, measurements were made at the rather low angle of 71.226° for the (104) . peak

to have a high enough diffracted intensity. In addition, this peak is close to two peaks of the
Zr matrix: (201) and (004) and is rather broad, due to the very fine grain size [88%]
Therefore, a careful procedure is required for peak fitting and extraction. These three
overlapping components were extracted using the following manual procedure.

Data processing was performed with the Igor software using the three following steps:
(1). On each signal, the background noise is subtracted by linear interpolation from its value
outside the peaks. (2) In order to improve signal-to-noise ratio, a Fourier Transformation
Filter procedure is performed. (3) As clearly observed, three Gaussian peaks are assumed to
be present for profile fitting, with a free position of each of them. Each spectrum has been
processed individually. Error bars displayed on the curves are taking into account all the

experimental errors and uncertainties in the fitting procedures. Then, the (i04)m peak is

obtained and the corresponding d = f (sin®y) plots are drawn. The d vs y plots appear to be
linear. The stresses are directly linked to the slopes of these lines.

7.5 Experimental results

The d=f (sin?y) plots for samples are analyzed and some of them are displayed in Fig.
7-4 and 7-5, in which the corresponding thickness, slope and the stress are indicated. The
slopes of the d vs y plots, Weight gain, exposure time, thickness of the oxide films and
compressive stresses, obtained from all the samples in both mediums, are shown in Tab.7-1.
The slopes of these lines change with the corrosion time and the thickness of oxide film,
which means that the residual stresses change also. The relationship of the oxide film
thickness and the residual stress are shown in Fig. 7-6. Negative values of the stress point to
the compressive residual stresses in the oxide layers formed in both mediums. The
compressive stresses seem to increase with thickness and they reach the maximum when the
thickness is about 2.0um for 360°C lithiated water and 2.2um for 400°C steam. Afterwards,
they decrease significantly and the stresses of the post-transition samples become steady.
Comparing the stress values of the samples corroded in both mediums, the average
compressive stresses of the samples in 360°C lithiated water are higher than those in 400°C
steam. On the whole, the mean stress in the oxide films of NZ2 alloy is 1.5-3.8GPa and this is
similar to what has been reported in earlier experiments " The corrosion transition
seems associated with a sudden stress release. In fact, the oxide films formed on NZ2 alloy

are textured strongly. The stresses measured on the (104) planes of the m-ZrO, are not exact
measurements of the average stress tensor components in the oxide layers. However, the
stress quantities could be used quantitatively to analyse the relation between the stress state,
phase fraction and corrosion kinetics.

7.6 Analysis and discussion

The main aspects that could be discussed are related to the oxide films microstructure
and behaviour, the relations between phases, stress changes and oxidation Kinetics.

Concerning the relation between the t-ZrO, content and corrosion kinetics, it is clear
that the average t-ZrO, content decreases continuously and smoothly, independent of the
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kinetic transitions in both mediums, as the oxidation proceeded. It means that there is no sharp
or sudden evolution throughout the bulk of the oxide film. Comparing the corrosion kinetics
in both media, the higher t-ZrO, content is expected to improve the corrosion resistance as
this phase is compact and protective.

With to regard to the relation between the compressive stresses and corrosion kinetics, a few
comments could be made: The presented experimental results suggest that the compressive
stresses increase at the beginning of oxidation. The compressive stresses in the oxide films
exceed the critical value and the stress relaxation occurs when the oxide film thickness
reaches a certain value (about 2 pum). This relaxation induces some cracks and porosities in
the oxide layers. The cracks and porosities degrade the protective properties of the oxide and
accelerate further attack, corresponding to the kinetics transition. The compressive stresses are
very low in the samples of post-transition (about 1.9 GPa for the samples in 360°C lithiated
water and 1.6 GPa for the samples in 400°C steam). Therefore, the transition seems associated
with a sudden stress release. Also, the higher compressive stresses in the samples in 360°C
lithiated water are corresponding to the better corrosion resistance.

With respect to the relation between the t-ZrO, content and compressive stress, it is
found that the higher t-ZrO, content is corresponding to the higher compressive stress as a
whole. During the corrosion, zirconia is less dense than zirconium and induces high
compressive stresses in the oxide due to the high Pilling-Bedworth ratio of the Zr/ZrO,
system (1.56) [181911%2] The compressive stresses in the oxide play an important role for the
t-ZrO, stability. The t-ZrO, is located in compact oxide scale near the metal/oxide interface
where the compressive stresses are higher %, However, the results in this paper show that
there is no complete consistency between the changing regulations of t-ZrO, content and the
compressive stresses. On the one hand, having in mind the fact that the t-ZrO, is not
uniformly distributed, and that higher t-ZrO, content exist near the metal/oxide interface as
shown also in the grazing XRD results. Therefore, local sharp decrease at the metal/oxide
interface for thick oxide layers is not excluded. On the other hand, the stresses measured in
this study are considered to be the macroscopic compressive stresses. In fact, it is inevitable
that there are some areas with high local stress concentration in the oxide films. So it is not
enough to only consider the macroscopic compressive stresses for explaining the experiment
results. The local stresses may play an important role in stabilizing the t-ZrO,. Some
experimental results showed that the t-ZrO, crystallites suffered from large compressive
stresses, compared with the m-ZrO,, which provided clear evidence that the stresses were not
uniformly distributed in oxide films and there were some regions with local stress
concentration %1, These local compressive stresses would come from several sources.

Firstly, the decrease of the macroscopic compressive stresses may induce a part of t-ZrO,
transform to m-ZrO,. Since this transformation is accompanied by volume dilatation and
shear strain and the regions near the transformed crystallites will certainly produce local stress
concentration. The t-ZrO, crystallites near the transformed ones will undergo the local
compressive stresses.

Secondly, during the corrosion, the precipitates containing Fe, Cr, Nb might not be
oxidized at the early stage of corrosion because of the different oxidation rates between the
matrix and the precipitates. Accordingly the un-oxidized precipitates are first incorporated in
the interfacial oxide and oxidized gradually. The oxidation of precipitates will lead to the
generation of high local stresses field around the oxidized precipitates. These local
compressive stresses may also make some t-ZrO, crystallites around the oxidized precipitates
more stable.

Thirdly, when zirconia crystallites grow on the surface of metal substrate, the orientation
of oxide crystallites must match with the lattice of metal substrate as much as possible.
However, it is unlikely that all crystallite orientations are the same to the metal substrate. The
high local stress concentrations would be produced in some regions in which the zirconia
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crystallites do not match well with the metal substrate. Therefore, a part of t-ZrO, may be
stabilized by the local stresses.

In addition, solid solution components could have an effect on the stability of the t-ZrO,.
For instance the valence state in the zirconia of the additional elements is expected to be
different. This would affect the charged point defect density and, thus, the stability of the
different phases of the zirconia. It is also likely that the lower grain size or higher oxygen
vacancy concentration at the metal/oxide interface favours the t-ZrO,. These are still a matter
of discussion although it's known to be of high importance.

As discussed above, the corrosion resistance of zirconium alloy is sensitive to many
factors, such as microstructure, composition of the oxide films and the stresses. The
complexity of the system indicates that several of these factors co-operate to achieve the
specific properties and it is impossible to decide which of the factors dominates.

Tab. 7-1 Weight gain, exposure time, thickness of the NZ2 oxide films,
the d vs y plot slopes and compressive stresses in the oxide films

Corrosion Exposure Wei_ght Oxi_de films d vs y plot Stress o
conditions time (days) gain 2 thickness slope (GPa)
(mg//dm") (um)

360°C

lithiated water 3 12.88 0.9
14 18.50 1.2 -0.01318 -2.2
28 22.85 1.5 -0.01879 -3.1
42 25.92 1.7 -0.01695 -2.8
70 30.20 2.0 -0.02284 -3.8
98 34.53 2.3 -0.01491 -2.5
126 37.85 2.5 -0.01483 -2.4
154 58.56 3.9 -0.01113 -1.8
182 68.08 4.5
210 72.90 4.9 -0.01011 -1.7
238 77.28 5.2 -0.01171 -1.9
266 90.00 6.0 -0.01093 -1.8
294 104.15 6.9 -0.01022 -1.7

400°C steam 3 17.00 11 -0.01195 -2.0
14 26.14 1.7 -0.01521 -2.5
28 32.42 2.2 -0.01740 -2.9
42 37.47 2.5 -0.01303 2.1
70 51.63 3.4
98 62.32 4.2 -0.00859 -1.4
126 72.97 4.9
154 82.47 55 -0.00981 -1.6
238 116.14 7.7 -0.00980 -1.6
266 119.65 8.0 -0.00929 -1.5
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Fig. 7-6 Relationship of the oxide film thickness and compressive stresses in NZ2 oxide films
corroded at 360°C lithiated water and at 400°C in steam

7.7 Summary of the chapter

NZ2 alloys have been oxidized in 360°C lithiated water and 400°C steam. The
macroscopic stresses and the t-ZrO, content in the oxide films have been analyzed by XRD.
The following points have been shown:

(1) High compressive stresses are found in the oxide layers. The corrosion transition is
associated with a sudden release of the macroscopic compressive stresses in the oxide films.

(2) The samples in 360°C lithiated water present lower corrosion Kinetics than that in
400°C steam, with higher t-ZrO, content and higher compressive stresses. The t-ZrO; is
therefore mainly stabilized by the macroscopic compressive stresses. In addition, the local
stresses in the oxide films, small grain size and oxygen vacancies play an important role in the
t-ZrO, stabilization.
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Chapter 8 Investigation of corrosion mechanisms
of new zirconium alloys containing niobium

8.1 The stabilization mechanisms of t-ZrO, and ¢c-ZrO»,

8.1.1 The stabilization mechanisms of oxygen vacancy

Pure zirconia is monoclinic (m-ZrO,) at room temperature (space group P2y/c) [1%%!:
upon increase of the temperature the material transforms to tetragonal (t-ZrOZP and then to
cubic (c-ZrO,) fluorite structure (space group P4,/nmc and Fm3m, respectively) 1972 These
phase transitions induce large volume changes and make the pure material unsuitable. The
addition of lower-valence oxides like CaO, MgO or Y,0;3 disfavour the m-ZrO,, stabilizing
more symmetric structures with c-ZrO, and t-ZrO, ). On increasing dopant concentration,
the material transforms to a tetragonal (t*-ZrO,) form, called partially stabilized, and then to a
cubic (c*-ZrO,) form, called fully stabilized. The amount of doping needed for stabilization is
quite substantial %21 and the electrostatic neutrality of this rather ionic material is
maintained by oxygen vacancies.

The simultaneous presence of dopant cations and oxygen vacancies in large
concentration means that the local atomic environments in the stabilized material are very
different from the corresponding stoichiometric (t-ZrO, and c-ZrO,) phases. Despite the
analogy in the sequences m-t-c and m*-t*-c*, there is no clear picture of the microscopic
mechanisms of stabilization to parallel our understanding of the pure material: the most
relevant issue concerns the respective roles of impurity cations and of oxygen vacancies 2%,

Some researchers studied the stabilization mechanism by means of a self-consistent
tight-binding model, which was parameterized on the electronic and structural properties of
pure zirconia 2?71 The method was used to calculate the temperature evolution of the free
energy surfaces governing the c-t phase transition, which was then described within the
Landau theory of phase transformation 2%, These results are the starting point for the present
approach to the stabilization mechanism, which is based on the qualitative analogy between
isothermal and isoconcentration lines in the high-temperature region of the ZrO,-Y,03 phase-
diagram. At fixed concentration, higher temperature destabilize the tetragonal phases t and t*,
favouring the cubic ones ¢ and c*. Similarly, at fixed temperature, higher amounts of
impurities stabilize the cubic phases. The analysis of Li and co-workers 224 suggests that
the dopant cations do not take an active part in the stabilization mechanism, which is
dominated by the crystal distortions around oxygen vacancies. So the role of the oxygen
vacancies in the stabilization of the c* and t* is studied.

As a preliminary step towards the modelling of stabilized zirconia, the structural and
electronic properties of a model crystal structure containing an isolated oxygen vacancy are
first addressed™®. A cubic 96-sites supercell of 95 atoms in the fluorite structure containing
one vacant oxygen lattice site is defined as V;. The vacancy is in the +2 charge state. In the
real material, the charge of the V"o defect is compensated by the dopant substitutional cations.
The cell is electrostatically neutral.

All the atoms are in the centro-symmetric fluorite positions, this is defined as un-
relaxed structure, and the crystal structure resulting from the static optimization of the atomic
coordinates is defined as relaxed structure.

As the crystal is allowed to relax the Zr atoms nearest neighbour to the vacancy radially
shifted outward along [111] directions, and the first shell of anions around the vacancy
contract inward along [100] directions. This relaxation pattern is driven by the electrostatics
and is shown in Fig. 8-1.

The study of the stabilization mechanism is based of static and dynamic simulations of
two 96-site super-cells which were chosen as representative systems. The first one, denoted as
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V1, contains one vacancy. This system corresponds to the stability of the t* phase. Similarly,
the second supercell V,4 contains 4 vacancies and corresponds to the stability of the c* phase.

The static minimization of the V; super-cell has already been described. Further
analysis of the structure reveals that the atomic configuration (Fig. 8-1) is metastable. By
perturbing the relaxed configuration, a secondary structural modification further lowers the
total energy of the cell, similar to the tetragonal distortion of the oxygen sublattice in pure
stoichiometric c-ZrO,.

According to the energy surface governing the c-t relationship , the internal
tetragonal distortion of the oxygen sublattice drives the external tetragonal distortion of the
unit-cell. As a consequence, the relaxed configuration is expected to further minimize by a
non unitary c/a ratio. Indeed, allowing the tetragonality of the cell to adjust, the minimum
energy is obtained for c/a=1.02. The corresponding equilibrium structure is shown in Fig. 8-2.
The anions and cations are represented with light and dark circles, respectively, and the
arrows point to the oxygen column containing the vacancy, which is behind the first visible
oxygen ion. The projection on the x-y plane shows the same pattern obtained with the static
minimization. The nearest neighbour cations move away from the vacancy and the nearest
neighbour anions contract inward. The right panel shows the projection along the x-z plane:
the tetragonal distortion of the oxygen sublattice is very clear.

The c¢* phase was modelled by distributing four vacancies in the super-cell. In this
configuration, the four vacancies were aligned along the [111] direction to form a vacancy
cluster. The static relaxation was started with all the atoms in the fluoritic centro-symmetric
positions. In this case, only one structural modification was observed. The system evolved
towards the atomic configuration shown in Fig. 8-3. The local distortions around the
vacancies lock the c* crystal in a distorted configuration, suppressing the tetragonal distortion
of the oxygen sublattice. The local atomic environment is very different from that of the
fluorite structure: 14 cations out of 32 are 7-fold coordinated and the majority of the oxygen
ions are not in centro-symmetric positions. The minimum energy is obtained for a perfect
cubic super-cell.

When the results described in the previous section are considered in the context of the c-
t phase transition in pure zirconia °! they also provide insight on how the structural
distortions around the oxygen vacancies affect the relative stability of the tetragonal and cubic
phases. In conclusion, partially and fully stabilized zirconias were modelled by introducing,
respectively, one and four vacancies in a 96-site cubic super-cell (V1 and V4, respectively).

The analysis of the Vi and V, equilibrium crystal structures suggests a possible
explanation of the stabilization mechanism. When the concentration of vacancies is low, as in
the V; super-cell, a relatively large volume of crystal is le left in the fluorite structure, and it
undergoes the tetragonal distortion just as the stoichiometric material in the c-phase would.
Because this distortion involves the coordinated motion of all the oxygen atoms, also the
atoms neighbouring the defects are dragged along the tetragonal distortion of the oxygen
sublattice.

When the concentration of defects is high, as in the V4 super-cell, there is virtually no
undistorted cubic region in the statically relaxed super-cell, every oxygen atom is either itself
a neighbour of a vacant site, or at least four of its six neighbouring oxygen atoms are. Thus
there is virtually no region in which the local atomic environment is close to fluorite, which
could undergo the tetragonal distortion, and the radial distortions around the vacancies
dominate the finite-temperature equilibrium configuration. The resulting atomic structure is
cubic only by averaging over a relatively large number of atoms, but the shot-range atomic
structure does not have cubic symmetry.

These results show that the stabilization of the t* and c* structures may be achieved in
theory by doping zirconia crystal with oxygen vacancies only, and support the idea that the

[208]
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electronic and structural properties of stabilized zirconia are controlled by the structural
disorder around the oxygen vacancies, rather than by the substitutional dopant cations.

In this paper, the t-ZrO, content in the oxide films of zirconium alloys is high at the
beginning of corrosion. This could be explained by V; super-cell structure stabilization. That’s
to say, the vacancy concentration caused by the alloying element oxidation is low, which is
good to t-ZrO, stabilization. With the corrosion process, Nb takes part in the oxidation and
forms NDb,Os, which increases the vacancy concentration. When the vacancies array arrange
along certain direction, V4 super-cell structure is formed. So t-ZrO, transforms to m-ZrO, to
minimize the system energy. Subsequently, the cracks are produced by the large volume
expand of Nb oxidation, thus the corrosion transition

Fig. 8-1 Crystal relaxation of the atoms neighbouring an isolated vacancy in a fluorite lattice.
Key: Zr black, O dark grey, vacancy light grey

Fig. 8-2. Equilibrium crystal structure of the V supercell. The arrows point to the
oxygen columns containing the vacancies
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Fig. 8-3 Equilibrium crystal structure of the V4 supercell. The arrows point to the oxygen
columns containing the vacancies.

The amount of c-ZrO, in post-transition oxide films increases until Nb is oxidized to
Nb,Os, and at this time ¢c-ZrO, will transform to m-ZrO,.

8.1.2 The stabilization mechanism of compressive stresses

According to the compressive stress-temperature diagram of ZrO,, t- ZrO, can exist
stably under 3000MPa compressive stresses. The P.B ratio of Zr/ZrO, system is 1.56. There
are high compressive stresses caused by the volume expander in the oxide film when Zr is
oxidized to ZrO,. The compressive stresses make t- ZrO, stable. With the oxidation process,
the oxide film/metal interface advances, and the t-ZrO, formed previously transforms to m-
ZrO,, which leads to the decreasing of t-ZrO, away from the interface. The high compressive
stresses remain in the new oxide film and the compressive stresses release in the oxide formed
previously.

Many researchers tested the stress and the distribution in the oxide film by different
methods 19?21 They found there were high compressive stresses and there was a stress
gradient in the oxide films. The compressive stresses at oxide/metal interface are higher than
those at the surface.

In this study, the average residual stresses in the oxide films were tested by XRD

method. The average compressive residual stress in the NZ2 alloy oxide film is 1.5 ~ 3.8 GPa,

and the higher the compressive stresses are, the higher the t-ZrO, content is. The high
compressive stresses stabilize t-ZrO,.

8.2 The stress release mechanisms in the oxide films

The early stress study about Zr-2 alloy oxide film indicated that the break mechanism of
oxide film was related to the mechanics destroy of the oxide films 12?2, At the early stage of
the corrosion, the compressive stresses in the oxide film are high, subsequently the oxide film
breaks. And the stresses are the highest at the break point. However, the compressive stresses
are much lower in the oxide films of zirconium crystal and the break process is not observed.

There are many reasons of the stress existence ?**?2*. The most important reason is the
volume increase with the oxidation of metal surface. The oxide growth is a process of oxygen
diffusing into the interior, thus the oxide/metal is restricted while the new oxide layer forms.
Furthermore the stress release happens either in the metal (the plastic deformation of metal
matrix), or in the oxide films (the plastic deformation of oxide), or in both of metal and oxide.
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The plastic deformation rate of the oxide depends on its growth rate. At the early stage
of the oxide growth, the deformation rate is large. The plastic deformation of the oxide makes
the internal stresses release. The initial growth rate of the oxide is high, so the local diffusing
rate is high enough to make stresses release by the plastic deformation. When the oxide
thickness increases, the diffusing rate decreases to a certain degree, thus the release rate is too
slow and the oxide film breaks. At this moment, the cracks appear in the oxide film and the
corrosion transition happens, the internal average stress also reduces to a steady value.

In this study, SEM images of NZ2 alloy oxide film show that there are cracks in the
oxide film of post-transition sample, and the stress measurement results show that the
compressive stress reaches maximum at about 2um oxide thickness, and then the corrosion
transition happens. Furthermore the compressive stresses in the post-transition samples are
low and remain steady. So we think the compressive stresses release by the plastic
deformation in this study.

8.3 The corrosion mechanisms of new zirconium alloys

Many researchers studied the corrosion resistance of zirconium alloys and the corrosion
mechanism. Investigation on the corrosion mechanism is to explain the corrosion process,
corrosion transition phenomenon and to establish the corrosion kinetics regulation by study
the oxide crystal structure, the defect evolvement and function during corrosion. Zhou B.X. et
al 1225228 stydied the effects of water chemical and alloying composition on the crystal
structure and growth of the oxide film, and put forward some new ideas for the corrosion
mechanism.

About Zr-4 alloy corrosion mechanism, some people approve the hypothesis of the
oxygen vacancy reaction #2"?%81 However other people support the hypothesis of the phase
transformation induced by stresses 2%, Every hypothesis emphasizes the importance of t-
ZrO,. The t-ZrO, content changes with corrosion kinetics. It transforms to m-ZrO,, which is
used to explain why the oxide film loses protective function. Some experimental results show

that the t-ZrO, content at the oxide/metal is high (30 ~ 40%) 3%,

In this paper, the matrix microstructure studies show that small and well-distributed
precipitates containing Nb are good to improve the corrosion resistance because the
precipitates containing Nb make the Nb content in the matrix less than the equilibrium solid
limit. The results of oxide crystal structure show that t-ZrO, content decreases and m-ZrO;
content increases with the corrosion process, and the c-ZrO, appears before corrosion
transition happens. There are cracks in the post-transition oxide film. In addition, the stress
measurement results suggest that the compressive stresses increase at the beginning of
oxidation. The compressive stresses in the oxide films exceed the critical value and the stress
relaxation occurs when the oxide film thickness reaches a certain value (about 2 pm). This
relaxation induces some cracks and porosities in the oxide layers. The cracks and porosities
degrade the protective properties of the oxide and accelerate further attack, corresponding to
the Kinetics transition. The compressive stresses are very low in the samples of post-transition
(about 1.9 GPa for the samples in 360°C lithiated water and 1.6 GPa for the samples in 400°C
steam). Therefore, the transition seems associated with a sudden stress release. Also, the
higher compressive stresses in the samples are corresponding to the better corrosion
resistance.

From these results, we try to propose a mechanism for the oxidation of new zirconium
alloys. The first oxide layers that are formed are going to create a high level stress due to the
difference in volume between the oxide and the metal. This will give compressive stresses in
the oxide and tensile stresses in the underlying metal. Also the alloying elements in the matrix
take part in the oxidation. The local compressive stresses and oxygen vacancies produced by
the oxidation have an effect on the t-ZrO; stabilization. In addition, the precipitates play a role
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in the generation of additional stresses in the oxide layer. When the matrix oxidation occurs,
the precipitates are not oxidized at the same time as the surrounding metal. They are
incorporated in the oxide as intermetallic precipitates. Starting at some distance from the
metal/oxide interface, they are going to be progressively oxidized. The zirconium that has the
highest reactivity towards oxygen is oxidized first. Because Fe, Cr, Nb, which make up the
precipitate, have low solubility in ZrO,, only small amounts are incorporated into the ZrO..
This makes it possible to stabilize the tetragonal phase by forming vacancies in their crystal
lattice. The remaining metal atoms are rejected towards the precipitates/oxide interface where
they will segregate.

When the zirconium in the precipitate is oxidized to form ZrO,, stresses are caused by
the volume differences between the initial precipitate and the newly-formed ZrO, (Fig. 8-4).
The differential oxidation of the precipitates inside the oxide layers provides a new source of
stresses that can keep the surrounding t-ZrO, stable. The t-ZrO, is stabilized by the
compressive stresses and vacancies.

Subsequently, almost at the end of oxidation for some of the precipitates, Nb in the
precipitate is oxidized, which makes the vacancy concentration is high enough to form the
vacancy cluster along a certain direction, t-ZrO, will transform first to c-ZrO, to minimize the
system energy'??. And the large volume expander caused by the Nb oxidation accelerates the
crack formation and makes the compressive stresses release. Thus Kinetics transition happens,
which corresponds to the end of oxidation of precipitates. At this time the oxygen vacancy
concentration in the oxide film is the highest and the precipitates would no longer locally
produce additional stresses in the oxide. This can be used to explain the phenomenon of the c-
ZrO, content increasing after corrosion transition. The c¢-ZrO, nucleates during the
transformation of t-ZrO, to m-ZrO,. With the corrosion process, the oxide/metal interface
advances. There are high compressive stresses in the new-formed oxide layer and the
compressive stresses in previous-formed layer are released. So the t-ZrO, content decreases.
The ¢c-ZrO; is stabilized by the vacancies produced by the Nb oxidation.

As a whole, there is a decrease in the overall t-ZrO, volume fraction in the oxide, and a
stress relaxation in the oxide thickness corresponds to the kinetics transition. During kinetics
transition, in the outside region of the oxide, some of t-ZrO, does not undergo the phase
transformation to m-ZrO,. The t-ZrO, probably results from the zirconium oxidation that
makes up the precipitates and that is chemically stabilized by the presence of Fe, Cr, Nb in its
crystal lattice. This is confirmed by the Raman spectroscopy analyses and the grazing XRD
analyses, namely, at the external layers, there is only a low concentration of t-ZrO, stabilized
by the additive elements in the precipitates. This is consistent with the results of Cox 2. So
the t-ZrO, mainly is stabilized by the compressive stresses, however, the c-ZrO, mainly is
stabilized by the vacancies caused by the Nb oxidation.

In addition, the precipitates that are too small will be rapidly oxidized, decreasing the
pre-transition period. On the other hand, large precipitates take more time to oxidize, but are
less effective in stabilizing t--ZrO,. A compromise in precipitate size will optimize the
corrosion resistance of the zirconium alloys.
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Chapter 9 Main Conclusions

In this work, the corrosion behaviours of NZ2 and NZ8 alloys were investigated after
testing in superheated steam at 400°C/10.3 MPa and in 70 ppm LiOH aqueous solution at
360°C/18.6 MPa. The impacts of alloy elements and the second precipitate particles on
corrosion behaviour during corrosion tests were discussed. The relations of the structure
change, internal stress in the oxide films and corrosion resistance were studied. The corrosion
mechanism of new zirconium alloy was built. The main experimental results and conclusions
are as follows:

1. The corrosion resistance of new zirconium alloys containing Nb is much better than
that of Zr-4 alloy in 360°C/18.6 MPa LiOH aqueous solution, that’s to say, the addition of Nb
is benefit to improve the corrosion resistance of zirconium alloys. The corrosion resistance of
NZ8 alloy with high Nb addition is worse than that of NZ2 alloy with low Nb in both
mediums, which depends on the second precipitate particles and the alloy element content in
the matrix. Also, the corresponding oxide film thicknesses of both alloys are identical (2~3
um) when the transitions happen. In addion, smaller and dispersion distributing precipitates
can shorten the pre-transition time of NZ2 alloy in 400°C/10.3 MPa steam, but improve the
post-transition corrosion resistance.

2. The corrosion resistance of new zirconium alloys is correlated to the Nb content in
the matrix and the degree of supersaturation. The Nb content in NZ2 matrix is lower than the
equilibrium solid solubility, which is benefit to improve the corrosion resistance of NZ2 alloy.
The oxidation of supersaturated Nb in NZ8 matrix makes the oxide film volum increase
seriously, even the oxide film breaks, which promotes the transformation from t-ZrO, to m-
Zr0O,, thus the corrosion rate increases.

3. The corrosion resistance of zirconium alloy is related to the characteristic, the
quantity and the size of the precipitates. The oxidation rate of the B-Zr precipitates in NZ8
alloy is higher than that of the precipitates containing Nb in NZ2 alloy, and the B-Zr
precipitates accelerate the transformation from t-ZrO, to m- ZrO,. So the t-ZrO, content of
NZ8 alloy oxide film is lower than that of NZ2 alloy, and post-transition corrosion rate of
NZ8 alloy is also much higher. In addition, the volume fraction of the precipitates is another
influencing factor of corrosion resistance. After a large quantity of precipitates in NZ8 alloy
are oxidized, the additional compressive stresses are generated. Thus the volume of oxide film
increases and the cracks are formed, which accelerates the corrosion rate. However, the
precipitates of NZ2 alloy are benefit to improve the corrosion resistance.

4. The oxide films of NZ2 and NZ8 alloys are composed of m-ZrO, mainly, including a
kind of distorted t-ZrO,. With the corrosion, the average t-ZrO, content in the oxide film
decreases and the t-ZrO; transforms to t-ZrO,. Also the t-ZrO, content in the oxide film
decreases from oxide/metal to the oxide surface. When the oxide thickness reaches to 2 um
(pre-transition), the c-ZrO, appears, and the c-ZrO; content increases obviously after the
transition happens. So it’s considered that the c-ZrO, is the transition phase of the
transformation from t-ZrO, to m-ZrO,. There are two kinds of phase transformations during
corrosion: t-ZrO,—m-ZrO; and t-ZrO,—c-ZrO; —m-ZrO,. The t-ZrO, is stabilized by the
compressive stresses and vacancies caused by the alloying element oxidation, and the c-ZrO,
is stabilized by the vacancies. The t-ZrO, transform rate is a determination factor of corrosion
resistance. The faster t-ZrO, transform rate is, the lower t-ZrO, content is, the higher corrosion
rate is. There is no sudden decrease of t-ZrO, content during corrosion. The local compressive
stresses caused by the oxidation of the precipitates could stabilize the t-ZrO,.
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5. The high compressive stresses exist in the oxide films of NZ2 alloy. The sudden
release of the compressive stresses in the oxide films is related to corrosion transition. The
compressive stresses and the t-ZrO, content in the oxide film of NZ2 alloy corroded in 360°C
Li water are higher than those in 400°C steam. Higher t-ZrO, content and compressive
stresses in the oxide films can improve the corrosion resistance of zirconium. The
macroscopic compressive stresses in the oxide films have an important effect on the t-ZrO,
stabilization. In addition, the local stresses in the oxide films also stabilize the t-ZrO,.
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