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a b s t r a c t

The water radiolysis in-core at light water reactors (LWRs) produces various radicals with other ionic
species/molecules and radioactive nitrogen species in the reactor coolant. Nitrogen species can exist in
many different chemical forms and recirculate in water and steam, and consequently contribute to what
extent the environmental safety at nuclear power plants. Therefore, a clear understanding of formation
kinetics and chemical behaviors of nitrogen species under irradiation is crucial for better insight into the
characteristics of major radioactive species released to the main steam or relevant coolant systems and
eventually development of advanced processes/methodologies to enhance the environmental safety at
nuclear power plants. This paper thus focuses on basic principles on electrochemical interaction kinetics
of radiolytic molecules and various nitrogen species in high temperature water, fundamental approaches
for calculating thermodynamic values to predict their stability and domain in LWRs, and the effect of
nitrogen species on crevice chemistry/corrosion and intergranular stress corrosion cracking (IGSCC)
susceptibility of structure materials in high temperature water.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nuclear energy is recognized as a critical part of decarbonized
energy systems in emitting the least greenhouse gas and managing
associated climate changes. Sincemajor components of commercial
nuclear reactors were manufactured with metallic alloys, both ac-
ademic and industrial efforts have been devoted to selecting and
evaluating the proper structure materials and their performance in
nuclear environments [1e8]. The intense energetic neutron fluxes
and g-radiation at nuclear reactor in-core create a harsh environ-
ment which produces displacement damage of materials and
radiolytic decomposition of the coolant water. Materials in a reactor
thus experience the most extreme conditions that can have a major
impact on the performance, safety, and reliability of nuclear power
plants (NPPs).

Over the last several decades, scientific approaches, through
research and development programs, led to better understanding
of degradation mechanisms of major structure components in high
temperature water both with and without radiation, and consid-
erable progresses have been made on the modeling, prevention,
by Elsevier Korea LLC. This is an
and monitoring technologies for enhancing the safety and perfor-
mance of nuclear reactors. Substantially a number of materials
challenges have been successfully resolved, but continuous im-
provements on the operational reliability, economics, and safety of
reactors are still pursued.

Nevertheless, IGSCC is still themost concern as the predominant
degradation mode of structural materials in LWRs and a very
complex phenomenon affected by several variations including
microstructures of materials, stress conditions, and environments.
Mechanistic understanding of radiation damage processes in LWR
core-component alloys is thus a critical underpinning issue for the
effective operation of existing commercial reactors [4e7]. The
aqueous environment chemistry and component stress/strain
conditions strongly influence the IGSCC susceptibility of compo-
nents. IGSCC failures occur in structural components exposed to a
significant flux of neutron radiation in the reactor coolant envi-
ronment, known as irradiation-assisted stress corrosion cracking
(IASCC). The existence of surface conditions (e.g., cold work, strains
at welding zone, irradiation hardening) at in-core components el-
evates the complicate mechanism and kinetics for crack initiation/
growth associated with the radiolysis of coolant.

The primary products by the radiation-induced water decom-
position are mainly in chemical and charge balances, and their
input rates strongly depend on the dose rate. The interaction of
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high energy radiation, such as g-radiation, with aqueous environ-
ments produces a host transient radicals, ions, and stable molecular
species, such as *H, *OH, e�aq, H3Oþ, OH�, H2, O2, H2O2, etc. Among
them, e�aq and *H are reducing species, whereas *OH is a powerful
oxidizing radical, and the productions of primary radical species
strongly vary with the pH of aqueous environments. Since active
radiolysis species interact with other products and alter the
chemical reactions, corrosion kinetics of reactor structural com-
ponents are also affected. The water chemistry condition in the
reactor coolant is thus an important contributor for reliable plant
operation, safety integrity, component lifetime, environmental
impact, etc. at NPPs.

Ammonia is currently added as a source of hydrogen by radio-
lytic decomposition in-core at RussianWater-Water Energy Reactor
(VVER) plants [9]. Hence, under aqueous ammonia environments,
interaction of nitrogen species with various oxidizing radicals (e.g.,
O2, *OH) may affect the integrity of structural components. It has
been reported that most of nitrogen chemicals were found in the
cationic form, mostly NHþ

4 and the anion fraction was found to
contain two major species, NO3

� and NO2
�, in both reactor coolant

and steam condensate [10]. One can then postulate that the pres-
ence of such nitrogen species in LWR coolant may alter the water
chemistry condition, in particular, at some localized areas (crevice,
cracks, etc.) that results in changes on the corrosion kinetics of
structural materials under irradiation.

Therefore, it is very important to understand the radiochemical
behavior and stability of ammonia and other nitrogen species in
reactor coolant and they need to be seriously addressed. None-
theless, the clear mechanism on chemical interactions of nitrogen
species still remains a challenge with reference to creation of cor-
rosive environment. Thus, the purpose of this paper is mainly to
describe thermodynamics and chemical behaviors of various radi-
cals and nitrogen species under irradiation for getting a better
comprehension of environmental interaction with structural ma-
terials in LWR water.
2. Electrochemistry of hydrogen, oxygen, and hydrogen
peroxide in high temperature water

Electrochemical reaction at the metal/water interface is impor-
tant for understanding electron transfer reactions that contribute
to the thermodynamic stability of materials in the system. Most of
metal-water systems have been well established and documented
in the form of potential (E)-pH diagram (known as a Pourbaix di-
agram) [11e13], which is characterized by three basic domains of
immunity, corrosion, and passivity and clearly depicts the ther-
modynamic stable regions of metal and metal oxides in water at
temperatures.

The E-pH diagram presents only the equilibria at various pHs
and potentials among metal, metal ions, metal oxides, and hy-
droxides for systems, but it gives no information about the kinetics
of the corrosion process. Nevertheless, the E-pH diagram is exten-
sively used to rationalize electrochemical corrosion processes for
metals in aqueous solution. Both cathodic and anodic processes
take place at the metal surface and the overall corrosion process is
thermodynamically possible under the conditions stated only if the
equilibrium reaction potential for the cathodic process is more
positive than the equilibrium potential for the anodic reaction.

Considering the LWR coolant chemistry containing the most
stable molecules, e.g., O2, H2 and H2O2, the E-pH diagram is traced
for the equilibrium reactions taking place in reactor water and
consequently the E-pH relationship of water stable domain corre-
sponds to the equilibrium potential of predominant reactions (A)
for H2 oxidation, (B) for O2 reduction, and (C) for H2O2 reduction as
3184
[14,15];

H2 / 2Hþ þ 2e� (A)

1
2
O2 þ2Hþ þ2e�/ H2O (B)

H2O2 þ2Hþ þ2e�/ 2H2O (C)

Then, the equilibrium potentials for the above redox reactions
can be calculated by the following Nernst equation:

E¼ E0 � RT
nF

In
ðoxÞ
ðredÞ (1-1)

where E is the equilibrium potential, Eo is the standard electrode
potential, R is the gas constant, T is the absolute temperature, n is
the number of electrons, F is the Faraday constant, and (ox) and
(red) are the concentrations of oxidized (H2 oxidation) and reduced
species (O2 or/and H2O2 reduction), respectively.

At potentials more negative than the equilibrium potentials for
hydrogen oxidation reaction (A), it is thermodynamically possible
to evolve hydrogen. Likewise, at potentials higher than equilibrium
potentials for oxygen reduction reaction (B), it is thermodynami-
cally possible for the evolution of oxygen to occur. As the pressure
of the gaseous component increases, the equilibrium potentials for
hydrogen oxidation (A) and oxygen reduction reaction (B) become
more negative and positive, respectively, i.e. it becomes thermo-
dynamically more difficult to decompose water into oxygen and
hydrogen.

Since thermodynamics can primarily encompass systems at
equilibrium, the concept of equilibrium involves a process moving
in the oxidation or reduction direction from the equilibrium point.
In order for understanding electrochemical activities in evaluations
of standard electrode potentials, thermodynamic approach for
calculating the free energy change and the equilibrium potential for
the generalized redox couples in an aqueous system has been well
described in literatures [16e19].

In general, the following reduction reaction (1-2) and the
balancing hydrogen oxidation reaction (1-3) are generally consid-
ered as;

aAþhHþ þne� / bBþwH2o (1-2)

n
2
H2 /nHþ þ ne� (1-3)

Then, the overall redox reaction is;

aAþðh�nÞHþ þn
2
H2!bBþwH2o (1-4)

For an electrode reaction, equilibrium is characterized by the
Nernst equation and an equilibrium potential for the overall redox
reaction can be calculated as;

EA=B ¼ E+A=B �
RT
nF

ln

 
abB

aaAa
h
Hþ

!
(1-5)

The concentration of pure, solid substances is always treated as
unity (aH2O ¼ 1) and by utilizing pH ¼ �log aHþ and the usual
values of each definition, F ¼ 96,487 C/equivalent, R ¼ 8.3143 J/
(mole.K), and T in degree K, one can rewrite Equation (1-5) at
300 �C as;



Fig. 1. Redox potential of H2/O2/H2O2 couples in 288 �C water containing different
concentrations of dissolved hydrogen, oxygen, and hydrogen peroxide.
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EA=B ¼ E
�
A=B � 0:11372

�
h
n

�
pH � 0:11372

n
log

 
f bB
f aA

!
(1-6)

If the system reaches a point where there is no net change of free
energy (e.g., the system is in equilibrium), a standard potential,
EoA=B; for an overall redox reaction (1-4) is expressed with a stan-

dard free energy change,ㅿGo as;

E+A=B ¼ � DG+

nF
(1-7)

In dilute systems, where partial pressures approximate fugacities
and pA þ pB ¼ P, then the equilibrium potential/pH condition for
equal fugacities, pA ¼ pB ¼ P

2, depends on pressure if asb;

EA=B ¼ E0A=B � 0:03352
�
b� a
n

�
�0:11372

�
h
n

�
pH

� 0:11372
�
b� a
n

�
log P (1-8)

For example, the potential, vs. standard hydrogen electrode
(SHE) of hydrogen electrode, H2 ¼ 2Hþ þ 2e�, at a given temper-
ature (T), can be calculated by using the Nernst equation given as;

EHþ=H2
ðTÞ¼ EoHþ=H2

ðTÞ e 2:303
RT
nF

�
log fH2

þ2pH
�

(1-9)

The hydrogen fugacity in Equation (1-9) can be determined, as
follows;

fH2
¼HH2

: aH2ðaqÞ (1-10)

The hydrogen fugacity has the relationship with the activity of
hydrogen in water. Dependence of temperature on the Henry's law
constant for hydrogen, HH2

; can be found in literatures [20,21].
Then, Equation (1-9) for the hydrogen electrode potential at 300 �C
can be rewritten as;

EHþ=H2

�
300oC

�¼ �0:114pH � 0:056
�
fH2

�
(1-11)

With same approaches for O2 and H2O2 in 300 �C pure water, the
potentials vs. concentrations for O2 and H2O2 can be also calculated
using the following relations, respectively;

EoðO2 =H2OÞ¼1:022� 0:114pH þ 0:028
�
fO2

�
(1-12)

EoðH2O2 =H2OÞ¼1:772�0:114pH � 0:056
�
aH2O2

�
(1-13)

A comparison of calculated electrochemical potentials of
hydrogen, oxygen and hydrogen peroxide reactions at various
concentrations in 288 �C pure water (pH ¼ 5.67) is shown in Fig. 1
[15] and the plot at 300 �C should be very close to Fig. 1.

H2O2 is known to act not only as an oxidizing agent with for-
mation of water but also as a reducing one with formation of ox-
ygen that creates a large potential domain of spontaneous
instability, as illustrated in Fig. 2 in 288 �C pure water [14,15]. The
oxidation reaction and reduction reaction of H2O2 are, respectively;

H2O2 / O2 þ2Hþ þ 2e� (1-14)

H2O2 þ2Hþ þ2e�/ 2H2O (1-15)

If H2O2 is in contact with a metallic surface whose electrode
potential is in the instability region, H2O2 can spontaneously
decompose into water and oxygen according to the following
reaction:
3185
2H2O2 ! 2H2O þ O2 (1-16)

However, the decomposition of H2O2 into water and oxygen
may not be possible if an electrode potential does not lie within this
unstable region.

3. Electrochemistry and thermodynamic stability of nitrogen
species in high temperature water

When the reaction involves a change in oxidation state, it is
convenient to consider the oxidation and reduction reactions
separately since redox reactions can occur physically in different
locations and are amenable to external control by applied electrical
potential difference. Potential differences are related to free energy
changes involved in processes occurring in an electrochemical
system. Consideration of the mechanisms for establishing potential
differences proves insights for examining the active control of po-
tentials in a given electrochemical system.

Since no reliable thermodynamic data for ionic species at tem-
peratures above 25 �C is available, the thermodynamic relationship
is driven and applied to calculate the change in free energy from
each chemical potential at the temperature as;

mðT2; P2Þ¼mðT1; P1Þþ
ðP2
P1

VdPþ
ðT2
T1

CpdT � T2

ðT2
T1

Cpd ln T

� ðT2 � T1ÞSðT1; P1Þ (2-1)

where m is the molar free energy for pure substances and the partial
molar free energy for ions in solution at temperature. V, Cp, and S
are the volume, heat capacity and entropy, respectively, for a given
substance at constant pressure. Value of m(Ti,Pi) for ions in solution
and pure compounds is then used for calculation of the molar Gibbs
free energy. More detail of theoretical approaches for driving the
relationship (2-1) has been well described elsewhere [16e18].

The most convenient approach for thermodynamic calculations
of a specific substance at a given temperature is generally made
with the heat capacity at constant pressure in the empirical equa-
tion form [16,17];

C
+
P ¼Aþ BT þ CT�2 (2-2)

Assuming the standard states for gases is the pure ideal gas at
unit pressure and the molar volume change of liquids and solids



Fig. 2. Potential-pH equilibrium diagram of H2O2 and O2 in 288 �C pure water.
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with pressure is not significant, then combining the relationships
(2-1) and (2-2) and followed by its integration lead to the following
relation;

m�ðT2Þ¼m�ðT1ÞþA
�
T2 � T1 � T2 ln

T2
T1

	
þB

"
T2T1 �

T22
2
� T21

2

#

þC

"
1
T1

� 1
2T2

þ T2
2T21

#
� ðT1 � T2ÞS�ðT1Þ

(2-3)

Thus, the relationship (2-3) leads to the calculation of chemical
potential of any component at temperatures or pressures if the
chemical potential of component in its standard state at 25 �C and
1 atm is known.

With molar heat capacity data available for many pure sub-
strates at 25 �C in literatures [16,18,19], heat capacity values of
various nitrogen species at higher temperatures can be calculated.
NH3 is known to behave least like an ideal gas, but has been treated
as an ideal gas at temperatures above boiling point for calculating
its thermodynamic properties at high temperatures [22e24].
Table 1
Thermodynamic data of various species at 25 �C and 300 �C.

Chemical Species mo (25 �C), (cal/mole) So (25 �C), (cal/mole-K)

NH3 �4000 45.96
N2 0 45.77
N2O 24,700 52.80
NO 20,700 50.34
NO2 12,400 57.46
N2O4 23,500 72.73
H2 0 31.22
H2O �56,720 16.75
O2 0 49.01

3186
Table 1 summarizes the thermodynamic data of m+ (25 �C), S+

(25 �C) and constant values of C+
P for nitrogen species and other

molecules. The calculated values of m+ at 300 �C are also provided.
It has been reported that the possible nitrogen species in water

can exist in several chemical forms such as N2O4, NO2, NO, N2O, N2,
and NH3 from the highest and lowest oxidation state [10]. Then, in
order for determining the thermodynamic stability regions for ni-
trogen species, the possible redox couples of nitrogen compounds
with the hydrogen oxidation reaction (A) for the Hþ/H2 couple
(H2 ¼ 2Hþ þ 2e�) as a reference oxidation reaction are listed in
Table 2. In order to predict the thermodynamic stability of coupled
nitrogen species in LWR water chemistry, accurate calculated
values on free energy change and equilibrium potential for the
redox reactions of possible nitrogen compounds are needed.

The free energy change for the overall redox reaction (2-3) in an
aqueous system then can be calculated for chemical couples using
the following formula as;

DG� ¼ bm
�
B þWm

�
H2O �ðh�nÞm�

H þ n
2
m

�
H2

(2-4)
mo (300 �C), (cal/mole)

A B (10-3) C (105)

7.11 6.00 �0.37 �17,547
6.66 1.02 0.00 �13,289
10.92 2.06 �2.04 9,166
7.03 0.92 �0.14 6,132
10.26 2.04 �1.61 �4,381
20.05 9.50 �3.56 1407
6.52 0.78 0.12 �9,273
18.03 0.00 0.00 �63,122
7.16 1.00 �0.40 �14,199



Table 2
Calculated thermodynamic values for various nitrogen redox couples in 300 �C high purity water.

Redox Couple Free Energy Change ㅿGo, calories Standard Potential Eo, V vs. SHE(T) Redox Potential E, V vs. SHE(T)

P ¼ 8.5 � 10-7atm P ¼ 1 atm

N2O þ H2 ¼ N2 þ H2O �76,304 1.654 1.003 1.003
2NO þ 2H2 ¼ N2 þ 2H2O �133,250 1.445 0.624 0.794
N2O4 þ 3H2 ¼ N2O þ 4H2O �216,911 1.568 0.917 0.917
2NO þ H2 ¼ N2O þ H2O �56,947 1.235 0.244 0.584
2NO2 þ 4H2 ¼ N2 þ 4H2O �219,923 1.192 0.456 0.541
N2O4 þ 3H2 ¼ N2O þ 3H2O �153,788 1.111 0.461 0.461
N2O4 þ 2H2 ¼ 2NO þ 2H2O �96,842 1.050 0.569 0.399
2NO2 þ 3H2 ¼ N2O þ 3H2O �143,619 1.038 0.274 0.387
NO2 þ H2 ¼ NO þ H2O �43,336 0.940 0.289 0.289
N2O4 þ 7H2 ¼ 2NH3 þ 4H2O �224,076 0.694 0.091 0.043
2NO2 þ 7H2 ¼ 2NH3 þ 4H2O �213,907 0.663 0.012 0.012
2NO þ 5H2 ¼ 2NH3 þ 2H2O �127,235 0.552 �0.099 �0.099
N2O þ 4H2 ¼ 2NH3þ H2O �70,288 0.381 �0.186 �0.270
N2 þ 3H2 ¼ 2NH3 6,016 �0.043 �0.582 �0.694
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The value of free energy change (ㅿGo) can be calculated using
the thermodynamic value of each species listed in Table 1 into
Equation (2-4).

The standard potential (Eo) and redox potential (E) for equal
fugacities among the nitrogen species in 300 �C high purity water
(pH¼ 5.71) then can be calculated by Equations (1-7) and (1-8) and
are summarized at Table 2. Redox reactions listed in Table 2 have
the same dependence on pH since n¼ h, but not on partial pressure
when a ¼ b. On the other hand, in case of asb, the potential/pH
condition for equal fugacities depends on pressure (e.g., fugacity)
and thus the solubility values inwater at 300 �C are required for the
pressure-dependent terms in Equation (1-8). Based on limited
solubility data for N2 in water at high temperatures [25,26], a
fugacity of ~8.5 � 10�7 atm (P ¼ 8.5 � 10�7 atm) in 300 �C water
was estimated and used for calculating the redox potentials of re-
actions with asb and the potentials at a fugacity of 1 atm
(P ¼ 1 atm) were also calculated for comparison.

As an example for calculating thermodynamic values of NO/NH3
redox couple listed in Table 2, the following reduction reaction of
NO/NH3 couplewith the balancing hydrogen oxidation is illustrated
as;

2NO þ 10Hþ þ 10e- / 2NH3 þ 2H2O (2-5)

5H2 / 10Hþ þ 10e- (2-6)

Then, the overall reaction is;

2NO þ 5H2 ! 2NH3 þ 2H2O (2-7)

Thus, one can calculate the thermodynamic values of the free en-
ergy change by Equation (2-4), equilibrium potential by Equation
(1-7) and redox potential by Equation (1-8) for the redox reaction
(2-7).

Redox potentials for some nitrogen redox couples in 300 �C
water are plotted in Fig. 3, along those with H2, O2, and H2O2 re-
actions. The stability limits of hydrogen oxidation reaction (A) and
oxygen reduction reaction (B) in 300 �C water define the potential
range of practical thermodynamic interest. It clearly indicates that
N2 is the predominant, thermodynamically stable species within
LWR ranges. At room temperature, the oxidation of NH3 to N2 and
the reduction of NO to N2 do not occur readily. Similarly, N2O is
relatively unreactive at room temperature and decomposes irre-
versibly to nitrogen and oxygen as temperature increases. In
addition, the instability of H2O2 in a wide range of potential within
the LWR operation condition (see Fig. 2) should have no or minor
3187
effect on the reduction of NO to NH3.

4. Chemical behaviors of nitrogen species under irradiation

Radiolysis of water is the process of the dissociation of water
molecules by various types of ionizing radiation (a, b, g). Several
chemical species are produced by interaction of high energy radi-
ation as a g-radiation in water and primary products include;

H2O /
g

e�aqþ*Hþ*OH þ H2 þ O2 þ H2O2 þ H3O
þ (3-1)

Since various ion/molecule reactions and decomposition of
excited molecules occur by the g-irradiated ammonia, the effects of
radiation on nitrogen species and their impacts on controlling the
radiation activities in LWRs have been extensively investigated
[10,27e30]. The major primary products of ammonia under g-
irradiation are;

NH3 /
g

e� þ Hþ*Nþ*NH2 þ NH þ H2 þ NHþ
4 (3-2)

Under a high radiation fields, nitrogen atoms (*N) are then ex-
pected to react with other species initially for forming various ni-
trogen species, and some reactions are [10];

*N þ OH / NO þ H (3-3)

*N þ H / NH (3-4)

*N þ H2O / NHO þ OH (3-5)

*N þ O2 / NO þ O (3-6)

*N þ HO2 / HNO2 (3-7)

Subsequently, the following reactions may occur;

NO þ OH / HNO2 (3-8)

2NO þ O2 / 2NO2 (3-9)

NH þ H2 / NH3 (3-10)

NO2 þ OH / HNO3 (3-11)

Thus, under oxidizing conditions (e.g., oxygen), more N O�
3 and

N O�
2 expect to be formed. In reactor water containing the low

concentration of ammonia, ammonia will also be converted to



Fig. 3. Thermodynamic relationship of H2, O2, H2O2 and nitrogen redox couples (P ¼ 1 atm) in 300 �C water.

Fig. 4. Plot of the variation of the product concentrations with g-irradiation dose in
aerated (-◼- N O�

3 ) and nitrogen-purged (-▫- N O�
3 and -:- NH3) water at natural pH

[27].
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nitric acid in the reactor core by the following reactions;

NH3 þ OH / NH2 þ H2O (3-12)

NH2 þ O2 / H2NO2 (3-13)

H2NO2 þ HO2 / HNO3 þ H2O (3-14)

On the other hand, in the presence of hydrogen, more NH3 is
expected to form as most of the oxidizing species are eliminated.
Although N2 is thermodynamically stable, its formation from two
nitrogen atoms at very low concentrations in reactor coolant is very
unlikely. However, in water containing N2, major radiolytic prod-
ucts are known to be N O�

2 , N O�
3 , and NH3. In oxygenated system

(e.g., O2 and H2O) by the depletion of nitrogen as compared to pure
nitrogen system, the yield of N O�

3 is negligible due to unavailability
of nitrogen source.

The dependence of dose rate on the product concentration of
nitrogen species (N O�

3 , NH3) has been extensively investigated, as
shown in Fig. 4 [27]. At lower dose rate, the yield of N O�

3 is very
similar both in aerated and N2-purgedwater, while with increase in
dose, all nitrogen products initially increase and reach a plateau
value at 450 kGy dose. The formation of ammonia is observed only
at high doses. The difference growth rate of NH3 and N O�

3 con-
centration has been proposed to the different reaction mechanisms
as a direct reaction of N2 with *OH radicals (reaction 3-15) and a
reaction of N2 with excited water molecules (reaction 3-16) for
nitrate formation, respectively;

N2 þ *OH / NO þ NH (3-15)

N2 þ H2O / NO þ NH2 (3-16)
3188
The nitrogen behavior in oxygen or hydrogen water system in
the presence of nitrogen under irradiation were present has been
well studied [28,31]. Fig. 5 shows the effect of g-irradiation on the
radiochemical production of nitrogen species in water containing
nitrogen either in the presence of oxygen or hydrogen has been
investigated [28]. It is clearly shown that the g-irradiation of N2-O2-
H2O system produced only N O�

3 , but no NHþ
4 was detected, indi-

cating the effect of N2 concentration radically produced N O�
3

concentration. While in irradiated N2-H2-H2O system, both N O�
3



Fig. 5. (A) Production of NO�
3 vs. N2 concentration in irradiated N2-O2-H2O system and (B) production of NO�

3 and N Hþ
4 vs. N2 concentration in irradiated N2-H2-H2O system [28].
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and NHþ
4 were detected : However, the production ratio of N O�

3
decreased with increasing hydrogen concentration, while the
opposite behavior on the production ratio of NHþ

4 : Thus, it is
evident that the production ratio of NO�

3 and NHþ
4 strongly depends

on the dissolved oxygen and hydrogen concentration; more NO�
3

production in O2 water and more N Hþ
4 in H2 water.
5. Chemical behaviors of ammonia in nuclear reactor coolant

Ammonia is added to the primary coolant at VVERs as a
hydrogen source by the radiolytic decomposition of ammonia to
suppress radiolysis in-core. In addition to ammonia, hydrazine is
also used to achieve hydrogen concentration in the primary
coolant, thermodynamically and/or radiolytically, decomposed to
ammonia, nitrogen and hydrogen;

2N2H4 / 2NH3 þ N2 þ H2 (4-1)

When hydrazine is in coolant containing oxygen, it also slowly
oxidizes with the net reaction:

N2H4 þ O2 / N2 þ 2H2O (4-2)

Since nitrogen is not thermodynamically stable outside lines of
hydrogen oxidation reaction (A) and oxygen reduction reaction (B),
one of thermodynamically possible oxidation reactions of ammonia
with many hydrolysis reactions is;

2NH4OH / N2 þ 2H2Oþ6Hþ þ 6e� (4-3)

The following reduction reactions in-core regions can be ex-
pected by the water radiolysis;

2Hþ þ 2e�/ H2 (4-4)

Thus, two overall redox reactions can be driven by the different
reduction potentials for reaction (4-4) at low potential and for
oxygen reduction reaction (B) at high potentials, respectively;

2NH4OH ! 3H2 þ N2 þ 2H2O (4-5)
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4NH4OH þ 3O2 ! 2N2 þ 10H2O (4-6)

It is now clearly evident that within the hydrogen oxidation and
oxygen reduction domains, N2 is thermodynamically stable if no
external force is applied to the system.

It has been well studied that the g-irradiation of aerated
ammonia solution leads to the formation of N O�

2 and its yield in-
creases with increase in concentration of ammonia [32e34]. As the
rate constant for the reaction of *OH radicals with ammonia is not
very high, a relatively higher concentration of ammonia is required
to scavenge all the *OH radicals due to the competing reactions of
*OH radicals with eaq� , H and *OH radicals themselves. An increase in
the concentration of NH3 increases its reactivity with *OH radicals,
thus leading to an increase in the yield of *NH2 radicals and ulti-
mately N O�

2 . However, at very high concentrations of NH3, spur
scavenging of the *OH radicals may also lead to higher yields of N
O�
2 .
An increase in the O2 concentration can also give rise to an in-

crease in the yield of N O�
2 due to favorable competition of reactions

below with the dimerization reaction of *NH2 radicals [30];

NH3 þ *OH / *NH2 þ H2O (4-7)

*NH2 þ O2 / H2NO2 (4-8)

H2NO2 þO2 / N O�
2 þ N O�

3 (4-9)

As illustrated above for various redox reactions of nitrogen
chemicals, a comprehensive thermodynamic analysis of the N2-
H2O system reveals electrochemical reactions of N Hþ

4 - NH4OH -
NHO2 - N O�

2 - HNO3 - NO�
3 at the ambient temperature [10e12].

Although the complete chain reactions are very complicate, it is
noteworthy that the domain of N2 almost completely covers the
stable domain of water as illustrated in Fig. 3. It is also shown that
nitrogen is not thermodynamically stable under conditions of pH
and electrode potential lying outside lines for hydrogen potential
and oxygen potential. Consequently conditions are obtained under
which the fixation of nitrogen gas in the form of an ammonia so-
lution is thermodynamically possible according to the following
reactions (4-10) to (4-12):
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NH4OH / NHþ
4 þ OH� (4-10)

2NHþ
4 / N2 þ8Hþ þ 6e� (4-11)

2NH4OH / N2 þ 2H2Oþ6Hþ þ 6e� (4-12)

However, considering the irreversibility, nitrogen is practically
not oxidized and not reduced in a solution. The observation that
ammonia is decomposing into H2 and N2 indicates that the oxi-
dization of ammonia is possible by reactions (4-11) and (4-12),
which are reverse reactions of the fixation of nitrogen. It is also
known that the semi-volatile NH3 is always in equilibrium with
NH4OH according to the following reaction (4-13);

NH4OH ! NHþ
4 þOH�! NH3 þ H2O (4-13)

Apparently, with increasing the pH of water (e.g., at high OH�

concentrations), more volatile form of NH3 will be generated and
the water pH may be eventually increased and the nitrogen
chemistry equilibrium may shift as a result.
6. Effect of nitrogen species on crevice chemistry in high
temperature water

Crevice corrosion is one of many key failure modes on materials
occurring at LWRs during long-term service. Crevice corrosion has
been observed in occlude regions with a long incubation time
before failure due to the presence of geometric crevices. Depletion
of oxygen and significant different ionic concentration can exist
within the crevice. Thus, the crevice chemistry containing nitrate
ions expects to affect the corrosion kinetics and oxidation behavior
of structural alloys in high temperature water.

In the absence of oxygen, no concentration cell mechanism can
operate and N O�

3 reacts directly with alloys, M, to produce an
excess of OH�;

N O�
3 þH2Oþ2e� / N O�

2 þ 2OH� (5-1)

N O�
2 þ6H2Oþ6e� / N Hþ

4 þ 8OH� (5-2)

M / Mþn þ n e� (5-3)

Nitrogen must be reduced beyond the þ3 oxidation state or the
water in the crevice will remain only slightly basic, with the excess
hydroxyl ions (OH�) balanced electrically by metal cations (Mþn)
and the pH limited by the solubility of the metal hydroxides.
However, if the second reduction also occurs, the strong caustic
water can result;

N O�
3 þ7H2Oþ8e� / NH4OH þ 9OH� (5-4)

4Mþ8OH� / 4MðOHÞ2 þ 8e� (5-5)

The overall reaction is then;

N O�
3 þ4M þ 7H2O! 4MðOHÞ2 þ NH4OH þ OH� (5-6)

where, for this divalent metal system, the pH is limited by the
formation of oxy-anions;

MðOHÞ2 þOH�! HM O�
2 þ H2O (5-7)

A trivalent metal produces a similar result;
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3N O�
3 þ8M þ 21H2O! 8MðOHÞ3 þ 3NH4OH þ 3OH� (5-8)

but, apparently only chromium forms soluble oxy-anions which
regulates the pH [8e10].

In the presence of oxygen or other oxidizing agencies, the pH
must be lower since some portion of N O�

3 are then balanced
electrically by Mþn or Hþ. The pH would be limited to neutral or
slightly basic values by hydroxide solubility with at least one of
metal cations and no charge transported to divalent or trivalent
metal cations;

Mþ2 þ2N O�
3 þ 8M þ 14H2O ! 9MðOHÞ2 þ 3NH4OH (5-9)

Mþ3 þ3N O�
3 þ 8M þ 21H2O ! 9MðOHÞ3 þ 3NH4OH (5-10)

Thus, N O�
3 can produce very alkaline crevice water at high tem-

perature by direct reactions to corrosion of metals which occurs in
the crevice, and only when the concentration of impurity cations is
sufficiently high. Nevertheless, slightly acidic pH values would be
also attained if the excess N O�

3 reacts completely and hydrolysis
occurred
7. Effect of nitrogen species on IGSCC in high temperature
water

Environmental factors affecting the IGSCC susceptibility of ma-
terials (e.g., Fe or Ni based alloys) and the potential consequences of
components failures by IGSCC in high temperature water have been
studied for many years [5e8]. In particular, standard design criteria
of materials requires specific mechanical properties for current and
proposed future nuclear energy systems that provide adequate
resistance to overarching environmental degradation phenomena
(e.g., radiation damage and chemical compatibility). Since the
chemical compatibility issues (corrosion, SCC, etc.) are largely
dependent on the specific coolant and engineering application, a lot
of efforts have been devoted to examination of environmental
factors (e.g., water chemistry, temperature, impurities, flow rate,
etc.).

Among several environmental factors, oxygen is known to be
the most powerful species for enhancing the IGSCC susceptibility of
materials in high temperature water. However, there are very
limited literatures describing the effects of specific ions such as

sulfates (S O�2
4 Þ, carbonates (HC O�

3 Þ, nitrates (N O�
3 Þ, and fluorides

(F�Þ that can contribute to the water conductivity and perhaps
facilitate IGSCC. In addition, SCC of alloys may also occur by a
mechanism which is closely related to caustic cracking, and ought
to be more severe with higher salt concentrations and lower
oxygen.

Chloride (Cl�Þ has also a well-known accelerating effect on the
IGSCC process [35e38], while nitrate tends to reduce the IGSCC
susceptibility at low corrosion potential (in the presence of oxygen)
in the O2 depleted crack or crevice by forming ammonia (N O�

3 / N
O�
2 / N Hþ

4 ). Nitrate is the highest oxidation state for nitrogen and
does not easily hydrolyze in high temperature water. At LWRs, the
nitrate concentration is typicallymanaged to be< 0.5 ppb in reactor
coolant. Since nitrate is reduced in low corrosion potential envi-
ronments, no effects of nitrate on IGSCC propensities are antici-
pated under HWC condition (reducing hydrogen water chemistry),
as shown in Fig. 6, comparing with the data measured in NWC
(oxidizing oxygen water) [36]. Thus, in the presence of hydrogen,
nitrate may not additionally contribute to the IGSCC behavior of
materials in high temperature water. However, more investigation
is needed for a better understanding of important role of several



Fig. 6. Effect of nitrate on IGSCC of sensitized 304SS in oxidizing water (NWC) and reducing water (HWC) at 288 �C [36].
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anionic impurities together, such as chloride, sulfate, chromate (Cr

O�2
4 Þ, etc.
Effect of nitrate on the crack growth rate (CGR) of sensitized

304SS in oxidizing water at 288 �C was examined [37]. It was found
that at levels up to at least 100 ppb nitrate there were no percep-
tible effects, shown in Fig. 7. Author postulated that nitrate is drawn
into the crack by the gradient in corrosion potential (e.g., by the
oxygen concentration gradient) become cations, which are drawn
out of the crack. Also, acidification does not occur because of the
formation of hydroxide during the reduction to form ammonia.
Thus, the concentration of nitrate is limited by their reduction to
ammonia and transport back out of the crack. Acidification does not
occur because of the formation of hydroxyl ions, and pH buffering
occurred because of the ammonia (NH3)-ammonium (N Hþ

4 Þ equi-
librium. However, the CGR test has to be performed in the absence
of oxygen by eliminating the factor of corrosion potential gradient
Fig. 7. Crack extension vs. Time for CT specimens of sensitized 304SS showing minimu
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from the crack mouth to the crack tip for a specific role of nitrate
only.

As stated previously, ammonia is added into the VVER primary
feed water for maintaining hydrogen concentration and removing
dissolved oxygen. It was also reported that a great amount of stress
corrosion cracking, pitting corrosion and mechanical damage was
observed at various locations at the reactor pressure vessel and the
primary circuit coolant systems [38]. Most of corrosion damages
generally occurred on local increase in chloride aggressiveness in
the region of the welding joint and between heat exchanger tubes,
but not related to the nitrogen species from ammonia, mainly due
to relatively low levels of nitrogen species under the reducing
condition, as demonstrated in Fig. 6. Furthermore, even in oxidizing
water, a low level of nitrogen species may not contribute signifi-
cantly to the material degradation since more detrimental effect
from oxygen is expected.
m effect of 100 ppb nitrate (as HNO3) on crack growth rate in 288 �C water [37].
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8. Summary

Radiochemical behaviors of water and ammonia are described
for the extent of basic understanding of interactions of various
chemical species in LWR coolants. Radiolysis of in-core water
coolant produces several radicals and ionic/molecular species, and
the ammonia radiolysis also generates dozens of radioactive ni-
trogen species, with uncertainty of their stabilities and domains in
reactor water environments. When an interaction of radicals with
other radioactive species occurs in the coolant system, a change in
oxidation/reduction states of ionic/molecular species can occur
thermally or radiolytically at different locations.

Therefore, it is very important to understand the chemical
behavior of radiolytic products (e.g., O2, H2, and H2O2) and nitrogen
species in high temperature water, but high temperature thermo-
dynamic data are not available to predict redox behaviors and
stabilities of chemical species in LWR water. Thermodynamic
consideration of chemical species is indeed necessary for calcu-
lating the chemical potentials related to free energy changes of
such species for a better understanding of their stabilities and
chemical interactions in high temperature water. This can be
perceived with both heat capacity and standard electrode potential
at elevated temperatures using the entropy correspondence prin-
ciple, and then thermodynamically stable species and their do-
mains within the operating LWR condition can be predicted. On the
basis of heat capacity approximation at low temperatures, ther-
modynamic values of the free energy change (ㅿGo), the standard
electrode equilibrium potential (Eo) and the redox potential (E) for
redox reactions of various chemical species and nitrogen com-
pounds in 300 �C pure water are calculated. Calculated values of
redox potentials for nitrogen species clearly indicates that N2 is the
predominant, thermodynamically, stable species within the LWR
operating condition.

The ammonia radiolysis generates hydrogen by the radiolytic
decomposition reaction, 2NH3 / 3H2 þ N2 that with some extent,
leads to the formation of N O�

2 ions by reacting with oxygen, and
the yield of N O�

2 depends on the pH of ammonia solutions and the
O2 contents. It was clearly shown that under oxidizing conditions
(e.g., oxygen) containing ammonia or nitrogen species, more N O�

3
and N O�

2 are formed, while in the presence of hydrogen, more NH3.
Thus, the production ratio of N O�

3 and N Hþ
4 strongly depends on

the dissolved oxygen and hydrogen concentration; more N O�
3

production in O2 water and more N Hþ
4 in H2 water.

Since nitrate does not easily hydrolyze in high temperature
water, it can enter into the crack tip as an ionic form. The presence
of nitrate at the crack tip may be beneficial to material performance
by raising the pH level, enhancing the repassivation kinetics, and
consequently alleviating the degradation of materials. In general, a
low concentration of nitrogen species (e.g., in ppb level) under
hydrogen water chemistry condition (e.g., low corrosion potential)
may not be detrimental significantly on material performance.
Nevertheless, an accumulation of nitrogen species at some loca-
tions (e.g., deep crevices or crack tips) may create the different
water chemistry condition (e.g., local pH change) that may enhance
the corrosion kinetics and SCC susceptibility of components.
However, regardless of nitrate presence, oxygen should be avoided
for minimizing the corrosion potential gradient through the crack/
crevice depth.
Declaration of competing interest

The authors declare that they have no known financial interests
or personal relationships that could have appeared to influence the
work reported in this paper.
3192
Acknowledgment

One of co-authors (Y-J Kim) expresses his sincere appreciation
for the financial support by the FNC Technology Co. Ltd.

References

[1] F.P. Ford, Quantitative prediction of environmentally assisted cracking,
Corrosion 52 (5) (1996) 375e395.

[2] P.M. Scott, Stress corrosion cracking in pressurized water reactors-
interpretation, modeling, and remedies, Corrosion 56 (8) (2000) 771e782.

[3] T. Shoji, Progress in mechanistic understanding of BWR SCC and implication to
predictions of SCC growth behavior in plants, in: W.A. Stevenson (Ed.), Pro-
ceedings of 11th International Conference on Environmental Degradation in
Nuclear Power Systems e Water Reactors vols. 10e14, 2003, pp. 588e599.
Aug.

[4] P. Scott, P. Combrade, R. Kilian, P. Andresen, Y.J. Kim, Status Review of Initi-
ation of Environmentally Assisted Cracking and Short Crack Growth, Report
1011788, EPRI, Palo Alto, 2005. October.

[5] G.S. Was, P.L. Andresen, Stress corrosion cracking behavior of alloys in
aggressive nuclear reactor core environments, Corrosion 63 (1) (2007) 19e45.

[6] S.J. Zinkle, G.S. Was, Materials challenges in nuclear energy, Acta Mater. 61
(2013) 735e758.

[7] P.L. Andresen, in: D. F�eron, R. Staehle (Eds.), Understanding and Predicting
Stress Corrosion Cracking (SCC) in Hot Water, European Federation of
Corrosion Publications No. 67: Ch.5 in “Stress Corrosion Cracking of Nickel
Based Alloys in Water-Cooled Nuclear Reactors-The Coriou Effect”, Elsevier,
2016, pp. 169e238.

[8] D. F�eron, C. Guerre, F. Martin, Historical review of alloy 600 stress corrosion
cracking: from the coriou effect to the quantitative micro-nano approach,
Corrosion 75 (3) (2019) 267e273.

[9] J. Kysela, M. Dimitko, V.A. Yurmanov, V.F. Tiakov, Primary coolant chemistry in
VVER units, Nucl. Eng. Des. 160 (1996) 185e192.

[10] C.C. Lin, Radiochemistry in Nuclear Power Reactors, Nuclear Science Series,
NAS-NS-3119, National Academy Press, Washington D.C., 1996.

[11] M. Pourbaix, Atlas of Electrochemical Equilibria in Aqueous Solution, NACE,
Houston, TX, 1972.

[12] J.W. Cobble, R.C. Murray Jr., P.J. Turner, K. Chen, High-Temperature Thermo-
dynamic Data for Species in Aqueous Solution, EPRI NP, 1982, p. 2400.

[13] C.M. Chen, K. Aral, G.J. Theus, Computer-calculated potential pH diagram to
300�C, EPRI NP-3137 1e3 (1983). Project 1167-2, June.

[14] Y.J. Kim, P.L. Andresen, Data quality, issues, and guidelines for electrochemical
corrosion potential measurement in high temperature water, Corrosion 59 (7)
(2003) 584e596.

[15] Y.J. Kim, Effect of Water Chemistry on Corrosion Behavior of 304SS in 288oC
Water, October, International Conference on Water Chemistry of Nuclear
Reactor Systems”, San Francisco, CA, 2004, pp. 11e14, 545-554.

[16] R.C. Weast, CRC Handbook of Chemistry and Physics, 57th Edition, CRC Press,
Cleveland, OH, 1976.

[17] D.F. Taylor, Thermodynamic properties of metal-water systems at elevated
temperatures, J. Electrochem. Soc. 125 (5) (1978) 808e812.

[18] C.E. Wicks, P.E. Block, Thermodynamic Properties of 65 Elements-Their Ox-
ides, Halides, Carbides and Nitrides, vol. 605, Bureau of Mines, US Government
Printing Office, Bulletin, 1963.

[19] J.W. Cobble, Thermodynamic properties of high temperature aqueous solu-
tions. VI. Applications of entropy correspondence to thermodynamics and
kinetics, J. Am. Chem. Soc. 86 (1964) 5394e5401.

[20] L. Yang, X. Sun, F.R. Steward, D.R. Morris, Measurements of Henry's law
constant for hydrogen in water utilizing a palladium differential resistance
sensor, Ber. Bmenges. Phys. Chem. 102 (5) (1998) 780e785.

[21] D.R. Morris, L. Yang, F. Giraudeau, X. Sun, F.R. Steward, Henry's law constant
for hydrogen in natural water and deuterium in heavy water, Phys. Chem.
Chem. Phys. 6 (2001) 1043e1046.

[22] L. Haar, Thermodynamic properties of ammonia as an ideal gas, J. Res. Natl.
Bureau of Standards-A, Phys. Chem. 72A (2) (1968) 207e216.

[23] L. Haar, J.S. Gallagher, Thermodynamic properties of ammonia, J. Phys. Chem.
Ref. Data 7 (1978) 635e792.

[24] C. Sousa-Silva, N. Hesketh, S.N. Yurchenko, C. Hill, J. Tennyson, High tem-
perature partition functions and thermodynamic data for ammonia and
phosphine, J. Quant. Spectrosc. Radiat. Transfer 142 (2014) 66e74.

[25] D.M. Himmelblau, Solubilities of inert gases in water, J. Chem. Eng. Data 5 (1)
(1960) 10e15.

[26] V.I. Baranenko, V.S. Sisoev, L.N. Fal’kovskii, V.S. Krov, A.I. Piontkovskii,
A.N. Musienko, The solubility of nitrogen in water, At. Energ. 68 (2) (1990)
133e135.

[27] G.R. Dey, Nitrogen compounds' formation in aqueous solutions under high
ionizing radiation: an overview, Radiat. Phys. Chem. 80 (2001) 394e402.

[28] Y. Etho, H. Karasawa, E. Ibe, M. Sakagami, Radiolysis of N2-H2O system, J. Nucl.
Sci. Technol. 24 (1987) 672e674.

[29] C.C. Lin, Chemical behavior and steam transport of nitrogen-13 in BWR pri-
mary system, J. Radioanal. Nucl. Chem. 130 (1989) 129e139.

[30] E. Ibe, H. Karasawa, S. Uchida, Radiation chemistry of radioactive nitrogen
species in BWR reactor core, J. Nucl. Sci. Technol. 28 (4) (1991) 347e355.

http://refhub.elsevier.com/S1738-5733(23)00246-2/sref1
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref1
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref1
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref2
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref2
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref2
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref3
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref3
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref3
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref3
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref3
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref3
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref3
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref3
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref4
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref4
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref4
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref5
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref5
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref5
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref6
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref6
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref6
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref7
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref7
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref7
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref7
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref7
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref7
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref7
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref8
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref8
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref8
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref8
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref8
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref9
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref9
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref9
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref10
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref10
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref11
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref11
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref12
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref12
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref13
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref13
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref13
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref13
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref14
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref14
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref14
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref14
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref15
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref15
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref15
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref15
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref15
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref16
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref16
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref17
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref17
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref17
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref18
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref18
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref18
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref19
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref19
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref19
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref19
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref20
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref20
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref20
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref20
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref21
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref21
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref21
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref21
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref22
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref22
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref22
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref23
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref23
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref23
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref24
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref24
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref24
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref24
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref25
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref25
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref25
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref26
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref26
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref26
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref26
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref27
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref27
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref27
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref28
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref28
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref28
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref28
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref28
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref29
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref29
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref29
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref30
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref30
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref30


Y.-J. Kim, G.D. Song, S.H. Baek et al. Nuclear Engineering and Technology 55 (2023) 3183e3193
[31] M.T. Dmitriev, Doses of ionizing radiation affecting the composition of the
atmosphere at radiation laboratory, At. Energ. 16 (3) (1964) 282e283.

[32] T. Rigg, G. Scholes, J. Weiss, Chemical actions of ionising radiations in solu-
tions: the action of X-rays on ammonia in aqueous solutions, J. Chem. Soc.
(Lond.) 580 (1952) 3034e3038.

[33] P. Dwibedy, K. Kishore, G.R. Dey, P.N. Moorthy, Nitrite Formation in the
radiolysis of aerated aqueous solutions of ammonia, Radiat. Phys. Chem. 48
(1996) 743e747.

[34] B. Hickel, K. Sehested, Reaction of hydroxyl radicals with ammonia in a liquid
water at elevated temperature, Radiat. Phys. Chem. 39 (1992) 355e357.
3193
[35] B.M. Gordon, The effect of chloride and oxygen on the stress corrosion
cracking of SS: review of literature, Mater. Perform. 19 (1980) 29e38.

[36] L.G. Ljungberg, D. Cubicciotti, M. Trolle, Effects of impurities on the IGSCC of
stainless steel in high temperature water, Corrosion 44 (2) (1988) 66e72.

[37] P.L. Andresen, Effects of nitrate on the stress corrosion cracking of sensitized
stainless steel in high temperature water, in: Proc. 7th International Sympo-
sium on Environmental Degradation of Materials in Nuclear Power Systems -
Water Reactors, Breckenridge, CO, 1995, p. 609. August 7-10.

[38] B.T. Timofeev, V.A. Fedorova, Corrosion and mechanical strength of NPP ma-
terial welded joint, Int. J. Pres. Ves. Pip. 64 (1995) 25e42.

http://refhub.elsevier.com/S1738-5733(23)00246-2/sref31
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref31
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref31
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref32
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref32
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref32
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref32
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref33
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref33
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref33
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref33
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref34
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref34
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref34
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref35
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref35
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref35
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref36
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref36
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref36
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref37
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref37
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref37
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref37
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref38
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref38
http://refhub.elsevier.com/S1738-5733(23)00246-2/sref38

