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SYNTHESE :

Plusieurs codes de calcul, fond^s sur le transfert de masse en phase liquide, ont
6t£ de'veloppe's pour permettre la prediction de remission et du transport des produits
de corrosion.

Ce rapport montre leurs limites concernant le relachement et essaye de
comprendre, grace a deux nouvelles dtudes, comment de nouveaux m6canismes
peuvent etre pris en compte. Des modeles fonde"s sur le transfert de charge electronique
ou ionique en phase solide semblent une voie d'avenir.
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EXECUTIVE SUMMARY :

There are many computer codes, based on mass transfer in the liquid phase,
which have been developed to help in predicting emission and transport of corrosion
products.

•This mport focuaoc on [heir limit for therelease^and, through two new studies,
tries to undoratandihow new mechanisms can be taken into account. Models based on
the transfer of eledtronic or ionic charges in the solid phase should be developed.
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UPDATED QUESTIONS AND RESEARCH ON MECHANISMS WHICH CONTROL
RELEASE IN NUCLEAR POWER PLANTS : SOLUBILITY OR OTHER EFFECTS ?

Luc Guinard. Didier Noel, Olivier Kerrec.

EDF/DER/EMA, Les Renardieres, BP1 - Ecuelles 77250 Moret-sur-Loing, France.

I - Introduction
The operating conditions of nuclear power plants (150 bars pressure and temperature of 320°C
in the primary coolant system) involve a number of specific constraints. One of these
constraints concerns the system's activity, generated by corrosion products, mainly in the form
of Co58 and C06O, that are created by the neutronic activation of Ni58 and Co59. Owing to
the extent of the areas concerned, which exceed one hectare for a nuclear plant unit, this
results in the production of several kilograms of radioactive corrosion products, even if the
corrosion affects thicknesses of no more than about one micrometer.
Therefore, in order to minimize the dosimetric levels for personnel during maintenance
operations, it is important to reduce this source term as far as possible. These actions, which
entail optimizations in both materials and chemistry, require good understanding of the
mechanisms of emission and transport of corrosion products.
These phenomena have been the subject of descriptions in many codes used by various nuclear
operators. These include PACTOLE1 developed by the CEA and used by EDF, CORA2

developed by EPRI and, more recently, DISER3. Beyond their formal diversity, all of these are
based on certain common points. They take into account the following phenomena : oxidation
(transformation of the base metal into oxide which can either adhere to the metal or be released
into the system), release ( passing of a portion of the oxide into the system in soluble form),
precipitation, deposit and solubilization. Emission either by release or by solubilization is
governed by balances of solubility and diffusion in the liquid phase. Transportation in the fluid
results from imbalances created by release, solubilization, precipitation and deposit.
This article sets out to examine the limits of validity of these descriptions and the current
questions which may be raised on this subject. The parameter of solubility alone being
insufficient, we shall look at other types of mechanisms including, in particular, mechanisms of
conduction in the solid phase that are currently being studied in our laboratories.

II - Current modeling of release
IL1 - Main outlines
In this article, we will only discuss aspects concerning release without dealing with transport
aspects. Indeed, the phenomenon that is the source of the presence of corrosion products in the
system is release. This phenomenon is different from oxidation : a material may form a
substantial oxide without releasing corrosion products. This is, for example, the case of
Zircaloy. Conversely, it is obvious that a material that does not oxidize cannot release products
liable to become active (except in the specific case of erosion).
To describe current release models, which are similar, we will take the example of PACTOLE
developed by CEA. The basic hypothesis is that adherent oxide is assumed to be porous and it
is the pores, constituting channels filled with solution, which allow the solubilization of the
metallic species of base metal towards the primary environment. Release is caused by the
diffusion of metallic species in the pores and through the diffusion boundary layer on the
external surface. It therefore depends on the gradient of the concentration of metallic
species between the oxide at the base of the pore (where concentration is generally
considered to be equal to the solubility S) and the fluid in the system (Quid); there is
proportionality between release and (S- Cnuid) : if the oxide is richer than the fluid, release
occurs; if it is not (such as in the case of a saturated fluid), there is no release. The release is



also proportional to the mass transfer coefficient h, which affects the thickness of the diffusion
boundary layer. This model is based on transfers in the liquid phase which are governed
by solubility.

II.2 - Justification of the model

This model was developed at a time when transport phenomena in the solid medium were little
known. To model a species transfer, physical defects were required in order to provide the
liquid with access to the interface. Corrosion-erosion studies on low-alloy steels validated this
model and, in particular, porosities were observed4.
Moreover, there is experimental evidence that release and the chemistry of the medium are
dependent. Loop tests demonstrated the role of pH on the activities deposited on the system.
By way of example, we report on tests conducted at 300°C and at different pH levels in an
MIT loop representing a PWR primary coolant system5. It can be seen in figure 1 that there is
significant decrease in deposited activity when the pH increases. Even if this decrease may be
due to the combined effect of the pH on release and on the phenomena of transport of
corrosion products, it is reasonable to consider that these results give an indication of the role
of the solubility of the metal oxide.
Other studies carried out by Lister 6 spectacularly show the effect of solubility on release. The
increase of oxides on coupons of alloy 600 is studied by placing the coupons alternately in a
medium saturated with corrosion products or in a pure medium. It can be seen in table I that
release occurs in the pure medium but that it is completely blocked in the saturated medium.
The difference in solubility between the fluid and the oxide indeed seems to be the driving
force of release in this case.

Table I - Inconel 600 corrosion after one week in lithiated coolant saturated or unsaturated in
corrosion products [6]

Film growth
Release
Total

Upstream coupon - Saturated coolant
(nm penetration)

51

51

Down stream coupon - Unsaturated
coolant (nm penetration)

7
14
21

II.3 - Remaining questions
Questions do remain, however. Firstly, it should be noted that the corrosion-erosion model is
valid for low-alloy steels. As soon as the chromium content is increased, the behavior is
modified. This type of porosity has not been clearly shown on alloy 600.
Furthermore, passive films on stainless alloys are well known at ambient temperature : these
are very efficient barrier films a few nanometers thick. Whether they are amorphous or
crystallized, controlling the growth of the film and the transfer of species through it essentially
depends on the electric field either through the film or at the metal-solution interface. Growth
of the film and transport occur by vacancy transport7. Physical defects (porosity, crack) are
thus unnecessary in order to achieve transport of mass through the film. On the other hand, it is
obvious that the extraction of cations from the film towards the solution will partly depend on
the chemistry of the medium.
Moreover, some bibliographical data has been misunderstood. Consequently, for example,
France has recently decided to modify the operating conditions of the primary coolant system
by switching from a pH of 7.0 to 7.2 at 300°C. This slight change, bringing us closer to the
minimum value for the solubility of iron, should lead to a significant reduction in deposited



activity. The initial feedback has not shown any clear difference : the role of solubility is less
important that was reckoned in this case.
Another fact that is difficult to explain by solubility is the great disparity between corrosion and
release behaviors for a single alloy. Various test results are recorded in table II : we note a
wide range of variability which can exceed a factor of 10 for a given alloy. The fact that we see
a difference between the "as received" and electropolished conditions is also remarkable. In
the solubility model this can only be explained if the solubility of the film formed on a single
alloy, its level of porosity or its developed surface vary to a great enough extent. Considering
the model hypothesis that a given alloy composition leads to one type of oxide with a
determined solubility, it does not appear that variations in solubility can explain such variations.

Table II - Results of oxidation tests in primary medium.

Measurement
CORROSION

mg/dm2/month
2000 h (mg/dm2)
1000h(mg/dm2)
2000 h (mg/dm2)

RELEASE
mg/dm2/month

2000 h (mg of Ni/dm2)
mg of Ni/dm2/month

1000 h (mg/dm2)
2000 h (mg/dm2)

Alloy 600

38
75
30

95(AR)
24(EP)

35
1.15
0.75

0
10(AR)
2(EP)

Alloy 690

<1.5
25
3.3

38(AR)
2.5(EP)

1
0.66

1.20 (AR)
0.60 (EP)

0
9(AR)
0(EP)

Alloy 800

9
-
-

49(AR)
33(EP)

5
-

0.7

-
16(AR)
8(EP)

Ref.

8
9
10
10

8
11
11

10
10

AR : as received - EP : electropolished

The effect of the surface condition, with parameters like roughness, chemical composition and
degree of cold-working of the surface layer, has been studied for several years *12'13'14; it is
generally found that the surface condition produced by sand-blasting or milling results in higher
release and corrosion rates than with smoother treatments13'15. It is also well known that
electropolishing allows a dramatic decrease in corrosion and release12"13'16*17 and in surface
deposition: several experiments in steam generators have been reported recently on that
point18'19-20-21.
Most often, these effects are explained by an increase in the developed surface resulting from
the roughness 12. Another hypothesis is that the surface cold-working modifies the chemical
composition of the chromium content in the oxide a : the local cold-work produces a great
density of dislocations and since they are short-paths for diffusion, they modify the chromium
diffusion. In that case however, the cold work is supposed to have a beneficial effect. A lot of
authors emphasize the role of chromium enrichment in the inner oxide6'15*23*24*25. A recent trend,
but not yet demonstrated, is to explain it by a modification of barrier layer of the oxide 13>23'24

)

whose properties would more likely be governed by the ionic and electronic transport
properties of the oxide film rather than by solubility equilibriums.
We thus observe considerable variations, especially related to surface condition. These
variations may possibly be explained in the classic context by variation of the film's solubility,
porosity or developed surface. Alternatively, we may have a non-porous barrier film in which
corrosion and release are governed by an electronic or ionic transfer through the film.



Ill - Research into alternatives
To provide answers to these questions that remain in suspense, studies were carried out in the
EDF laboratories in order to better clarify the role of surface condition and to examine the
oxide's operating mode.
m.l - Experimental conditions
The materials studied, alloy 600 and alloy 690, were originally involved in two different
studies : some of them were plates used for oxidation investigations in a loop named
BOUCOR; the other specimens are industrial steam generator tubes. Their composition and
characteristics are detailed in the table HI.
The specimens tested in BOUCOR have been subjected to several surface treatments: milling,
electropolishing or sand blasting. Electropolishing has been performed in ethylglycol
monobutylic ether with 10% perchloric acid. About 40 um was removed from each side of the
specimens. Sand blasting was performed using 120 |im corundum particles projected at a
pressure of 6 bar for 3.5 min. Several heat treatments at 980°C with hydrogen or ammoniac
blanket, or 715°C in vacuum, were combined with the surface treatments. They are detailed in
table IV.
The tubes A to F have been oxidized in the BOUCOR loop for up to 20 000 h. The
environment was primary water at 33O°C (nominal conditions 18-26 ml/kg H2, B 700 ppm, Li
1 ppm, 40 m-Vh). The water chemistry at the end of the test was submitted to some fluctuations
and an ingress of oxygen (about 200 ppb) occurred during the period from 13 600 to 20 000 h.
Weight measurements , before and after descaling, gave the corrosion rate of the specimen.
The tubes N and O were oxidized for 1000 h at 35O°C in a recirculating autoclave system (B
1055 ppm, Li 2 ppm, H2 10-30 cm3/kg, 02 < lppm).

Table HI. Origin, composition and thermal treatment of material.

ORIGIN

BOUCOR
LOOP

TUBES

ALLOY

600

690

600

Speci-
men N°

AtoF

N

O

Specimen
dimensions

(mm)

Plates
(25x65x3)

Tube.

+22.2x1.27

Chemical composition (weight%)

C

0.043

0.028

0.018

Cr

15.0

28.72

15.98

Fe

9.22

9.16

9.02

Ni

74.5

61.3

72.9

Ti

0.36

0.30

0.24

Last thermo mechanical processing

MA Treatment
Time. T Blanket

Sand
Blasting

(after MA)
Thermal
treatment

see Table IV

CR
2-5 min

1040-1100°C
2-5 min

950- 1000cC NH3

+

+

-

-

• C.R.: Cold Rolling

Table IV . Surface treatments performed

Specimen N°
Surface treatment

A
milled

B
milled then

electropolished

on the specimens

C
milled + 5 min

980°C, with NH3

used in Boucor.

D
milled + 5 min

980°C,(NH3)+16h
715°C

E
milled + 5 min
980°C, (NH3),

then sand-blasted

F
E + 1 6 h
715°C
vacuum

in.2 - Role of surface condition
The results obtained in BOUCOR are shown in figure 2. The surface condition clearly
influences corrosion behavior, both in nominal conditions and after the oxygen intrusion that
occurred at the end of the test. The higher corrosion rates are obtained with the milled
specimen (specimen A), and the lower ones (four times lower) with the electropolished
specimen (specimen B). A heat treatment at 980°C (specimen C) after milling greatly improves
corrosion behavior. A subsequent sandblasting (specimen E) degrades seriously the corrosion
resistance, but heat treatment at 715°C after sand-blasting (specimen F) improves it.



Several analyses were performed on samples oxidized for 7000 hours in the loop in order to
find out which parameter could explain these variations. The hypotheses investigated were
grain size, roughness, superficial cold-work and chromium content.
The results are reported on Table V. The surface grain size is not correlated with corrosion.
No good correlation between corrosion and roughness was obtained . The variations of the
true developed area, calculated with the mechanical microscope, were quite low and cannot
explain differences of behavior. The surface chromium contents obtained by GDOS on
specimens A-E showed no enrichment, though the corrosion rates were different: there is no
correlation between chromium content and corrosion in this case.
The only good correlation was obtained with the superficial strain (figure 3). The milling on
specimen A produces a very high local cold-work, which is removed by heat treatment at a
temperature of 980°C (specimens C and D). The subsequent sandblasting adds a cold-work
(specimen E), that is reduced by heat treatment at 715 C (specimen F). On the specimen B,
milled and electropolished, some residual strain remains. That is consistent with the fact that
only 40 urn was removed by polishing, compared to a cold-worked layer of more than 100 urn.
However, this specimen presents the lower corrosion rate in spite of a remaining residual
strain. This "anomaly" is probably due to the beneficial effect of the film produced by
electropolishing; it could hide the detrimental effect of the strain rate. This point will be
discussed later.

TABLE V. Results of internal diameter surface characterizations. Tubes oxidized in loop.

Specimen number
Grain Size (urn)
Surface nitriding
Average roughness(Ra, urn)
Developed length (%)
Peak diffraction width (°)
JJD, excepted O and N)
Equivalent strain (%)
(ID, excepted O and N)
Cr ratio (max. in the oxide/
bulk content)

ALLOY 600
A

30-100
No
0.72
100,1
3.37

>50

1

B
30-100

No
0.25
100,0
1.61

6

1

C
3-10
No

0.72
100,1
0.81

<1

1

D
3-10
No

0.71
100,1
0.82

<1

1

E
3-10
No

0.42
100,1
1.89

14

1

F
3-10
No

0.83
100,2
1.28

2

2

O
2-10*

Slightly
-
-

ID: 1.42*
OD: 2.2*
ID: 4*
OD: 18*

ALLOY 690
N

10-30*
No
-

ID: 1.52*
OD.2.15*

ID: 5*
OD: 17 •

see table IV

ID: internal diameter O D : outer diameter • measurement in"as received" conditions

The data obtained on alloys 600 and 690 oxidized for 1000 h at 35O°C in the recirculating
autoclave system are presented on Table VI. The corrosion and the oxide thickness obtained
on alloy 690 are 10 times lower than on alloy 600. On both alloys, the OD oxide is always
thinner than the ID one. Figure 4 presents the GDOS analysis of the oxides. The differences
between the two sides of the same sample appear clearly, and a marked difference of
composition is found on the OD oxide of alloy 690. A striking feature is that such a difference
of behavior and oxide composition can occur on both sides of the same specimen. It proves
that corrosion (and release) behavior is not only governed by the composition of the tube but
also by surface effects. This difference between ID and OD seems to be quite systematic and
has been already seen in former studies26. In that case, the greatest difference between ID and
OD seems to be the degree of cold work: the ED cold work (« 5%) is produced by sand
blasting, and the OD one (« 18%) is the result of the final roll straightening and belt polishing.
These tubes, produced more than 15 years ago, did not have any heat treatment. For both
alloys these results seem to contradict the previous correlation with a detrimental effect of cold
work, since in that case, it seems beneficial. One hypothesis is that cold work can improve film
properties but only at very high cold work and high temperature, both parameters being linked.
This beneficial effect was demonstrated at 360°C26 and in steam at 400°C12. At lower
temperatures, 300°C12, 315°C27 or 330°C9 in primary water, the effect is detrimental. This



detrimental effect of cold work on film properties has been widely demonstrated in other
applications, for instance on stainless steels in MgC12 solutions28.

TABLE VI. Corrosion results obtained in the recircuJating autoclave system (1000 h, 350°C).

Specimen number

corrosion (mg/dm2)
oxide thickness (from weight lossXnm)

oxide thickness (from GDOS) (um)
Cr ratio (max. in the oxide /bulk content)

ALLOY 600 (O)
ED | OD •

30
1.0

1.0
<1

0.4
<1

ED
\LLOY 690 (N)

OD
3.3
0.1

0.12
<1

0.06
1 (2 layers, Fe enrich-

ment in the external one)
ID: internal diameter OD: outer diameter

Whatever the correct explanation, the better behavior of alloy 600 OD cannot be explained by
a difference in chromium profile (Figure 4). On alloy 690, the OD oxide contains a little more
chromium - but no enrichment. However, more striking is that a bilayer is obtained only on the
OD, with iron enrichment and very little nickel. ESCA analysis demonstrate that Ni is in the
metallic state.
It is therefore difficult to draw any conclusions at the moment. The only clear conclusion is
that very different behaviors and oxide compositions may result of the thermomechanical
treatment on a same tube.

ITJ.3 - Mechanisms of conduction in the solid phase
Electrochemical study
It has already been stated that, in the solubility model, variations in behavior can only be
explained if there is great enough variation of the solubility of the film formed on a single alloy,
its level of porosity or its developed surface. In this study, the absence of correlation with
chromium does not argue in favor of the possible role of solubility. The influence of developed
surface or porosity also has to be considered. By means of electrochemistry, we examined
these parameters, which led us to look at the oxide conduction mechanisms.
This study was performed on the tubes O and N at room temperature, with the hypothesis that
differences in oxides properties at high temperature should be reflected at low temperature.
Techniques used were linear polarization, voltacyclic curves and impedance spectroscopy. The
results29 are presented on table VII.

TABLE VII. Results of electrochemical measurements on alloy 600 and 690

ALLOY

Platinum

600

690

Environment

Surface condition

AR, mechanically polished
AR + electropolished

1000 h 350°C
AR, mechanically polished

AR + electropolished
1000h350°C

AR: as received * Ratio of the seometri

Fe(CN)637

Fe(CN)64", 25°C
OD Transfer

resistance

(Q-cm2)
200
600
250

2E+5
400
5000
800

Primary' water
350°C

Corrosion rate
(from weight

loss, mg/dm2)

-
-

30
-
-

3.3
cal area to the reactive area (from caoa

H3BO3, 5000 ppm, 60°C

Interface
capacity

(nF/cm2)

36
30

780
30
20
170

citv measure

Developed
area ratio *

1.2
1

26
1.5
1

8.5
imentsi

1/Rp

(Q^-cnf2)

1.0 E-6
1.1 E-7
2 E-6

1.7 E-7
5.0 E-8
3.0 E-6

10



Developed surface and porosity
In order to study the electrochemical properties of the passive film, in relation to ionic or
electronic transfer, the developed area of the oxides has been studied from capacity
measurements, obtained by impedance spectroscopy analysis. The capacitive behavior was not
a simple capacity but was characteristic of constant phase elements (CPA); that means that
some shift of capacity occurred with the frequency. This capacity C gives access to the
developed surface S in contact with the electrolyte, using the relationship C = 8 So S/d, where
Eo is the vacuum permittivity and d and s are respectively the thickness and the dielectric
constant of double-layer. The results in table VII show that the developed area ratio is about 8
on alloy 690 and about 26 on alloy 600. This can only be explained by the presence of pores on
the external part of the oxide. Moreover, preliminary examinations on these samples, using
Atomic Force Microscopy (AFM) have shown that this surface porosity does exist and that is
more important for alloy 600 than 690. This information on surface ratio should be important
for release studies.

Conductive or insulating behavior
The next step was to find out if these porosities allowed access of the environment to the metal
oxide interface, as assumed by some models. For that, the electronic transfer of oxides has
been characterized by I-E curves obtained in the rapid and reversible redox system Fe(CN)63~
/Fe(CN)$4-, and by measuring transfer resistance with impedance spectroscopy. This
characterizes only the propensity of electrons to be transferred through the oxide,
independently of any corrosion reaction. The results are indicated on figure 5 and on table VII.
When mechanically polished without any oxidation, the transfer resistance is low on both 600
and 690 (easy transfer), and is a little higher than on a platinum electrode. After oxidation at
35O°C, a very clear difference appears: the alloy 690 easily allows electron transfer on both the
anodic and the cathodic sides, contrary to alloy 600 for which transfer is very difficult, as its
oxide is strongly insulating. Moreover, equilibrium potential is well defined for alloy 690 and is
equal to this of platinum electrode in presence of the Fe(CN)63"/Fe(CN)64" couple (-0.185
V/ESS). In the contrary, for alloy 600 this potential is not defined. That is why the ratio of
diffusion plateau is probably not be due to a small metallic contact surface at the bottom of the
pores but to the bad electronic conductivity properties of the compact oxide layer formed on
the alloy 600. This seems to indicate that for alloy 600, no metal-electrolyte contact does exist
at the bottom of the pores that short circuit the oxide. For alloy 690, the easy transfer is not
due to the presence of pores, since a decrease of the diffusion plateau should then be observed.
It is actually due to the conductive properties of the oxide.

Taking into account the corrosion rates measured at 350°C (Table VH), the insulating oxide
gives the higher corrosion rate, and the conductive one the lower. This means that the electron
transfer is not the limiting step of the corrosion.
It should, however, be noted that, in other conditions, there may be an inversion of behavior
with insulating oxides on alloy 690 and conductor on alloy 600 (work is in progress on that
point). The correlation is therefore not automatic.

Prospects
It seems reasonable to give to the oxide - or some part of the oxide- the same role as a passive
film: in that view, porosity is not necessary for mass or electron transfer, and the corrosion rate
would depend more likely on the physical properties of the oxide. The key parameters would
then be the conductive properties, ionic transport that depends on vacancies in the oxide,
energy gaps at the interfaces and electric field intensity through the oxide. If that model is true,
the chemical composition, but also all impurities that contribute to electronic and transport
properties of the oxide would be of importance.

11



In order to get a clear answer on the key question (release governed by solubility equilibrium
or not), it seems necessary to undertake analytical experiments with release measurements as a
function of pH and solubility. To complete the study, it will also be necessary to obtain large
information about the properties of ionic transfer through the oxide, and the relationship
between electronic, ionic transfer properties and chemical composition of the oxide. Work is in
progress on these points.
In particular, photoelectrochemical studies are being developed in order to obtain information
on the electronic structure of the oxide. Using this technique and other electrochemical
techniques that have already been used (voltammetry and impedance spectroscopy), we can
hope to be able to determine the characteristic magnitudes of conduction. It will be interesting
to study how they change with temperature. It is, in fact, possible that certain variation in
oxidation according to temperature and which are imperfectly portrayed by changes in
solubility may be better portrayed by these characteristic magnitudes of conduction.

IV - Conclusion
The current models describing the phenomena of the creation and transport of corrosion
products in nuclear power plants are based on mass transfers in the liquid phase, governed by
solubility. Solubility partly accounts for phenomena of corrosion and release but it cannot
explain other effects such as surface condition.
In particular, two studies conducted in our laboratories show that cold work can play an
important part, being beneficial at high temperature and, more especially, having a negative
effect at temperature of less than 330°C. Electropolishing also has a beneficial effect.
We have shown the great variability of the chemical composition of films, of their developed
surface, and the significant differences in behavior with regard to conduction. In certain cases,
it has been proved that physical defects of the open pore type do not exist.
The understanding of how the oxide works and what are the parameters that govern its
protective ability are key points. Models based on the transfer of electronic or ionic charges in
the solid phase should be developed. The study of the conductive properties of oxides has been
started by means of electrochemistry, photoelectrochemistry and multiple characterization
techniques (SEM, TEM, AFM, GDOS, ESCA ...). One of the main difficulties ahead will be
knowing what are the relative parts played by the mechanisms of solubility and conduction.
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Figure 1: Variation with phi of Average Activities of Co-60 and Co-58
on Steam Generator Tubing at End of MIT in-Pile loop Tests
(A2 and B2 are 130 day runs, other points are 30 day runs)
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Figure 2: Results of corrosion test in the BOUCOR loop
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Figure 3 : Correlation between oxidation and cold-working in the BOUCOR loo
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Figure 4: GDOS analysis of industrial tubes surface
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