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Abstract
Analysis of corrosion processes has a major role in justifying the reliability and safety of developed nuclear reactors of 
a new generation with heavy liquid metal coolants. An approach has been developed which allows practical conclusions 
to be made with respect to the processes in the given metal-oxide system based on analyzing state diagrams for these 
systems in the “oxidation potential – temperature” coordinates. The proposed approach relies on a long-term experience 
of experimental and computational studies concerned with the interaction of various steel grades with molten lead and 
lead-bismuth, as well as with the transport of metal impurities within these molten metals. The oxidation potential of a 
metal-oxide system is measured in experimental studies using oxygen activity sensors developed and manufactured at 
IPPE. The applicability of the proposed approach to analyzing the processes of mass transport in iron-oxygen, lead-ox-
ygen, sodium-oxygen, and iron-water vapor systems has been demonstrated.
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Introduction

One of the most important processes that define the stabi-
lity of solid materials in various environments is oxidati-
on of solid metals by the environment components with a 
different degree of corrosive activity, specifically, oxygen 
corrosion of steels in heavy liquid metal coolants (lead 
or lead-bismuth). There is an extensive experimental and 
theoretical matter оn oxidation of materials in gas en-
vironments (Shimansky et al. 2009, Nechaev et al. 2007, 
Kubaschewski and Hopkins 1965) which is, however, 
hard to adapt to processes taking place at the interface of 
a solid metal and a liquid metal containing dissolved oxy-
gen since the role of liquid metal as such in the oxidation 
process is not quite understood.

The interaction of chemical substances is investigated, 
as a rule, from two points of view: analyzing the probabil-
ity of any reactions to take place (thermodynamics) and 
the resultant reaction rate (kinetics). Thermodynamics, as 
the general reaction direction, is estimated at a qualitative 
level based on constants shown in handbooks (Uiks 1965, 
Veryatin et al. 1965, Kulikov 1986), and kinetics is inves-
tigated experimentally with the finish equation obtained 
which links the oxidation rate to time and external con-
ditions (metal kind, temperature, oxidizer pressure, etc.).

Sodium coolant is known to be less corrosive with re-
spect to steel components than lead-based coolants. This 
is explained by the low solubility of iron in sodium (Sub-
botin et al. 1970) and the processes of steel degradation 
in sodium are associated with the carbon lost by steel and 

Copyright Lavrova OV, Legkikh AYu. This is an open access article distributed under the terms of  the Creative Commons Attribution License (CC-BY 4.0), which 
permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Nuclear Energy and Technology 6(4): 261–268
DOI 10.3897/nucet.6.60300

Research Article

*	 Russian text published: Izvestiya vuzov. Yadernaya Energetika (ISSN 0204-3327), 2020, n. 2, pp. 39–51.

mailto:alegkikh@ippe.ru
https://doi.org/10.3897/nucet.6.60300


Lavrova OV & Legkikh AYu: Thermodynamics of  equilibrium states, mass transfer in metal oxide systems262

by formation of complex chromic sodium oxides in the 
intergranular space of steels (Alekseev et al. 2015).

In contrast, increased corrosive activity of lead-based 
coolants, as compared with alkali metals, is explained by 
the increased solubility of iron in these coolants which 
provides for anisothermic transport of iron from the hot 
zone of the circulation circuit to the cold zone (Handbook 
2015, Askhadullin et al. 2016).

Corrosion of steels in water coolant is explained by 
the electrochemical transport of the substance, which was 
first shown by Wagner (Bagotsky 1988) whose works are 
referred to by later authors, e.g. in (Lineckij et al. 1985), 
while noting, among other things, the divergence of the 
experimental data and the calculation results due to po-
larization.

This paper presents a thermodynamic approach to 
analyzing the processes taking place at different phase 
boundaries based on calculating the electrical potentials 
of these boundaries being in equilibrium with oxygen. 
This approach was demonstrated using the comparative 
characteristics of the corrosive behavior of the following 
systems used as coolants in nuclear power plants:

•	 lead – oxygen;
•	 iron – oxygen;
•	 sodium – oxygen;
•	 water vapor – oxygen.

The corrosive behavior of coolants has been shown 
to be defined, among other things, by the difference in 
the electrical potentials forming at the interfaces of steels 
(primarily irons) and the coolant.

Thermodynamics and electrical 
potential of stoichiometric oxides

It was practically at the very beginning of the lead-bis-
muth coolant adoption that investigators understood the 
substantial effect the dissolved oxygen concentration in 
lead-based melts had on the corrosion of steel compo-
nents, and equipment was built for the continued observa-
tion of this quantity variation.

Oxygen activity sensors (OAS) for lead-bismuth cool-
ants were developed at IPPE under the leadership of B.A. 
Shmatko which were further used in lead coolant circuits 
as well (Gromov and Shmatko 1996).

The difference of the potentials between the coolant 
and the reference electrode is determined by the well-
known Nernst equation:

( ) ( )ref.el envir. ref.el. envir. 
2 2ln ln
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where pO2
ref.el is the equilibrium partial pressure of oxy-

gen over the metal-oxide system selected as the reference 
electrode; pO2

envir. is the equilibrium partial pressure of ox-
ygen over the coolant containing dissolved oxygen; R is 

the universal gas constant; T is the temperature, K; and F 
is the Faraday constant.

The {Bi} – <Bi2O3> system, the oxidation potential 
(pO2

) of which is calculated by the Gibbs equation using 
thermodynamic data, is used most often as the reference 
electrode (zero potential) (Kulikov 1986):
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2
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We shall use the same system of coordinates to calcu-
late the electrical potentials of various media as well.

The measured electrical signal with the known tem-
perature in the OAS vicinity is easily converted to the 
values of the oxygen concentration in the coolant (СO) 
(Askhadullin et al. 2016, Gromov and Shmatko 1996). A 
system of several oxygen sensors can be installed at any 
points of the liquid metal coolant circulation circuit. Ex-
amples of the OAS EMF behavior depending on time or 
the temperature at the installation point can be found in a 
number of publications, e.g. in (Askhadullin et al. 2016, 
Martynov et al. 2009).

Despite the fact that the actual OAS signal is an elec-
trophysical quantity, investigators normally associate it 
only with the concentration of oxygen in the coolant. At 
the same time, the sensor measured electrical potential ΔE 
exists in the melt irrespective of if it is measured or not. 
Moreover, different values of ΔE can be simultaneously 
recorded at different melt points using several sensors. 
The divergences in the ΔE values in steady-state facilities 
may amount to ~100 mV, and those in anisothermic forced 
circulation circuits in certain modes reach ~300 mV.

As it follows from electrochemistry laws (Damaskin et al. 
2006), an electromotive force, which has a particular direc-
tion, arises and, according to Faraday laws, causes the cat-
ions and anions to move towards each other if a difference 
occurs in the electrochemical potentials between two space 
points. If the conditions at each of these points are known, 
it is not difficult to calculate the difference in the electrical 
potentials or the force acting on the cations and anions.

From this point of view, we shall consider in the ΔE(t) 
coordinates the relative position of some stable oxide sys-
tems which may form in response to the contact of the 
coolant (Pb, Na, H2O) and iron, as the base component of 
structural steels, with oxygen. This will make it possible 
to evaluate the movement direction of various metal ions 
and to detect possible equipment corrosion mechanisms. 
In this case, coolants act as the environment for solid iron 
(steel) or its oxide.

Lead-oxygen system

The nature of the Pb-O system behavior depending on 
the oxygen potential level has been well studied experi-
mentally. So it is this system that the analysis should be 
reasonably started with. The calculations are based on the 
Gibbs energy from the solid lead monoxide formation re-
action (Kulikov 1986):
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{Pb} + ½(O2) = <PbO>.	 (3)

For the conditions of equilibrium achieved after the 
reaction is over, the constancy of the ratio of the reaction 
product activities and the residual activities of reagents 
is fulfilled:

(3) 1/2
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Depending on the temperature and the initial mole 
ratio of pure reagents, equilibrium can be reached at any 
value pO2

, which, in the ΔE(t) coordinates, corresponds 
to one diagram point. Let us assume that we know in 
advance (or have measured or defined) that there is a 
certain equilibrium partial pressure of oxygen at the 
preset temperature.

It follows from equation (4) that only one metal activ-
ity value corresponds to this oxygen pressure. If it turns 
out as the result of a formal calculation that aPb ≈ 1, this 
metal is present in the system as a phase (condensate). If 
aPb < 1, then there is no metal phase under the given con-
ditions; the metal is expected to transform fully into oxide 
with any content of oxygen.

Diagram of Fig. 1 presents calculated electrical poten-
tials of the Pb-O system depending on temperature. As 
can be seen, the system in this temperature interval is di-
vided into two major regions.

The upper region is characterized by the lead activity 
values which are close to unity a(Pb) = p(Pb)/p°(Pb) ≈ 1). This 

is therefore the liquid lead existence region. The limiting 
state of the liquid lead existence is the potential shown by 
the black line (practically a horizontal). Oxygen additions 
to such a system do not practically affect the potential val-
ue since its activity is kept at the level of unity until there 
is no more lead.

With regard for the reference data for ΔG°T (Kulikov 
1986), using the expression for determining the equilibri-
um constant for the reaction ln k = – DG°T / (R ∙ T), as well 
as with regard for (4), with a(Pb) = 1, we shall get:

2

{Pb} 22726lg 10.1747
T

PbO
Op −< > = − + .	 (5)

The conversion of calculated values (5) using formula 
(1), with regard for (2), makes it possible to calculate the 
position of the equilibrium ΔE(t) as shown in Fig. 1.

Formal equilibrium (5) will be maintained on the metal 
and gas phase interface until there is no more metal phase. 
And, contrarily, where a constant partial pressure of oxy-
gen is kept over the lead at level (5), there is no formally 
reaction between the gas phase and the liquid phase.

The higher is the ΔE value in the upper region, the 
smaller is the content of dissolved oxygen in lead and the 
lower is the partial oxygen pressure over this solution. 
This follows from an analysis of the positions of different 
oxygen isobars and the isoconcentration distribution of 
the oxygen dissolved in lead.

According to (1), the position of the oxygen isobars 
(lgp(O2) = const) in the ΔE(t) diagram is defined only by 
the reference electrode and does not depend on the kind of 

Figure 1. ∆E–t diagram of the molten lead state in terms of oxygen impurity relative to the {Bi} – <Bi2O3> system potential.
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the metal interacting with oxygen. Fig. 1 presents the po-
sitions of the oxygen isobars lg p(O2) = -15; -20; -25; -30.

The positions of the isoconcentration lines (dashed 
straight lines) for oxygen (lgCO = const) have been calcu-
lated with regard for the limiting solubility of oxygen in 
liquid lead CS

O (Handbook 2015) and for the connection 
of the oxygen concentration and partial pressure:

2

2

OO o
O S S S

o O O

pC pa
C p p

= = = .	 (6)

That the position of the calculated region of the liquid 
lead oxidation potentials corresponds to the experimental 
data obtained during the measurement of this potential in 
molten lead is confirmed by many studies a fragment of 
which is presented in Fig. 1.

The lower region is characterized by the values of the 
lead activity aPb < 1 and is, therefore, the existence region 
of lead oxides with different oxygen contents.

The position of stoichiometric lead monoxide in the 
ΔE – t diagram is defined by the equilibrium of the lead 
monoxide dissociation reaction:

<PbO> ↔ (Pb) + ½(O2)	 (7)

The energy of the solid lead oxide thermal dissoci-
ation reaction differs from the energy of the lead oxide 
formation primarily in quantitative characteristics: no 
condensed lead can be obtained from lead oxide by ther-
mal dissociation. Just a small portion of oxygen and lead 
passes into the gas phase as the result of reaction (7). The 
electrical potential of lead monoxide corresponds to the 
level shown in Fig. 1: <PbOх> (x = 1). The calculation of 
the equilibrium for reaction (7) is based on determining 
the minimum of the total pressure in a closed system that 
defines the stable lead monoxide position (Kulikov 1986), 
and makes:

PbO
O2

14206lg 6.6555
T

p< > = − + 	 (8)

Therefore, in accordance with Fig. 1, the lead monox-
ide phase has an electrical potential that differs from the 
electrical potential of lead saturated with dissolved oxy-
gen practically by 300 mV. This means that no lead mon-
oxide of a red or yellow modification can form in a closed 
system when reaction (3) is equilibrium in the presence 
of liquid lead. However, with the partial oxygen pressure 
being at the level described by equation (5), the partial 
pressure limit for gaseous complexes (PbO) is reached, 
from which gaseous polymers (PbO)n (n = 1–4) form as 
new oxygen is added, and then a solid oxide phase forms 
by way of their condensation (Kulikov 1986). Limiting 
partial pressures of all gaseous polymers are reached at 
the equilibrium level described by equation (8).

An increase in the partial oxygen pressure over the lead 
monoxide phase in the respective temperature range leads 
to the lead monoxide gradual enrichment with oxygen up 
to the red lead (<Pb3O4>) formation (not shown in Fig. 1).

The positions of the lead isobars lg p(Pb) = const 
shown in Fig. 1 are calculated with regard for equations 
(1), (2), and (4), as well as for the equation for the lead 
pressure limit calculation (interpolation of data (Glushko 
1978) in the temperature range of 600.5 to 1000 K).

Pb
9745,2lg 4.9578

T
p° = − + .	 (9)

By analogy with the diagram’s upper region, the content 
of oxygen in an oxide phase in the lower region decreases 
as the value ΔE increases, and grows as ΔE decreases.

F.A.C.T. data (FACT 2020) confirms the correspond-
ence of the partial oxygen pressure over lead monoxide 
to equation (8).

A positive difference in the electrical potentials be-
tween liquid lead and solid oxide (<PbO>) (≥ 300 mV) 
ensures that a spontaneous process of oxide dissolution 
in metallic lead takes place due to the countermovement 
of lead cations and oxygen anions. This reaction will ev-
idently continue until the electrical potentials equalize 
throughout the closed system or equilibrium is reached.

Iron-oxygen system

The iron-oxygen diagram is calculated using data on the 
variation of the standard Gibbs potential for reactions of 
the solid iron oxide formation of solid iron and oxygen 
gas. The diagram’s lower temperature limit is the lead 
melting point (327.5 °С). The maximum temperature li-
mit for this system is 570 °С. As shown by numerous stu-
dies, there is no wustite phase (iron oxide with the com-
position close to <FeO>) found below this temperature 
which makes the calculation volume somewhat smaller.

The key reference data to calculate the equilibrium of 
the magnetite and hematite dissociation reactions is given 
in (Kulikov 1986). For guidance as to the oxidation po-
tential level, the same diagram includes the equilibrium 
position for the {Pb} – <PbO> reaction.

The diagram in Fig. 2 presents the Fe-O system in the 
same coordinates. An analysis of the diagram shows that the 
<Fe> – <Fe3O4> system is similar to the previous diagram 
as far as the presence of two phase regions is concerned:

•	 above the <Fe> – <Fe3O4> line – solid iron phase;
•	 below the <Fe> – <Fe3O4> line – solid iron oxide 

phase the composition of which depends on the ox-
idation potential of the environment.

The equilibrium of the reaction of the magnetite for-
mation of iron and oxygen:

3<Fe> + 2 (О2) = <Fe3O4>	 (10)

is described by the equation (< 843 K):

2 3 4

S
O Fe Fe O

28795lg 8.2508
T

p
< >−< >

= − + .	 (11)
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Oxidation potential (11) should be maintained at the 
iron – iron oxide interface until the iron phase passes fully 
into the oxide phase.

The equilibrium of the solid iron evaporation reaction:

<Fe> ↔ (Fe)	 (12)

is described by equation (FACT 2020):

(Fe)
21658lg 7.5993

T
p° = − + .	 (13)

The iron isobars in the diagram in Fig. 2 are diagonal 
straight lines with a negative temperature gradient.

The position of the oxygen isobars in Fig. 2 corre-
sponds exactly to their position in any other metal-oxide 
system, e.g. in Pb-O (Fig. 1).

The position of stoichiometric magnetite in the dia-
gram was determined with regard for the equilibrium of 
the reaction of its dissociation (Kulikov 1986) by way of 
determining the minimum cumulative pressure for all gas 
phase components (O2); (O), (Fe), (FeO):

<FeO·Fe2O3 > ↔ 3(Fe) + 2(O2)	 (14)

2 3
( 2) FeO·Fe O

24221lg 7.428
TOp

< >
= − + 	 (15)

Keeping in the environment (e.g. in lead) the constant 
conditions characterized by the oxygen partial pressure 

values between levels (11) and (14) will lead to the for-
mation of nonstoichiometric iron oxides with an increased 
content of ferrous iron relative to stoichiometric magnetite, 
<nFeO·Fe2O3 > (n >1). And there is its own oxide composi-
tion that can be determined by calculation corresponding to 
each diagram point characterized by a pair of values (Т, pO2

).
The position of stoichiometric hematite is defined by 

the equilibrium partial pressure of oxygen during its dis-
sociation (JANAF 1971, Tamm and Tretyakov 2004):

<Fe2O3 > ↔ 2(Fe) + 3/2(O2)	

( )2
2 3Fe O

25785lg 14.86Op
T< >

= − + 	 (16)

Therefore, the diagram in Fig. 2 can be considered as 
a low-temperature part of the iron – oxygen system phase 
diagram in specific coordinates. However, the condensed 
iron position shown in the phase diagram by a straight 
vertical line (СFe = wt. 100%) turns, in these coordinates, 
into a region the potential of which depends on the tem-
perature and the content of dissolved oxygen (by analogy 
with the oxygen solution in lead).

The compilation of the diagrams presented in Figs. 1 
and 2 shows that the oxidation potential region between 
the levels ~110 mV < ΔE < ~ 480 mV is:

•	 the existence region of solid oxides with different 
compositions (for iron);

Figure 2. Iron-oxygen E–t diagram relative to the {Bi} – <Bi2O3> system potential. The region above the <Fe> – <Fe3O4> line 
is solid iron with dissolved oxygen [FeO]. The region below the <Fe> – <Fe3O4> line is iron oxides with nonstoichiometric and 
stoichiometric compositions.
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•	 the existence region of the liquid metal phase con-
taining dissolved oxygen (for lead).

Consequently, the role of lead in the process of iron ox-
idation by oxygen is explained primarily by the limits of 
the oxidation potential values. Gaseous mixtures like (Н2) 
– (Н2О) or (СО) – (СО2) used in metallurgy for keeping 
the required oxidation potential of the environment may 
also have a similar role.

Therefore, there is a positive difference of the poten-
tials maintained at all times between the solid iron phase 
(steel) and the liquid lead phase with dissolved oxygen 
which provides for the transport of iron ions from the 
iron phase, where the oxidation potential is small, into the 
molten lead volume where the oxidation potential is much 
higher. It is exactly this force that accounts for the corro-
sion of steels in lead or lead-bismuth coolant.

It follows from the diagram in Fig. 2 that the compo-
sition of the external oxide film layer will be different on 
one and the same steel tested with an identical oxygen con-
centration but with various temperatures, since the oxide 
composition depends on the pair of values (Т, pO2

) which 
are different for various circuit points. Besides, hematite, 
the highest oxide of iron, cannot form in the region of the 
used oxygen concentrations in lead coolant.

It needs to be noted that the presence of structur-
al steels, on the one hand, and the entry of oxygen into 
molten lead, on the other hand, keep the non-equilibrium 
state (and, therefore, the chemical interaction) of the sys-
tem and, consequently, the transport of components nor-
mally to the steel surface.

Water vapor

Water vapor of 1 atm has been selected as the reagent for 
estimating the oxidation potential of water coolant. Esti-
mates for the water vapor dissociation are presented (not 
to be confused with the water formation reaction) in the 
diagram in Fig. 3.

(Н2О) ↔ (Н2) + ½(О2).	 (17)

The calculation of the partial pressure of oxygen in 
equilibrium with water vapor at 1 atm was taken from 
(Kulikov 1986) and interpolated in a range of 298 to 1000 
K by the equation

O2
8500,6lg 1.5967

T
p = − + .	 (18)

For comparison, the same diagram in Fig. 3 presents 
the iron – oxygen system.

Without giving a detailed analysis of the iron interac-
tion with water vapor, we shall note that the difference 
in the electrical potentials between system (15) and the 
Fe-О system is also positive which provides for the flow 
of iron into the environment, that is, into water vapor. 
However, the level of the water vapor oxidation poten-
tial allows it to co-exist with hematite, the highest oxide 
of iron, which has as small permeability parameters as 
possible, both in terms of oxygen and iron, and good pas-
sivating properties. Due to this, water coolants are less 
corrosive with respect to structural materials than lead-
based coolants.

Figure 3. Iron – oxygen E–t diagram and the water vapor position relative to the {Bi} – <Bi2O3> system potential.
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Hematite is known to be the highest oxide of iron. If a 
larger oxidation potential is maintained in the environment, 
then an electrical field, which compensates for the differ-
ence in the potentials between the hematite surface and 
the environment (e.g., the adsorption layer), is expected 
to form at the interface. If a smaller oxidation potential is 
maintained in the environment, an oppositely directed elec-
trical field is expected to form at the interface, and the solid 
surface will turn to be electrically charged due to the en-
vironment lacking elements to compensate for this charge 
(up to an equilibrium achieved with the environment).

Sodium-oxygen system

Fig. 4 presents relative positions of electrical potentials in the 
sodium – oxygen system and in the iron – oxygen system.

The level of the {Na} – <Na2O> system’s electrical 
potential or liquid sodium in the oxygen saturation condi-
tions corresponds to ~1000 mV:

( ) { }2
2 2

O Na Na O

44036lgp 14.761
T−< >

= − + .	 (19)

The oxidation potential of the stoichiometric oxide 
<Na2O> is calculated by equation (Kulikov 1986):

( )2
2

O Na O

13050lgp 6.192
T< >

= − + ,	 (20)

which corresponds to the electrical potential at the lev-
el (−300) – (−220 mV). This means that such oxide with 
the composition <Na2O> cannot exist in equilibrium with 
liquid sodium.

The existence region of nonstoichiometric sodium ox-
ides with a smaller content of oxygen coincides with the 
solid iron phase existence region with a different oxygen 
saturation degree. There cannot be iron oxides in this re-
gion of potentials. This is confirmed in practice: there are 
no iron-based oxide films on the structural materials be-
ing in contact with sodium (Kinev et al. 2017).

The existence region of liquid sodium with any content 
of dissolved oxygen corresponds to a higher electrochem-
ical potential than required for the existence of iron ox-
ides. That is, the electrical charge of the oxygen saturated 
iron phase in the system under consideration is negative 
with respect to liquid sodium.

Such difference in electrical potentials is capable to 
provide for the movement of sodium ions into the iron 
phase to form a compound with the oxygen contained in 
iron rather than contrarily. It is exactly for this reason that 
there is no iron cation mass transport into sodium.

Conclusion

The authors have proposed an approach to determining 
the direction of mass transport (specifically of iron as the 
base component of steels) in metal-oxide systems based 
on a comparative thermodynamic analysis of the reacti-
ons taking place which is presented in the electrical po-
tential – temperature coordinates.

Potential interactions within the iron – oxygen – cool-
ant systems have been considered. Lead, water vapor, and 
sodium in the temperature region of up to 570 °С have 
been considered as the coolant.

Figure 4. Sodium – oxygen and iron – oxygen E–t diagrams relative to the {Bi} – <Bi2O3> system potential.
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It has been shown that a positive difference in the 
electrical potentials between the iron phase and the lead 
phase in the presence of oxygen provides for the trans-
port of iron cations into the coolant and for the formation 
of stoichiometric hematite at the interface of nonstoichio-
metric magnetite the composition and, therefore, perme-
ability of which depend on the temperature and content 
of oxygen in lead.

A positive difference of potentials between the iron 
phase and water vapor also provides for the mass trans-
port of iron cations with hematite of a smaller permea-
bility than magnetite enriched with ferrous iron formed 
however at the interface as the reaction product.

A negative difference of potentials between the iron 
phase and oxygen saturated sodium hampers the iron 
mass transport into the sodium coolant.
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