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Abstract: Sludge formation via colloidal magnetite deposition in steam generators is an important
phenomenon that significantly influences the thermohydraulic properties and corrosion of structural
materials. This paper aims to verify a model of sludge deposition and consolidation with emphasis on
its most significant parameters and their experimental estimation. In-situ electrochemical impedance
spectroscopic (EIS) measurements are employed for quantitative evaluation of magnetite deposition
kinetics on stainless steel in ammonia-ethanolamine (AMETA) secondary coolant at different temper-
atures. Parameterization of the model by quantitative comparison of the mixed-conduction model
(MCM) with experimental data is discussed. Model predictions are compared with literature data
from laboratory experiments and plant operation. Conclusions are drawn about the applicability of
the model for quantitative assessment of sludge deposition and consolidation rates.

Keywords: sludge formation and consolidation; particulate iron oxide; construction material; sec-
ondary power plant loop; electrochemical impedance spectroscopy; kinetic model

1. Introduction

The functions of the steam generator (SG) in a two-loop nuclear power plant of a
pressurized reactor (PWR) type are to produce steam using heat generated by nuclear
fission reactions during the reactor operation, and to play a role in the removal of residual
heat from the fission products both in normal reactor shutdown and in the case of a
compromise of the reactor core. Since the SG is located on the boundary between the
nuclear (radioactive system of the primary loop) and conventional (non-radioactive system
of the secondary loop) parts of the plant, it has two vital roles for its operation and security:

• To provide a barrier for separating radioactivity in the primary loop from the secondary
loop to prevent leakage;

• To transfer heat from the primary to the secondary loop and maintain a level of security
in normal operations and some post-emergency scenarios.

Therefore, the structural integrity of the SG and its internal components is critical in
ensuring the safety and optimal operation of a nuclear power plant [1].

As a result of the corrosion of components made of carbon and/or low-alloy steels
in the SG, soluble iron and magnetite (Fe3O4) particles accumulate in the secondary loop
coolant. These particles are carried by the stream and deposited on the supports of the tube
bundles or the pre-heater cartridges, creating problems associated with flow continuity,
thermohydraulic properties and corrosion. Recent accidents of pipe bundles in PWR plants
are described as the result of high-frequency fatigue associated with flow redistribution
and the clogging of pipes due to a violation of the structure of the supports of the SG tube
bundles [2–4]. Modern corrosion problems include intercrystallite corrosion and stress
corrosion cracking at the low levels of the steam generator pipes in Canadian Deuterium-
Uranium (CANDU) reactors, as well as pitting corrosion in some PWR plants [1–4].
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Despite considerable research efforts on the subject in recent years [5–12], currently, no
generally applicable models of sludge deposition and consolidation processes have been
proposed. The development of this type of model would include a quantitative assessment
of the possibilities of minimizing the formation of magnetite particles and their deposition
on the SG surfaces by optimizing the water chemistry and hydrodynamics (assessing the
influence of different types of amines, the use of dispersants, etc.). In this regard, the main
objective of this study is the development, parameterization, validation and verification of
a quantitative model of colloidal magnetite deposition and consolidation on stainless steel
SG tube material using dedicated laboratory experiments.

2. Theoretical Background

The kinetic model of deposition and consolidation has been already described in detail
in our previous paper [9], therefore, only a short overview is given here. A simplified
scheme of the processes considered in the model is presented in Figure 1. The main
assumption of the model is that during the initial stage of the process, when the fluid
containing colloidal magnetite particles and dissolved iron ions comes into contact with the
tube, deposition of sludge particles takes place. On the other hand, secondary crystallization
of magnetite due to oversaturation of the boundary layer with soluble iron occurs after
a certain induction period, as shown in a number of studies of sludge formation [1,13].
This germ formation and growth process leads to the consolidation of the slurry, with the
crystals of Fe(OH)2 and Fe3O4 acting as the binder of individual sludge particles, making it
more difficult for them to detach from the surface.
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Figure 1. A simplified scheme of the proposed model.

This model deals with the specific case in which an energy barrier occurs due to the
presence of electrostatic repulsion between colloidal particles and the surface of the tube
material. Since such interactions occur at very small distances compared to the thickness
of the diffusion layer, the surface boundary layer approximation (SFBLA) [14] is applied.
In turn, consolidation of the particles is assumed to be the result of crystallization of a
magnetite-type oxide, which has the ability to bind individual magnetite particles together,
preventing their detachment from the surface. Several authors [15–18] suggest that the
crystallization of magnetite is governed by the mechanism of Johnson–Mehl–Kolmogorov–
Avrami (JMKA) for simultaneous nucleation and growth [19]. It is assumed that the
rate-determining stage of the process is dehydration of Fe(OH)2, which is the main soluble
form of Fe in slightly alkaline high-temperature, high-pressure electrolytes, such as the
secondary coolant of nuclear plants:

3Fe(OH)2,aq → Fe3O4+2H++2e−+2H2O (1)
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In addition, the detachment rate of a particle that has undergone consolidation by the
JMKA mechanism is considered to be zero. To summarize, the following general equation
for the deposition and consolidation process was proposed [9]:

md(t)
mp

=
ka

kd[1− α(t)]

[
1− e−kd [1−α(t)]t

]
(2)

where md (t) is the deposited mass as a function of time (kg m−2) and mp is the mass concentra-
tion of particles in the fluid (kg m−3). The rate constants of deposition (ka) and detachment (kd),
as well as the fraction of particles that consolidate (α) are expressed as follows [9]:

ka =
2kT/3πη

dp2

√
Φb

πkT
e−

Φb
kT (3)

kd =
ka

hmin

√
|Φmin|
πkT

e
Φmin

kT (4)

α(t) = 1− exp
[
−(kct)n] (5)

In these equations, dp is the diameter of the depositing particle (a typical value is in
the order of 100 nm); η is the dynamic viscosity, Φb = Umax, the value of the repulsion
maximum estimated via differentiation of the total interaction energy vs. distance curve;
Φmin = Umin is the value of the attraction minimum estimated via differentiation of the
total interaction energy vs. distance curve; hmin is the location of the minimum on the
distance axis; kc is the rate constant of consolidation; and n is the exponential factor. The
total interaction energy per unit area between a planar surface and a spherical particle
(separated by a distance h) is computed as a sum of the retarded Van der Waals (VdW),
Lewis acid–base (AB) and constant potential electrostatic double layer interaction energy
(EDL) expressions [9]:

UPS = UVdW + UEDL + UAB (6)

UVdW =
−AHdp

12h

(
1

1 + 14h/Λ

)
(7)

UEDL = πεε0
dp

2

[(
ζsur f + ζp

)2
ln
(

1 + e−κh
)
+
(

ζsur f − ζp

)2
ln
(

1− e−κh
)]

(8)

UAB(h) = πdp∆GABe
h0−h

λ (9)

In these equations, AH is the Hamaker constant, Λ is the characteristic wavelength of
retardation of VdW forces, ξj (j = s,p) is the zeta-potentials of the surface and the particle, κ
is the Debye length, λ is the decay length of acid-base interactions in water, and the Gibbs
energy is a function of the polar (donor-acceptor) components of the surface energy of
the interacting media. The zeta potentials of the particles were measured in simulated SG
conditions in our previous paper [9] and typical values of −0.01 . . . −0.02 V were obtained
in ammonia and ethanolamine solutions at 150–200 ◦C. The zeta potential of stainless steel
in similar media was assumed to be equal to the recently reported values for Alloy 690 [20]
that are of the same sign and order of magnitude.

This study is devoted to the validation of the proposed model using measurements
of the kinetics of initial stages of magnetite deposition on stainless steel in simulated SG
conditions by in-situ electrochemical impedance spectroscopic measurements.

3. Materials and Methods

The kinetics of magnetite deposition on stainless steel (SG tube material) were in-
vestigated in the temperature interval 130–180 ◦C using a laboratory made recirculation
loop connected to a measurement autoclave ((PARR, USA, manufactured from AISI 316L,
volume 3.75 dm3, Figure 2). The temperature interval was chosen to coincide with the
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reported maximum flow-assisted corrosion rates in the steam generator. A PTFE cell with a
volume of 0.15 dm3 is positioned at the bottom of the autoclave.
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Figure 2. Scheme of the measurement setup.

During measurement, the autoclave was completely filled with electrolyte, which
played the role of an input flow buffer. A certain amount of magnetite (99.5%, Ventron
GmbH) with a particle diameter of about 0.5 µm was also put in the cell. A particulate filter
was installed at the output of the autoclave to capture magnetite particles with a diameter
> 0.25 µm caught by the flow.

The working electrodes were cut from plates made of AISI 316L. The chemical compo-
sition of the alloy estimated by glow discharge optical emission spectroscopy is presented
in Table 1. Pre-treatment of electrodes consisted of degreasing, mechanical polishing with
type 2000 emery paper and washing with de-ionized water. Pt (99.9%) was used as a
counter-electrode and a cathodically polarized Pd (99.9%) served as a reversible hydrogen
electrode (RHE). The polarization of Pd vs. an additional Pt electrode was carried out with
−10 µA, using a DC current source (LakeShore Cryotronics). Before each measurement,
this type of electrode was calibrated at ambient temperature against a AgCl/Ag/3 M
KCl electrode. The composition of the electrolyte simulating an ammonia–ethanolamine
(AMETA) secondary coolant is summarized in Table 2. N2H4, NH3 and HO(CH2)2NH2
(p.a., Sigma Aldrich, St. Louis, MO, USA) that contained less than 0.00005% of Fe and Cu
and de-ionized water (room temperature conductivity less than 0.2 µS cm−1) were used for
its preparation. The concentration of magnetite was either 0.1 or 1.0 g dm−3.

Table 1. Chemical composition of the AISI 316L tube material (wt.%, balance Fe).

Element C Cr Cu Mn Ni P S Si Mo

Content/wt.% 0.015 16.5 0.26 1.7 10.5 0.03 0.003 0.50 2.6
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Table 2. Composition of the AMETA coolant.

Constituent N2H4 NH3 HO(CH2)2NH2

Concentration/mg kg−1 0.10 4.0 0.40

The magnetite deposition process is followed by electrochemical impedance measure-
ments at the open-circuit potential. According to literature data, this type of measurement
gives the most accurate in-situ information about the initial stages of the process [21].
Impedance measurements were performed using an Ivium CompactStat.h10030 potentio-
stat in floating mode, driven by IviumSoft 4.89 software (Ivium Technologies, Eindhoven,
The Netherlands). The linearity of impedance measurements was verified by acquiring
spectra with signal amplitudes between 20 and 50 mV (rms), and the stationarity of the
system was checked by the Kramers–Kronig transformation test embedded in the software.
After mounting the electrodes and filling the system with electrolyte, it was pressurized
to 90 bar and heated to 80 ◦C, followed by purging with 99.999% Ar for 16 h. The concen-
tration of dissolved oxygen in the system after this procedure was less than 0.01 mg kg−1.
However, the purging of the feedwater in the tank with Ar continued throughout the
experiment duration. Next, the temperature in the measuring autoclave was gradually
increased, with the value of 180 ± 1 ◦C at a pressure of 90 ± 0.2 bar being attained in
2.5–3.5 h. After reaching the operating temperature, impedance spectra were taken periodi-
cally during deposition up to 24 h. Both galvanostatic zero current mode (i.e., open circuit)
and potentiostatic measurements at the corrosion potential were used. The spectra were
measured in a frequency range of 0.5 mHz to 11 kHz with an ac signal of 40 mV (rms) or
1 µA (rms). Spectra measured by both methods were identical within the reproducibility
limit (±1% by impedance magnitude and ±2◦ by phase shift). Complex least-square fitting
of the spectra with respect to the equations of the mixed-conduction model were performed
using Originlab 9.8 software.

4. Results and Discussion
4.1. Electrochemical Impedance Spectra of AISI 316L during Magnetite Deposition

Electrochemical impedance spectra of AISI 316L at 130 ◦C in the AMETA electrolyte
both in the absence and the presence of 1.0 g dm−3 Fe3O4 are presented in Figures 3 and 4,
both in Bode coordinates (magnitude and phase shift of impedance dependent on fre-
quency) and in the complex plane. For the convenience of comparing the spectra measured
at different temperatures, the ohmic resistance of the electrolyte is 95% compensated. In the
absence of magnetite particles, impedance spectra depend only slightly on oxidation time
and the total polarization resistance of the system (expressed as the impedance magnitude
at f → 0) varies between 4.0 and 5.0 kΩ cm2 in qualitative agreement with the results of AISI
304L in ammonia water at 300 ◦C without the addition of magnetite [21]. In the presence
of 1.0 g dm−3 magnetite, polarization resistance increases continuously with oxidation
time, which is an indication of gradual coverage of the oxide/electrolyte interface with
magnetite particles that block the active sites for the charge transfer processes. Extrapolated
polarization resistance values after 24 h of oxidation are several times higher than those in
the absence of magnetite, which is also in qualitative agreement with the AISI 304L results
in ammonia with 0.3 g dm−3 Fe3O4 at 300 ◦C [21].
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Figure 3. Electrochemical impedance spectra of AISI 316L at 130 ◦C in AMETA water chemistry in
the absence of magnetite particles. (left)—impedance magnitude (full symbols) and phase shift (open
symbols) vs. frequency, (right)—complex plane representation. Points—experimental data, solid
lines—best-fit calculation with respect to the MCM equations discussed in the text. The legend is
oxidation time (h).
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Figure 4. Electrochemical impedance spectra of AISI 316L at 130 ◦C in AMETA water chemistry in the
presence of 1.0 mg/dm−3 magnetite particles. (left)—impedance magnitude (full symbols) and phase
shift (open symbols) vs. frequency, (right)—complex plane representation. Points—experimental
data, solid lines—best-fit calculation with respect to the MCM equations discussed in the text. The
legend is oxidation time (h).

By deconvolution of impedance spectra, three time constants are detected in the phase
shift vs. frequency curves. The high-frequency time constant is associated with the electrical
properties of the protective sublayer of oxide, the time constant at intermediate frequencies
most likely reflects the processes of charge transfer across the film/coolant interface, and the
low-frequency time constant is due to the transport of ionic defects in the protective sublayer.

Electrochemical impedance spectra of AISI 316L in AMETA at 180 ◦C in both the
absence and presence of 0.1 and 1.0 g dm−3 Fe3O4 are presented in Figures 5–7. The
results are qualitatively analogous to those at 130 ◦C: in the absence of magnetite, the
influence of oxidation time on impedance spectra is small, while in the presence of Fe3O4,
the polarization resistance increases continuously and reaches values 7–8 times higher
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than in its absence. This fact again illustrates the significant coverage of the surface with
magnetite particles. The number and type of time constants in the impedance spectra is
analogous to that observed at 130 ◦C, allowing the data to be interpreted with the same
transfer function. It is worth noting that, except in the initial stages of oxidation, the
influence of the magnetite content on the impedance spectra is relatively weak.
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Figure 5. Electrochemical impedance spectra of AISI 316L at 180 ◦C in AMETA without magnetite
particles. (left)—impedance magnitude (full symbols) and phase shift (open symbols) vs. frequency,
(right)—complex plane representation. Points—experimental data, solid lines—best-fit calculation
with respect to the MCM equations discussed in the text. The legend is oxidation time (h).
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Figure 6. Electrochemical impedance spectra of AISI 316L at 180 ◦C in AMETA with 0.1 g dm−3

magnetite particles. (left)—impedance magnitude (full symbols) and phase shift (open symbols) vs.
frequency, (right)—complex plane representation. Points—experimental data, solid lines—best-fit
calculation with respect to the MCM equations discussed in the text. The legend is oxidation time (h).
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Figure 7. Electrochemical impedance spectra of AISI 316L at 180 ◦C in AMETA with 1.0 g dm−3

magnetite particles. (left)—impedance magnitude (full symbols) and phase shift (open symbols) vs.
frequency, (right)—complex plane representation. Points—experimental data, solid lines—best-fit
calculation with respect to the MCM equations discussed in the text. The legend is oxidation time (h).

4.2. Interpretation of Impedance Spectra

In analogy to the previous corrosion assessments of low-alloy and stainless steels in
environments simulating steam generator conditions [22–25], the mixed-conduction model
for oxide films (MCM) was applied for a quantitative interpretation of the experimental
data. If the growth/dissolution of the protective oxide layer and dissolution of metal
through the oxide (corrosion release) are considered for a magnetite oxide, the following
reactions occur at alloy/film and film/coolant interfaces:

(M/F) Fem
kFe→ Fe••i +2 e′

(M/F) 3Fem
kO→ 3FeFe(Fe 3O4)+4V··O+8 e′

(F/S) Fe••i
k2Fe→ Fey+

aq + (y− 2)e′

(F/S) 4H2O + 4V··O
k2O→ 4OO(Fe 3O4)+8H+

(F/S) Fe3O4+2H++2e−+2H2O
kS→ 3Fe(OH)2,aq

(10)

The interfacial processes are coupled to transport oxygen and iron through the oxide
by diffusion–migration via oxygen vacancy (V··O) or iron interstitial (Fe••i ) mechanisms.
Accordingly, the transfer function describing the impedance of the system acquires the
following form:

Z = Rel + Z f + ZF/S, ZF/S =
1

jωCF/S + R−1
F/S

, Z f =
(

Z−1
e + Z−1

ion,O + Z−1
ion,Fe

)−1
(11)

In the equations above, the impedance at the film/coolant interface ZF/S is represented
as a parallel combination of an interfacial capacitance CF/S and a charge transfer resistance
RF/S. On the other hand, the impedance of the protective film (Zf) is a parallel combination
of the impedance of its electronic properties, Ze, and two impedances of ion transport
pertinent to the transfer of oxygen by vacancy (Zion,O) and iron by interstitial mechanism
(Zion,Fe). The detailed expressions for these impedances are given below:

Ze ≈
RT

2jωF
→
E LCsc

ln
[1 + jωρdεε0 exp(2KL)]

1 + jωρdεε0
, K =

F
RT

→
E , ρd =

RT
F2De

k2O + k2Fe
kO + kFe

(12)
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Zion,O ≈
RT

4F2kO(1− α)
(

1 +
√

1 + 4jω
DO K2

) , Zion,M ≈
RT

4F2kFe(1− α)

(
1 +

√
1 + 4jω

DFe K2

) (13)

where De, DO and DFe are the diffusion coefficients of electronic current carriers, oxygen

vacancies and iron interstitials; L is the thickness of the protective film;
→
E is the electric

field strength; ε is its dielectric permittivity; and α is the part of the potential consumed
as a drop at the film/coolant interface. As usual, the rate constants of reactions at the
alloy/protective film and protective film/coolant interfaces are exponential functions of
the respective potential drops.

kFe = k0
Fe exp

{
2αFe F

RT

[
(1− α)E−

→
E L
]}

, kO = k0
O exp

{
2αO F

RT

[
(1− α)E−

→
E L
]}

,

k2O = k0
2O exp

(
2α2O F

RT αE
)

, k2Fe = k0
2Fe exp

(
2α2Fe F

RT αE
) (14)

The comparison of experimental and calculated impedance spectra (Figures 3–7)
demonstrates the ability of the proposed model to reproduce both the magnitude and
frequency distribution of experimental data. Therefore, estimates of kinetic parameters,
calculated by non-linear regression of experimental data with regard to model equations,
can be used to predict the rate of oxidation and corrosion of structural materials (carbon,
low-alloy and stainless steel) in secondary circuit of PWR plants. Since the main objective of
this study is to assess the rate of deposition of magnetite on steam generator tube material,
and taking into account the influence of magnetite addition on the evolution of impedance
spectra over time (mainly on polarization resistance), we focused on the values of charge
transfer resistance RF/S as a function of time, magnetite content and oxidation temperature
(Figure 8).
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Figure 8. Time dependences of the charge transfer resistance at the protective film/coolant interface
at 130 (left) и 180 ◦C (right) without and with 0.1 and 1.0 g dm−3 Fe3O4 addition.

4.3. Comparison of the Deposition Model with Experimental Data

Based on the data presented, the degree of coverage of the surface with deposited
magnetite (θ) can be estimated by the retardation of the charge transfer reactions by the
blocking species:

θ =
1/R0

F/S − 1/RF/S

1/R0
F/S

(15)

where R0
F/S is the respective interfacial charge transfer resistance in the absence of magnetite.

The coverage–time dependencies calculated according to the equation above are presented
in Figure 9 as a function of temperature and magnetite content. A maximum coverage of
about 0.9 is reached after ca. 10 h at 130 ◦C and 6–7 h at 180 ◦C. Magnetite content seems to
have a relatively smaller influence on the type of curves and the value of the maximum
coverage when compared to the temperature.
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Figure 9. Time dependence of the degree of coverage with magnetite at 130 (left) and 180 ◦C (right) in
the presence of 0.1 and 1.0 g dm−3 Fe3O4 in the electrolyte. Points—experimental data, lines—best-fit
calculation according to the equation.

The coverage–time dependencies are used to validate the magnetite deposition model
proposed in the theoretical background section. Starting with Equation (2) and defining
the coverage as the mass of the deposited magnetite, normalized by that of a monolayer
magnetite (mθ=1) defined by the expression:

mθ=1 = MFe3O4βmax (16)

where MFe3 O4 is the molar mass of magnetite and βmax is the surface concentration of
active adsorption sites at the protective film/electrolyte limit (about 0.9 nmol cm−2 for a
magnetite type oxide [26]), we obtain:

θ(t) =
kamp

mθ=1kd[1− α(t)]

[
1− e−kd [1−α(t)]t

]
, α(t) = 1− exp

[
−(kct)n] (17)

In the present case, the mass of the suspended particles is mp = 0.1–1.0 mg cm−3 and
mθ=1 = 0.23 µmol cm−2.

The data from Figure 9 are subjected to non-linear regression with respect to equation,
and the rate constants ka, kd, as well as the parameters of the consolidation process (kc and
n) are treated as fitting parameters. The results of the regression are presented in the figure
with continuous lines and demonstrate the model’s ability to predict the initial stages of
magnetite deposition on AISI 316L at 130 and 180 ◦C in the AMETA coolant. The estimates
of kinetic parameters are collected in Table 3.

Table 3. Best-fit values of kinetic parameters of deposition, detachment and consolidation of mag-
netite on AISI 316L in the AMETA coolant at 130 and 180 ◦C.

Parameter 130 ◦C, 1.0 g dm−3 180 ◦C, 0.1 g dm−3 180 ◦C, 1.0 g dm−3

107 ka/cm s−1 0.23 ± 0.002 4.1 ± 0.005 1.0 ± 0.02
104 kd/s−1 1.13 ± 0.02 2.07 ± 0.01 4.96 ± 0.008
109 kc/s−1 2.0 ± 0.02 4.0 ± 0.02 5.0 ± 0.02

n (-) 0.6 ± 0.002 0.67 ± 0.003 0.67 ± 0.002

It can be concluded that rate constants increase with temperature according to the
general kinetic expectations. The smallest increase is associated with the rate constant
of consolidation, which probably relates to the higher mobility of iron ions at higher
temperatures and a weaker consolidation trend. In addition, the deposition rate constant
at 180 ◦C decreases as the magnetite concentration in the coolant increases, which could
be explained by agglomeration of particles at higher concentrations (the rate constant ka is
inversely proportional to particle size according to Equation (3)).
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5. Conclusions

In this study, an attempt was made to verify a previously proposed quantitative model
of particle deposition and consolidation by quantitative comparison with in-situ data on
the initial stages of deposition of magnetite particles on stainless steel in simulated steam
generator conditions. The following conclusions can be drawn from the experimental and
calculational results:

• Electrochemical impedance spectroscopy is a suitable method to follow the initial
stages of magnetite deposition, provided that the data are interpreted with a suitable
transfer function in order to obtain reliable estimates of electrochemical reactions at
the film/solution interface that are gradually blocked by the deposition process.

• Interpretation of the time evolution of charge transfer resistance at the film/solution
interface during magnetite deposition allowed the estimation of the time-dependence
of the degree of coverage with particles.

• The coverage-time curves are quantitatively compared to the kinetic equation that
forms the basis of the proposed model, and reliable estimates of the rate constants of
deposition, detachment and consolidation are obtained.

• The rate constants increase with temperature, with the extent of increase being the
smallest for the rate constant of consolidation, most likely related to the higher mobility
of iron ions leading to a weaker consolidation tendency at a higher temperature.

• It is worthwhile to mention that measurements of the type reported in this study
have proven to be difficult to obtain at operational temperatures of steam generators
(240–260 ◦C), most likely due to the considerably faster rate of the deposition process.
Alternative techniques to assess the kinetics of deposition are actively sought within
the frames of our project, and the results will be reported in the near future.
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