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CHAPTER 1. LIGHT WATER REACTORS

Nuclear power is one of the major sources of energy and electricity production. Nuclear power
plants provide about 6% of the world’s energy and 13 - 15% of the world’s electricty [1, 2]. Nuclear
power plants are conventional thermal power stations in which the heat sources are nuclear reactors.
They are devices to initiate and control sustained nuclear chain reactions and the heat from nuclear
fission is passed to a thermal fluid (water or gas), which runs through turbines to generate power. Most
of the nuclear reactors use energy form the the fission of the nucleus of the Uranium 235 isotope, 235U.
In France, the nuclear fuel is used in the form of uranium dioxide enriched to 3.5 - 4% in 235UO2 [3].

The most common types of nuclear reactors are thermal reactors, among which the most popular
are Light Water Reactors (LWRs). Because the LWRs are simple and less expressive to build compared
to other nuclear reactors, they make up the vast majority of civil nuclear reactors and naval propulsion
reactors in service. The LWRs can be subdivided into three categories: Boiling Water Reactors
(BWRs), Pressurised Water Reactors (PWRs) and Supercritical Water Reactors (SWRs). SWRs,
now named as KERENA, are based on the successful tradition of BWR technology and is currently
still at the design stage [4]. PWRs are the most common civil nuclear reactors in the world. In France,
they are the only ones in operation today.

1.1 General Introduction

1.1.A Main Components

The Reactor Pressure Vessel (RPV) is the highest priority key component in a nuclear power plant
because it houses the nuclear reactor core and all associated support and alignment devices. It is the
major part of the Reactor Coolant System (RCS). The major components of RPV are the reactor
vessel, the core barrel, the reactor core and the upper internals package. Nuclear fuel is housed in the
core barrel slides down inside of the reactor vessel [5, 6]. They are the places that nuclear reactions
take place.

Most nuclear fuels used inside nuclear reactor core contain heavy fissile elements that are ca-
pable of nuclear fission, and the most common fissile nuclear fuels are Uranium 235. When a fissile
atomic nuclei 235U, absorbs a neutron, it splits into two or more fast-moving lighter nuclei (the fission
products), releasing kinetic energy, γ radiation and free neutrons. A portion of these neutrons may
later be absorbed by other fissile atoms and trigger further fission events, which release more neutrons.
This is called a nuclear chain reaction.

The reactor core generates heat in several ways:

• The kinetic energy of fission products is converted to thermal energy when these nuclei collide
with nearby atoms.

• Some of the γ rays produced during fission are absorbed by the reactor, their energy being
converted to heat.

• Heat is produced by the radioactive decay of fission products and materials that have been
activated by neutron absorption.

As a matter of fact, not all these neutrons can initiate further fission reactions due to their low
cross section of capturing 235U, so for most nuclear reactors, a neutron moderator is necessary. It is
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1.1. GENERAL INTRODUCTION

a medium that reduces the speed of fast neutrons, thereby turning them into thermal neutrons which
are capable of sustaining a nuclear chain reaction involving Uranium 235. Since energy is conserved,
the reduction of the neutron kinetic energy takes place by transferring energy to a moderator. This
process of the reduction of the initial high kinetic energy of free neutrons, neutron slowing down, is
called moderation, or thermalisation.

For the safety of nuclear reactors, reactivity control of nuclear chain reaction is necessary to sustain
the core at a low level of power efficiency. The continuous chain reactions of a nuclear fission reactor
depends upon at least one neutron from each fission being absorbed by another fissionable nucleus,
thus the reaction can be controlled by using materials which absorb neutrons. Therefore, despite
the fact that absorbing neutrons is normally an undesirable effect, control rods made of neutron
poisons are intentionally inserted into some types of reactors in order to lower high reactivity of their
initial fresh fuel load. They are the substances with a large neutron absorption cross section. There
are many types of poisons used in different aims, some of these poisons deplete as they absorb neutrons
during reactor operation, while others remain relatively constant. For example, the positive reactivity
due to the excess fuel must be balanced with negative reactivity from neutron-absorbing material.
Soluble poisons, also known as chemical shim, produce a spatially uniform neutron absorption when
dissolved in the water coolant. One of the most soluble poison used in control rods is boron, which
is often referred to as soluble boric acid. Movable control rods containing neutron-absorbing material
is one method, but burnable poisons are also loaded into the core which can control large amounts of
excess fuel reactivity without control rods. They are materials that have a high neutron absorption
cross section that are converted into materials of relatively low absorption cross section as the result
of neutron absorption.

Apart form the RPV, the nuclear power plants may also contain the pressuriser, the reactor
coolant pump, the steam generator and the connecting pipes, depending on the different types
of reactors. Last but not least, lead blocks and concrete enclosures of several meters thickness are
used as shielding which prevents radiations reaching outside of the reactors.

In those reactors which uses enriched uranium, light water is the choice for both coolant and
neutron moderator, which gives the definition and description of the Light Water Reactors (LWRs)
[7]. The main reasons for choosing light water are: low cost, lack of toxicity, high coefficient of
heat transport and its qualities as a moderator. On the contrary, using water can also cause some
inconveniences: water become corrosive at high temperature and its decomposition under irradiation.
This decomposition is so called water radiolysis, which produce oxygen, O2, and hydrogen peroxide,
H2O2, as soluble species. Both O2 and H2O2 are oxidative and will accelerate the corrosion of metal
parts in the nuclear reactors. As mentioned, the two operational types of light water reactors (LWRs)
are boiling water reactors (BWRs) and pressurized water reactors (PWRs). The main difference
between the BWRs and the PWRs is that the PWRs employ a cooling system that is physically
separated from the water which will be boiled to produce pressurised steam for the turbines. For
BWRs, the water for the steam turbines is boiled directly by the reactor core. It will be more detailed
in the following sections.
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CHAPTER 1.

1.2 Classification of Nuclear Reactors

Research on commercial nuclear reactors started around the mid-1950s. By the end of 1990′s, a large
amount of nuclear power plants were in commercial operation or under construction [8]. Nowadays,
the most widely used commercial reactors are the Light Water Reactors (LWRs), including Boiling
Water Reactors (BWRs) and Pressurised Water Reactors (PWRs). They both use enriched uranium
dioxide as nuclear fuel and light water as both moderator and coolant. Furthermore, in the very
earliest design, Basic Gas-Cooled Reactors, called MAGNOX reactors in UK and UNGG in France,
used graphite as moderator and gas as coolant. As the result of improving the cost effectiveness of
this type of reactor, there evolved the Advanced Gas-Cooled Reactors (AGRs). The only design of
heavy water moderated and cooled reactor in commercial use is the CANada Deuterium Uranium
reactors (CANDUs), designed in Canadian. They use unenriched uranium dioxide as nuclear fuel and
heavy water as moderator [9]. In addition, there are also Reaktor Bolshoy Moshchnosti Kanalniy
(RBMKs) and Vodo-Vodyanoi Energetichesky Reactors (VVERs) designed in Russia. The RBMKs
are water cooled and graphite moderated reactors and the VVERs are a series of PWRs. In order to
classify different types of nuclear reactors, there exists several methods: nuclear reaction, coolant and
moderator, generation and etc.

1.2.A Classified via Nuclear reaction

The principal of all commercial nuclear reactors are based on their nuclear fission. Fission reactors
can be divided roughly into two classes depending on the energy of neutrons that sustain the fission
chain reactions. They are thermal reactors and fast neutron reactors. Almost all current reactors are
thermal reactors which use slowed or thermal neutrons [10]. The thermal reactors contain neutron
moderators that slow neutrons down until their kinetic energy approaches the average kinetic energy
of the surrounding particles. The other type is fast neutron reactors use fast neutrons to cause fission
in their fuel. They do not have a neutron moderator and use less moderating coolant. However, the
fast neutron reactors must use highly rich fissile materials as the fuel in order to maintain the nuclear
chain reactions without neutron moderator.

1.2.B Classified by Coolant and Moderator

Nuclear reactors can be distinguished by their own coolants and moderators. For coolants, there are
water cooled, liquid metal cooled, gas cooled and molten salt cooled nuclear reactors. On the other
hand, there exists different types of moderators such as graphite, heavy or light water, light element
like lithium or beryllium and organic products.

1.2.C Classified via Generation

In general, all the nuclear power plants can be classified by generation: Generation I, II, III, III+,
and IV. Nuclear reactors of Generation I refers to the earliest prototype reactors build form the 1950s

to the 1960s. All of them have been retired except for the Wylfa Nuclear Power Station in north
Wales which will be retired in 2014 [12]. Most current nuclear reactors are classified in Generation II,
the commercial reactors built up from the 1970s to the 1990s, including LWRs which means PWRs
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1.3. BOILING WATER REACTORS (BWRS)

Figure 1.1: Road map of Generations of Nuclear Reactors. [11]

and BWRs, CANDUs, AGRs, and VVERs. Normally Generation II reactor designs had an original
design life of 30 or 40 years. However, in order to give these reactors a longer operational life, there
comes Generation III and Generation III+ nuclear reactors. Generation III reactors are essentially
Generation II reactors with an evolutionary improvements: improved fuel technology, superior ther-
mal efficiency, passive safety systems and standardized design for reduced maintenance and capital
costs. Generation III+ nuclear reactors are based on the Generation III reactors’ designs and have an
enormous improvements of passive safety features which avoid active controls or operator intervention.
As a result, reactors of Generation III and III+ can have 60 years operational life, and potentially can
greatly exceed 60 years [11]. Reactors of Generation IV still remain at the theoretical and research
stage, they are generally not expected to be available for commercial construction before 2030 [13–15].
A road map of Generations of nuclear reactors is presented by Fig.1.1.

Among these different classifications, the most popular one is still the generation method. The evo-
lution and development of nuclear reactor generations depend on many factors: cost-effectiveness,
safety, security and nonproliferation features, grid appropriateness, commercialisation road map in-
cluding constructibility and licensability, management of the fuel cycle, etc. These are also the main
factors to appraise the nuclear reactors. However each country has its own preferences for certain types
of nuclear reactors. For example, the BWRs and the ABWRs are the most widely built in Japan, the
CANDUs are mostly used in Canada and the VVERs for the Russian. In France, all the operating
plants today are pressurised water reactors (PWRs). Actually, nuclear power is the primary source in
France, nearly 80% of electric power which is the highest percentage in the world [3].

1.3 Boiling Water Reactors (BWRs)

1.3.A Introduction

Boiling Water Reactors (BWRs) are a set of Light Water Reactors (LWRs), they are also the second
common type of commercial electricity-generating nuclear reactors. The BWRs were first designed
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CHAPTER 1.

and developed in USA in the mid-1950s, and now is mainly manufactured by GE Hitachi Nuclear
Energy [16]. In the late 1980s and 1990s, an improved version of BWRs was designed and has been
further ameliorated until the present day, the so-called Advanced Boiling Water Reactors (ABWRs).
They have used advanced technologies to reform the basic BWRs in many domains. In addition, they
have a completely standardised design which is more convenient for construction. Other than BWRs
and ABWRs, there are also Simplified BWRs (SBWRs) and Economic Simplified BWRs (ESBWRs).

Figure 1.2: Scheme of Boiling Water Reactors (BWRs). [17]

BWRs use enriched uranium dioxide of 235U as nuclear fuels, demineralised water as coolant and
neutron moderator. The fuel is assembled into control rods that are submerged in demineralised water
and housed in a steel reactor vessel. The nuclear fissions produce heat and causes the coolant water to
boil, converting into water-steam mixtures in the upper part of the reactor vessel. This is the biggest
different of BWRs compares to the other nuclear systems, the void formation in the reactor core.
The droplets of the water-steam mixtures are removed by moisture separator and the steam flows
directly through pipes into turbines to generate electricity. Afterwards, the steam is condensed into
water and sent back to the reactor vessel. In addition, the recirculation pumps and jet pumps enable
varying the coolant flow through the core which is a convenient method for controlling reactor power
in BWRs [17]. A simplified scheme of BWRs has been presented in Fig.1.2. One thing should be
clearly pointed out there is no steam generator and pressuriser in the system which is often regarded
as the basic characteristic of BWRs.

1.3.B Water Chemistry Control in BWRs

Water chemistry control in BWRs is essentially important not only because it is the key factor of
material degradation but also links to the fact that it can strongly impact Intergranular Stress Cor-
rosion Cracking (IGSCC) in BWRs. Either material degradation or IGSCC can easily influence the
life extension of BWRs, thus a complete and optimised process of water chemistry control is very
necessary and has been advanced in recent years. For different types of BWRs and different countries,
the guidelines may have some differences, but still the main interactions are more or less the same,
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1.3. BOILING WATER REACTORS (BWRS)

shown in Fig.1.3. It indicates that eliminating impurities, minimising material degradation, control-
ling radiation fields, avoiding fuel performance issues are the main factors need to be optimised for
BWRs water chemistry control.

Figure 1.3: Boiling water reactors (BWRs) chemistry interactions. [18]

1.3.B.1 Impurities

Impurities in the coolant water, like chloride and sulfate, can cause a major corrosion problems, thus
they need to be removed as much as possible. By using purification systems, the concentration of
impurities can be reduced significantly and the water remain pure in all coolant systems.

1.3.B.2 Mitigating Effects on Materials Degradation

Intergranular stress corrosion cracking (IGSCC) is responsible for internal cracking in the reactor
internal components which may lead to core failure. However, water chemistry control in BWRs plays
an important role in IGSCC process. Electrochemical corrosion potential (ECP) is the key parameter
affecting IGSCC: cracking growth reduces with a lower oxygen concentration in the water. Thus,
Hydrogen Water Chemistry (HWC), injecting hydrogen continuously into the BWRs water which
reduces ECP, has a mitigating effect on IGSCC. Normally, ECP is recommended under −230mV (SHE)
in order to control IGSCC initiation and propagation [19]. Water decomposition happens in the
radiation fields of BWRs, called Water Radiolysis. Water radiolysis will produce oxygen and hydrogen
peroxide, stable oxidative species in the water. They will react with hydrogen in the water and reduce
ECP. In the out-of-core region, a relatively low hydrogen concentration is preferred to reduce ECP. This
low hydrogen injection is named HWC-L, indicates the hydrogen injection rate of 0.2-0.5 ppm. On the
other hand, water radiolysis occurs in the core, the ECP reduced by the out-of-core region is normally
not enough to protect the reactor core. As a result, HWC-M is nowadays used, it increases hydrogen
concentration to 1.6-2.0 ppm. However, the rise of hydrogen concentration brings another problem:
a carry-over, nitrogen-16 is left under reducing chemistry and hence the radiation field is enlarged in
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CHAPTER 1.

the steam side. Therefore, Noble Metal Chemical Addition (NMCA) is added to the water in order
to increase the efficiency of hydrogen in BWRs cores and to avoid high N-16 field at the same time.
It has been demonstrated that with the help of NMCA, ECP can be kept below the −230 mV(SHE)
threshold with a relatively low hydrogen injection rate, thus IGSCC can be prevented. Meanwhile,
NMCA has also been proved that it has a slight improvement on out-of core region protection [20].
Nevertheless, replacing the original core material, 304 stainless steel, with a less susceptible to IGSCC
material is also other way to prevent material degradation in BWRs cores. For instance, 347 stainless
steel is used in German BWR reactors, 316 stainless steel (NG) in Sweden and Japan. In this case,
oxygenated Normal Water Chemistry (NWC) is still used in these BWRs .

1.3.B.3 Chemistry Control Effects on Radiation Fields

60Co, coming from the activation of soluble Ni in the core, is the primary source of radiation field
easily deposited on the out-of-core surface in BWRs. 60Co has a long half-life, accounts for 90% of
the total dose, and it is also highly solube in the reactor coolant. Both soluble and insoluble forms
of 60Co can increase shutdown dose rates sharply, that is why zinc injection is quite necessary in
BWRs water chemistry control. Zinc injection is normally regarded as a solution of reducing radiation
field bulid-up. Comparer to 60Co, Zn is much more preferred by oxide film formed on the out-of-core
surface. It can be considered that Zn is added to decrease the presence of Ni, and its activated form
60Co in the oxide film. For this reason, while there are Zn ions in the water, less 60Co will be used
to form the oxide film. Therefore, the longer and more 60Co that stays in the water, the bigger the
chance they have to be removed by the cleanup system. It is also worth mentioning that soluble iron
in the feedwater needs to be eliminated in order to avoid and limit the deposits of iron oxide on the
surface of fuel elements.

1.3.B.4 Fuels Performance Issues

Corrosion products deposits, so-called CRUD, are accumulated on the fuel oxide surface. It causes
reduced heat transfer and leads an increase in fuel pin temperature, corrosion of fuel cladding and the
risk of fuel failure eventually. Furthermore, Zn and noble metals from the NMAC in the water accel-
erates the CRUD deposits on the fuel. Therefore, an additional treatment is needed in BWRs water
chemistry control in order to take care of the fuel performance issues. Actually, zinc concentration is
limited to 0.4ppb for non-NMCA and 0.6ppb for NMCA reactors [21]. As mentioned before, feedwater
iron may also reduce Zn in the water and hence reduce the amount of CRUD on the fuel [18].

1.3.B.5 Other factors

Other than these main factors for BWRs water chemistry control, Online Addition of Noble Metal
(OLNM) and Flow-Assisted Corrosion (FAC) also have some influences. Nonetheless, it appears that
OLNM has no adverse effects so far. And for FAC, the main factor is dissolved oxygen which needs
to be maintained above 30ppb to minimise FAC of carbon and low-alloy steels in BWRs [18, 21]. Last
but not least, there are always evaluation and diagnosis systems monitoring the water chemistry of
BWRs [22].
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1.4. PRESSURIZED WATER REACTORS (PWRS)

BWRs have relatively simple and similar designs: fewer components, operate at lower temperature
and lower pressure, less irradiation and less coolant loss comparer to PWRs. Therefore, it brings
a greater thermal efficiency may lead to an economic advantage for BWRs. However, BWRs need
a relatively large pressure vessel and it always exists contamination of activation products in steam
turbines due to the fact that the steam produced in the core can enter directly into the turbine.
Therefore, an extra cost is needed for the maintenance and operation of BWRs. Overall, BWRs are
well developed and widely used nuclear power plant in the world currently, and they will be researched
and ameliorated continuously in the future.

1.4 Pressurized Water Reactors (PWRs)

1.4.A The Primary and the Secondary Circuits of PWRs

Pressurised Water Reactors (PWRs) are the other type of Light Water Reactors (LWRs).1 PWRs
are actually the most common type of commercial nuclear power plants which are widely used allover
the world. Like BWRs, the first commercial PWR was designed and constructed in the USA during
the late 1950s. Gradually, big companys like Areva, EDF, Toshiba and Mitsubishi have joined in
the development of PWRs. Nowadays, most PWRs under construction are the Generation III and
III+ type. For instance, the European Pressurised Reactors (EPRs) designed by Areva, EDF and
Siemens AG, the AP600 and AP1000 of Westinghouse Electric Company and the Mitsubishi Advanced
Pressurised Water Reactor (Mitsubishi APWR) developed by Mitsubishi Heavy Industries.

PWRs have two major systems which are normally called the primary and the secondary circuits.
The primary (or primary coolant) circuit is responsible for transferring the heat produced from the
nuclear fuels to the steam generator. The steam formed in the steam generator is transferred to the
main turbine generator in the secondary circuit where steam is converted into electricity. In a PWR,
the pressuriser provides a way of controlling the system pressure. The nuclear reactor coolant, usually
water, is circulated by the coolant pump in order to transfer the heat form the reactor core to the
steam generator at a constant flow rate. The heat being generated by the fission process inside the
reactor core is then used to generate steam in the steam generator which contains many tubes inside.
The reactor coolant fluid comes in the bottom of the steam generator and flows through the inside
of the tubes. The secondary feedwater which is used to pick up the heat flows around the outside of
the tubes. After absorbing sufficient heat, the secondary feedwater starts to boil and generate steam.
Afterwards, the condensate/feedwater system takes over the steam and sends to the main turbine for
generating electricity. As the fact that the primary and the secondary circuits are physically separated,
all the fission products stay inside of the primary circuit. A schema of a Pressurised Water Reactor
(PWR) has shown in Fig.1.4.

The pressure in the primary coolant circuit is around 155 bars, which is the highest among all
types of nuclear reactors. Thanks to this high pressure, the primary circuit coolant enters the bottom
of the reactor core at about 275◦C and is heated as it flows upwards through the reactor core to a
temperature of about 320 ∼ 325◦C [23]. The high temperature and high pressure in the primary
coolant circuit are always regarded as a specific characteristic of PWRs.

1In theory, SWRs (KERENA) are the third type of LWRs which are still at the design stage in practice.
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Figure 1.4: Schema of Pressurised Water Reactor.

PWRs normally use enriched uranium dioxide of 235U, clad in a corrosion-resistant zirconium metal
alloy Zircaloy, as the nuclear fuel. Light water is used as neutron moderator and coolant in PWRs.
However, unlike BWRs, the coolant of PWRs is the demineralised water which contains Boron (B)
and Lithium (Li). Boron, introduced in the form of boric acid (H3BO3 or B(OH)3), a strong neutron
absorber, is used as a neutron poison to slow down the fission reaction rate in PWRs. It can help
to maintain the temperature of the primary coolant circuit at the desired point. A typical neutron
absorption reaction in boron is written below Eq.1.1. This nuclear reaction leads to an increase of
temperature. The energy is taken over by the primary circuit and transferred to the secondary circuit,
reducing the power efficiency as the result.

10
5 B +1

0 n→7
3 Li+4

2 He+ 2.35MeV (1.1)

The 10B has a high cross section for absorption of thermal neutrons. For PWRs, boric acid used
contains 19.8% of 10B. As the role of the control rod in PWRs, changes in boric acid concentration
can effectively regulate the rate of fission taking place in the reactor. However, due to fuel corrosion
concerns, the pH around 7 of the coolant at 300◦C is strongly recommended. For this reason, lithium
hydroxide (LiOH) is also added in the primary coolant in order to achieve the desired pH. On the
other hand, it can not be denied that the presence of boron and lithium in the primary coolant may
cause complexness of water chemistry control in PWRs which will be explained in the following section
Chap.1.4.B.

The secondary circuit of a PWR is composed of a main steam system and a condensate (or
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feedwater) system. The hot reactor coolant flows from the reactor to the steam generator, through
many tubes inside. The secondary coolant, or feedwater, flows around the outside of the tubes, where
it picks up heat from the primary coolant. When the feedwater absorbs sufficient heat, it starts to
boil and form steam. Then the steam is transferred to the main turbine so that it can be converted
into electricity [5].

1.4.B Water Chemistry Control in the Primary Circuit

In PWRs, water chemistry control is extremely important because it has a great influence on corrosion
issues which occur inside the reactor, either the primary or the secondary circuits. Dissolved corrosion
products from the out-of-core region, the primary side of the steam generator tubes, may be deposited
on the fuel cladding surfaces. Then, these activated corrosion products in the primary circuit will cause
materials degradation in the reactor core, high-radiation fields on out-of-core surfaces, compromise fuel
performance etc...

In order to avoid water radiolysis and to treat these corrosion issues, dissolved hydrogen has been
imposed on the primary coolant initially. Therefore, it can reduce the ECP and raise pH in the
primary circuit. A certain concentration of hydrogen (about 30 cm3.kg−1) is also required to suppress
water radiolysis in the reactor core. Actually, it shares more or less the same principal reason for the
addition of dissolved hydrogen in both PWRs and BWRs. However, in the primary coolant circuit,
a steadily decreasing concentration of boric acid is used as a chemical shim throughout the fuel cycle
which results in the use of lithium hydroxide to maintain the pHT around 7. Thus, the balance
between B and Li in order to keep an optimal pHT is becoming another key factor for water chemistry
control in PWRs. Following successful experience of BWRs, zinc injection has been adopted in the
primary circuit of PWRs in several countries. In BWRS, zinc injection has proved to mitigate IGSCC.
In PWRs, it may limit the concentration of 60Co and delay the initiation of Primary Water Stress
Corrosion Cracking (PWSCC) [18].

1.4.B.1 Dissolved Hydrogen

The primary coolant composed of a demineralised water with boric acid and lithium hydroxide, is
under a radiation mixed up with:

• γ-rays from the fission reactions;

• fast neutrons from the fission reactions;

• a radiation of 10B(n,α)7Li produced in water by the thermal neutron capture reactions;

The proportion of these different types of radiations depends on the configuration of the reactor
core and the concentration of boric acid. Furthermore, these radiations are the causes of chemical
degradation of the water in the primary circuit. This is what is called water radiolysis. The products
of water radiolysis can participate in corrosion process in the primary circuit of the reactor. In order
to minimise the corrosion problem, the water has been deaerated to eliminate all trace of oxygen.
Moreover, by adding molecular hydrogen dissolved into the water, the water decomposition is strongly

15



CHAPTER 1.

inhibited by a radical mechanism, and the production of oxygen will be slowed down. This will be
discussed in the next chapter.

Other than inhibition of water radiolysis, the dissolved hydrogen is also used to decrease the redox
potential of the PWR primary water in order to avoid being under an oxidising conditions. In France,
the dissolved hydrogen in the primary PWR water is recommended to be 25 to 35 cm3.kg−1 (STP2),
with the maximum values from 25 to 50 cm3.kg−1 (STP). The recommended amount of hydrogen
corresponds to a concentration about 0.001 mol.L−1. For PWRs, the quantity of water in the primary
circuit is between 200 and 290 tonnes, thus the volume of hydrogen is between 5 to 10 m3 at 20◦C
and 1 bar.

1.4.B.2 Balance of Li/B/pHT

Recent work [18, 24–27] demonstrate that the effect of lithium, bore and pH on PWSCC is quite
minimal on material susceptibility, comparing with stress state, temperature, pressure and other
operational issues. Nevertheless, among the three parameters, at-temperature pH, pHT is the dominate
which actually is adjusted by the concentration of both LiOH and boric acid.

A pHT between 6.9 and 7.4 was first recommended for the primary coolant in PWRs due to the fact
that the temperature coefficients of solubility of magnetite and nickel ferrite are minimum at the range
of these two pH values, and thus it can minimise the contamination of the circuit. The possibility of
the deposit of corrosion products in the primary circuit is based on the solubilities of iron (magnetite)
and nickel (nickel ferrite) which are strongly depend on pH, temperature, and redox potential. Thus,
a maintained pHT in the range of [6.9, 7.4] is defined to reduce corrosion product release rates and
continued to be used until now. Although, some details and specific precisions have been made to
narrow the pHT range. Since the nickel ferrite is the prime constituent of CRUD, a preference of
pHT v 7.4 has been made little by little. General corrosion can be reduced on elevated pHT [28] and
corrosion products release rates become less dependent on pHT as it approach to 7.4 [29]. Indeed,
no significant adverse effect has been observed when the pHT increased to 7.3 in primary circuit of
Comanche Peak PWR [30]. As a result, pHT in the ranges [7.1, 7.2], [7.3, 7.4] are becoming more
and more popular. However, different voices on pHT has been brought up, a pHT even lower than 6.5

without any adverse effects has been observed in the most recent research [31]. After all, the discussion
about pHT is still undergoing.

The effect of lithium is smaller than the pHT effect. Nonetheless, the concept of coordinated of
boron and lithium has been developed form the very beginning. Originally, a limit of 2.2ppm of LiOH
has been decided due to the Zircaloy corrosion concern. However, normally PWR fuel cycles start with
a relatively high boric acid concentration, and reduce little by little until the end of the cycle. Thus,
in order to maintain a constant pHT , the concentration of LiOH needed to be gradually reduced in
line with the boric acid reduction. Fig.1.5 shows that concentration range between lithium hydroxide
and boron in order to obtain a constant pH300◦C at 7.2.

The elevation of pHT actually demands an increase in lithium concentration on the condition that
the concentration of boric acid stays constant. However, new laboratory data indicate that increasing

2STP: Standard conditions for Temperature and Pressure are standard sets of conditions for experimental mea-
surements established to allow comparisons to be made between different sets of data. In PWRs, the STP is normally
referred to the standard of NIST, which means a temperature at 20◦Cand an absolute pressure of 101.325 kPa (1 atm).
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Figure 1.5: Concentration range of boric acid versus lithium hydroxide in order to maintain the
pH300◦C around 7.2 for different fuel cycle lengths [18].

lithium may lead to an acceleration of stress corrosion cracking on irradiated stainless steel [31]. As a
matter of fact, the cracking rate can decrease with the hydrogen concentration, either lower or higher.
It depends on the reactors themselves. For a relatively new reactors, such as these ones in France, in
Japan and the new ones have just been constructed in the developing countries, they prefer a lower
hydrogen concentration. On the opposite, a higher concentration of Li, between 3ppm and 3.5ppm,
becomes popular in USA for their long-time served reactors.

As the last parameter in the balance of Li/B/pHT , boron is usually considered as the minor
influence. Enriched Boric Acid (EBA) enables to give a desired pHT with less lithium hydroxide.
Hence, EBA has been employed in several PWRs. Nevertheless, boric acid in water can result in an
aggressive environment that uniformly attacks the surface of the metal in PWRs.

In general, the balance of Li/B/pHT is flexible for different plants and different countries. Actually,
the pH adjustment for minimising PWSCC has not been ensured and totally proved yet [32]. Thus,
different strategies are established: like the elevated pH/lithium, like the use of EBA... Overall,
monitoring pH in the primary circuit is considered as the priority in water chemistry control in PWRs.

1.4.B.3 Zinc Injection

Zinc injection in PWRs is actually following the successful experiences of BWRs. Like avoiding
IGSCC in BWRs, zinc injection may delay the initiation of PWSCC in PWRs [30]. A recent VTT
report [33] has shown the benefits of zinc injection: a significant decrease of SCC, no adverse effects on
core performance, negligible effect on cladding integrity and mitigating the CRUD deposition in the
core. Thus, zinc injection is nowadays treated as one of the key factors of primary coolant chemistry
optimisation for corrosion mitigation and source term reduction in PWRs. Zinc injection in PWRs
is widely used in USA and Germany from the late 1990s, however in France, zinc injection is not so
popular, it appears to be studied recently and might be adopted later.
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1.4.C Water Chemistry Control in the Secondary Circuit

Water chemistry control in the secondary circuit is essentially important due to the fact that the cor-
rosion damage of Steam Generators (SGs), such as impurities in boiling regions and sludge deposition
on SG tubes, can be the cause of corrosion problems occur inside the SGs.

Water chemistry control in the secondary circuit is mainly based on three parts: pH, ECP and im-
purity controls. The method selected to protect SG tubes also needs to be achieved by the satisfactory
of the balance-of-plant (BOP) components. For instance, Flow-assisted Corrosion (FAC) of carbon
steel piping, tubing, heat exchanger internals and shells, and ammonia attack of copper and copper
alloy and so on. Furthermore, FAC recirculating in the secondary circuit can affect the SG internal
components. FAC can also cause wall thinning of carbon and low-alloy steel components. However,
FAC depends a lot on pHT and dissolved oxygen content in the secondary system, and hence it can
be mitigated by water chemistry control.

Corrosion, Intergranular attack (IGA), SCC and pitting, all can be influenced by pHT . An optimal
pHT around the BOP mitigates FAC and thus reduces tremendously the transport of corrosion prod-
ucts to the SG. In order to achieve this pHT in the secondary circuit, products like ammonia (NH4OH),
ethanolamine (ETA), dimethylamine (DMA), 3-methoxypropylamine (MPA) have been used to con-
trol pHT . In parallel, hydrazine and/or carbonhydrazide has been chosen as oxygen scavengers to
control oxygen in PWR secondary feedwater. Keeping the system in a low concentration of oxygen
means to maintain reducing conditions, which also to keep a low ECP in the system. Thus, SCC
can be minimised in the SG. A poly acrylic acid (PAA) dispersant has also been used to decrease
SG fouling. As a matter of fact, some impurity species accelerate corrosion inside SG tubing, such as
sulfides, chlorides, they can increase the risk of IGA/SCC and pitting respectively. Afterwards, cor-
rosion products deposited on the SGs tubes and hence sludge fouling of SG becomes more and more
serious. It influences the materials performance, inhibits heat transfer, leads to thermal-hydraulic
instabilities, etc. Thus, frequent chemical cleaning and SG maintenance are necessary to keep SG in a
highly functional state. However, by using dispersant application may reduce the huge fee brought by
these processes. Last but not least, very little soluble lead contribute dramatically to SCC of nickel
alloy, thus lead assisted stress corrosion cracking (PbSCC) is another concern of corrosion issue of SG
materials. Therefore, lead is completely prohibited in the PWR water.

1.5 Summary

The first chapter gives a short introduction to the LWRs, including BWRs and PWRs. However,
the information about primary circuit of PWRs is referred as the most important concerning the
thesis study, the followings are some important points about the primary circuit of PWRs should be
mentioned again:

• PWR solution: Water used in a PWR, contains boric acid as a neutron poison to control the
reactivity of nuclear fuel. The water also contains lithium hydroxide in order to adjust the pH
to maintain around 7.2 at 300◦C. Thus, this water will cause fewer corrosion problems.

• Pressure: Water in primary coolant circuit, a closed circuit, at a pressure of 155 bar in order
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to avoid boiling;

• Temperature: Water of a PWR is around 300− 320◦C.

• Hydrogen: Water is deaerated and contains hydrogen, 25−50 cm3. kg−1 (STP), for inhibiting
decomposition caused by radiolysis.

• Radiation: Water is under radiation of γ, fast neutron, and 10B(n,α)7Li produced in water by
the thermal neutron capture reactions.
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2.1. THE INTERACTION OF RADIATION WITH MATTER

Radiation chemistry deals with the chemical effects produced when materials are exposed to high-
energy, ionising radiation. The most common types of radiation are those produced by the decay
of radioactive nuclei (α, β and γ radiation), beams of accelerated charged particles (electrons, pro-
tons, helium nuclei, and heavier nuclei), and short-wavelength electromagnetic radiation (x − ray or
bremsstrahlung radiation).

Radiation-chemical change, or Radiolysis is typically produced by a mixture of reactive interme-
diates that includes ions, excited molecules and free radicals at a critical stage in the process. The
high energies (in the keV or MeV range) available in radiation-chemical initiation are sufficient to raise
any one of the molecules present to one of its possible ionised or excited states which may cause the
complex radiation-chemical reactions mechanisms.

In this chapter, we will focus on the radiolysis of pure water which is followed by the radiolysis of
PWR solution. Before these two paragraphs, a brief introduction of radiation sources will be presented.

2.1 The Interaction of Radiation with Matter

All radiation is detected through its interaction with matter. When a particle travels through a
piece of material, it may interact with the nuclei or with the electrons present in the material. This
probability depends on the thickness, the number of potential target particles (scattering centres)
per volume unit and the interactions. The cross section is a convenient concept to describe the
interaction of particles with matter. Higher cross section brings more interactions, that’s why most
nuclear reactors use materials have high neutron absorption cross section as neutron poisons. These
particles: electrons, photons, protons, neutrons and so on, charged or non charged, first interact with
the matter and then transfer energy to this medium and eventually stop by dissipating all of their
energy.

There are two types of radiation, direct ionising and indirect ionising radiation for charged and
uncharged particles, respectively. When charged particles, like α particles, β particles, electrons
and protons, penetrate matter, they interact with the electrons and nuclei present in the material
through the Coulombic force. They cause ionizations1 and excitations2 of atoms through Coulombic
interactions. Ionisation and excitation are the most important processes for the majority of radiation
types and interaction situation. On the other hand, indirect ionising of uncharged particles, like
photons and neutrons, they can transfer energy to charged particles, nuclei and electrons through
electromagnetic or nuclear interactions.

2.1.A Energy Loss via Interactions

When a particle is moving through a material, it interacts with the matter in different ways and
loses energy during the interactions. Different particles have different processes of energy loss. For
photons, energy may be totally lost via a single interaction. For neutrons, it is mainly due to nuclear
interactions. These will be detailed in the following sections 2.1.C.1 and 2.1.C.4. For charged particles,
the process involves multiple reactions which can be roughly divide into two different ways:

1Ionisation: An outer shell electron is removed from an atom in the medium and an ion pair, the free electron and
the charged positively atom, is formed.

2Excitation: An electron within one of the orbits of an atom absorbs energy and is moved into a higher energy.
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• Energy loss by ionisation;

• Energy loss due to radiation;

Before discussing these two processes, I will briefly recall the scattering process, which is a basis
for energy transferring in particle physics.

2.1.A.1 Scattering

In general, scattering theory is a natural phenomenon. It happens in a lot of domains: physics, optics,
acoustics, etc. Scattering also occurs in particle physics, for both quantum mechanics and quantum
chemistry, it involves a lot of partial differential equations and Schrödinger’s equation and so on [1].
However, these equations and calculations are not our initial interests, only a general introduction
about scattering will be included in the following discussion.

Scattering occurs when a projectile is fired at a target, the projectile can be scattered or remain
unscattered. The scattering problem is actually about the characteristics of both the scatterer, which
is the incident particles and the medium, meaning the target. There are many kinds of scattering,
among which the most discussed are elastic, inelastic and multiple scatterings.

Elastic Scattering Elastic scattering is a specific form of scattering because there is no energy
loss during the process. It is often referred to billiard ball collisions under the condition that the
electrons and nuclei of medium are considered to be initially free and at rest. The kinetic energy of
the incident particle is shared between itself and the medium after the collision, thus momentum is
always conserved. The maximum energy that can be transferred in a single collision occurs if the
collision is head-on. Actually, not only the energy can be transferred during the collision, but also
the direction can be changed. For example, most energy loss of a proton interaction is due to the
collision with the electrons in the matter and most of the change of direction is due to the collisions
with the nuclei. Normally for charged particles, after penetrating matter, a trail of excited atoms and
free electrons from acquired energy in the collision, will be left behind.

Inelastic Scattering Inelastic scattering, on the contrary, is the kinetic energy of the incident
particle which is not conserved. It is lost inside the medium, given to some other internal process and
only part of the energy is continuously moving in the medium. Generally, scattering due to inelastic
collision is inelastic scattering. Different from elastic scattering, it may break up the medium into new
forms [2].

Multiple Scattering Other than elastic and inelastic scatterings, there is also multiple scattering
which is actually defined as the change in direction of charged particles after the collision with the
nuclei. It is also named as direction straggling. Normally, charged particles will lose their original
direction after scattering over a very large angle in one radiation length. Among all, the most affected
by multiple scattering is the electron interactions. For heavy charged particle like protons or α
particles, they will stop before they have scattered over a large angle. Therefore, their path in the
material will be a line in most cases. Oppositely, electrons can penetrate deeply in the material and
their angles can be changed significatntly, thus their trajectories are normally curve.
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2.1.A.2 Energy loss by ionization

The most classic way of describing energy loss by ionization is the Bethe Formula3. It describes the
mean rate of energy loss −dE in a distance dx by moderately relativistic charged particles. There are
different versions of this formula found in different textbooks [3–6], the most complete form is given
in Eq.2.1.

− 〈dE
dx
〉 = 4πNAr

2
emec

2z2
Z

A

1

β2
[
1

2
ln

2mec
2γ2β2

I2
Tmax − β2 −−δ(βγ)

2
] (2.1)

where:

NA is Avogadro’s number;

re is the classical electron radius;

me is the electron mass;

c is the velocity of light in vacuum;

z it the particle charge;

Z is the atomic number of absorber;

A is the atomic mass of absorber;

β = v
c , which is speed of the particle relative to c;

γ = 1√
1−( v

c
)2
, Lorentz factor;

I is the mean excitation energy (potential);

Tmax is the maximum of kinetic energy; and

δ(βγ) is the density effect correction to ionisation energy loss.

It gives a precision on the mean rate of energy loss for a βγ between 0.1 and 1000, and for an
intermediate-Z (7 6 Z 6 100) material with an accuracy of a few %. Furthermore, it indicates that
the energy loss is independent of the mass of the incident particle but depends on the square of its
charge. It depends both on the mass and the charge of the medium. It can also be considered as
proportional to 1/β2 while the slowly varying logarithmic term is treated as a constant. Last but not
least, for the particle with very low energy, the Bethe formula is no longer applicable, because the
state of the charge varies continuously along its course by losing or recapturing electrons.

Despite the complication of the Bethe formula, many approximations have been made to simplify
the original equation by considering the different valuer of βγ [3, 5]. To simplify the explanation, when
the valuer of βγ is between 3⇒ 4, it can obtain the the minimum ionisation loss. When the value
is less than 3, thus energy loss falls as as β−

5
3 , thus it is the low velocity regime. Oppositely, if the

value is more than 4, there is the relativistic rise, energy loss rises indefinitely due to the density
effect which might cause a saturation at a large value of βγ. High energy particles lose energy slowly
due to ionisation, and thus they will leave tracks in the medium.

By using the Bethe formula, energy loss in air versus the kinetic energy for several different types
of charged particles is illustrated in Fig.2.1. Energy loss decreases with increasing kinetic energy and

3In previous literature, it is often named the Bethe-Bloch formula.
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Figure 2.1: Energy loss in air versus kinetic
energy for different charged particles. [3, 4].

‘

Figure 2.2: Energy loss of a 300MeV proton
beam along its trajectory in water. [7].

gradually it arrives at a constant value which depends no more on energy. Except for α particles, the
other particles share nearly the same value. For α particles, the energy loss is the greatest because of
its low velocity compared with light.

Incident particles lose energy gradually on their way while traveling in the medium and eventually
come to rest after losing their energy. The traveling distance is normally called the range. The range
is defined as Eq.2.2, and it is not simply equal to the energy divided by the energy loss. Actually, if
two different particles share the same velocity, the heavier one will travel further; and if they share
the some initial kinetic energy, the lighter one travel further.

R =

∫ 0

E0

dE

dE/dx
(2.2)

The energy loss has a sudden increase towards the end of the range before it drops to zero, which
is shown in the Fig.2.2 [7]. In literature, it is called as the Bragg peak. It clearly shows that most
energy is deposited close to the end of its traveling path.

In addition, the energy loss can be considered as a statistical process: the particle starts with
fixed energy E, and ends up with a spread of energies. This variability in energy values is referred as
energy loss straggling4. Corollary to energy loss straggling, a spread of ranges can be observed in
the end, so-called range straggling.

Finally, the concept of energy loss due to ionisation is not always true because many atoms may
only be brought to an excited state and not ionised during the interaction. Fig.2.3 shows the process
of energy loss step by step in a simplified distribution diagram. When the initial energy of the charged
particle is strong enough, it can finally ionise the atoms and leave some of the electrons with sufficient
energy themselves to excite or ionise atoms in the medium. These high-energy electrons are so-called
δ electrons.

4In some literature, energy loss straggling is referred to energy straggling.
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Figure 2.3: Simplified distribution diagram of energy loss in process during interactions.

2.1.A.3 Energy loss due to radiation

Energy loss of charged particles is also due to radiation, for example, the dominant mechanism of
energy loss for high-energy electrons is electromagnetic radiation. There exists different interactions
for energy loss due to radiation: Bremsstrahlung, Cherenkov effect and transition radiation.
However, we will only focus on Bremsstrahlung, which is actually the most discussed.

Any charged particles undergoing acceleration will emit electromagnetic radiation. Bremsstrahlung
is a unique form of it. For a charged particle penetrating a material, it emits radiation when it is
accelerated or decelerated by the electric field of the material’s atomic nuclei electrons, and therefore it
will slow down and lose energy on its trajectory. This is so-called Bremsstrahlung. When a charged
particle is lighter, the accelerations is greater.

In order to have a general idea on radiative energy loss, it is necessary to define the radiation
length, X0, it is parametrized by Y.S. Tsai [5, 6, 8, 9], Eq.2.3. In this equation, α is the fine structure
constant; re, NA, A and Z are the definition represented for the Bethe formula (Eq.2.1); the function
f(Z) is an infinite sum, it could be represented as Eq.2.4 in general; and the values of Lrad and L′rad
are given in Tab.2.1.

1

X0
= 4αr2e

NA

A
{Z2[Lrad − f(Z)] + ZL

′
rad} (2.3)

F (Z) = α2Z2[
1

1 + α2Z2
+ 0.20206− 0.0369α2Z2 + 0.0083α4Z4 − 0.002α6Z6] (2.4)

As the Bethe formula for energy loss by ionisation, the equation for energy loss due (dE) to
bremsstrahlung per unit length (dx) can be written in Eq.2.5, in which the E means the reduced
energy of the charged particle. It can be expressed by the initial energy E0 and the thickness of the
material x in Eq.2.6. (

dE

dx

)
bremsstrahlung

=
E

X0
(2.5)

E = E0e
−x/X0 (2.6)
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Because of the Bremsstrahlung effect, track length of charged particle becomes quite variable.
If the particle radiates a photon, it can lose a significant fraction of its energy suddenly, and thus
shorten its track length. Furthermore, the Bremsstrahlung effect takes place over a wide distance
along the track of charged particles, and leads a large variability of its range.

2.1.A.4 Total Energy loss

The total energy loss of a charged particle can be simply defined as the sum of the loss via ionisation
and radiation, 2.7. (

dE

dx

)
tot

=

(
dE

dx

)
Ion

+

(
dE

dx

)
Brems

(2.7)

Nevertheless, for different types of particles, the dominate energy loss is different, shown is Eqs.2.8
and 2.9. It indicates that for a charged particle heavier than electrons, the energy loss is dominated
by ionisation.

(
dE

dx

)electrons
bremsstrahlung

�
(
dE

dx

)electrons
ionization

(2.8)

(
dE

dx

)heavy particles
bremsstrahlung

�
(
dE

dx

)heavy particles
ionization

(2.9)

2.1.B Stopping Power and Linear Energy Transfer (LET)

2.1.B.1 Definition

When a charged particle penetrates a medium, it transfers its energy to the medium and thus slows
down, eventually it dissipates all its energy and stops. From the angle of the charged particle, we
emphasis the average linear rate of energy loss in a medium during the interactions. This has been
discussed in the previous section. Oppositely, if we focus on the medium, thus a concept of Stopping
Power of the material should been introduced. It is often referred as the Linear Energy Transfer
(LET), which is a measure of the rate of energy deposition or transferring in the medium. It is
defined as the linear-rate of energy loss by an ionising particle crossing a material medium, and a

Z Element Lrad L
′
rad

1 H 5.31 6.144
2 He 4.79 5.621
3 Li 4.74 5.805
4 Be 4.71 5.924
> 5 others ln(184Z−1/3) ln(1194Z−2/3)

Table 2.1: Lrad and L′rad values for calculating the radiation length in any element by using Eq.2.3.
[5, 6]
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rough average value calculated by dividing the total energy(E) of a particle by its path length(x),
shown in the Eq. 2.10.

LET = −dE
dx

(2.10)

The official unit is J.m−1, but more often keV.µm−1 is used. In general, at the same velocity, the
particle with larger charge loses more energy per length unit, therefore, it will have a higher LET.

While this formula serves to indicate the order of magnitude of the LET, it ignores several im-
portant factors that must be reconsidered to obtain a more precise value. Like the fact that the rate
of energy loss of an electron changes as it slows down so that the LET will vary at different positions
along the track and so on. Thus, for high-energy charged particles, the LET is often calculated by the
Bethe formula, Eq.2.1, discussed previously. Some average LET values in water for various radiation
are given in Table 2.2, they are calculated by the program TRIM [10, 11]. The primary interaction
of radiation with matter depends on the nature of the radiation. LET is a parameter to describe the
radiation, but not sufficient to compare the effects of different radiations in water radiolysis.

Particles (energy) LET (keV.µm−1)
60Co γ rays (Compton electron, 1.17 MeV) 0.23

Electrons (2 MeV) 0.2
Protons (100 MeV) 0.65
α particles (5.3 MeV) 92

He2+ (1.5 MeV) 192
Li+ (0.85 MeV) 223.5

Carbon ions (25 MeV) 520

Table 2.2: Average values of LET for several different types of radiation in water [12–15]

2.1.B.2 Track Structure

The energy lost when a moving charged particle is slowed down in matter gives rise to a trail of
excited and ionized atoms and molecules in the path of the particle. The result of the absorption of
any type of ionizing radiation by matter is thus the formation of tracks of excited and ionised species.
Therefore, tracks are formed by a set of heterogeneous zones containing highly reactive species localised
around the path of energy deposition. These species normally will be the same in a particular material
regardless of the type or energy of the radiation responsible. However, radiation of different types and
energy will lose energy in matter at different rates, and consequently will form tracks that may be
densely or sparsely populated with the active species. Track structure varies greatly depending on
the characteristics of radiation, it can mainly be distinguished by two types: the photons and the
electrons, low LET, and heavy charged particle high LET.

• Track structure produced by low LET

When the LET value is low, the energy deposition is distant from each other in general. Depending
on the amount of energy deposited by radiation, those heterogeneous zones can be divided into three
groups:
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Spur: low energy deposition: E < 100 eV;

Blob: middle energy deposition: 100 eV < E < 500 eV;

Short tracks or branch tracks: high energy deposition: E > 5 keV;

(a)

Figure 2.4: Distribution of ions and excited molecules in the track of a fast electron. [12]

Electrons ejected as a consequence of the ionisation produced by radiation may themselves be
sufficiently energetic to produce further ionisation and excitation. If the energy of these secondary
electrons is relatively low, less than 100eV, their range in liquid or solid materials will be short and any
secondary ionizations that they produce will be situated close to the origin of the ionisation, giving
a small cluster or spur of excited and ionised species. The average spur contains 2 to 3 ions pairs
and excited species. Some of the secondary electrons will have sufficient energy to travel further from
the site of the original ionisation and will form tracks of their own, branching from the primary track,
such electrons are known as δ ray. For δ electrons in a middle energy range which is between 100 - 500

eV, they will generate a large spur described as a blob. For higher energy δ electrons from 500 eV to 5

keV, they are defined as short tracks or branch tracks. Fig.2.4 shows the distribution of ions and
excited molecules in the track of a fast electron. The quantity of energy deposited determines whether
an individual event will give rise to a spur or a larger group of ions and excited molecules: blobs, short
tracks or branch tracks. Open circles represent positive ions, each of which will be associated with an
electron and one or more excited molecules. The fraction of the energy deposited by electrons with
energies in the MeV range that appears in short tracks and in spurs of different sizes.

• Track structure produced by high LET

Densely ionising radiation, like α particles, have a high LET. The number of interactions per unit
length traveled is large because the velocity of the incident particle is small. Moreover, the energy
depositions occur in a track more or less straight due to the angular deviations in an interaction which
are inversely proportional to the mass of the particle. The spurs overlap and form a single cylindrical
track. The track can be divided into two: the core and the penumbra. More than 50% of the initial
energy is deposited in the core which is a small area so that the density of the species created is high.
The rest of the energy is deposited in the penumbra by the secondary electrons also called δ rays. The
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dimensions of the core and the penumbra vary depending on the velocity of the particle.

The concept of the LET is fundamental for understanding the interaction of radiation with matter.
However, two particles with the same LET but different velocities do not produce tracks with the same
dimensions, that influence the manner of species interacting with each other. Therefore, the effects of
two radiation with the same LET may be different.

2.1.C Different types of radiation

There are mainly two types of radiation sources used in the study of radiation-chemical radiation. One
is the classical radiation sources and the second is generators and accelerators. There exist various
types of accelerators, like for electrons, and also accelerators such as Van de Graaff accelerator or
cyclotron used to generate beams of positive ions. Nuclear reactors have also been used as radiation
sources of neutron beams.

Most particles interact primarily with electrons. The coulomb interaction is long-ranged so the
slowing down of the charged particles is most effective and is a continuous process. The electromagnetic
interactions requires a collision of a photon and electron and leads to a discrete stopping process.
Neutrons are different, they interact only with nuclei.

2.1.C.1 The Interaction of Photon Radiation

X-ray and γ rays are both high energy photons, with energy range from 1 to 100keV referred as X-ray
and energy above as γ ray [3]. However, in most literature, any photon energy above 1keV is regarded
as γ ray, which is focused on the discussion below. γ rays are electromagnetic radiation of nuclear
origin with wavelength in the region of 3.10−11 m to 3.10−13 m which indicates approximately 40

keV to 4 MeV in energy. Normally, the interactions between photons and matters have small pertur-
bations, a slight change in trajectory and number of incident particles remains basically unchanged.
The intensity of the photon beam decreases exponentially with the placement of additional layers of
shielding material, it can be defined with Eq.2.11, where I and I0 are the intensities of photon beam
with and without shielding material present, t is the thickness of shielding material present and µ is
the linear attenuation coefficient which is dependent on the material itself.

I(t) = I0e
−µt (2.11)

The interaction of photons with matter involves some distinct processes. For instance, coherent
elastic scattering, photo-excitation, the photoelectric effect, the Compton effect, pair production and
so on. The relative importance of each process depends on the photon energy and the atomic number
of the stopping material. Nevertheless, among these different processes, the three most important
mechanisms are shown in the Fig.2.5.

Photoelectric effect: Photoelectric effects dominate at low energies, <100keV. When the energy
of the incident photon is above the work function or binding energy of an electron in the host atom,
it can eject an atomic electron and meanwhile the photon has been completely absorbed by the atom
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Figure 2.5: Effect of photon energy and atomic mass number of absorbing medium on dominant type
of photon attenuation processes. [16].

and disappears. The energy form the injected photon is carried off by the ejected electron, it can be
raised to a higher lever within the atom or can become a free photoelectron, described in Eq.2.12.
Afterwards, this photoelectron will ionise and excite other atoms until it loses all its energy. The upside
of this may explain the reason why photon radiation is classified as an indirect ionising radiation. The
majority of the ionisation and excitation occurs during photon radiation and is not via the photon
itself, but due to the photoelectron which are produced at the first ionisation caused by photon.

Eγ  e− (2.12)

Compton Scattering: Compton scattering dominates at medium energies, ∼ 1 MeV. It is an elastic
collision between a photon and an electron. When the energy of a photon is well above electron binding
energies, more likely, the photon will scatter off an electron and produce a photon degraded in energy
and a recoil electron. The photon retains a portion of its original energy and continues moving in
a new direction. Meanwhile, the electron ejected by the atom travels with the energy transferred
to it from the photon minus the binding energy of its orbital shell. This process is illustrated in
Eq.2.13, it contains both absorption and scattering components. However, if the atom takes up all
the energy and the momentum transferred to the electron, this interaction will be called coherent
Compton scattering or Rayleigh scattering. If the electron is ejected by the atom, the interaction is
incoherent Compton scattering [3]. Generally, the probability of Compton scattering decreases with
increasing photon energy and increasing atomic number (Z) of the medium. Moreover, concerning
water radiolysis, which is a low atomic-number medium, Compton scattering is the predominant
mode of photon interaction.

Eγ  E
′
γ + e− (2.13)
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Pair production: Pair production dominates at high energies, > 1.024 MeV. When a photon has
a mass at least 2 times larger than the mass of an electron5 which means 1.024 MeV, it may create
an electron and positron pair under the influence of the electromagnetic field of a nucleus. Eq.2.14
shows this process. Nevertheless, pair production only occurs under a strong electric field of nucleus,
which means a much higher energy, like 5 or 10 MeV. Therefore, all the energy and momentum is
taken up and conserved by the nucleus. In addition, the probability of pair production increases
with atomic number (Z) of the medium and the photon energy. With Bremsstrahlung radiation, the
electron and the positron produced will be projected in a forward direction relative to the incident
photon. Afterwards, this electron-positron pair creates a large number of secondary γ-rays which will
create continuously electron-positron pairs. This is called electromagnetic showers. The average
energy of the photon has been decreased during each step of this process until it is totally absorbed
or stopped.

Eγ  e+ + e− (2.14)

For most cases of photon radiation, reactions can be shifted from high energies to low energies,
thus it might involve some, maybe all of these processes. And unlike the other radiation types, the
ranges of photon irradiations are normally indeterminate.

2.1.C.2 The Interaction of Electron Radiation

Electrons lose energy by exciting and ionising atoms along their trajectories. The interactions of
electron radiation normally can be identified by two classes, elastic and inelastic scattering. The
relative importance of these processes varies strongly with the energy of the incident electrons and
sometimes also with the nature of the absorbing material.

If the electron passes through the medium without any scattering, they are a direct beam with
no energy loss. During the elastic scattering, the electron is deflected form its path towards the core
by Coulomb interaction with the positive potential inside the electron cloud which loses very little
energy. Furthermore, if the electron is too close to the nucleus, it might be scattered back, which
is called backscattering. Nevertheless, this is a rare case. There is also inelastic scattering where
energy is transferred during the collision. It might generate several processes: inner-shell ionisation,
Bremsstrahlung radiation, secondary electrons, etc [17]. At low energies, energy loss is mainly through
elastic collision; at high energies, energy is lost predominantly by radiation emission. For electrons, it
is negligible below 100 keV but increases rapidly with increasing energy, becoming the predominant
mode of energy loss at an electron energy between 10 and 100 MeV. For example, Bremsstrahlung
becomes a significant fraction of energy loss at high energy.

Electrons are more penetrable than proton and heavy charged particle radiation. However, due to
the fact that the masses for both projectile and target are identical, they can scatter in any direction
and lose large fractions of energy. Moreover, multiple scattering occurs subsequently thus the path of
an electron is normally very erratic.

It is worth mentioning that when the energy is above a threshold, Cherenkov radiation is also
possible for electron interactions. The Cherenkov effect is a light emission effect that occurs whenever

5The mass of an electron: 9.108−31kg, also equals to 0.511 MeV in energy units.
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a charged particle travels in a medium faster than the speed of light in that medium. For one thing,
this effect will not cost a lot of energy loss compare with ionisation. However it only depends on
the velocity of the particle. If the energy exceeds 264keV, electrons can show Cherenkov radiation in
water.

2.1.C.3 The Interaction of Heavy Charged-Particle Radiation

Heavy charged particles, normally refer the particles like protons, α particle (4He2+), β particles. They
interact with matter in the same way as electrons, but much strongly. It means a higher probability
of interaction with the medium, producing large numbers of ions per unit length of their paths. Thus,
they have a larger linear rate of energy loss and are less penetrating. For example, the ion density along
the track of an α particle is several hundred times greater than that along the track of an electron of
the same energy. On the other hand, the range through matter, which means a characteristic average
traveling distance, normally depends on its initial kinetic energy. Furthermore, for both α particles
and protons, the trajectories are approximately straight.

Among all the different particles, the way of interaction is more or less the same. However, α
particles are often regarded as the most damaging radiation of internal deposition due to the fact that
large amounts of energy are deposited within a very small distance of medium. Thus, only α particle
will be explained in the following paragraph.

α particles can interact either with nuclei or orbital electrons in any absorbing medium. In fact,
the scattering with nuclei may be deflect with no or very small exchange in energy or absorbing by
nucleus, so-called Rutherford scattering6. However, it is negligible for α particles. On the contrary,
ionisation, atomic or collective excitation are the process more important during the absorption of α
particles. When an α particle comes close enough to an orbital electron of the medium, it can pull it
out from orbit. This is the ionisation which costs the kinetic energy of the α particle. Thus, the α
particle is slowed down. At the same time, when the α particle is not sufficient to trigger an ionisation
with interaction, it can also lose its kinetic energy by exciting orbital electrons. The α particles have
tendency to cause ionizations at an increasing rate when it is slowed, thus most energy is deposited at
the end of its track, in the Bragg peak. In the end, the α particle collects two electrons and becomes
a helium atom when it stops.

2.1.C.4 The Interaction of Neutrons Radiation

Neutron radiation is most commonly found in nuclear reactors which create significant neutron fluxes.
Materials surrounding will be activated by capturing neutrons, it is normally an undesirable outcome.
Concerning their interactions with matter, due to the fact that they have no charge, the ionisation
via electromagnetic interaction with atomic electrons is negligible. Hence, it leaves only nuclear
collision as an important source of dissipating energy. Neutrons have comparable masses to protons
so that billiard-ball type collisions are possible during the interaction. This will give a large amount of
scattering angles, thus the range is difficult to estimate. Nevertheless, neutrons can penetrate much

6Rutherford scattering: Rutherford scattering is based on the elastic deflection of charged particles in Coulomb
field of an atomic nucleus.
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greater thickness of material, and the consequences of neutron irradiation are not confined to the
surface region of the absorber.

Like photon radiation, the intensity of the neutron beam decreases exponentially with the thickness
of the material, it can be defined as Eq.2.15, where I and I0 are intensities of neutron beam before
and after passing through matter of thickness, t is the thickness and N is the atom density of the
material, σ is nuclear cross-section which describes the attenuation of neutrons. It is pointed out that
more interactions with neutrons will be possible if the material has a higher cross-section.

I(t) = I0e
−Nσt (2.15)

Neutrons are generally categorised by their energy: high-energy neutrons, energy > 1 GeV; fast
neutrons, energy between 100 keV and 10 MeV; slow neutrons, energy < 0.5 eV. The neutrons produced
in a nuclear reactor are generally fast neutrons. The process of elimination of neutrons was introduced
briefly in the previous chapter (Chapter Light Water Reactor). Nevertheless, it will be detailed as
below.

At first, the neutrons undergo thermalisation via elastic and inelastic scattering form the absorber
nuclei. The maximum energy loss for the neutrons is when it scatters a proton which share the same
mass. Hence the energy loss is mainly due to the elastic scattering and until their energy is equal to
the thermal energy of the surrounding environment. On the other hand, during the inelastic scattering
the nucleus is left in an excited state which later decays by γ emission or some other type of radiation.

Figure 2.6: Fission cross section of 235U and 239Pu as a function of energy. [18]

Afterwards, the thermalised neutrons will be captured and absorbed by the nuclei and then even-
tually disappear. The cross section dependence of the neutron capture cross section in uranium and
plutonium has been illustrated in Fig.2.6. It shows that at the lowest energies the cross sections
increase monotonically with decreasing energy and become very large at thermal energies. Besides,
sharp structure is observed at higher energies, which means the cross section shows a peak at a par-
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ticular energy because of the capture of neutrons into specific nuclear energy levels populated in the
reactions. There are several disintegration reactions types for neutron capturing [3], for example:

• (n, γ) with the emission of a photon;

• (n, α) with an α particle;

• (n, p) with a proton.

As mentioned before, thermalised neutrons are important for a nuclear reactor to stay at opera-
tional efficiency, and hence the absorption of thermalised neutrons need to be treated carefully. On
one hand, they need to be eliminated for the safety concerns. On the other hand, they have to be
preserved for efficient nuclear operation. The best choice for the materials are those who have high
neutron capture cross sections, such as boron shown in Eq.1.1. The cross section of boron is quite high,
σ=3838 barn. On the contrary, in order to avoid too much neutron loss, the neutron preservation is
done by using materials with very small cross sections for neutron capture reactions, such as hydrogen
atoms, shown in Eqs.2.16 and 2.17, or oxygen atoms, the σ=1.8 × 10−4 barn. These indicate that
water contains hydrogen, light water is an effective materials for thermalising neutrons with minimum
loss due to reactions. This might also explain the reason that light water is chosen as a moderator for
LWRs.

1n + 1H → 2H σ = 0.322 barn (2.16)

1n + 2H → 3H σ = 5.7× 10−4 barn (2.17)

2.2 Pure Water Radiolysis

Water radiolysis [12–14, 19–25] is the decomposition of water molecules when they are irradiated
by ionising radiation. Water molecules are decomposed to form radiolysis products: ions, excited
molecules and free radicals7 are the first reactive species formed. While both ions and excited molecules
can give stable chemical products directly, the free radicals are unstable with high reactivity. Therefore,
most of them only exist during the intermediated formation, and eventually disappear in the water.

In general, the reaction of water radiolysis can be written as Eq.2.18. Due to ionizing radiation,
the radiolysis of water produces: hydrated electrons, H• atoms, HO• and HO•2 radicals, H3O+ and
OH− ions, H2 (dihydrogen) and H2O2 (hydrogen peroxide) molecules. The global equation of water
radiolysis is now well understood experimentally as well as theoretically [12–14, 19–22].

H2O
Ionizing Radiation−−−−−−−−−−−−→ e−aq, H

•, HO•, HO•2, H3O
+, OH−, H2O2, H2 (2.18)

2.2.A Mechanism of Water Radiolysis

Ionising radiation produces ionisation and excitation by transferring energy to electrons present in
water molecules. The energy is first absorbed, and then deposited into water molecules. During the

7In chemistry, a free radical also called a radical, which is an atom, molecule or ion with at least one unpaired
electron.
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initial interaction, inner-shell electrons may be excited and the absorbed energy is rapidly redistributed.
Thus, chemically important ions and excited states are produced by loss or excitation of less-firmly
bound electrons, such as the outer-shell electrons [12].

One of the recent models about the mechanism of water radiolysis was proposed by Sxiatla-Wojcik
and Buxton [20], shown in Fig.2.7. It divides the water radiolysis mainly into three steps:

• the physical stage;

• the physico-chemical stage;

• the chemical stage.

Figure 2.7: Schematic diagrams of water radiolysis [19].

As shown in the Fig.2.7, it illustrates the water decomposition as a function of time after the
irradiation. Precisely, it shows the chemical reactions have been taken place during the first 1 µs after
the radiation energy deposited into the water molecules.

2.2.A.1 The Physical Stage

The physical stage is the absorption of ionising radiation by water, which leads the ionisation and
excitation of water molecules. Therefore, the incident particles and the electrons in water molecules
are generated and both slowed down. It is the period that consists of energy deposition followed by
fast relaxation processes. The physical stage is the first step of water radiolysis, which only lasts about
10−15 s8, 1 fs, after the initial interaction.

8In some literature, they define the duration as 10−16 s, one tenth of a femtosecond.
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The water molecule H2O can either be ionised, by removing an electron, Eq.2.19:

H2O
Radiation−−−−−−→ e− +H2O

+ (2.19)

H2O + e− → 2e− +H2O
+ (2.20)

or be excited, by transferring an electron from a fundamental state to an excited state, Eq.2.21:

H2O
Radiation−−−−−−→ H2O

∗ (2.21)

H2O + e− → H2O
∗ + e− (2.22)

Nevertheless, Eqs.2.20 & 2.22 are considered as the continuous reactions of water molecule and
the ejected electron by Eq.2.19. At the end of this stage, the reactions have formed: excited water
molecules H2O∗, ionised water molecules H2O+ and sub-excitations electrons e−.

2.2.A.2 The physico-chemical stage

The physico-chemical stage is the second step of water radiolysis, from 10−15 to 10−12 s, in which a
thermal equilibrium is established. During this period, the ionised and excited water molecules undergo
transformations and thus they dissipate energy by transferring it to their neighbouring molecules
and breaking bonds. In the mean time, the sub-excitations electrons become thermalised and then
subsequently hydrated. There are many different processes in this stage and not all of them have been
well characterised experimentally. However, some important processes are well detailed which will be
represented in the following sections.

• Excited water molecules H2O∗:

Dissociative relaxation The dissociation of the excited water molecule H2O∗ produces the radicals
HO• and H• by bond breaking, Eq.2.23. Two models have been described in the literature. One leads
to dihydrogen molecule H2 and O(1D) which can react quickly with water molecule and give the OH•

radical. In the second model, the H• radical and O(3P ) can be formed by the reaction below, but
due to the weak quantity in the liquid water, this reaction is often negligible [26], That is the reason
for its absence in the scheme of main reactions (Fig. 2.7). It is worth mentioning that O(1D) and
O(3P ) are the singlet and triplet state of the atomic oxygen respectively. It needs to be pointed out
that the excited water molecule can return to its fundamental state without any dissociation, but only
by losing heat. In the case of liquid water, the role of excited molecules is normally less important
compared to the ionised ones [27].

H2O
∗ → HO• +H• (2.23)

H2O
∗ → H2 +O(1D)

H2O−−−→ H2 + 2OH• (orH2O2) (2.24)
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H2O
∗ → 2H• +O(3P ) (2.25)

• Ionized water molecules H2O+:

Ion-molecule reaction The ion-molecule reaction can also be thought as transferring a proton to
a neighbouring molecule. The ion H2O+ is not stable and it reacts very quickly with water molecules,
Eq.2.26. This reaction is important because it leads to the production of HO• radical and proton
H3O+, which may have other role in further reactions [28].

H2O
+ +H2O → HO• +H3O

+ (2.26)

• Sub-excitation electrons e−:

Thermalisation and solavatation of sub-excitation electrons Most ejected electrons have low
energy. However, some of them may have considerable energy during ionisation, in keV or even in
MeV range. They can lose their energy through collisions with other molecules before the electron
neutralises a positive ion. In other words, the electrons is reduced to thermal or near thermal energy
before recombination occurs, Eq.2.27. Then it can interact with the surrounding water molecules
and eventually becomes an hydrated electron, e−aq, Eq.2.28. The energy of thermalization is about
0.0025 eV at 25 ◦C.

e− → e−th (2.27)

e−th + n H20→ e−aq (2.28)

Germinate recombination The germinate recombination process is an ion recombination. The
energy is lost during molecular collisions and the molecule rapidly drops to its lowest excited state,
Eq.2.29. During the ionisation of the water molecules, the potential is about 8 eV. The incident
particle or the electromagnetic radiation can have a sufficient energy to eject an electron which can
recombine with a neighbouring water molecule, a positive water ion, in order to give an excited water
molecule.

e− → e−th +H20
+ → H2O

∗ (2.29)

Dissociative electron attachment (DEA) Before the thermalization, apart from the recombina-
tion process, the sub-excitation electrons can also react with a water molecule by giving the H2, HO•
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and OH−, Eqs.2.30 & 2.31. This process is thus called dissociative electron attachment. It involves
the resonant capture of e− to a water molecule followed by the dissociation of the transient anion
and by reaction of the hydride anion with another water molecule through a prompt proton trans-
fer process [21]. The electron capture by this process may lead to a disproportionately high rate of
decomposition [12].

e− +H2O → HO• +H− (2.30)

H− +H2O → H2 +OH− (2.31)

After 1 ps of the energy deposition into water molecules, which is also the end of the physicochem-
ical stage, the spatial distribution around the axis of the ionisation track includes e−aq, H3O+ and HO•

which are the species involving in the reactions for the next stage. The species H2 and H2O2 are also
created in this stage. All these species are referred as the initial yields of water radiolysis.

2.2.A.3 The chemical stage

The chemical stage is often considered as highly non-homogeneous, and hence in some literature, it
is named as the non-homogeneous chemical stage. However, one thing can be sure that the chemical
stage starts with a non-homogeneous state and ends homogeneously. It takes place between 10−12 and
10−6 s. The radical species react in the tracks and then diffuse in solution. They can thus react with
each other and also with surrounding molecules in the solution, Eqs.2.32, 2.33 & 2.34.

HO• +HO• → H2O2 (2.32)

H• +H• → H2 (2.33)

e−aq + e−aq → H2 + 2OH− (2.34)

In general, this stage can be divided into two: the heterogeneous and the homogeneous ones. At
the heterogeneous chemical stage, normally extends from 10−11 to 10−8 s, the recombination reactions
are favoured which lead to the formation of molecular products in a relative high concentration in
small zones along the radiation track. Afterwards, the track of the particles expands because of the
diffusion of radicals and their subsequent chemical reactions. Therefore, it brings the homogeneous
state of the radicals and molecules to the solution at the end of the chemical stage.

1 µs after the particles pass through, the distribution of radiolyic species in water is considered
homogeneous. The reactions occur after these three stage can generally be well described homoge-
neously while all the species have diffused evenly into the water. All the species have been produced
after these three stages are call primary products of water radiolysis, already shown in the global
equation, Eq.2.18.

Several remarks need to be pointed out:
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• The oxygen is not a primary product of water radiolysis, it is formed in the stage of homogeneous
chemistry which means after 10−6 s of energy deposition in the water [29].

• The radical superoxide, OH•2, is presented like a primary product in the global equation, but
actually it is formed in the heterogeneous stage and the mechanism of its formation is not clear
yet. The most cited hypothesis is that it is formed by the reaction between HO• radical and an
oxygen atom at triplet state.

• The formation of molecular hydrogen H2 is involved in two stages after the initial energy dis-
position: it can be produced by the Eqs. 2.33 & 2.34, in the chemical stage. In the earlier
physicochemical stage, the formation of H2 can be presented by the dissociation of excited wa-
ter molecules, Eq.2.24 and the dissociative electron attachment, Eqs.2.30 & 2.31. Indeed, the
dominant way of H2 formation is the dissociative recombination process of the water cation and
the non-hydrated electron during the physicochemical stage [30], not in the last stage.

• The production of H2 has two different types of tracks along the radiation path, either are spher-
ical spurs formed at more than 100 nm separations with low LET radiation, or are cylindrical
track of connecting spurs with high LET radiation [22].

2.2.B Radiolytic Yields

2.2.B.1 Definition

The radiolytic yield, noted as g(X), is defined as the number of species created or destroyed for
100 eV deposited energy. SI unit for the radiolytic yield is mol.J−1 which equals to 9.649 × 106

molecules/100 eV. It can measure the radicals and molecular products that escape from the spurs
and tracks. Actually, there is a competition between the diffusion and the reaction of these species
as the non-homogeneous concentration gradients relax. However, these yields are usually referred to
as homogeneous or steady-state yields, and they are representative of the state of an electron track
as found at about 10−7 s9, after the passage of an ionising particle which has deposited energy in the
system. It means that any reactions occurring within spurs and tracks have been completed [31].

The primary yields of both radical (e−aq, H•, OH•, OH•2) and molecular (H2, H2O2) products can
be simply subdivided into two groups: the reducing radicals e− and H•, and the oxidising products
OH•, HO•2 and H2O2. The molecular hydrogen is relatively inert and normally plays little part in the
subsequent reactions [12].

To maintain a material balance, the relationship between the radical and molecular yields are writ-
ten as the equations (Eqs.2.35, 2.36 and 2.37) below, in which g(-H2O) is defined as the corresponding
yield of decomposition of water at this stage.

Oxygen part:

g(−H2O) = g(e−aq) + g(OH) + 2g(H2O2) + 2g(HO2) + g(OH−) (2.35)

9In the literature, the duration is defined as 10−6 s [12, 19].
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Hydrogen part:

g(−H2O) = g(H2) + g(e−aq) + g(H2O2) +
1

2
[g(H) + g(OH) + g(H+) + g(OH−) + g(HO2)] (2.36)

Charges conservation:
g(H+) = g(e−aq) + g(OH−) (2.37)

With the three precise equations, we can establish the relation of all the primary products:

g(−H2O) = g(OH) + 2g(H2O2) + 3g(HO2) = g(H) + g(e−aq) + 2g(H2) (2.38)

The equation expressed in Eq.2.38 is often used in the determination of radiolytic yields. The first
thing to point out is that all the radiolytic yields evolute with time, illustrated in Fig.2.8. It indicates
that the radicals yields decrease while the molecular yields increase as a function of time. In other
words, it means that the radicals recombine and form molecular products with time. Therefore, the
radicals are difficult to detect after a short time of the radiation.

Figure 2.8: Time-dependent of primary yields; H•, HO•, H2, H2O2 and e−aq produced by low LET
radiation tracks of proton (300 MeV, LET ∼ 0.3 keV/µm) at neutral pH and 25◦C. Broken line:
IONLYS-IRT calculation; solid line: SBS calculation; spline: Monte-Carlo simulation results [32].

In general, the radiation types do not have a huge influence on the radiolytic yields, especially
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for low LET radiations. Nevertheless, for LET > 10 keV/µm, g(H•) increases as the incident ion
velocity increases [33]. The radiolytic yields still depend on a lot of parameters: the characteristics of
irradiation, such as LET and dose rate; the characteristics of water itself, like temperature, pressure
and pH.

2.2.B.2 Influence of LET

The Linear Energy Transfer LET of incident radiation can significantly change the values of primary
radiolytic yields. The radiation tracks can be very differently due to the LET, low LET gives isolated
spurs and high LET gives cylindrical tracks. Therefore, different tracks cause different diffusion models
for the primary yields [34–36]. The radicals H• and HO• in cylindrical tracks are easier to combine
with each other because they are closer in distance and more concentrated than in spurs, then result
in form more molecular products. On the contrary, spurs are favoured to form more radical products.
In short, with the increase of LET, the yields of radical products (e−aq, H•, HO•) decrease while the
molecular yields (H2O2 and H2) increase, as shown in Fig.2.9. However, for H• yields, it reaches a
maximum value around 6-10 keV/µm and then decreases with LET [32, 33, 37] at neutral pH and
25◦C. The yields of O2, not shown in the figure, actually, increase significantly with LET at the similar
conditions, [38].

Source LET (keV/µm) g(-H2O) g(e−aq) g(OH) g(H) g(H2) g(H2O2) g(HO2)
60Co γ-ray [39] 0.23 4.08 2.63 2.72 0.55 0.45 0.68 0.008

H+ [39] 12.3 3.46 1.48 1.78 0.62 0.68 0.84 -
Fast neutron [40] 40 3.19 0.93 1.09 0.50 0.88 0.99 0.04

He2+ [39] 108 2.84 0.54 0.54 0.27 1.11 1.08 0.07
10B(N, α)7Li [41–43] 220 3.9 0.33 0.30 0.10 1.8 1.67 0.13

Table 2.3: Primary yields (molecules/100 eV) of water radiolysis for different types of radiations at
room temperature: evolution of primary yields versus LET.

Tab.2.3 shows the values of primary yields of different LET radiations. It is worth noting that at
low LET, the value of HO•2 is actually too little to be taken into account, thus it can be neglected for
the determination of the radiolytic yields. Overall, the G-values for neutral water at room temperature
under low LET radiation conditions have been well established [12, 39]. They are the basis for further
studies.

2.2.B.3 Influence of dose rate

Dose rate is defined as the dose received per unit time, it is often expressed in Gy/s. It can be thought
as the intensity of radiation. The influence of dose rate is similar to the LET effect. High dose
rate results in high concentration of radicals produced by the irradiation, and thus the radical-radical
reactions are favoured [44]. In short, with the increase of dose rate, the radicals yields decreases while
the molecular yields increase [14]. In consequence, the water decomposition is promoted, as illustrated
in Fig.2.10 [45].

45



CHAPTER 2.

Figure 2.9: Primary yields of H•, HO•, H2, H2O2 and e−aq in neutral liquid water irradiated by proton
(300-0.1 MeV, LET ∼ 0.3-85 keV/µm) at 25◦C. Broken line: IONLYS-IRT calculation; solid line: SBS
calculation; spline: Monte-Carlo simulation results [32].

2.2.B.4 Influence of pH

The pH influence has been studied for a long time, as Draganić and Draganić conclude, which I quote:
“There is no strong dependence of the primary yields on pH, although the situation at extreme pH’s
is not yet quite clear.” [47]. Therefore, we consider that the radiolytic yields are not affected by the
pH between 4 and 9 [13, 14, 48, 49]. Furthermore, even for the time less than 10−6 s after energy
deposition, pH can also be regarded as no large influence on the radiolytic yields ranging form 1 to
13 [50].

More precisely, Fig.2.11 illustrates the radiolytic yields as a function of pH up to 7. To get a
better understanding, the polynomials indicated in Tab.2.4 shows the constant reaction rate of some
important reaction concerning about pH. At pH equals to 4, the rate constant of Eq.2.39 is 2.1× 1010

M−1s−1 and [H+]=10−4, which implies the time scales of this reaction is about 5× 10−7 s. It is quite
close to 10−6 s, which is the end of spur expansion. Therefore, for a higher pH which means a lower
[H+], the primary yields are not affected. Oppositely, for a higher [H+] > 10−4 M, it brings more H•

due to Eq.2.39. In the competition between e−aq and H•, they both react with HO•, Eqs.2.40 & 2.41,
and the reaction Eq.2.40 is more efficient than Eq.2.41. This can explain that at pH 6 4, the value of
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Figure 2.10: Steady-state concentration of oxide species as function of the square root of dose rate.
�: [H2O2]+2[O2]; •: [H2O2]. [45, 46].

yields e−aq and H• increase while g(HO•) decrease as the pH decreases. Another reason for the decrease
of HO• is due to Eq.2.42, they recombine with each other and to form H2O2. It brings the increase of
the yields H2O2 with the decrease of pH. The gradually decrease of H2 yields with pH form 4 to 0 is
due to the reaction rate of Eq.2.44 is much smaller than Eq.2.43 [32, 51].

Reaction (Eq n◦) Constant reaction rate k Estimated at 25◦C
L.mol−1.s−1 L.mol−1.s−1

e−aq +H+ 
 H• (2.39) 10(39.127−3.888×104/T+2.054×107/T2−4.899×109/T3+4.376×1011/T4) 2.1 × 1010

HO• + e−aq → OH− (2.40) 10(13.123−1.023×103/T+7.634×104/T2) 3.5 × 1010

HO• +H• → H2O (2.41) 4.26 × 1011e−1091/T 1.1 × 1010

OH• +OH• → H2O2 (2.42) 10(8.054+2.193×103/T−7.395×105/T2+6.870×107/T3) 4.8 × 109

e−aq+H
•(+H2O)→ H2+OH

− (2.43) 1.14 × 1013e−1795.7/T 2.76 × 1010

H• +H• → H2 (2.44) 2.70 × 1012e−1867.5/T 5.1 × 109

Table 2.4: Table of reaction rate constant over the temperature range 20 − 350◦C, and the g-Value
estimated at 25◦C, based on information available in 2008. [52].

On the other hand, when pH is higher than 9, the primary yields are also affected. However, for
alkaline solutions, the evolution of the primary yields is still not very clear yet. However, under basic
condition, they are most influenced by the radical O•−. The most cited explanation is that the yields
of H2O2 and e−aq + H• decrease while g(HO•) increase as the pH increase from 12 to 14 [48, 53, 54].
However, there is an inverse explanation of the primary yields due to the selection of the constant
reaction rate of the radical O•−. The table below, Tab.2.5, shows the primary yields of water radiolysis
at different pH value at room temperature in general.

2.2.B.5 Influence of temperature

The temperature of the water is one of the most important parameters on primary radiolytic yields.
Many parameters are affected by temperature, for example, reaction constant rate, diffusion coefficient,
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Figure 2.11: Primary yields of HO•, H2O2, H2 and reducing species (e−aq+H•) versus -Log[H+] for the
radiolysis of air-free aqueous slufuric solution at 25◦C with 300 MeV protons. Broken line: IONLYS-
IRT calculation; solid line: SBS calculation; spline: Monte-Carlo simulation results [32].

pH g(H+) g(OH−) g(e−aq) g(H•) g(H2) g(HO•) g(H2O2)
0-2 3.45 0.4 3.05 0.6 0.45 2.95 0.8
4-9 3.4 0.7 2.7 0.6 0.45 2.8 0.7
12-13 3.6 0.55 3.05 0.55 0.4 2.9 0.75

Table 2.5: Primary yields (molecules/100 eV) of water radiolysis for at different pH value at room
temperature [46].

and Onsager radius10 [55]. The primary yields are significantly influenced by these parameters. Many
studies have been done [20, 33, 56–59], including the most cited literature by Elliot et al. [52, 60]. Many
experiments have been performed to measure the primary radiolytic yields at various temperatures,
and they also collected data from all over the world. Therefore, their values are normally regarded as
the most complete [52]. The reaction constant rate has been calculated as a function of temperature
(Tab.2.4). Figs.2.12 (a) & (b) illustrate a simulation of g-values for the primary species formed by
water radiolysis as a function of temperature: (a) uses the data for γ or electron radiation, both can
be regarded as low LET radiation, and (b) shows the data collected from fast neutron radiation which
implies for high LET radiation.

For low LET radiation, most primary yields increase with the increase of temperature in different
ways, except for H2O2 which actually decreases. The diffusion coefficients and the constant reaction
rates both strongly depend on the temperature, and thus the diffusion rate and reaction rate increase
sharply with temperature. At high temperatures, the diffusion rates for all the radicals are higher
than the recombination rates, and results in the augmentation of the radical yields. Normally, the
increase of radicals yields leads to the decrease of the molecular yields, H2 and H2O2. However, in the

10Onsager Radius: the distance at which the energy of the Coulomb interaction in dielectric continuum becomes
equal to thermal energy kBT .

48



2.2. PURE WATER RADIOLYSIS

(a) (b)

Figure 2.12: The g-values for the primary species formed in reaction 2.18 as a function of temperature:
(a) low LET radiation; (b) high LET radiation (fast neutron radiation for natural uranium fuel). [52].

.

case of H2, it also increases with temperature. One explanation is considered as the formation of H2

during the physicochemical stage, Eqs.2.24 & 2.31. There exists other explanations and arguments
which are ongoing. The diminution of H2O2 yields is the consequence that the radicals are escaped
from recombination.

For high LET radiation, as a function of temperature, the yields of g(e−aq), g(HO•) and g(H2)
increase, g(H•) and g(HO•2/O2) stay nearly constant, while g(H2O2) decreases. Tab.2.6 lists polynomial
function of LET for every primary yield in order to give a relationship between temperature dependence
and LET. It clearly shows that with the increase of LET, the temperature dependences of g(e−aq),
g(H•) and g(HO•) decrease while the one of g(H2) increases. Therefore, it results in slight difference
of temperature dependence between low and high LET. In the same time, g(H2O2) is actually not
sensitive with LET, it actually decreases in almost the same tendency with the temperature in both
high and low LET [52, 61].

In general, by comparing the two figures, it seems that the g-values of primary yields vary more
significantly in low LET. The temperature dependences of these g-values decrease with increasing
LET [62]. It might also link to the different tracks produced by low and high LETs. The isolated spurs
of low LET are favoured for diffusion while the cylindrical tracks of high LET promote recombination.

Parameter Function
d(g(e−aq))/d(temperature) 1.92× 103 − 2.56× 10−5LET
d(g(H2))/d(temperature) 7.59× 10−4 + 1.32× 10−6LET
d(g(H•))/d(temperature) 6.70× 10−4 − 1.08× 10−5LET
d(g(HO•))/d(temperature) 7.34× 10−3 + 3.37× 10−5LET
d(g(H2O2))/d(temperature) −1.62× 10−3

d(g(HO2/O2))/d(temperature) No temperature dependence

Table 2.6: The temperature dependency of each primary yields as a function of track-averaged LET
[52].

49



CHAPTER 2.

Last but not least, the influence of temperature may be more pronounced on the physicochemical
stage rather than on the later radical diffusion stage [63].

2.2.B.6 Influence of pressure

In the 1960′s, a lot of research about pressure influence was done. Hentz et al. [64–69] figured out that
the primary yields in water raidolysis are independent of pressure until 6.34 kbar. It is worth mention-
ing that pressure may play an important role in other solutions or in another phase (gas phase [70, 71]).

The primary yields vary with many parameters, among them the most important is the LET linked
to the irradiation. Afterwards, they are influenced by the temperature, which is linked to the nature
of water itself. Under some extreme conditions, like very high pressure, very acid or basic pH, may
also influence the primary yields.

To sum up, irradiation of pure water leads to buildup of a steady-state concentration of hydrogen
peroxide in solution, and the continual formation of hydrogen and oxygen. In a simply way, we may
just consider that the radiation decomposes the water into hydrogen and oxygen.

Water radiolysis occurs in many situations, especially in nuclear reactors. It is also a key factor to
nuclear corrosion phenomena. However, only pure water radiolysis is not enough to understand the
radiolysis which occurs inside of nuclear reactors. The water used in nuclear reactors, either light water
or heavy water, they both have a specific chemical conditioning. Therefore, the radiolysis process is
more complex than in pure water. The following section will show the PWR water radiolysis, which
is the main interest this thesis study.

2.3 PWR Water Radiolysis

The light water used in PWR is deaerated pure water with addition of dissolved hydrogen, boric acid
and lithium hydroxide. The process of radiolysis is modified by these components. Meanwhile, the
radiolytic yields are also affected.

2.3.A Radiolysis in the Presence of H2, H2O2 and O2

2.3.A.1 Reducing - A Chain Reaction: H2

The study of the influence of the three stable products H2, H2O2 and O2 of radiolyisis reactions on
the water decomposition can be traced back to the 1950′s. Allen et al. [72] and Hochanadel [73]
have established a basic mechanism for the forward and backward reactions between H2 and H2O2,
moreover the production of O2. Both O2 and H2O2 accelerate the water decomposition while H2 is
always regarded as an inhibitor of radiolysis. That is the reason why H2 is added into the PWR water.
Its role is to decompose the H2O2 and thus to suppress the production of O2. There is a chain reaction
involved in radiolysis process: dissolved hydrogen captures an oxidising species HO• and transfers into
a reducing species H•, then the H• reacts with rapidly with H2O2 and re-form HO•, listed in Tab.2.7,
Eqs.2.48 & 2.49. Finally a global reaction is given in Eq.2.57, [13, 74].
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Reactions (Eq. n◦) k [46] k estimated at 25◦C [52] Ea [46] Ea [52]
L.mol−1.s−1 L.mol−1.s−1 kJ.mol−1 kJ.mol−1

HO• +H• → H2O (2.45) 7.0×109 [75] 1.1×1010 9.1

HO• +HO• → H2O2 (2.46) 5.3×109 4.8×109 8.0

H• +H• → H2 (2.47) 7.9×109 5.1×109 12.6 15.5

HO• +H2 → H2O +H• (2.48) 3.74×107 18.0

H• +H2O2 → HO• +H2O (2.49) 3.44×107 [75] 3.6×107 13.6 21.2

HO• +H2O2 → HO•2 +H2O (2.50) 3.8×107 2.9×107 14.0 13.8

HO•2 
 H+ +O−2 (2.51) 7×105 pK=4.8 12.6

HO•2 +HO•2 → H2O2 +O2 (2.52) 8.1×105 8.4×105 24.7 6.6

HO•2 +O−2 → HO−2 +O2 (2.53) 9.5×107 ∼ 1×108 8.8 8.1

O2 +H• → HO•2 (2.54) 2.0×1010 1.13×1010 12.6 15.2

O2 + e−aq → O−2 (2.55) 1.94×1010 2.3×1010 13.0 11.6

H2O2 + e−aq → HO• +HO− (2.56) 1.14×1010 1.4×1010 15.1 15.7

Table 2.7: Table of reactions, constant reaction rates k (L.mol−1.s−1) and activation energies Ea
(kJ.mol−1) [46, 52, 75].

H2 +H2O2 → 2H2O (2.57)

The chain reaction can retain effective as long as enough HO• and H• presented. In other words,
all the species reacting/recombining with H• and HO• make the process less efficient, for instance
reaction Eq.2.54 in Tab.2.7. Furthermore, it also reveals that the process can be stabilised due to the
effective recombination, such as Eqs.2.45, 2.46 and 2.47, listed in the same table.

2.3.A.2 Oxidising - Inhibitors of Chain Reaction: H2O2 and O2

The hydrogen peroxide H2O2 on one hand can react with H• in the chain reaction, Eq.2.49, on the
other hand it can also react with the radical HO• to inhibit the chain reaction and produce the radical
HO•2, Eq.2.50 in Tab.2.7. The recombination of HO•2 can either form H2O2 and O2, or oxidise the O−2
to O2. (Eqs.2.51, 2.52 and 2.53 Tab.2.7. Then, the global reaction of H2O2 and HO• can be written
as Eq.2.58. That is the reason H2O2 are often regarded as the precursor of O2.

2HO• +H2O2 → 2H2O +O2 (2.58)

The oxygen molecule O2 can also directly participe in the radiolysis process. O2 react with H•

or e−aq and reduced to be HO•2 and O−2 respectively (Eqs.2.54 & 2.55 in Tab.2.7) and then eventually
form H2O2 or re-form O2 in result (Eqs.2.52 & 2.53, same table).

Normally, once there is O2 present in the water, they will be reduced by e−aq and H• immediately.
Considering about the constant reaction rate of Eq.2.54 and 2.55 for O2, which are much larger than
those of Eq.2.48 and 2.49 for H2. O2 can be referred as the chain reaction killer, it will certainly
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accelerate water decomposition. So long as the concentration of O2 stay very low, the H2O2 produced
during the radiolysis can be consumed by Eq.2.49 (Tab.2.7). Therefore, the decomposition of water
can be avoided. Oppositely, when the concentration of O2 is too high, they will join in the competition
with H2 for HO•. As explained, the reactions of O2 are much more efficient than H2 thus even a little
bit of O2 can totally block the role of dissolve hydrogen. In consequence, the chain reaction of H2O2

and O2 is stopped and water decomposition takes place.
Latest, Ershov et al. have established a model of radiolysis of water and aqueous solution of H2,

H2O2 and O2 [46]. It includes almost all the relevant experimental results. As illustrated in Fig.2.13,
(a) indicates that with higher [H2O2] in the solution, more O2 is going to be formed. Moreover, the
rate of H2O2 decomposition also depends on Eq.2.55 and 2.56 (Tab.2.7); (b) on the other hand, shows
the efficiency of H2O2 decomposition decreases with its initial concentration in the water.

(a) (b)

Figure 2.13: (a) γ ray effect on solutions containing H2 and excess H2O2, constant dose rate = 0.77
Gy.s−1, constant [H2] = 7.8 × 10−4 M: � for high [H2O2] & � for low [H2O2]; ◦ high [H2] & • low
[H2]; N for high [O2] & 4 for low [O2]; calculation curve of [H2O2] in decreasing order: straight line,
dot line [46, 73]; (b) Decomposition of neutral deareated aqueous solution, constant dose rate = 0.2
Gy.s−1 [H2O2] in a decrease order: ◦, �, 4 •, �, N, [46, 76].

.

2.3.B Critical Hydrogen Concentration (CHC)

In PWRs, the water is deareated to eliminate O2 and a certain quantity of H2 is added, as introduced
in Chapter 1. However, dissolved hydrogen has its inconvenience: bringing stress corrosion problem,
increasing the maintenance fee etc... Therefore, a concept of critical hydrogen concentration (CHC)
need to be brought into conversation, which has become a hot topic. Early studies [77] has already
shown that 1 cc/kg of H2 is more than enough to reduce hydrogen peroxide generated by raidolysis.

Recently, Bartels et al. [78–81] have done a lot of research on finding the value of CHC, it is
first relevant with the types of reactors, the core design, the parameters of PWR water and etc. In
general, the normal-industry level of dissolved hydrogen for operating PWR varies from 25 to 40 cm3

(STP).kg−1, depending on different countries. Still these values are largely above the CHC, the most
recent modelling in the AECL reactor [81] says that the CHC is approximately 0.5 cm3 (STP).kg−1 for
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a typical PWR conditions. This value seemed quite low, whereas the modelling value should be lower
if there are no ammonia impurities problems. Actually, under PWR conditions, rather than factors
mentioned before, the only major factor for CHC is the sensitivity of the constant rate of reaction
Eq.2.48 (Tab.2.7) at high temperature. The steady state H2 concentration in pure water is almost
completely determined by the equilibrium of this reaction [78]. Despite the fact that these research
are under the PWR condition, some of these conclusions are obtained without the presence of boric
acid which can lead to 10B(n,α)7Li reactions. In this case, the value of CHC may be increased due to
the fact that no radicals produced in α radiation [81].

Nevertheless, Takiguchi et al. [82, 83] also found the optimal dissolved hydrogen value was below
0.5 cm3(STP).kg−1 in the out-of-core region in the INCA loop. However, the approximate dissolved
hydrogen threshold for in-core region was at least twice higher than the out-of-core value.

The study of CHC starts from the mid-1990′s and still goes on today, it is not only important
in the point view of suppress radiolysis with minimum amount of H2 which can bring an economic
benefits, but also in the aspect of avoiding the corrosion problems trigged or accelerated by the excess
H2.

2.3.C Radiolysis in the Presence of Bore and Lithium

Before talking about the effect of 10B, the influence of LET needs to be discussed. As explained in the
previous section, low LET like γ-ray gives more radicals products than molecular ones and favours the
recombination of the chain reaction. In short, there will be no water decomposition with low LET.
Reversely, high LET leads to a higher concentration of H2O2 and thus limits the chain reaction and
produces O2 [84–86]. Therefore, the water decomposition is more likely occurring with high LET.
10B(n,α)7Li happens to be one of high LET radiation.

In PWRs, the global LET actually depends on the ratio between high (10B(n,α)7Li) and low (γ-
ray) LET radiation. In different parts of PWRs, like the in-core and out-of-core, the LET is different.
Without any doubt, the concentration of 10B directly affects on the local ratio of 10B(n,α)7Li/γ.
The ratio increases with the concentration of 10B, thus the global LET also increase and tends to
high LET radiation. In consequence, the augmentation of [10B] results in higher probability of water
decomposition. Fig.2.14 illustrates this influence of [10B] on the radiolytic yields of H2O2 and O2

[87, 88], which seem to be linked with the temperature:

• At room temperature, (30◦C), it appears to have a threshold about 0.13 mol.L−1. Above this
threshold, both H2O2 and O2 increase sharply with the concentration of 10B.

• In the middle temperature, (100◦C), this threshold is shifted towards a higher concentration,
approximately 0.19 mol.L−1.

• At high temperature, (200◦C), there is no visible threshold shown in the Fig.2.14. It implies
that more 10B can be added into PWR water without bringing the water decomposition as
temperature increases. The reason might be explained in three aspects:

1. The radical yields increases with temperature as mentioned before, and hence the recom-
bination reactions are favoured.
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(a) (b)

Figure 2.14: The effect of 10B concentration on water radiolysis: (a) g(H2O2) vs. [10B]; (b) g(O2) vs.
[10B]. 30◦CNBA (♦), 30◦C EBA (�) ; 100◦C NBA (N), 100◦C EBA 4; 200◦C NBA (•), 200◦C EBA
(◦). NBA (open symbols): Natural Boric Acid, contains 19.8% of 10B; EBA (solid symbols): Enriched
Boric Acid, contains 99.5% of 10B [87].

2. The kinetics of the chain reaction are favoured over those of forming oxidising species H2O2

and O2. The reason will be explained in the section of temperature influence.

3. The hydrogen solubility increases with temperature, thus more H2 at high temperature,
more chain reaction taking place and less water decomposition.

No specific effect of enriched boric acid (EBA) on water radiolysis has been observed. At the
same concentration, EBA and NBA show the same behaviours. Therefore, EBA can be safely used
for replacing NBA in PWRs as far as the concern of radiolysis.

Actually, the presence of 7LiOH causes more water decomposition, as shown in Fig.2.15. The
explanation of this phenomenon is not very clear yet. The main role of 7LiOH is to adjust and
maintain the pH at 7 for PWR water. But, as shown previously, this variation of pH will not affect on
the water decomposition, and hence the pH effect should not be the cause of the increase brought by
7LiOH. Li+ does not seem to react with the radicals normally. Briefly, a negative influence on PWR
water radiolysis is brought by the presence of 7LiOH, although further studies need to be done.

2.3.D Influence of Other Parameters on Radiolytic Yields

Under PWR conditions, other than the influence of H2, 10B and 7LiOH, the radiolytic yields can also
be affected by a lot of parameters before of after steady-state. However, like the influence of LET
has already been detailed in the previous section 2.3.C, and the influence of dose rate does not seem
different between pure and PWR waters, then they will not be discussed in the following sections.

2.3.D.1 Influence of Temperature

According the temperature effect on pure water, the radicals yields increase while the molecular yields
decrease as a function of temperature. Consequently, the recombination reactions are promoted. In the
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(a) (b)

Figure 2.15: The effect of 7LiOH on water radiolysis at 200◦C: (a) g(H2O2) vs. [10B]; (b) g(O2) vs.
[10B]. Solid symbols: solution contains 7LiOH, calculated by MULTEQ R© to achieve a pH = 7 at
200◦C; Open symbols: blank solution without 7LiOH [87].

case of PWR water, with the increase of temperature, the chain reaction of H2 is preferred to others.
One explanation is linked to the activation energy Ea11. It can be expressed by the Arrhenius
Equation as written in Eq.2.59, in which, k is the constant reaction rate, Ea means the activation
energy, R is the ideal gas constant and A is the frequency factor (or attempt frequency) of the reaction.

ln(k) = − Ea
RT

+ ln(A) (2.59)

As indicated in Tab.2.7, the values of Ea for the chain reaction, Eqs.2.48 & 2.49, are higher than
Eqs.2.45, 2.46 and 2.47, which are the chain stoppers. Nevertheless, the increase of Ea is less significant
than the augmentation of the radicals with the raise of temperature. On the other hand, as mentioned
in Ch.2.3.C, the solubility of H2 increases with temperature and results in favour of the chain reaction.
Therefore, it seems that the effect of temperature may slow down the PWR water decomposition.

2.3.D.2 Influence of pH

Fig.2.16 illustrates the pH of PWR water with temperature. At 300◦C the pH is about 7, and the pH
behaviour of PWR water is actually following the one of boric acid. Below this temperature, the pH
seems to reach a minimum of the curve at 150◦C [89, 90].

Fig.2.17 has portrayed the variation of steady-state concentration of H2O2 and O2 as a function
of pH [46, 91]. Briefly, it describes:

• The concentration of H2O2 increases sharply with the decrease of pH from 4 to 0. For a higher
pH, it seems to have no effects on the H2O2;

• The concentration of O2 is not affected by the pH from 4 to 8. Then in the two extreme zones,
it increases with the pH. As a result, in the alkaline environment, the concentration of O2 is
much higher than it of acid zone.

11Ea: the energy needs to be overcome in order to achieve a chemical reaction.

55



CHAPTER 2.

(a) (b)

Figure 2.16: The effect of boric acid and lithium on pH as a function of temperature: (a) water, boric
acid and lithium respectively; (b) PWR water by including the three elements [89].

Generally, regardless the temperature, the pH of PWR water stays in the range form 6 to 8

approximately. Thus, the pH (4 6 pH 6 10) appears to have no specific effect on PWR water
decomposition. However, either in acidic or in basic environment, the pH can still affect the water
decomposition, especially for the molecular products, H2O2, O2 and H2.

The variation of steady-state concentration of H2O2 and O2 from pH is strongly depend on the
reaction between e−aq and a proton, H3O+, as shown in Eq.2.60, k = 2.3 × 1010 L.mol−1.s−1. Both
e−aq and H• reduce H2O2 and O2, written in Eqs.2.61, and thus inhibit the water decomposition. The
constant reaction rate decreases while the pH increases [92], Eq.2.60 is thus less efficient. Higher pH,
the less H• is produced.

e−aq +H3O
+ → H• +H2O (2.60)

As the constant reaction rates indicated for Eqs.2.61, H2O2 prefers to react with e−aq over H•. For
the O2, there is no difference since the k values are practically the same. With the increase of pH,
H2O2 appears to be more competitive for e−aq and H•, and thus to be reduced [46].

e−aq +H2O2 → O−2 k = 1.14× 1010L.mol−1.s−1

e−aq +O2 → OH− +HO• k = 1.94× 1010L.mol−1.s−1

H• +H2O2 → H2O +HO• k = 3.44× 107L.mol−1.s−1

H• +O2 → OH−2 k = 2.0× 1010L.mol−1.s−1

(2.61)

In a highly alkaline medium, Matheson et al. [93] found the evidence of the reaction Eq.2.62.
Thereby, the decrease of H• while the increase of e−aq leads to the same conclusion as before.
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Figure 2.17: The concentration of H2O2 and O2 versus pH at room temperature under different dose
rates: • = 4.72 Gy.s−1; ◦ = 0.42 Gy.s−1 [46, 91].

OH−aq +H• → e−aq +H2O (2.62)

The acid-base equilibria reactions are listed in Tab.2.8 [52]. They play an important role in
homogeneous chemistry.

Equilibrium Reaction (Eq n◦) pKa at 20◦C pKa at 150◦C pKa at 300◦C

HO•2 
 H+ +O−2 (2.63) 4.83 4.91 6.57

H2O 
 H+ +OH− (2.64) 15.92 13.43 13.24

H2O2 
 H+ +HO−2 (2.65) 11.84 10.29 10.35

HO• 
 H+ +O− (2.66) 11.84 10.29 10.35

H• 
 H+ +OH− (2.67) 9.74 6.92 6.64

H• +H2O 
 H2 +HO• (2.68) 12.17 7.95 5.57

Table 2.8: Table of acid-base equilibria reactions and their acid dissociation constant in minus loga-
rithmic form, pKa values, at different temperature [52].

The radical HO•2 in Eqs.2.52 & 2.53 (in Tab.2.7) can both form oxidising species H2O2 and O2. The
constant reaction rate kEq.2.52 is at least 200 times smaller than kEq.2.53. At pH = 4.8, the acid-base
equation Eq.2.52 comes to equilibrium, thus the reaction rate of Eq.2.53 comes to the maximum. With
the increase of pH, not only the constant reaction rate reduces, but also the equilibrium of Eq.2.52
towards right side. As a result, more O−2 accumulates in the solution, which can react with HO•,
Eq.2.69, then decreasing the probability of the chain reaction. In this point of view, the increase of
pH brings a negative effect on PWR water radiolysis.
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(Eq.2.52) HO•2 +HO•2 → H2O2 +O2

(Eq.2.53) HO•2 +O−2 → HO−2 +O2

HO• +O−2 → O2 +OH− (2.69)

Besides, under basic environment, the radical HO• and transient species like O−2 and O−3 , play
a major role in the radiation chemical transformations and in the determination of the steady-state
concentration of molecular products H2, O2 and H2O2, as listed in Eqs.2.70 [46, 89].

HO• +OH− → O− +H2O k = 1.3× 1010L.mol−1.s−1

O− +H2O2 → O−2 +H2O k = 5.0× 108L.mol−1.s−1

O− +H2 → H•OH− k = 8.0× 107L.mol−1.s−1

O− +O2 → O−3 k = 3.6× 109L.mol−1.s−1

O−3 +HO• → O2 +HO−2 k = 8.5× 109L.mol−1.s−1

(2.70)

Otherwise, in an acid environment, with the decrease of pH, the recombination of H• is promoted
over e−aq [35], thus the concentration of O2 decreases while the one of H2O2 increases.

In brief, higher pH brings higher concentration of O2, lower pH results in more H2O2. However,
in the range of pH from 4 to 10, the steady-state concentration of H2O2 and O2 are not affected.

2.3.D.3 Influence of Pressure

As told, pressure has no effect on the primary yields until 6.34 kbar on pure water radiolysis [64–69]. It
is still true under PWR conditions. However the constant reaction rate may be affected by the pressure
if there is a change in activation volume during the transition state. Transition State Theory (TST)
completes the Arrhenius rate law and explains the reaction rates of elementary chemical reactions [94].

ln(k) = ln(k0)−
(

∆V ‡

RT

)
P (2.71)

In Eq.2.71, k and k0 are the constant reaction rate at the pressure P and the atmospheric pressure
P0 respectively, R and T are the ideal gas constant and the absolute temperature in Kelvin, V ‡

is actually the activation volume, normally in ml.mol−1. The volume of activation is defined as the
difference between the partial molar volumes of the transition state and the sums of the partial volumes
of the reactants at the same temperature and pressure according TST. In practice, the V‡ may also
be a function of pressure, thus the situation becomes more complicated. Briefly, the variation of k
depends on ∆V ‡ and the pressure itself if it is high enough. In most water radiolysis reactions, ∆V ‡

dose not vary much. Therefore, the variation of constant reaction rate can be neglected unless the
pressure is too high [13].

2.3.D.4 Influence of Impurities

Under PWR conditions, impurities in the water provokes serious problems like the deposition of CRUD
on the tubing and so on. For PWR waters, the most studied impurity without any doubt is iron [95].
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Iron impurities: Fe2+, Fe3+ Generally, only ferrous ions can be released from the metal surface.
However, they can be oxidised into ferric ions by water itself or oxidising radiolysis products, such as
HO•, HO•2, O

−
2 and H2O2, written in Eqs.2.72 [87, 95].

2Fe2+ + 2H+ + 1
2O2 → 2Fe3+aq +H2O

Fe2+ +HO• → Fe3+ +OH−

Fe2+ +HO•2 → Fe3+ +OH−2
Fe2+ +O−2 → Fe3+ +H2O2 + 2OH−

2Fe2+ +H2O2 → 2Fe3+ +OH−2

(2.72)

Oppositely, ferric ions can also be reduced by H•, e−aq and so on, shown in Eqs.2.73 [87, 95].

Fe3+ +H• → Fe2+ +H+

Fe3+ + e−aq → Fe2+
(2.73)

Fig.2.18 shows the influence of Fe(NO3)3 on H2O2 and O2 yields at room temperature. An in-
crease of H2O2 can be observed due to the presence of ferric ions. Actually, Fe3+ and (Fe2+) acts as
scavengers of the radicals and result in less water recombination reactions. In a word, the presence
of iron impurities leads to more radiolysis products at high boron concentration, and thus it is not a
desirable phenomenon for PWR waters. Indeed, this conclusion is dragged out without considering
the temperature influence on the solubility, though the solubility of ferric oxide appears not to depend
on temperature between 250− 350◦C [96].

(a) (b)

Figure 2.18: The effect of Fe(NO3)3 at 30◦C on water radiolysis: (a) G(H2O2) vs. [10B]; (b) G(O2)
vs. [10B]. Solid points: • and � for 2ppm Fe(NO3)3; open points: ◦ and � for blank solution [87].

Zinc impurities : Zn2+, Zn+ Zinc is added in PWR water to suppress the radioactivity build-up
on metallic surfaces due to cobalt-60 accumulation. Zn is not an impurity, it is actually an added
element, though the concentration is quite low, few ppb.

Many studies [13, 87, 97, 98] have demonstrated in different ways that no negative effect of Zn
on the radiolysis of the PWR water. Zn2+ can react with e−aq and be reduced to Zn+. Also, it is
hardly oxidised by other substances, thus Zn3+ is seemed not possible in the radiolysis water. On the
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other hand, Zn+ can react with the molecular products H2O2 and the radical HO•, which is somehow
a diffusion controlled reaction. In consequence, Zn+ may be oxidised back to Zn2+ or form other
products. Briefly, in the point of view of water radiolysis, the presence of Zn have no major influence.

Zn2+ + e−aq → Zn+

Zn+ +H2O2 → Zn2+ +HO• +OH−

Zn+ +OH• → Zn2+ +OH−
(2.74)

Nitrate and nitrite impurities: NO−3 , NO−2 The influence of both nitrate and nitrite are still
debatable, though it tends to be desirable for water radiolysis [99–101]. Even with a low concentration,
they can react with the radicals formed during water radiolysis, such as e−aq, HO• and •O−, as Eqs.2.75
listed below. The competition between nitrate and nitrite for the radicals result in increasing the
concentration of H2 and H2O2.

e−aq +NO−3 →• NO
2−
3 +H2O →• NO2 + 2OH−

•O− +NO−3 →• NO
2−
3 +H2O →• NO2 + 2OH− +O2

e−aq +NO−2 →• NO
2−
2 +H2O →• NO + 2OH−

HO• +NO−2 →• NO
2−
2 +OH−

2•NO2 +H2O → NO−3 +NO−2 + 2H+

(2.75)

NO−3 reacts more efficient with e−aq than NO−2 . Nevertheless, the consequence is that the concen-
tration of H2O2 is increased. Besides, NO−2 can act as a good scavenger for HO• which is important
for the chain reaction of H2 to suppress the radiolysis [102]. Furthermore, as long as the intermediate
product 2•NO2 exists in the solution, which may also be directly excited by radiation, the net conver-
sion between NO−3 and NO−2 will be continuous. Therefore, even with little NO−3 and NO−2 presence,
the influence can be significant.

When the steady-state is achieved, the presence of nitrogen species depends on pH value, either as
NO−3 or in form of NO−3 . Nitrate is the dominant species as pH / 10 while nitrite takes the leading
at higher pH value.

Other impurities: Other than the impurities mentioned before, the existence of copper, Cl−, SO2−
4

and so on should be brought into conversation too. Indeed, no one kind of impurity has been proved
to have beneficial effect. Regardless the aspect of corrosion problem, even in the point view of water
radiolysis, impurities accelerate PWR water decomposition, except for Zn which appears to have no
effect.

Indeed, the presence of impurities copper [13, 103, 104] leads to more serious problem for water
decomposition. As expressed in Eqs.2.76, Cu2+ and Cu+ react with oxidising species and form O2

and H2O2 in one hand, on the other hand they are also good scavenger for HO• and H•, thus inhibit
the chain reaction.
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Cu2+ +O−2 → Cu+ +O2

Cu+ +O−2 + (2H2O)→ Cu2+ +H2O2 + 2OH−

Cu+ +HO• → Cu2+ +OH−

Cu2+ +H• → Cu+

(2.76)

Moreover, the copper ions may act as catalysis and accelerate the decomposition of H2O2 into O2.
In brief, the presence of copper is not favoured in PWR water, no matter what concentration.

Other impurities, like Cl−, SO2−
4 will not be detailed here. However, their effects seems to be more

serious for corrosion than for radiolysis [13].

2.4 Summary

In this chapter, three aspects of radiation chemistry have been detailed, the interaction of radiation
with matter and water radiolysis, including pure and PWR water.

During the interaction of radiation with matter, the energy loss leads to ionisation and radiation.
The concept of LET is the most common method to describe a source of radiation. The ways of
interaction with matter, the LETs and the tracks left in the medium are different, depending on the
different types of interactions.

Water radiolysis happens within 1µs after the energy deposition in the water and afterwards the
water is regarded as a homogenous state. Therefore, the primary yields, both radical and molecular
products, refer to homogenous and steady-state yields. They can be influenced by many parameters,
the most dominant factors are the LET of radiation and the water temperature.

Concerning PWR water decomposition, which can be simply thought as the pure water radiolysis
with presence of H2, B(OH)3 and LiOH. However, the radiolysis process becomes more complex. In
one hand, dissolved hydrogen can join in the reaction from the beginning to the end. On the other
hand, the presence of 10B can directly affect on LET and cause more water decomposition. And
7LiOH also accelerates PWR water decomposition, but the reason is still not clear yet. Nevertheless,
the high temperature of PWR water may slow down the water decomposition.

Generally, the radiation damages the materials and through the production of oxidising species,
the radiolysis causes corrosion problem, which are two serious factors to limit the PWR life extension.
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3.1. THE OXIDE ON 316L FORMED UNDER PRIMARY PWR WATER

Stainless steel 316L is one of the most widely used materials in the industry. In the case of PWRs,
stainless steel, such as 304 and 316L are largely employed, for the internal core, for the pressure
boundary pipings and etc. Their good mechanical properties and corrosion resistance serve very well
for the extreme conditions of PWRs.

However, corrosion-related materials failures, particularly stress corrosion cracking, is one of the
major issues concerning the ageing of PWRs. Irradiation can create point defects like vacancies,
interstitials, dislocations, and result in significant changes in microstructure and mechanical properties.
In addition, irradiation may also alert resistance to stress corrosion cracking. The specific corrosion
cracking, IASCC (Irradiation-Assisted Stress Cracking Corrosion) alone with other types may occur
in the PWRs, IGSCC (Inter-granular Stress Corrosion Cracking) and PWSCC (Primary Water Stress
Corrosion Cracking), can totally affect and damage the nuclear materials, including the stainless steels.

Our study is in based on stainless steel 316L under primary PWR conditions, thus this chapter
is focused on its oxide film, and the two specific style of the most common stress corrosion cracking,
IGSCC: the water chemistry related corrosion, PWSCC, and the radiation-related corrosion, IASCC.
In some cases, not only high temperature, but also room temperature have been studied in order to
get a complete understanding of the corrosion issue.

3.1 The Oxide on 316L Formed under Primary PWR Water

Stainless steel 316, is an iron-based alloy containing at least 16% chromium and 10% nickel. The
chemical compositions are indicated in Tab.3.1. The added molybdenum element to 316 gives a higher
resistance to pitting and crevice corrosion and also to stress corrosion cracking in chloride environments
compared to 304 which does not contain molybdenum. 316L refers to a low carbon content (< 0.03%)
and is a material suitable for welding which is not the case for the 316 with higher carbon content. On
the other hand, 316L offers an excellent toughness, higher creep, stress to rupture and tensile strength
at elevated temperatures, Tab.3.2.has listed some mechanical and physical properties.

Cr Ni Mo Mn Si N P C S Fe
Min. 16.0 10.0 2.0 - - - - - - balance
Max. 18.0 14.0 3.0 2.0 0.75 0.10 0.045 0.03 0.03 balance

Table 3.1: Composition ranges for 316L stainless steels, (%mass.).

Density Elastic Modulus Thermal Conductivity Elec Resistivity Tensile Stress Yield Stress
(kg/m3) (GPa) (W/m.K) (nΩ.m) (MPa) min 0.2% Proof (MPa) min

8×103 193 16.3 (at 100◦C) 740 485 17021.5 (at 500◦C)

Table 3.2: Some mechanical and physical properties for 316L stainless steel.

Without any doubt, the excellent corrosion resistance of 316L is due to the oxide layer formed on
its surface, which will be detailed in the following section.
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3.1.A Double-Layer Structure Oxide

During the last thirty years, many works have been done in order to understand the mechanism of
oxide formed on austenitic stainless steel under high temperature in aqueous solution [1–6]. Gradually,
the influence of different chemical conditions have also been studied, such as lithium, dissolve hydrogen
and so on [7, 8].

The latest studies [7–10] show that the oxide formed on 316L under PWR conditions is identified
as a double-layer structure, called inner and outer layers. They are two spinel oxide layers, an
iron-based outer layer on top of a chromite-based inner layer. The inner layer is often regarded as the
protective layer while the outer layer is not so protective [2].

3.1.A.1 Composition

According to the studies, the compositions of the oxide film formed on stainless steel 316L may be
changed, as demonstrated by different papers [6–10]. This is due to the fact that the mechanism of
the corrosion process is sensitive to the environment. A small change in the corrosion environment
may cause a change in the oxide layer.

Nevertheless, a proposition for both inner and outer layer has been made, spinel oxide AB2O4.
A refers to a divalent cation and B represent a trivalent cation, where A = Ni(II) and Fe(II), B =
Fe(III) and Cr(III). For both layers, Ni and Cr maintain the same valence, Ni(II) and Cr(III), whereas
Fe may have both valence, (II) and (III) [4–7, 11].

Indeed, the dominant component for either inner or outer layer is different.

• Outer layer is mainly magnetite, Fe3O4 and AB2O4 in which Fe(III) is the main constituent for
B and Fe(II) also takes the majority parts over Ni(II) for A. In result, the AB2O4 can be written
as (Ni1−xFex)(FeyCr1−y)2O4, where x and y are certainly much larger than 0.5, especially for y,
which may very well equals 1.

• Inner layer is mostly chromite, Cr2O3 [7, 12, 13] and AB2O4 in which Cr(III) is the main
constituent for B. Concerning A, Fe(II) still holds the dominant position against Ni(II). Thereby,
it can also be written as (Ni1−xFex)(FeyCr1−y)2O4, where x > 0.5 while y < 0.25.

Briefly, it has been considered for a long time that the outer layer is more or less like NiFe2O4

and FeCr2O4 for the inner layer. Da Cunha Belo et al. [7] divided the oxide film formed on 316L
under primary PWR conditions into three regions, the outermost is Ni0.75Fe2.25O4 spinel oxide, the
intermediated is both Ni0.75Fe2.25O4 and Fe3O4 spinel oxide, and the innermost is the chromium-rich
oxide.

Last but not least, Terachi et al. have identified a nickel enrichment at the metal/oxide interface
of 316 under simulated PWR primary conditions, as shown in Fig.3.1 (a), (b) and (c). The nickel
enrichment at the metal/oxide interface is somehow more than twice that of its bulk concentration
in the matrix [14]. This phenomenon is also observed before in nickel-based alloys [15], there the
mechanism or the explanation is based on the diffusion of chromium to form a chromium-rich oxide
and thus the chromium depleted area is below this layer. Consequently, nickel enriches at oxide/ metal
interface.
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(a)

(b) (c)

Figure 3.1: TEM/EDS analysis of an oxide film formed on 316L under simulated PWR primary water
at 320◦C for approximately 500 hours : (a) TEM elemental maps of oxygen, iron, chromium, and
nickel; (b) EDS line scan (shown in (a) leftmost figure) profiles penetrates the oxide film; (c) EDS
analysis for chemical composition of the oxide and the matrix (A, B, C and D shown in (a) leftmost
figure) [14].

.

3.1.A.2 Structures

The structure of the oxide formed on the 316L stainless steel under primary PWR conditions is a
spinel structure, which can be proved by a XRD analysis shown in Fig.3.2. No peak of hydroxide or
corundum was observed, and hence the oxide film consisted only of the spinel structures.

Figure 3.2: XRD analysis of 316L formed under PWR simulated conditions, 320◦C, 380 hours [10].
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3.1.A.3 Morphology

The morphologies of the oxide film formed on 316L austenitic stainless steel under primary PWR
conditions have also been investigated for a long time [4, 8]. The iron-rich outer oxide, formed on top
of the original alloy and grows outwards in the solution; while the Cr-rich inner oxide is growing into
the original alloy surface.

The outer layer is considered porous and loosely adherent, it is mainly in the form of crystals or
crystallites depending on the size. Generally, they show a well-defined polyhedral shapes. However
the sizes and the densities are related to plenty of parameters: content of Cr, corrosion process, etc.
In general, the crystal size varies from hundreds of nanometers to several micrometers. The inner
oxide is a non-porous, tightly adherent layer, considered as a compact structure [5]. This thin inner
chromium-rich layer plays an important role on the passivity of stainless steel. It is often regarded as
the protective layer.

The equivalent thickness of the oxide film of 316L formed under primary PWR conditions is nor-
mally from 200 to 500 nm, whereas the passive film formed on it at ambient temperature is only a
few nanometers [11]. It depends on the temperature of the environment and also the duration spent
at this temperature.

As represented by Terachi et al. [10], a TEM/EDS analysis, Fig.3.3, on the cross-section of the
oxide film on 316L under simulated PWR primary conditions. It illustrates the double layer structure
oxide film:

• Fig.3.3 (a) clearly shows the difference in crystal size between outer and inner layer: the outer
layer has big polyhedral shape particles while the inner layer is actually formed by extreme fine
particles.

• Fig.3.3 (b) indicates that the oxide film formed is a spinel oxide: the spot pattern for outer
layer (upper figure) and the ring pattern for inner layer (lower figure). They both match spinel
pattern, however the different sizes of particles cause the divergence in the pattern.

• Fig.3.3 (d) gives the EDS analysis on a selected zone (indicated in (a), a zoom image in (c)) for
estimating the chemical compositions: more chromium-rich oxide formed in the inner layer and
the outer layer is mainly iron-rich.

In summary, we consider that the outer oxide layer is iron-rich and discontinuous; the inner layer
is continuous and rich in chromium oxide, as depicted in Fig.3.4, which shows a simplified schematic
view of the oxide film formed on 316L under simulated PWR primary conditions.

3.1.B The Mechanism of Oxide Formation

3.1.B.1 Formation of the Outer Layer

Lister et al. [2] have proposed and established a mechanism model of the oxide formation on austenitic
stainless steel. More precisely, it focused on the outer layer formation. It relates the formation of the
oxide layer to the corrosion products release. Among Fe, Ni and Cr, Fe is the easiest cation which can
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(a) (b)

(c) (d)

Figure 3.3: TEM and EDS analysis of 316L formed under PWR simulated condition, 320◦C, 380 hours
: (a) TEM image of both layers; (b) Electron diffraction pattern; (c) A zoom TEM image in inner
layer; (d) Estimated chemical composition [10].

.

Figure 3.4: Simplified diagrammatic sketch
of cross section of the oxide film on 316L
austenitic stainless steel under simulated
PWR primary water [10].

Figure 3.5: Schematic diagram of the mecha-
nism model from Lister et al. [2].

75



CHAPTER 3.

diffuse through the oxide and be released into solution [16]. Therefore, the model proposed by Lister
has ruled out the Ni and Cr release under consideration. The release of iron can be divided into three
directions:

• release to the water;

• take part in the precipitation/re-deposition process of the iron-rich outer layer;

• diffuse through and be fixed in the chromium-rich oxide at the metal-oxide interface;

According to Lister, the outer layer can not be formed in corrosion product free water. Moreover,
once the inner layer of chromium rich layer has been well established, the outer layer may be suppressed
[2]. On the contrary, if the water is saturated with corrosion products, the scale of iron and nickel
oxide in the outer layer will become important. Evidence has been found for the Nickel alloy 690, the
dissolution or iron and nickel from the alloy prevails even at the very beginning stage of corrosion [17].
Similar results for 316L stainless steel are pronounced [18], the presence of the outer layer can be
found in a extremely short duration after exposed to the environment.

The re-deposition process of the outer layer has been explained by Berge [19]. It is considered
that the growth of magnetite crystallite on the surface is actually from the decomposition of ferrous
hydroxide in aqueous solution at high temperature, through the Schikorr Reaction Eq.3.1.

3Fe(OH)2 � Fe3O4 +H2 + 2H2O (3.1)

It formally describes the conversion of the Fe(II) hydroxide into Fe(II, III) oxide, whereas Fe(OH)2
appears to be unstable above 85◦C [20]. Though under PWR primary water, the existence of nickel
hydroxide have both been found [21–23]. Therefore, through the same type reaction of Schikorr
reaction, the spinel oxide nickel ferrite can be formed with magnetite as precipitates on the outer layer
during the re-deposition process [24].

3.1.B.2 Formation of the Inner Layer

Recently, with the observation of nickel enrichment in the oxide/metal interface [14, 25], Lozano-Perez
et al. [25] have explained the oxidation process for the inner layer into three steps:

1. chromium oxide starts to be formed when oxygen diffuses in and iron diffuses out while nickel
stays static, the growth of inner and outer oxide layer inward and outward, respectively;

2. chromium oxide grows and pushes away nickel when the atomic concentration of oxygen reaches
above 20%, and result in accumulation of nickel at the oxide/metal interface;

3. when the atomic concentration of oxygen is about 30%, nearly no nickel remains in the oxide
while chromium oxide keeps growing.

It implies the oxidation of the inner layer is initially incomplete until it pushes aways all the nickel
from the inner oxide and then forms a real chromium oxide.
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In addition, Perrin et al. [26] have explained the growth of the inner oxide layer is due to oxygen
diffusion along the grain boundary of the oxide.

In conclusion, the formation of the oxide layers can be divided into two parts: the re-deposition
process of the iron oxide for the outer layer; and oxidation process of the chromium for the inner
layer. The diffusion of oxygen along the grain boundaries of the oxides may play a significant role
in the kinetics of the process. It may be emphasised that this mechanism is mainly observed in high
temperature oxidation. It is completely different from the formation of the oxide layer on stainless
steel at room temperature which is well described by the Point Defect Model.

3.1.B.3 Point Defect Model

The Point Defect Model (PDM) was proposed and has been well developed by MacDonald [27, 28].
It recognizes both the growth of the barrier oxide layer into the metal via the generation of oxygen
vacancies at the metal/film interface and the dissolution of the barrier layer at the film/solution
interface.

As verbalised in Fig.3.6(a), the PDM model bases on bilayer passive film formed on the metal
surfaces, which is highly disordered. The outer porous precipitated film may incorporate with anions
and/or cations in the solution. Between the inner passive film and substrate alloy, the transmission of
ions is also possible, and may even pass through the barrier layer. Simple cation vacancies are produced
at the film/solution interface, then are consumed at the metal/film interface. Anion vacancies are
formed at the metal/film interface and consumed at the film/solution interface.

Further explanation of PDM has been delineated in Fig.3.6(b), it separates the process into three
cases:

• The cation vacancy can be produced via Mott-Schottky pair reaction and may also be autocat-
alytic generated. If the annihilation reaction is not capable of consuming all the cation vacancies
arriving at the metal/film interface, they will condense and eventually lead to the local detach-
ment of the film.

• The regeneration of isolated oxygen vacancies may be caused by the submergence of cation vacan-
cies into film. Besides, the anion-catalysed generation of cation vacancies at the film/solution
interface can also penetrate into the film. As a result, vacancy condensation occurs at the
metal/film interface.

• The oxygen and cation vacancies may remain on the surface and finally coalesce to destroy the
lattice at the film/solution interface.

Combining these processes, a layout of different stages of pit nucleation is represented in Fig.3.6(c).
At steady-state, a balance is established between the film formation at the metal/film interface and
the dissolution at the film/solution interface. With the condensation of vacancies, the film will grad-
ually detached locally from the metal. When the film ruptures, more metal dissolves into solution.
Afterwards, the competition occurs between the re-passivation and stable pit growth.

77



CHAPTER 3.

(a) (b)

(c)

Figure 3.6: Schematic sketch of Point Defect Model: (a) process of bilayer passive film formation on
the metal surfaces; (b) proposed reactions leading to cation vacancy condensation at the metal/film,
film/solution interfaces and eventually the passivity breakdown; (c) cartoon outlining various stages
of pit nucleation according the PDM [27].

.
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A recent study of MacDonald [29] has demonstrated that the potential drop across the metal/film
interface decreases linearly with increasing film thickness. And this potential drop is actually responsi-
ble for the oxygen vacancy formation reaction. In other words, the thinner the film, the easier oxygen
vacancy formation occurs. However, this conclusion is dragged out when the oxygen vacancies are the
dominant defect within the film.

In conclusion, the PDM describes metal/film/solution system under a steady state. Point defects
like oxygen, cation, anion vacancies and interstitial cations can be generated, transported and con-
sumed under the influence of concentration and potential gradient in the oxide and its boundaries
with metal and solution.

3.1.B.4 Corrosion Kinetics

The thickness of the oxide layer and average crystallite size increase with exposure time to the primary
PWR water environment [4].

Figure 3.7: Oxide thickness (◦) and average
crystallite size (•) as a function of exposure
time: upper zone polished surface; lower zone
pickled zone [4].

Figure 3.8: Oxide thickness versus exposure
time (polished surface), crystallite size has
been taken into account after 24 hours in same
scales for thickness [4].

Fig.3.7 & Fig.3.8 show the increase of thickness and average crystallite size of 304 with exposure
time under high temperature coolant. Due to the similarity of composition between 304 and 316, the
conclusion obtained on 304 can also be adapted to 316L. In the first 10 hours, the initial nucleation
and growth of both outer and inner layers take place very rapidly. As a result, both thickness and
crystallites size increase sharply and reach a first maximum. Between 10 to 24 hours, the dissolution
and the growth of the outer oxide film compete with each other, thus the curve somewhat decreases.
From 24 to 48 hours, the thickness and crystallite sizes increase sharply again. Afterwards, the increase
of nucleation and growth of the oxide film is stabilised. At this time, the overall growth of the oxide
can be considered as a dynamic balance between precipitation and dissolution.

Tapping et al. [4] have estimated an expression for the corrosion rate, Eq.3.2 where d is the
equivalent thickness of the oxide, kp is the appropriate rate constant, t is the duration of exposure
and n = 0.53:
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d = kpt
n (3.2)

Since the value of n was close to 0.5, Tapping et al. considered that the growth kinetic of the
oxide film has a parabolic character. Thereby, Terachi et al. [10] have used the parabolic equation, as
written in Eq.3.3, in which d and t have the same definitions, whilst kp is the parabolic rate constant.

d2 = 2kpt (3.3)

Indeed, this equation corresponds to a growth mechanism with a rate limited by diffusion. The
formation of the outer layer is considered as a re-deposition process of iron, nickel and chromium
dissolved in solution due to general corrosion of stainless steels. It grows with outward diffusion of
metal. Reversely, the inner layer is a protective, mostly chromium oxide, formed spontaneously on
the metal surface. It grows with inward diffusion of oxygen.

3.1.C The Electronic Properties of Oxide Film

The oxide film formed on the austenitic stainless steel is often regarded as semiconductor under primary
PWR conditions.. Many studies have been done in this domain and hence the electronic properties
have been well described [3, 7, 13, 30–32].

The characterisation of electronic properties, also called semiconducting properties, can be inter-
preted by capacitance measurements (Mott-Schottky approach) and photoelectrochemical measure-
ments [30].

3.1.C.1 Capacitance mesurements (Mott-Schottky approach)

The capacitance behaviour of a passive film-electrolyte interface is similar to the one of a semiconductor-
electrolyte interface, and the semiconductor-electrolyte interface is equivalent to that of a semiconductor-
metal Schottky junction. The effect of the applied electrochemical potential U on capacitance value
is described by the Mott-Schottky equation [33]:

1

C2
=

1

C2
H

+
1

C2
SC

=
2

εε0qNq

(
U − UFB −

kT

q

)
(3.4)

The measured capacitance includes two parts: CSC , space charge capacitance, is related to the
applied potential (U) through the classical Mott-Schottky equation; the other is CH , the contribution
of the Helmholtz layer capacitance, which can not be neglected if the passive film is considered as
heavily doped. In Eq.3.4, Nq is the density for donor and acceptor, ε the dielectric constant of the
passive film, ε0 the vacuum permitivity, q the elementary charge (-e for electrons and +e for holes),
k the Boltzmann constant, T the absolute temperature and UFB the flat band potential. From the
slope and the intercept given by the plot between C−2 and U , the doping density and the flat band
can both be determined, respectively. Furthermore, the characteristics of the semiconductor can also
be obtained.

Noting that for the study of electronic properties, U is usually used as the applied potential while
in most corrosion studies, E is always regarded as the corrosion potential.
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3.1.C.2 Photoelectrochemical measurements

The photoelectrochemical behaviour of the oxide film is examined by determining the photocurrent,
generated under illumination, as a function of the incident light energy [7, 13]. The Gärtner model [34]
is the most used calculation together with some simplifications [35], such as neglecting the contribution
to the photocurrent of the hole-electron pair formed in the bulk region. Therefore, the quantum
efficiency η, the ratio between the photocurrent (Iph) and the incident photon flux Φ0 can be expressed
by the Eq.3.5:

η =
Iph
Φ0

= qAw
(hν − Eg)n

hν
(3.5)

where A is a constant, q the elementary charge, w the space charge layer thickness, Eg the band
gap energy and hν the photon energy. The value of n depends on the type of transition between the
valence band and the conduction band. It is actually corresponds to indirect transitions in crystallised
solids and to non-direct transitions in amorphous materials. In the case of passive films, the value of
n is linked to indirect transitions in crystalline band structure model, and the most appropriate value
is equal to 2 obtained by the analysis of the photocurrent spectra.

It has been pointed out that the photocurrent spectra depends on the oxidation time [36]. The
increase oxidation duration can cause a higher disordered structure of the oxide and results in a
decrease of photocurrent.

3.1.C.3 The Electronic Structures

Fig.3.9 shows the basic electronic properties of the oxide film formed on 316L in a high temperature
environment, (a) is for the capacitance measurement and (b) is for the photoelectrochemical behaviour,
they describe:

(a) (b)

Figure 3.9: Electronic characteristic of the oxide film formed on 316L austenitic stainless steel after
2000 hours exposure at 350◦C under a simulated primary PWR environment : (a) Plot of 1/C2 (Mott
Schottky plot) as a function of applied potential U, at 1580 Hz; (b) Plot of (ηhν)0.5 versus the incident
light energy hν [7].

.
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• Fig.3.9(a): The positive slope in the region above −0.5 V indicates n-type semiconductiong
properties; otherwise, the negative slope in the region below this potential meaning p-type
semiconducting properties. Linking the two types of spinel oxide to the electronic properties,
it has been demonstrated by Hakiki et al. [12] that the inner Cr-rich layer is p-type and outer
Fe-rich layer on the other hand is n-type. They have well described the capacitance behaviour:

1. the oxide film can take up ions and electrons from the metallic substrate, and cause a space
charge region raised up at the metal/oxide film interface;

2. the oxide film can produce a second space charge region on contact with the electrolyte.

Therefore, this electronic structure is often regarded as a classical heterojunction [33]. The
existence of both positive and negative slopes in the capacitance plot demonstrates the double
structure of the oxide film formed on the 316L stainless steel. At about 0 V, another change can
be noticed, which is considered as an important feature of the Mott-Schottky plot. It implies the
existence of a second donor level for the n-type, formed by Fe2+ ions placed in the octahedral
sites of the unit cell of the spinel oxide.

• Fig.3.9(b): The band gap energy obtained from the intercept of the straight line with the photon
energy axis, which is about 2.3 eV for the passive film at room temperature, 2 eV for the thick
passive film formed at high temperature. This slight difference here may mostly due to the
higher iron oxide content [7]. The best fit for the band gap energy is a Fe-Cr oxide, FeCr2O4,
however its theoretical value is actually 3.0 eV [37]. It is explained that the decrease may due
to the presence of Fe(II) in the FeCr2O4 [38].

Furthermore, the n-type Fe-rich oxide and the p-type Cr-rich oxide are represented as inverse and
normal spinel oxides, respectively. They are not immiscible, thus a significant difference can be noticed
between inner and outer layer [5].

Based on the thesis study of Marchetti-Sillans [24], it was demonstrated that Cr2O3 and Ni1−xFexCr2O4

formed under primary PWR conditions are n-type semiconductors.

As mentioned, the electronic structure of oxide film can be regarded as a p-n heterojunction. It
is composed of a p-type Cr-rich oxide at the metal/film interface and a n-type Fe-rich oxide at the
oxide/electrolyte interface. Fig.3.10 represents this electronic structure in two cases, one is for applied
U less than flat band potential, the other is the inverse case:

• U < UFB: Inner chromium rich layer is served as Schottky barrier showing the p-type semicon-
ductivity, which means the inner layer is in a dominant position while outer iron rich layer is in
a condition of accumulation ohmic contact;

• U > UFB: Outer iron rich layer take the dominant, thus the oxide act as the n-type semicon-
ductor whilst inner layer is in the condition of accumulation ohmic contact.
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(a) (b)

Figure 3.10: Schematic sketch of the electronic structure model of oxide film formed on 316L: (a) U
< UFB (≈ −0.5 V); (b) U > UFB (≈ −0.5 V) [13].

.

3.1.C.4 Difference between Thick and Thin Passive Films

Considering the semiconducting properties of oxide film, one often distinguishes either the passive
film as thick or thin, even though they show very similar electrochemical behaviours, as portrayed in
Fig.3.11. For the same alloy, the passive oxide film is thicker when it is formed at high temperature
than at room temperature under the same environment. In general, chromium oxide is often referred
as the passive film for stainless steel.

One explanation for the difference between these passive oxide film is linked to their carrier con-
centration, or doping density, in which thin passive film formed at room temperature is much higher
than the thicker one formed at higher temperature like in primary PWR conditions [13].

Figure 3.11: Plot of 1/C2 as a function of applied potential U on stainless steel: an thick passive
film formed at high temperature in aqueous environment; a thin passive film formed at 0.6 V/SCE in
borate buffer solution at room temperature [13].

Another explanation [31] relates this difference to the iron ions transport process through the
inner chromium layer from the alloy. For oxide film, both Fe2+ can transport over tetrahedral and
octahedral sites in the inner spinel oxide. However, when Cr content is high, which is the case for thin
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passive film, chromium will certainly occupy most of the sites in the spinel and leave the transport
of iron only through the grain boundaries. Nevertheless, the oxygen transport is always favoured by
both passive films.

In addition, the transport of iron ions also links with the conductivity in the inner layer. The
hopping conduction in the octahedral sites caused by Fe2+ may turning back the normal band con-
duction with a high content Cr in the spinel. These may explain the slight difference in semiconducting
behaviours between the thick and thin passive films.

Briefly, studying the electronic structure is a good way to get a better understanding of the oxide
film formed on the alloy. In our case, the oxide film formed on austenitic stainless steel 316L under
primary PWR conditions reveals semiconducting properties, reflected as a p-n heterojunction.

3.1.D Influence of Different Parameters on The Oxide

Many parameters can influence the oxide film formed on 316L under PWR primary conditions. Some
of them have direct effect on the oxide film, others may affect the electrochemical behaviour formerly
and then influence the oxide film afterwards.

However, the basic double layer structure, the main composition and the basic electronic structure
for both inner and outer layer will not change tremendously.

3.1.D.1 Influence of Boron and Lithium

The presence of boron and lithium in the primary PWR water are well-known for their role in neutron
capture and adjusting pH, respectively. Concerning the oxide film formed on the 316, their influences
are not so noticeable.

Boron The presence of boron dose not affect the oxide formed on stainless steel such as 316L [39].
As shown in Fig.3.12 [10], the oxide structure were considered as the same for both [B]=500 ppm and
[B]=2300 ppm, which can lead to a different pH for both cases. Nevertheless, a NanoSIMS analysis [40]
has otherwise demonstrated the boron tends to accumulate in the Cr-rich oxide, next to the interface
of inner and outer layer. The absence of boron traces in other analysis [25] may be explained by
the preparation process which can somewhat influence the outer part of oxide layer. Indeed, their
extremely low concentration in the oxide film may also be another explanation.

Lithium The presence of lithium atoms on the oxide of stainless steel on the other hand has been
proven by using the technique of Atom-Probe Tomography (APT) [25]. In Fig.3.13, the rose points
represent the lithium atom detected by APT: they can be traced throughout the oxide to the oxide-
metal interface. The presence of Li atom can be correlated to the CrO2, as demonstrated in Fig.3.13
(d), nevertheless the concentration of Li was quite low, 200ppm. It was considered that Li atoms
incorporate into the Cr-rich oxide and it may be explained by the changes in oxide conductivity when
varying the Li content in the water [41].

84



3.1. THE OXIDE ON 316L FORMED UNDER PRIMARY PWR WATER

Figure 3.12: TEM images and EDS analysis on oxide film formed on 316 stainless steel under primary
PWR water with 2 ppm Lithium and 30 cc/kg dissolved hydrogen at 320◦C: [B] = 500 ppm (left) and
[B] = 2300 ppm (right), [10].

Figure 3.13: APT reconstruction demonstrating "atom by atom" on oxide formed on stainless steel
316L under primary PWR condition: (a) the cap and sub-interface oxides; (b) top-view of sub-interface
region removing the cap oxide; (c) sub-volume showing the detected species taken form the cap-oxide-
metal interface, square region in figure(a); (d) concentration profile across the oxide-metal interface
using Proxigram analysis [25].
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3.1.D.2 Influence of pH

Recent studies [42, 43] were performed on the oxide film formed on the nickel-based alloy and the stain-
less steel 304 at high temperature in aqueous solution and borated and lithiated water, respectively.
For the stainless steel under primary PWR water, they show that in the safe E-pH zone (pH300◦C be-
tween 7.7 and 9.1), the density and the size of crystallite (Fe-rich oxide) decrease with the increasing
pH while the composition of the inner protective layer (Cr-rich oxide) is nearly not affected.

However, the influence of pH cannot be simply dragged out, because it depends on other parame-
ters, such as temperature, the aqueous chemistry, etc.

According to Montemor et al., chromium decreases in the oxide film formed on 316L and nickel
based alloy in high temperature aqueous environment, from pH 8 to 10 [13]. They say that the pH effect
does not change the double layer structure of oxide film. However, the composition may be somewhat
affected. Iron content in the oxide film seems to increase with the increasing pH. Consequently, the
chromium concentration decreased in the oxide film leads the oxide film less protective. The same
conclusion was made for alkaline media at room temperature, in which pH varies from 9 to 13 [44].

Carmezim et al. [45] have studied the electrochemistry, the composition and the semiconducting
properties of the passive film on austenitic stainless steel 304 at room temperature under different
environments contain NaOH, KOH and H2SO4 separately in order to achieve different pH, 4.5, 8 and
0.6. They demonstrate that:

• Corrosion potential (Ecorr) becomes more anodic as pH decreases. Corrosion current depends
on pH slightly and it increases with the decreasing pH.

• Chromium oxide strongly depends on the acidic condition, the content of Cr(III) oxide in the ox-
ide film decrease dramatically with the increasing pH, revealing that an enrichment of chromium
oxide in a more acid environment. Subsequently, iron oxide enriches when the solution is less
acid. In other words, the ratio of Cr/Fe increase significantly with the decreasing of pH, at pH
= 0.6, the film is nearly all chromium oxide.

• The capacitance behaviours are different at pH= 4.5 and 8, and the difference is mainly related
by the donor density, ND, it augments with the pH. Therefore, the film is enriched in iron oxide
with the increasing pH while the chromium oxide gradually decreases, which is in accordance with
the composition study. Nevertheless, pH at 0.6 seems to be too acid to perform a capacitance
measurement.

In brief, the influence of pH can be based on the different temperatures and various environments.

3.1.D.3 Influence of surface state

Surface state is an important parameter which can affect the oxide film, more precisely, the substruc-
ture under the oxide film. The presence of a recrystallised area under oxide layer has been reported [46].
The surface state, either polished or ground can influence this recrystallised area.

The metal under the oxide layer is recrystallised in a fine elongated nano-grains structure, as
pictured in Fig.3.14. The study was done for 304L, but it can also be adapted to our case, 316L.
When the surface is rough, the recrystallised area is larger and the oxide layer is relatively thinner.
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(a) (b)

Figure 3.14: Diagrammatic sketch of the oxide formed on a 304L sample under simulated PWR
primary water at 340◦C for 500 hours: (a) polished surface; (b) ground surface [46].

.

As already shown by Tapping et al. in Fig.3.7 [4], the thickness of oxide layer is much higher for
polished samples than pickled ones at same exposure time.

3.1.D.4 Influence of Chromium Content

The chromium content in stainless steel causes several related consequences:

• the size of crystal formed on the outer layer;

• the thickness of oxide film;

• the chromium content in the protective oxide scale;

• the corrosion rate.

Figure 3.15: SEM images of oxide film after immersion in the primary PWR water at 320◦C for 380
hours [10].

Fig.3.15 demonstrates that bigger size of crystal for lower content of chromium. At 5% of Cr, the
big crystals may have 4 to 5 µm, and for 316L which has nearly 16% of Cr, the crystal sizes seem to be
less than 1 µm. Fig.3.16 shows the relationship between the total oxide film thickness and Cr content
which appears to be linear decrease. Other than the morphology and thickness, Fig.3.17 shows that
the structure of the spinel oxide may also be affected by chromium content. The peaks shift gradually
from Fe3O4 to FeCr2O4 with the increase of Cr% in the alloy.
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Figure 3.16: Oxide film thickness as a function
of Cr content: formed under primary PWR
water at 320◦C for 380 hours [10].

Figure 3.17: XRD analysis of 316L formed
under PWR simulated conditions, 320◦C, 380
hours: diffraction peaks of the spinel structure
for different Cr% content alloy [10].

(a) (b)

Figure 3.18: The effect of chromium content on the corrosion rate : (a) the parabolic rate constant as a
function of Cr% in the alloy under simulated PWR primary condition at 320◦C for 380 hours [10]; (b)
average corrosion rate of steels as a function of Cr%, in boric acid solution at different temperatures
[39].

.
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Fig.3.18 (a) & (b) on the other hand give the proof that average corrosion rate decreases with
chromium content in the alloy [10, 39]. (a) demonstrates the relationship between Cr% and kp, which
is the parabolic constant in the Eq.3.3. (b) shows directly the corrosion rate of various steels at dif-
ferent temperatures all decrease with chromium content in the alloy. In other words, more chromium
in the alloy results in a lower global corrosion rate.

Briefly, the increase of Cr content in the alloy leads to a decrease of oxide film thickness. And
the chromium content of the protective oxide scale increased with chromium content in the alloy [10].
Furthermore, the inner chromium-rich layer may not be a continuous and compact structure when
Cr% in the alloy is lower than 10% [47]. In summary, the increase of Cr content in the alloy mitigate
the corrosion rate. Therefore, in the aspect of corrosion, it is a beneficial effect.

3.1.D.5 Influence of Stress and Strain

Stress and strain have strong influences on the oxide film, and stress cracking corrosion (SCC) suscep-
tibility of austenitic stainless steel can also be traced back to them.

The electrical resistance of oxide film increases with the strain level [8]. Fig.3.19 shows the stress/
strain curve and the dependence of the average contact resistance of the oxide film on 316L on the
strain level. It can be identified into three steps of strain levels, 0 - 0.03, 0.03 - 0.08 and 0.08 to 0.18

the end of the experiments showing in the figure:

Figure 3.19: Normalised film electrical resistance (left) and stress (right) as function of strain level on
stainless steel 316L without cold work, strain level up to 0.18 [8].

• The first maximum of film electrical resistance at strain level around 0.03, is actually correlated
to the increase of Cr(III) concentration in the inner oxide layer [48]. Töpfer et al. [49] have
explained this phenomenon by the conductivity of the inner layer which can actually control and
affect the transport of ions and charge through the whole oxide film. As mentioned before, the
conductivity decreases with its Cr content in the inner layer and hence the resistance increases.

• The decrease of film electrical resistance at strain level between 0.03 and 0.06, is linked to the
decrease of Cr content in the whole oxide film [50]. It can be explained by the increase of the
density of both donors and acceptors and leads to an increase in conductivity and thus a decrease
in resistance [51].
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• The last increase above 0.08 strain level is possibly linked to artefacts of the measurements [8].

In short, the inner layer seems to be more sensitive to the mechanical stress than the outer layer.
Furthermore, it also shows that stress may enhance the vacancy concentration in the oxide layer and
leads to an augmentation of conductivity [51].

The morphology and thickness between stressed and unstressed oxide film are quite similar.
Though the size and the density of grains are relatively bigger on the unstressed oxide film, and
thus result in the difference of the thickness. With the presence of cold work (CW), it may enlarge
the slight difference [8].

The composition of oxide film is influenced by the stress. For the inner layer, the content of Cr(III)
is higher in the unstressed and without cold work surface. It is because the transpassive dissolution
of chromium may be enhanced by the strain. For the outer layer, the ratio of Fe/Ni is much higher
for the stressed surface than the unstressed one while the cold work does not seems to affect the outer
layer significantly. It is thought that the Fe dissolution has also been enhanced by the strain and thus
more iron will be deposited on the outer layer.

On the other hand, a recent study [11] says that due to the cold work, the inner Cr-rich oxide is
discontinuous, and hence the cold worked materials are less protected. This conclusion is in accordance
with the previous interpretation of composition.

Thereby, the susceptibility of SCC can be enhanced by strain hardening. It increases with the
increasing cold work and localised plasticity [11, 52]. More precisely, IGSCC is enhanced by strain
localisation [53].

3.1.D.6 Influence of Temperature

Temperature is always an important parameter which has a strong effect on the oxide formed. With
increasing temperature, the double structure of the oxide film is not affected while the thickness will
increase sharply.

Secondly, temperature influences the open circuit potential. With an increase of temperature, the
open circuit potential may shift either to a more negative or more positive value until it reaches a
steady state, respectively. It has been shown that in lithiated water containing H2, the open circuit
potential goes down [3] while it goes up in a borate buffer solution [31].

Fig.3.20 (a) & (b) illustrates the temperature influence on semiconducting properties [3, 31], (a)
is for capacitance measurements and (b) is for photoelectrochemical results.

Temperature (◦C) ambient 50 150 250 350 450
ND (1020 cm−3) 2.5 2.6 1.5 0.9 0.5 0.3
NA (1020 cm−3) 2.8 2.7 2.3 2.3 2.2

Table 3.3: Donor and Acceptor densities (ND & NA) of oxide film formed on 304 stainless steel at
different temperature, using the dielectric constant ε = 12 for the calculation [3, 31].

In Fig.3.20(a), it can be noticed that:

• The electronic structure for the oxide film formed on austenitic stainless steel does not changed
with the increasing temperature: inner layer, chromium rich oxide, with a p-type semiconductiv-
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(a) (b)

Figure 3.20: The effect of temperature on electrochemical behaviour of oxide formed 304 stainless steel
in the temperature range from 50 to 450◦C, with the presence of passive film formed at 0.8 V/SCE
in borate buffer solution : (a) plot of 1/C2 as a function of applied potential U; (b) plot of (ηhν)0.5

versus the incident light energy hν [31].

ity; outer layer, iron rich oxide, n-type semiconductor. It is still a classical p-n heterojunction,
the flat band energy stays at −0.5 V.

• According to the plot and Eq.3.4, estimation of donor and acceptor densities can be done, as
exhibited in Tab.3.3. The donor density, ND, depends on the temperature during the oxide
formation, whereas the acceptor density appears to be indifferent. Note that the ND for passive
film is actually close to the one for oxide film formed at 50◦C.

• Due to the decrease of ND, the transport of Fe2+ seems to be less important through the oxide
film and result in an increase of Fe3+ content in the film. In another word, the ratio of Fe3+/Fe2+

increases with the temperature of oxide formation.

• The break at 0 V remains with the increasing temperature, it is considered as a second donor
level formed by Fe2+ ions placed in the octahedral sites in the spinel as mentioned previously.
The oxide film can be thought as a semiconductor electrode containing multiple donor level in
the bandgap. The changes in the slopes from 150◦C to higher temperature, imply that a decrease
of the concentration of Fe2+oct in the oxide film, especially between 150 to 250◦C.

• The thickness of space charge layer, W, can also be estimated by the expression:

C = εε0/W
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where the definition for C, ε, ε0 are the same as in Eqs.3.4 & 3.5. It has been concluded that the
space charge layer in the outer region is closely related to the thickness of iron oxide, meaning
the outer oxide layer. Meanwhile, the space charge layer is independent of either the thickness
and the temperature. It seems that the inner thickness is not relevant with the temperature of
oxide formation.

The quantum efficiency (η) increases with the temperature during the oxide formation, shown in
the Fig.3.20(b). As expressed in Eq.3.5, no wonder it augments with the increase of space charge
layer, W, and it is the case when temperature rises. The band gap energy is the same for all the
temperatures, 2.3 eV, which is also the same value for thin passive film. However, a peak become
more significant at about 1.9 eV with the increasing temperature which is associated with transitions
from the valence band to the second donor level in the bandgap. Together with the capacitance results,
the second donor level is formed by Fe2+ place in the octahedral sites in unit cell of the spinel oxide.
The intenser peaks imply that the content of Fe2+oct in the oxide film decreases with the increasing
temperature. It is in agreement with the capacitance measurements.

The explanation for the increase of quantum efficiency (η) is related to the donor density. The de-
crease of donor density with temperature also decrease the film defects, and subsequently decrease the
electron-hole recombination processes. Therefore, the quantum efficiency (η) become more significant
at higher temperature.

3.1.D.7 Influence of Dissolved Hydrogen

The dissolved hydrogen plays an important role on the oxide formation under PWR conditions. In
general, it can be distinguished into two parts: the oxide film itself and the electrochemical behaviours
of 316L .

The structure and composition of oxide film is not affected by the dissolved hydrogen in the
solution, nevertheless the thickness and the corrosion rate of oxide layer appear to increase with
dissolved hydrogen [10].

Cation diffusion in the oxide needs to be brought into consideration. According to Dieckmann
[49, 54], cation vacancies and cation interstitials are the majority defects at high and low oxygen
activities, respectively. The oxygen activity dependence of the tracer diffusion coefficient in magnetite-
based spinels can be written as Eq.3.6.

D∗Me = D0
Me(v)P

2/3
O2

+D0
Me(I)P

−2/3
O2

(3.6)

Based on this diffusion equation, V-shaped curves can be obtained in D∗Me. Fig.3.21 illustrates the
diffusion rate of Fe at 320◦C. And as concluded by Dieckmann, the diffusion of Cr and Fe are governed
by cation vacancies at high oxygen activities; otherwise, they are governed by cation interstitials at
low oxygen activities. However, in the same conditions, the diffusion of Fe is much more significant
than that of Cr.

As explained, when the partial pressure is relatively low, DFe(I) takeover the dominant position
for iron cation diffusion in the spinel which is actually enhanced by the increasing dissolved hydrogen.
Therefore, the corrosion rate increased by dissolved hydrogen might be caused by this augmented
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Figure 3.21: Diffusion rate of Fe in spinel oxide versus oxygen partial pressure, calculated for
metal/oxide and oxide/oxide interfaces at 320◦C [10].

interstitial iron diffusion in the spinel.
From the point view of electrochemical behaviour, there is no direct study the effect of dissolved

hydrogen on stainless steel. By comparing with the low-alloy steel [55], and the Alloy 600 [56], several
points should be noticed:

• With the increase of dissolved hydrogen, the corrosion potential, Ecorr becomes more negative;

• With the increase of dissolved hydrogen, cathodic process can be promoted and result in a higher
critical and passive current. Therefore, the protective performance of the oxide film can drop
dramatically;

• With the increase of dissolved hydrogen, ion diffusion is much easier and the iron release rate
may increased as a consequence, and the corrosion may be accelerated subsequently;

• With the increase of dissolved hydrogen at high temperature, more H2 diffuses through the
porous outer layer and comes into the inner protective layer. The more it reacts with, the
less stable the oxide film will be. The decrease of stability of oxide film may also enhance the
corrosion rate.

3.1.D.8 Influence of other parameters

Other parameters than those detailed before (boron, lithium, pH, dissolved hydrogen, etc.), have
influence on the oxide film formed on 316L under primary PWR conditions, such as the dissolve
oxygen, Mo, Zn, etc.

Dissolved Oxygen With the increase of dissolved oxygen in high temperature water, spinel oxide
seems to be less stable. Furthermore, Cr content in the oxide film is certainly decreased with the
increasing dissolved oxygen and the inner layer become less protective due to this Cr dissolution
subsequently [57].
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Mo For austenitic stainless steel 316L, the content of Mo in the substrate alloy is about 2 ∼ 3%.
Mo is beneficial to promote the corrosion resistance in chloride environments. The presence of Mo
brings an enrichment of chromium oxide in the film between 250◦C and 450◦C [58]. Metallic Mo is
also in the oxide/ film interface: it can act as a diffusion barrier for Fe and Cr ions in the oxide [59].
Moreover, Mo affects the oxide capacitance. With the presence of MoO2−

4 in the outer layer even in
very low concentration, the number of donors in the iron oxide decrease and hence the conductivity.
Besides, it ameliorates the defect structure cause by Fe2+ of the inner chromium oxide layer [58, 60].
Overall, Mo is a positive effect to against corrosion in chloride environments.

Zn Zn is introduced in the primary PWR water. It has been proved that Zn has a positive effect
on the release of cations in the primary medium. It can both incorporate in the inner layer and
probably form a new Zn-rich phase in the outer region. The thickness of the oxide film decrease dra-
matically with the presence of Zn. Due to the Zn hydrolysis reaction, pH can be changed, and results
in an important decrease of iron transport in the inner layer. Briefly, Zn is a beneficial element to
decrease uniform corrosion and thus to decrease the contaminations of primary circuits by corrosion
products [61].

Under primary PWR conditions, more impurities can be found, like chloride, sulphate, radiolytic
products which are quite aggressive even though the concentrations are relatively low, few ppb, in
order to avoid corrosion risks. With no doubt, the existence of chloride and sulphate can accelerate
the corrosion process and in favour of the non-protective rust formation on the outer region [62]. The
presence of the radiolytic products, such as hydrogen peroxide, only makes the corrosion issues more
seriously, enhances the probabilities of pitting and cracking corrosion [63].

In summary, the oxide of 316L formed under primary PWR water is a double oxide, chromium
rich, continuous inner layer and an outer layer is iron rich and porous. It can be regarded as a
semiconductor with a classic p-n heterojunction electronic structure. The oxide is sensitive to various
parameters during the oxidation process, like temperature, stress, pH, redox and so on.

The oxide film formed on 316L well resists the corrosion, and it is actually the case without
considering irradiation. However, in presence of irradiation, this situation can be modified, which will
be explained in the following section.

3.2 Stress Corrosion Cracking (SCC)

What is stress corrosion cracking? It is the interaction between corrosion and mechanical stress, and
it may produce failures by cracking. This type of failure is called Stress Corrosion Cracking, SCC.
It has been studied for decades, many processes have been made in order to get a better understanding
of this failure. However, the mechanisms of SCC are still under discussion.

Why is SCC so important? SCC is an insidious and tricky corrosion. It can bring a markable
loss of mechanical strength with little metal loss. In consequence, the damage of SCC is not evident
from inspection, but it can trigger mechanical fast fracture and catastrophic failure of components
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and structures. However, the occurrence of SCC acquires at least several parameters simultaneously:
a susceptible material, an environment which can cause SCC for this material and a sufficient tensile
stress to induce SCC.

There exists several basic models for the mechanism of SCC, for example:

• Active Path Dissolution: The probability of the accelerated corrosion is higher along a path
than the bulk material which is basically being passive. This path, often refers to the grain
boundary, where segregation of impurity elements can make the passivation more difficult to
occur. It implies that the whole surface of the material may still remains passive and the grain
boundaries have already been corroded. In the way, SCC may occur even without stress by
intergranular corrosion.

• Hydrogen Embrittlement: Hydrogen atoms can diffuse and dissolve in the metal, subse-
quently they will assist in the fracture of metal, start with cracks and develop to some mechanical
defaults. The cracking under this process may be either trans- or inter- granular. Nevertheless,
in the case of austenitic stainless steel, the coefficient of diffusion of hydrogen is relatively low,
thus it is thought as immune form the embitterment of hydrogen.

• Internal Oxidation: This mechanism of is actually concerned for IGSCC, proposed by Scott
and Le Calvar [64]. It occurs when atomic oxygen dissolves into an alloy at the external oxide-
metal interface and diffuses into the metal matrix to oxidise a more reactive alloying element
than the solvent metal. Under certain temperature range, it becomes intergranular internal
oxidation. In the case for cracking, the morphology of nickel separated from chromium oxide,
formed ahead of resolvable crack tips and result in the absence of solution impurities [65].

There are many types of SCC, the most discussed in recent decades, without any doubt, are the
IGSCC1 and IASCC2. The former one is the SCC without considering irradiation effects. IASCC is
otherwise with the presence of irradiation. Recently, a new name, EAC has comes into sight, which
is actually meaning Environmentally Assisted Crack. In fact, it includes all the type of SCC together
and considers their effects in the same picture, which is exact the case for primary PWR conditions.

3.2.A SCC without Irradiation

SCC without irradiation, mainly refers to TGSCC3 and IGSCC.

3.2.A.1 TGSCC

TGSCC (Trans-Granular Stress Corrosion Cracking) is related to cracks which propagate inside the
grains. It has been studied for a long time. In the case of austenitic stainless steel, it is usually associ-
ated with chloride-contaminated aqueous environments [66]. Under certain environmental conditions,
the fracture mode will tend to be intergranular [67].

1IGSCC: Inter-Granular Stress Corrosion Cracking.
2IASCC: Irradiation Assisted Stress Corrosion Cracking.
3TGSCC: Trans-Granular Stress Corrosion Cracking.
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3.2.A.2 IGSCC

IGSCC (Inter-Granular Stress Corrosion Cracking) is the most studied SCC phenomenon. Its occur-
rence in the PWRs can not be overlooked even though the observation of IGSCC in a good quality
PWR primary coolant is not so evident [68]. But one of its specific case, PWSCC4 should be men-
tioned.

PWSCC PWSCC (Primary Water Stress Corrosion Cracking) actually links to the water chemistry
in the primary circuit of PWRs. However, concerning the cracking occurrence, pH, the presence of Li/
B, impurities in the water may only bring very small changes on the crack growth. The major issue
comes form the dissolved oxygen, or more preciously the precursor of oxygen, the hydrogen perox-
ide [69]. As known, the corrosion potential, Ecorr decreases with H2 and increases with O2. With the
presence of O2, the crack growth rate increases dramatically. On the other hand, the concentration of
dissolve hydrogen also has an effect on PWSCC initiation [70]. It appears that the PWSCC initiation
time become longer with the decrease of dissolved hydrogen in the water. Fig.3.22 illustrates the effect
of dissolved hydrogen and dissolved oxygen (or H2O2) on the corrosion potential, and the correlation
of the crack growth rate and dissolved hydrogen. Both electrochemical potential and crack growth rate
decrease with dissolved hydrogen, either slightly or significantly [71]. Contrarily, the electrochemical
corrosion potential increases with the increasing O2 (H2O2).

(a) (b)

Figure 3.22: Corrosion potential evolution in the presence of H2, O2 and H2O2. (a): Crack growth
rate (left axe) and electrode potential (right axe) versus dissolved hydrogen for a 316L in a simulated
primary PWR water at 320◦C [71]; (b): Electrochemical corrosion potential versus the concentration
of O2 and H2O2 at 288◦C in BWR conditions [72].

Usually, we separate the sensitised and annealed materials for discussion due to their different
responses to SCC [67].

One of the explanations for the occurrence of IGSCC is linked to grain boundary compositions.
Bruemmer et al. [73] have demonstrated its effect on promoting the IGSCC. Interfacial chemical
composition can be changed by equilibrium and/or non-equilibrium process from the substrate matrix.

4PWSCC: Primary Water Stress Corrosion Cracking.
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As a result, segregation and depletion of alloy/impurities elements can occur, and precipitated into
second phases subsequently. Fig.3.23 shows the different parameters which can affect on the cracks.

Figure 3.23: Diagrammatic layout of crack-tip process with different aspects of IGSCC [73].

For austenitic stainless steel, the change of interfacial Cr concentration is the dominant cause to
promote IGSCC: the precipitation of Cr-rich M23C6 carbides at the interface leading a Cr depletion
in the adjacent region. The extent of the gain boundary Cr depletion can directly control the IGSCC
susceptibility of austenitic stainless steel. However, it still depends on some critical factors like the
mechanical characteristics and environmental conditions.

The characteristics of Cr depletion depends on the material fabrication and heat treatments more
precisely. For sensitised materials, they may have an equilibrium impurity segregation, among which
the most known segregant is phosphorus, P. The content can reach 10% in the grain boundary. Others
like sulphur and nitrogen may also segregate the gain boundary. The segregation of these impurity
elements can promote hydrogen-induced cracking. However, in the case of austenitic stainless steel,
it seems that the Cr depletion is not influenced by segregations [74]. For annealed materials, on the
other hand, the segregation is considered as non-equilibrium. Elements like Cr and Mo are enriched on
grain boundarys, Fe and Ni are decreased relatively. Actually, this presegregration, a non-equilibrium
and vacancy drag process with the degree of boundary enrichment, can be linked to the annealing
temperature and cooling rate during the fabrication [75, 76]. Other elements such as boron, carbon
and nitrogen may also participate in the presegregration. With the Cr and Mo enrichment in the grain
boundary, the resistance of IGSCC is enhanced.

Intergraular cracking happens to sensitised austenitic steel as well as to annealed ones. In the
aspect of electrochemical behaviours, the annealed 316L shows two ranges of potentials over which
TGSCC occurred whereas the sensitised material showed a wide range of potential for cracking and
a transition from TGSCC to IGSCC with increasing applied potential at high temperature [77]. At
high temperature, sensitised 316L show a lower strain requirement for crack initiation than annealed
ones.

On the other hand, the presence of Ni and Mo in the substrate alloy are beneficial to against the
SCC for both annealed and sensitised 316L. Especially Ni, it can be enhanced in the oxide film, and
thus the resistance to SCC can be increased [77].

There are certainly many other parameters can influence the IGSCC, the following will be a short
list of them: stress, applied potential, concentration of chloride, etc. Under a low stress, pitting,
intergranular and transgranular corrosion cracking are possible. However, under high stress, only
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intergranular cracking can be observed. It seems that IGSCC can only occur in a narrow range of
potentials, above a critical potential and just below the pitting potential [78, 79]. Pitting corrosion
on the other hand can occurs over a large range of potential, especially at higher applied potential,
only pitting corrosion can be observed. As known, the presence of chloride can bring pitting corrosion.
More preciously, with the increase of the chloride, the probability of pitting corrosion will be enhanced.
Otherwise, IGSCC will be in predominant position together with TGSCC at lower chloride concen-
tration and at more positive potential [67]. In general, the presence of IGSCC is always accompanied
with pitting corrosion of stainless steel [80].

Generally the development of a IGSCC is divided into two stages: initiation and propagation. The
crack tips which are extremely sharp and intergranular [81] is the main focus for the initiation stage.
Many researches have reported that an enrichment of Ni is observed at the grain boundary ahead of
the crack tip and beyond the Cr-rich oxide [82–84]. There also exists a B-rich region at the interface
between the oxide and the boundary caused by the B segregation to the gain boundary [75, 82]. Ox-
idation deformations can be found along the crack path and their orientations likely respect to the
propagation direction, which may play an important role. Influences as surface state, temperature,
and potential are essentially important for the initiation process. Crack propagation is based on brittle
fracture followed by localised oxidation and shearing near the crack tip [82]. The crack growth rate
actually depends on the electrochemical potential and the apparent activation energy [81, 85].

Austenitic stainless steel is not susceptible to SCC unless under the oxygenated or irradiated
conditions in PWR water. Surely, dissolved oxygen is eliminated under the primary PWR conditions,
for the sake of radiolysis and also in the aspect of preventing SCC.

3.2.B IASCC - Irradiation Assisted Stress Corrosion Cracking

3.2.B.1 Introduction

The existence of IASCC, except in nuclear reactors, is rare. During the recent two decades, many
scientists have contributed to this essentially complex subject [72, 86–91]. IASCC, a special case
of IGSCC, can be referred as intergranular cracking showing little or no ductility which can occur
in heavily irradiated structural components of nuclear reactor cores and/ or under irradiation [72].
IASCC is actually IGSCC combined with the presence of irradiation effects. The irradiation effects
can be roughly considered into two major parts: effects on the metallic materials and on the water en-
vironment. More precisely, irradiation-induced changes in microstructures and microchemical content
of alloys and also the environmental changes due to irradiation (radiolysis phenomenon) [89].

Fig.3.24 illustrates the different processes participated in the IASCC:

• Radiation & Water: the couple of radiation and water brings about water radiolysis which
has been well explained in the previous chapter, Chapter 2.

• Radiation & Material: the radiation damage on materials can lead to changes in mechanical
and metallurgical properties and subsequently in their resistances to SCC. It is generally thought
as the most important factor for IASCC.
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Figure 3.24: Diagram of different processes involved in radiation-induced stress corrosion cracking [92].

• Radiation & Stress: the combination of radiation and stress, often included in the radiation
& material, which is linked to the applied stress. The applied stress can be affected by the
dimensional changes due to creep or swelling induced by irradiation.

• Radiation & Water & Material: the presence of these three factors result in radiation corro-
sion. Indeed, the radiolytic products, the impurities in the water, may constitute an aggressive
environment and accelerator the process of general corrosion. Moreover, without the presence
of stress, the occurrence of IASCC may also possible.

• Radiation & Water & Material & Stress: when all the factors get together, it may lead to
the IASCC.

The mechanism of IASCC, the main influence parameters, the crack growth rates and so on, have
not been clarified yet. However, the effect of neutron fluence on IASCC has been established for a
long time, as illustrated in Fig.3.25. One important point is related to the fact that the cracking is
observed in BWR oxygenated water at fluence above 5 × 1020 n/cm2 (E > 1 MeV)5 while a higher
threshold about 2 × 1021 n/cm2 (E > 1 MeV) is needed in PWRs. This observation emphasises the
role of the environment.

The specific radiation-induced microstructural and microchemical changes can promote IASCC
susceptibility. Metallurgical, mechanical and environmental aspects which are considered to take part
in the process for cracking propagation, as illustrated in Fig.3.26. It can be roughly separated into
two aspects: the radiation damages on materials and the environmental changes.

5Another unit for fluence: dpa, meaning displacement per unit atom.
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Figure 3.25: Neutron fluence effects on IASCC susceptibility of type 304SS in LWR environments [90].

Figure 3.26: Schematic illustrating the different potential parameters on crack advance during IASCC
of austenitic stainless steel [90].

3.2.B.2 Radiation Damages on Materials

Usually, radiation damages on materials are regarded as the most important factor for IASCC [72, 88,
90, 91].

The displacement of atoms from their lattice position caused by ionisation radiation is the basis
for changes in the material, and results in creation of point defects in materials. Each displaced atom
produces a Frenkel pair : one vacancy, one self-interstitial atom. The production, annihilation and
migration of the point defects lead to changes in microstructure and microchemistry of the material.

• Microstructural evolution: starts by the partitioning of vacancies and self-interstitial atoms,
and former clusters, dislocation loops and cavities.

• Microchemical evolution: caused by the migration of vacancies and self-interstitial atoms to
sinks, like grain boundaries, dislocations, precipitations, or surfaces of second phase particles,
and gives the local composition change.
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Microstructure The mechanism of the microstructural evolution is not easy to predict: the cascade
events as atomic displacement and cluster dissolution is rather rapid while the persistent growth of par-
titioned defect aggregates (the growth of interstitial loop and cavity, network dislocation development,
etc.) are slower.

Material composition, thermomechanical treatment, irradiation temperature and dose rate may
influence the changes in microstructure. For austenitic stainless steel:

• Temperature: is a significant parameter for microstructure evolutions:

1. Under 300◦C, the change is dominanted by small clusters whose diameter is less than 4 nm
and large dislocation loops with a diameter between 4 to 20 nm.

2. Between 300 and 700◦C, the change is controlled by large faulted loops and network dislo-
cations.

• Dose At high dose, cavities/voids6 represents at the temperature above 350◦C [91].

When the temperature is above 350◦C, a second phase particles may be formed due to the irradi-
ation, it is known as the radiation-induced precipitation. Nevertheless, the fabrication procedure may
have an influence on the IASCC as well [87].

An irradiation at moderate dose and temperature below 350◦C, leads to dislocation structure.
Otherwise, cavities and voids become dominant at higher dose and higher temperature.

Microchemistry The microchemical evolution during the irradiation is due to radiation-induced
segregation (RIS) [93]. It is often regarded as the precursor of IASCC. The RIS process is driven
by the flux of radiation-produced defects to various sinks including grain boundaries, dislocations, or
precipitates on the surfaces, and result in local composition change [73]. RIS is actually controlled by
the strength of defect-solute interaction and the kinetics of back diffusion.

Most interstitials annihilate with the vacancies quickly during the irradiation. Major alloying
and additional elements in stainless steel are fast diffusing species, such as Cr, Fe and Mo, they are
depleted. Meanwhile, Ni as the slowest diffusing species, is enriched on the grain boundary. This is call
Inverse Kirkendall Segregation, as represented in Fig.3.27 (a). Impurities elements, P and especially
Si can bind with interstitials and migrate preferentially into sinks. That is Interstitial Association
segregation, as delineated in Fig.3.27 (b).

Fig.3.28 illustrates the Cr depletion and Si enrichment on the grain boundary with fluence. Com-
monly, at 5 dpa, most stainless steel, shows a sharp decrease in Cr to nearly 13%wt, an increase in
Si up to about 4% [93]. Therefore, Ni-silicide precipitation has often been observed at the region
near sinks in irradiated stainless steel at high temperatures (> 380◦C) and high doses (> 20 dpa).
Without any doubt, the high concentration of Si at grain boundaries increases the susceptibility to
IASCC. Furthermore, the Cr depletion, as stated for the IGSCC, is the major cause for the decrease
of resistance to corrosion.

The predominant factors on microchemistry are still the temperature and dose. Mobility reduced
at low temperature while back diffusion happens at high temperature. Therefore, in the intermediate

6clusters of vacancies and/ or gas bubbles
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(a) (b)

Figure 3.27: Diagrammatic sketch of solute-defect interactions on radiation-induced segregation (RIS):
(a) Inverse Kirkendall segregation; (b) Interstitial Association segregation [90].

.

temperature, RIS comes to a maximum. For a specific dose, more RIS at lower dose rate. Between
low and moderate dose, 0.1 - 5 dpa, RIS promotes a sharp change in interfacial composition.

Other elements segregate, like P, S, B and so on. However their effects are not significant, but
they are still under debate.

Others: radiation hardening, yield strength, creep... The point defect cluster and precipi-
tates produced by irradiation, act as obstacles to dislocation motion, leading to an increase in tensile
strength and a reduction in ductility and fracture toughness of the materials. Cavities/ voids, Frank
loops, small loops and bubbles can all serve as barriers to dislocation motion. The yield and ultimate
stresses increase with irradiation and ductilities decrease [91]. It has been pointed out that hardening,
yield strength and creep induced by radiation play an important role in IASCC [72]. It is suggested
that a threshold hardening level may exist for the occurrence of IASCC, which corresponds to signifi-
cant ductility loss and heterogeneous deformation mode [94].

In short, radiation perturbs the materials microstructure and microchemistry and leads to changes
the threshold conditions for intergranular cracking. Mechanistic factors, deformation and fracture, are
essential to interpret IASCC failure, followed by grain boundary chemistry. The third underpinning
discipline will be the evolution of corrosion science due to the radiation-induced environmental change.

3.2.B.3 Environmental Change

As mentioned in the Chapter 2, both radical and molecular products can be produced during the
water radiolysis. Their yields are dependent of mostly LET and temperature. Briefly, solutes reacting
with e−aq or H•, reduce the yield of H2, whereas those reacting with HO• reduce the yields of H2O2

and O2 subsequently.
The corrosion potential Ecorr decreases with the presence of H2 and increases with O2. Therefore,

the corrosion or redox potentials can be significantly shifted due to the radiolysis. It seems that
the environmental changes induced by irradiation are quite clear. Under the consideration of water
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(a) (b)

Figure 3.28: Grain boundary compositions of different stainless steels versus the radiation dose: (a)
Cr concentration; (b) Si concentration [91].

.

radiolysis, excess hydrogen is added/dissolved in the primary circuits of PWRs in order to suppress
the oxidising species. Thus, the corrosion potential remains at a relatively low, reductive value.

However, things are not so simple in the case of IASCC. For example, the segregation of Si at
the grain boundaries can increase the reducing potential in highly irradiated stainless steel, and thus
enhances the susceptibility to IASCC [91]. Under this circumstance, a review on electrochemical
corrosion potential (ECP) is quite necessary.

3.2.B.4 Electrochemical Corrosion Potential (ECP)

Electrochemical Corrosion Potential (ECP) measurement is a method to predicting the evolution of
SCC occurred in nuclear reactors. Based on the tests have done in BWRs, it is believed that a ECP
< −230 mV (SHE) can achieve potential SCC mitigation. Above −230 mV (SHE), the crack growth
rate increases as the ECP increases. ECP measurement is largely employed in BWRs but not PWRs.
It is mainly due to the absence of dissolved oxygen in PWRs. However, it has been pointed out that
zero dissolved oxygen does not necessarily mean the ECP is less than −230 mV (SHE). A higher ECP
value (−50 ∼ +50 mV (SHE)) may also be obtained without the presence of dissolved oxygen [95].

ECP is actually a measure of the reduction/oxidation (redox) reactions which occur on the metal/solution
interface. These reactions depend directly on the dissolved oxygen, hydrogen, and hydrogen peroxide
concentration of the water, as indicated in Eqs.3.7, 3.8 and 3.9. It is also worth mentioning the anodic
main reaction written in Eq.3.10.

H2 � 2H+ + 2e− (3.7)

O2 + 4H+ + 4e− � 2H2O (3.8)

H2O2 + 2H+ + 2e− � 2H2O (3.9)
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M →Mn+ + ne− (3.10)

According to MacDonald [96], ECP is a mixed potential, can be calculated in MPM (Mixed
Potential Model) as a crossing point between anodic and cathodic polarisation curves, and the redox
species can be calculated by the Butler-Volmer equation, Eq.3.11.

iR/O =
e(E−ER/O)/ba − e−(E−ER/O)/bc

1
io,R/O

+ e
(E−ER/O)/ba

il,a
− e

−(E−ER/O/bc)

il,c

(3.11)

where E is the potential of electrode, ER/O the equilibrium potential for redox reaction, io,R/O the
exchange current density, il,a and il,c the mass transfer limited current densities or limiting current
densities ofr anodic and cathodic reactions, ba and bc are the respective Tafel constants [97].

Meanwhile, the calculation of ECP in corrosive environments based on the conservation of charge
at the interface, the net current is zero, as shown in Eq.3.12:

n∑
j=1

iR/O,j(E) + icorr(E) = 0 (3.12)

where E is the potential, iR/O,j is the partial current density due to the jth redox couple in the
system and icorr is the corrosion current density of the substrate.

As suggested by MacDondald, the key to understanding and predicting SCC lies in developing
an understanding of origin and properties of the coupling current, as depicted in Fig.3.29. The
coupling current enables direct interrogation of the processes that occur at the crack tip and provides
information of crack tip dynamics in different systems.

Figure 3.29: Coupling of crack internal and external environments [98].
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Therefore, for IGSCC, shifting the ECP to a sufficiently negative value reduces the coupling current
and thus the crack growth rate of IGSCC becomes negligible to a certain extent.

Concerning IASCC, MacDonald [97] has developed a code, CEFM, combining with the raidolysis
model and mixed potential model, to predict coolant chemistry, ECP, and crack growth rate for any
location in the coolant circuit for BWRs. Urquidi-MacDonald and MacDonaldet al. [99] have developed
a code, PWR-ECP, comprising chemistry, radiolysis, and mixed potential models to calculate radiolytic
species concentrations and the corrosion potential of structural components at closely spaced points
around the primary coolant circuits of PWRs.

(a) (b)

Figure 3.30: Calculated ECP in the primary circuit of a PWR, concentration of O2 = 5 ppb, concen-
tration of H2 varied (1, 10, 25, 35 cc/kg): (a) Model uses high set of radiolytic yields; (b) Model uses
low set of radiolytic yields [99].

.

Fig.3.30(a) & (b) illustrate the ECP in primary circuit of a PWR at constant O2 concentration(5
ppb) and various H2 concentration. It clearly shows that the sensitivity of the predicted ECP to the
assumed values of radiolytic yields. No matter what the H2 concentration is, the ECPs for high set
radiolytic yields are always more positive than the ones at low set. Secondly, it also demonstrates
that with the increasing concentration of H2, ECP will be shifted to a more negative value.

For the calculation of ECP, only electro-active species presented at the highest concentrations will
have a significant impact on ECP. Therefore, in the primary circuit of PWRs, for one thing, it traces
back to the radiolytic yields, H2O2, HO•, e−aqand H•. For another, the dissolve hydrogen, added on
purpose in the primary circuit, also needs to be take into account.

On the other hand, according to Ishigure et al. [100], the radiolysis in the diffusion layer give
significant effects on the limiting current densities of the redox reactions of H2O2 and H2, depending
on factors as dose rate, flow rate and water chemistry. As a result, ECP can be increased importantly
in hydrogen water chemistry conditions.

Briefly, measuring ECP is a good way to get a better understanding of the SCC circumstance,
corrosion issues and radiolysis.
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3.3 Summary

In this chapter, we have talked about the corrosion issues of 316L under primary PWR conditions. Its
protective passive film is a double oxide film structure formed, chromium rich, continuous inner layer
and iron rich, discontinuous outer layer. The oxide film also shows semiconducting properties, with a
classic p-n heterojunction electronic structure.

With no doubt, influences like PWR chemistry, temperature, stress, pH and etc. can vary the oxide
film. However, combining all the influences together, as in a real PWR conditions, stress corrosion
cracking may occur. PWSCC and IASCC, two specific forms of IGSCC can be observed for stainless
steel, including 316L. With the presence of PWR water and irradiation, corrosion issue becomes more
complex.

This is actually the starting point of my thesis study, by including material, water radiolysis and
corrosion issues into the same picture.
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