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Abstract

The present work, constituting the first part of a series of two, deals with a systematic investigation of the general cor-
rosion state of 22 heat exchanger tubes originating from different steam generators of the Paks NPP (Hungary). While the
passivity of the inner surface of the stainless steel tube specimens was studied by voltammetry, the morphology and chem-
ical composition of the oxide layer formed on the surfaces were analyzed by SEM-EDX method. Based on the measured
corrosion characteristics (corrosion rate, thickness and chemical composition of the protective oxide layer) a strong depen-
dence of these parameters on the decontamination history of the steam generators was revealed. It is well documented that
the chemical decontamination carried out by a non-regenerative version of the AP-CITROX procedure does exert, on the
long run, a detrimental effect on the corrosion resistance of steel surfaces. Therefore, process restrictions and modifications

to minimize corrosion damages have be defined.
© 2005 Elsevier B.V. All rights reserved.

PACS: 82.55.+¢; 81.65.Kn

1. Introduction

In accordance with international trends, the life-
cycle prolongation of the nuclear reactors of type
VVER-440/213 at Paks NPP is a fundamental issue
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in the energy policy of Hungary. Recent investiga-
tions [1] have shown the potential for an additional
20-25 year operation cycle over the 30 years, pre-
dicted earlier. This possibility should not be an
underestimated resource for the development of
the national economy.

Long lasting and continuous availability of the
electricity supply for the industry and community
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as well as demand for high level service of the con-
sumers at an internationally competitive price
require enhanced power production and the longest
possible life-cycle of the energy production units
together with the maximum operation safety. In
the enhancement of the power capacity and/or a
possible extension of the life-cycle, the contamina-
tion and corrosion state of the steam generators
(SG) of the VVER 440/213 type pressurized water
reactors are considered as being one of the decisive
factors (see [1-4] and references therein). The design
of these energy production units, however, does not
allow the replacement of horizontal SGs to be con-
sidered. Therefore, the replacement of even one SG
would result in unacceptably high production loss
and investment cost. Some years ago, the primary
and secondary circuit water chemistry data, and
the corrosion effects of the chemical decontamina-
tion procedures performed at NPP Paks, made it
clear that an overall estimation of the corrosion
state of the steam generators, i.e. the preparation
of a so-called ‘corrosion map’ is inevitable. This
‘corrosion map’ takes a survey of the corrosion fea-
tures of the heat exchanger tubes made of austenitic
stainless steel in the SGs.

Owing to the fact that there are no investigation
methods available for the in situ monitoring of the
inner and outer surfaces of heat exchanger tubes,
a research project based on sampling as well as on
ex situ electrochemical and surface analytical mea-
surements was launched in the year 2000. Investiga-
tion of the corrosion state of 22 steel samples
originating from locations in the steam generators
of Paks NPP (24 SGs altogether for the 4 reactors)
has been performed [5,6]. (Selection of the sampling
locations and the number of samples were restricted
by production needs.) Although numerous studies
dealing with the corrosion features, structure and
composition of oxide layers formed on the surfaces
of the heat exchanger tubing of various SGs have
been published (see e.g. [3.4,7-14] and references
therein), only very limited information on the detri-
mental corrosion effects of the AP-CITROX chem-
ical decontamination technology is available in the
relevant literature [4,7-9,12-14]. The applied ver-
sion of the AP-CITROX procedure is an eight-step
process, including an oxidizing pre-treatment of the
surface with alkaline potassium permanganate fol-
lowed by washing with a concentrated mixture of
citric and oxalic acids to remove the contaminated
surface layer [7,8]. The industrial use of this rather
corrosive technology has raised the question of its

effect on the corrosion resistance of the austenitic
stainless steel. Moreover, it has become essential
to understand the corrosion phenomena as being
developed in the long run.

The aim of the present work is therefore to sum-
marize the experimental findings on the surface
characteristics (passivity, morphology, chemical
composition and structure, phase composition) of
the steel specimens provided by the Paks NPP
Ltd. This paper, which is the first part of a series
of two, presents voltammetric and SEM-EDX
results that reveal the general corrosion state,
morphology and chemical composition of the inner
surfaces (primary circuit side) of heat exchanger
tubes.

2. Experimental section
2.1. Preparation of the samples

The experiments have been performed on 22 aus-
tenitic stainless steel specimens (type: 08X18H10T
(GOST 5632-61) which correspond to AISI 321
and DIN 1.4541, outer diameter: 16 mm, average
wall thickness: 1.6 mm) originating from different
SGs of Paks NPP. The sampling locations were
selected in a way that the corrosion/decontamination
history of the samples represents as many different
cases as possible while not interfering the operation
schedule of the reactors. The main characteristics
of the samples are given in Table 1. The surface
decontamination procedure (where done) was car-
ried out at Paks NPP in real plant environment,
according to the AP-CITROX technology [7,8].

For the voltammetric and SEM-EDX studies,
20 mm long pieces were sliced from the tube sam-
ples. The tube pieces were cut into two halves along
their axes and even flattened gently for voltammet-
ric measurements. In order to protect the oxide
layer on the specimens from possible chemical effect
of organic solvents, the surfaces were not degreased.
The corrosion properties of the inner surfaces of the
stainless steel samples were analyzed using electro-
chemical, surface spectroscopic and microscopic
methods.

2.2. Investigation of the corrosion state of tube
specimens by voltammetry

The passivity of the tube samples was studied by
potentiostatic polarization method. The experi-
ments were conducted using a computer controlled
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Table 1
Main characteristics of the specimens
Sample Year of Year of Year of
decontamination sampling investigation
1 2001 2002 2002
2 2001 2002 2003
3 1996,1997 2001 2001
4 1996 2000 2000
5 1996 1997 2003
6 2001 2002 2002
7 2001 2002 2002
8 2001 2003 2003
9 2001 2002 2002
10 - 1999 2001
11 2001 2002 2002
12 2001 2001 2001
13 1993 2000 2000
14 - 2000 2000
15 - 2003 2003
16 - 1999 2003
17 - 2003 2003
18 - 2001 2001
19 - 1998 2001
20 - 2000 2000
21 - 2001 2001
22 - 1982 2001

(-): Not decontaminated samples.

VoltaLab 40 (RADIOMETER) type electrochemi-
cal measuring system. To perform these investiga-
tions, a special electrochemical cell was developed
[8]. In the course of potentiostatic polarization
experiments the potential (E) of the specimen
(working electrode) was continuously shifted
towards anodic direction at a constant rate of
10 mV min~! and the current density (i) related to
the inner surface area of the specimen was recorded.
The measurements were carried out in deoxygen-
ated boric acid solution (¢ =12 gdm™>) in argon
gas ambient (99.999 v/v% Ar). The scheme of the
measuring system, the detailed experimental proce-
dure and the determination of the corrosion param-
eters (such as corrosion potential (E.), corrosion
current density (i.), and corrosion rate (v.)) derived
by the so-called first Stern method have been
described in our earlier papers [5,8]. The first Stern
method is based on seeking the Tafel lines (anodic
and cathodic ones) on the log(i) = f{E) voltammet-
ric curve. The curve must have a potential value
for which the measured current is equal to zero.
The intercept of the Tafel lines extrapolated at the
zero current potential determines a point where
the coordinates of E_ and i, can be identified. The
corrosion rate was calculated from the i, value by
using the well-known relationship detailed in [8].

The average value of the passivity current density
(fpass) Was also determined in the potential range
of 0.40-0.80 V. The electrode potential values
quoted in this paper are given on the saturated cal-
omel electrode (SCE) scale.

2.3. Systematic study of the surfaces by
SEM-EDX method

The morphology and chemical composition of
the oxide layer on the inner surfaces of the 22 stain-
less steel specimens were studied by scanning
electron microscopy (SEM), equipped with an
energy dispersive X-ray microanalyzer (EDX)
(Type: JEOL JSM-50A, controlled with Rontec
EDR 288 software). In case of each specimen having
a length of 20 mm, two different surface areas were
studied. The comparative evaluation of the surface
morphology was done by analyzing the SEM micro-
graphs obtained at two different magnifications,
M = 3000x and M = 1000x. The chemical composi-
tion of the sample surfaces was determined on at
least two different areas of 1 mm? by EDX method.
Taking into consideration the average atomic num-
ber of the main alloying components of austenitic
stainless steel and the energy of the in-coming elec-
trons, the specific radius of the so-called ‘excited
depth’ for the EDX analysis could be estimated
and found to be about 1.5 pm.

The metallographic cross-sections of tube speci-
mens were also prepared and studied to evaluate
the thickness of the oxide layer. In addition, the
SEM images of the metallographic cross-sections
were background compensated and shading cor-
rected, with low pass Sobel edge enhancement,
Macleod filters being applied [15,16]. Geometric cal-
ibration, qualitative mapping and quantified param-
eters (total oxide layer area, area of the oxide layer
of low and high average atomic number, area of
crack) were analyzed on the images by the image
processing toolbox of Matlab (6.5.0. version) and
the Iman 2 (B version) programs [17]. Matlab
(6.5.0 version) Statgraphics plus 5 programs [18]
were used for modeling the volumes and the weight
of the oxide layers grown-on heat exchanger tubes
of the steam generators. In view of fit tests per-
formed by empirical distribution function statistics,
amorphous, crystalline and total oxide weights
formed on heat exchanger tubes of steam generators
can be modeled adequately by logistic, lognormal
and vy distributions with a >90% confidence,
respectively.
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3. Results

3.1. Investigation of the corrosion state of tube
specimens by voltammetry

The potentiostatic polarization curves measured
in boric acid solution at the inner surface of the
stainless steel specimens originating from different
steam generators of the Paks NPP are shown in
Figs. 1-3. The classification of the samples into
these figures was done more or less according to
their decontamination history. The curves presented
were evaluated and the E, i, v. and i, values for
all specimens were calculated. The main corrosion
parameters are summarized in Table 2.

As clearly seen from the corrosion data compiled
in Table 2, the inner surfaces of all samples studied
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Fig. 1. Potentiostatic polarization curves measured at the inner

surface of sample nos. 3, 4 and 13 in boric acid solution

(¢ =12 gdm™?). Scan rate: 10 mV min .
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Fig. 2. Potentiostatic polarization curves measured at the inner

surface of sample nos. 1, 5, 6, 7, and 12 in boric acid solution

(¢ =12 gdm?). Scan rate: 10 mV min .
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Fig. 3. Potentiostatic polarization curves measured at the inner
surface of sample nos. 10, 14, 15 and 22 in boric acid solution

(¢ =12 gdm™?). Scan rate: 10 mV min~".

1

Table 2

Corrosion parameters determined from voltammetric curves

shown in Figs. 1-3

Sample Determined corrosion parameters
Corrosion  Corrosion Corrosion  Passivity
potential  current rate (ve) current
(Eo), (mV) (i) (mAcm™2) (umyear™!) density (ip)

(WA cm ™)

1 —82.8 35.0 0.4 0.50

2 —64.0 38.5 0.4 0.35

3 —55.7 300.4 3.5 10.63

4 60.5 335.0 3.9 >1

5 175.5 48.8 0.6 1.1

6 0.7 37.7 0.4 0.83

7 371.3 37.4 0.4 0.38

8 87.5 37.6 0.4 1.00

9 —64.8 37.5 0.4 <1

10 143.7 40.7 0.5 0.81

11 307.6 60.2 0.7 0.92

12 -30.9 49.3 0.6 1.18

13 200.8 160.0 1.8 <1

14 312.2 25.0 0.3 <1

15 114.3 19.3 0.2 0.27

16 249.9 11.6 0.1 0.20

17 404.2 5.1 0.1 0.16

18 —115.7 70.4 0.8 1.81

19 1194 334 0.4 0.55

20 —15.9 - <1.8 <1

21 —68.4 63.3 0.7 1.86

22 —126.5 35.1 0.4 0.65

have passive character in a wide potential interval
next to the corrosion potential. The calculated cor-
rosion rates are very low, and the corrosion current
densities do not exceed the value of i, =4x 107’
A cm 2. The passivity current densities not higher
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than ip,e =1 % 107> A cm 2 attest the above state-
ment, too. (It should be noted that the voltammetric
experiments were conducted at room temperature in
a model solution of the primary coolant. Conse-
quently, there is no real significance of the measured
corrosion potential relative to the actual plant envi-
ronment in which the oxide film was grown.)

A closer inspection of the data, however, reveals
that the potentiostatic polarization behavior of the
samples 3, 4 and 13 in Fig. | differs significantly
from the others. The average corrosion rates (i)
of their inner surface is well above the values
observed for the other samples (see Table 2). A com-
mon characteristic for these samples (having the
weakest corrosion resistance) as compared to the
others is that they were decontaminated a few years
before the sampling — in some cases more than one
decontamination cycle — by the AP-CITROX tech-
nology at Paks NPP.

Sample 12 was also decontaminated, but imme-
diately before the cutting procedure, so the param-
eters characterizing its passivity are still favorable.
(Let us note here that the last step of the AP-CIT-
ROX procedure is a passivation treatment using
H,0.,.) Similarly, the data derived from the poten-
tiostatic polarization curves in Fig. 2 confirm that
the corrosion parameters of the samples decontam-
inated in 2001 and sample 5 decontaminated in
1996 — about one or two year before cutting —
are as good as the ones never decontaminated
earlier. The average corrosion rates of the inner
surfaces of samples 1, 2, 6-9 and 11 can be quali-
fied similarly to the samples showing excellent corro-
sion resistance (e.g. the inactive reference sample (22)
and samples 10, 14-21) in Fig. 3. The latter samples
were never decontaminated and so their average cor-
rosion rates are extremely low (ve < 0.8 pm year ™),
even better than the data which were measured by
the Russian reactor designers for the stainless steel
type 08X18H10T (GOST5632-61) in aqueous solu-
tions at temperatures of 280-350 °C [19].

Applying voltammetric data (E, ic, vc and ip,ss)
compiled in Table 2, an Euclidean sample space
was built, where cluster analysis was performed in
order to identify and classify similar characteristics
of the samples and thereby making inference upon
their corrosion states. (Euclidean sample space
where the data are interpreted by their Euclidean
distance; see [20] and text to Fig. 4(A)). Three clus-
ters were identified. The obtained dendogram and
cluster scatterplot are delineated in Fig. 4(A) and
(B).
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Fig. 4. (A) A cluster analysis dendogram for the samples using
voltammetric data. (The various distances between the vectors in a
data matrix are defined as Euclidean distance [20]). (B) A cluster
scatterplot, where the abscissa depicts the corrosion potential and
the ordinate plots the corrosion rate.

Sample Nos. 1, 2, 9, 22, 6, 12, 18, 21 (38.10%)
belong in the first cluster; 3, 4, 13 (14.29%) in the
second; while 5, 8, 10, 19, 15, 7, 14, 11, 17, 16
samples in the third one with highest share of
47.62%. The first cluster, into which the reference
sample #22 was classified to, has a cluster centroid
of minus 69.0 mV corrosion potential, 45.8 nA cm 2
corrosion current density, 1.01 pA cm™? passivity
current density and that of 0.51 um year ' corro-
sion rate. The samples that pertained to the second
cluster were subjected to decontamination by AP-
CITROX technology more than two years ago.
These samples exhibit the highest i, 7, and v
centroids of 265.1 nAcm 2, 4.24pAcm > and
3.01 um year', respectively. Circa 50% of the
samples were categorized into the third cluster into
which never contaminated (and a few of the one
or two years ago contaminated) samples were com-
partmentalized. This group had the highest E_ of
228.56 mV, and the lowest i, ip. and v, of
31.9nAcm 2 0.63pAcm 2 and 0.37 pm year ',
respectively.



186 K. Varga et al. | Journal of Nuclear Materials 348 (2006) 181-190

4. Systematic study of the surfaces by
SEM-EDX method

The measured SEM-EDX data have proved that
the samples decontaminated earlier, and found
exceptional by voltammetry (Nos. 3, 4 and 13 in
Table 1) have very similar surface characteristics.
A typical SEM image (actually that of sample 4)
representing this group of samples is shown in
Fig. 5. As can be seen, the protective oxide layer
grown-on the surface of these samples is compact
and thick, nevertheless contains many cracks and
scattered deep damages. No presence of any deposited
crystals can be identified on top of the grown-on
oxides. The EDX spectrum in Fig. 5 reveals a
surface composition strongly enriched in Ni and
especially in Cr as compared to the bulk steel. The
SEM micrograph of the cross-section shown in
Fig. 5 reveals that the thickness of the grown-on
oxide layer is up to 11 pm and the outermost region
of the oxide film exhibits amorphous character.
(This latter statement is confirmed by conversion
electron mossbauer spectroscopy (CEMS) and
XRD results to be discussed in Part 2 of this
series.)

On the inner surface of the samples, which were
decontaminated about one or two years before sam-
pling (Nos. 1, 2, 5-9 and 11) — a medium thick or
thick grown-on oxide layer having basically amor-
phous character (‘hybrid’ structure) can be detected.
There are no any crystalline deposits on the sur-
faces, and the chromium enrichment in the oxide
layers of various specimens is different but signifi-
cant. Some nickel enrichment can also be measured
on the most samples. Some representative findings
characterizing the surface properties of this group
are demonstrated in Fig. 6 showing results obtained
for sample 7.

The SEM and EDX results characterizing the
inner surface of sample No. 12 (decontaminated
immediately before the cutting procedure) are
shown in Fig. 7. The SEM micrograph reveals that
the surface layer seen on this sample is compact.
The oxide layer grown-on the base alloy looks
rather homogeneous, on which large deposited
crystals can sparsely be observed. The size of some
crystals exceeds 10 um. The EDX spectrum demon-
strates little Ni and Cr enrichment relative to Fe,
and, surprisingly, the oxide film is contaminated by
significant amount of manganese. The SEM micro-
graph of the metallographic cross-section confirms
that the thickness of the grown-on oxide layer is

83 =
Fe 37.76 =
Ni 14.68 =
TI 1.12 %

Accy Spot Magn et wp Exp
20 d’KVEO 8000x BSE 92 7547 09 mBarllf2

Fig. 5. An illustrative SEM micrograph (M = 3000x), an EDX
spectrum and an image of the metallographic cross-section (at the
bottom) of the sample 4, representing samples decontaminated a
few year before the sampling.

3-5 um and crystalline remnants could be seen. As
the inner surface of this sample was decontaminated
right before the sampling, it is concluded that the
manganese — probably in the form of MnO, —
remained on the surface following the AP-CITROX
decontamination procedure.

On the surfaces of samples never decontaminated
(Nos. 10, 14-21), as well as of the inactive reference
sample (22) there is a thin grown-on oxide layer
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AccV Spot Magn Det WD Exp
200kV 40 3000x BSE 10.0 12691 1.2 mBar 2/6

Fig. 6. An illustrative SEM micrograph (M = 3000x), an EDX
spectrum and an image of the metallographic cross-section (at the
bottom) of the sample 7, representing samples decontaminated
one or two years before the sampling.

with excellent protective character. In the majority
of these oxide films cracks cannot be identified
and large amounts of less-adhered crystalline phases
(presumably magnetite and hematite) are deposited
on top of the grown-on layers. SEM-EDX data
measured on the inner surface of sample 18 and
the metallographic cross-section of that, characteris-
tic for this group of the samples, are shown in
Fig. 8.

Fe 52.44 x
Cr 18,18
Mn 19.75 x
Ni 9.63 x

“la.e |18

crystalline
remnants — ——

AccV Spot Magn Det WD Exp ———— 10um
200kv 40 3000x BSE 94 7536 1.2 mBarlllj4

Fig. 7. An illustrative SEM micrograph (M = 3000x), an EDX
spectrum and an image of the metallographic cross-section (at the
bottom) of the sample 12, representing samples decontaminated
right before the sampling.

The metallographic cross-sections of tube speci-
mens were also studied to evaluate some quantified
parameters for the oxide layers (such as thickness
of the surface films, ratio of the cracks, main con-
stituents of the oxide structure). Illustrative and
multi region segmented SEM images of some
selected samples 8, 9 and 16 are shown in Fig. 9.
The quantified parameters of these images and
modeling of the weight of oxide layer formed on
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Fig. 8. An illustrative SEM micrograph (M = 3000x), an EDX
spectrum and an image of the metallographic cross-section (at the
bottom) of the sample 18, representing samples never subjected to
decontamination.

inner surfaces of three SGs are given in Tables 3
and 4. The ratio of the cracks to the entire inner
surface area provides information on the hypothet-
ical stability and mobility of the oxide layer. The
calculated constituents (components of low and
high average atomic number) are necessary to eval-
uate the solution concentration and contact time in

Sample 16

Fig. 9. Illustrative images of the SEM micrographs of the
metallographic cross-sections utilized for image analysis.

the pre-oxidizing process, while the estimated
amount of Fe is essential to adjust the solution
concentration and contact time in the reductive
dissolution step to be developed for a regenerative
version of the AP-CITROX decontamination tech-
nology. Data fit to iron mass distribution are rang-
ing from 5.71 kg to 64.37 kg, the average value is
ca. 22 kg.
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Table 3

The quantified parameters for the oxide layer and the cracks obtained from the SEM micrographs of metallographic cross-section of

samples 8, 9 and 16

Sample Magnification Oxides of low atomic Oxides of high atomic Cracks Total oxide layer
number number area (um?)
Area (um?) Ratio Area (um?) Ratio Area (um?) Ratio
8 5000 68.7 39.08 86.0 48.92 21.1 12.00 175.8
5000 29.6 45.05 24.7 37.60 11.4 17.35 65.7
16 5000 49.2 63.57 28.2 36.43 - - 77.4
Table 4

Estimation of the volume, weight and iron mass of oxide layers grown-on tube samples (SGs) 8, 9 and 16

Sample (SG) Oxides of low atomic number

Oxides of high atomic number

Total Fe (kg)

Volume (m?) Fe(OH); (kg) Fe (kg) Volume (m?) Spinel-type oxide (kg) Fe (kg)
8 9.8967E — 03  35.63 18.63 1.2380E — 02  67.01 45.74 64.37
2.8913E — 03 10.41 5.44 2.4126E — 03 13.05 8.91 14.35
16 4.6253E — 03 16.65 8.71 2.6511E — 03 14.34 9.79 18.49

5. Discussion

Based on the general corrosion characteristics
and applying multivariate cluster analysis (corro-
sion rate, thickness and chemical composition of
the protective oxide layer) the samples studied
may be classified into three groups. These are as
follows:

e The corrosion rates measured in boric acid at the
inner surface of the samples that were never sub-
jected to decontamination (Nos. 10, 14-21) are
extremely low (ve < 0.8 pm year™!), these values
are actually below the reference ones measured
by the Russian designers for this type of steel in
water at 280-350 °C [4,19]. The average corro-
sion rate of these samples is about the same as
that of the inactive reference sample (No. 22).
The thin passive-layer of a thickness up to 1-
2 um grown-on the base alloy exhibits excellent
protective behavior. This film is mostly free of
cracks and covered predominantly by crystalline
deposits (probably magnetite and hematite).
The development of a less-adhered crystalline
deposit layer is considerable on the overall
surface of every sample.

A satisfactorily protective oxide layer was found
on the inner surface of the samples which were
decontaminated by the AP-CITROX procedure
a long time before the sampling (Nos. 3, 4 and
13.). However, the average corrosion rates mea-
sured at their inner surface in boric acid coolant

were much larger (v, > 2 pm year ') than those
of the samples discussed above. The oxide layer
grown-on their surface is thick (thickness 8-
11 um) and compact, nevertheless many cracks
and scattered deep damages can be identified on
the surface film. No presence of any crystalline
deposits could be identified.

e In the case of samples Nos. 1, 2, 5-9 and 11
which were investigated about one or two years
after decontamination (see Table 1), the structure
and corrosion state of the oxide films are found
to be a mixture of the above two groups of speci-
mens. The average corrosion rates measured at
their inner surfaces in boric acid are low
(ve < 0.8 pm year™ '), which are similar to those
of samples never subjected to decontamination.
On the other hand, a medium thick or thick
(thickness >1 pm) oxide layer with microhetero-
geneous character can be found on the inner
surface of every sample. No presence of any
crystalline deposits, nevertheless some cracks
and damages (craters) can be observed on the
surface.

6. Conclusions

Within the frame of a comprehensive program to
qualify the general corrosion state of heat exchan-
ger tubes, corrosion and metallographic features
of 22 specimens originating from different SGs
of the Paks NPP were studied by electrochemical
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(voltammetry) and surface analyzing (SEM-EDX)
methods. Despite the limited number of tube sam-
ples, some general conclusions can be drawn.

The heat exchanger tubes of the SGs may be clas-
sified into three groups. In the case of tube samples
that were never subjected to decontamination the
corrosion rates measured are very low and a coherent
passive-layer of a thickness up to 2 pm is usually
formed on their inner surfaces after various periods
of normal operation. In contrast, corrosion rates
measured at the decontaminated samples are notably
higher and the oxide layer grown-on their inner
surfaces is thick (up to 11 pum). Moreover, a
strong dependence of the measured corrosion char-
acteristics (corrosion rate, thickness and chemical
composition of the protective oxide layer) on the
decontamination history of the steam generators is
revealed. It is well documented that the chemical
decontamination carried out by a non-regenerative
version of the AP-CITROX procedure does exert,
on the long run, a detrimental effect on the corrosion
resistance of steel surfaces.

Finally, it should be noted that adverse effects
(general attack, formation of ‘hybrid’ layer with
accelerated corrosion rate and great mobility) of
the chemical decontamination on the corrosion
state of the inner surface of the heat exchanger tubes
has been interpreted in [4,21]. The formation of a
‘hybrid’ structure of surface oxides is supported by
the results of the CEMS, XRD and XPS studies,
which shall be discussed in the second part of the
present work.
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