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SYNTHESE :

Cette note étudie particulièrement l'influence de l'état de surface sur la
corrosion et le relâchement, ainsi que les mécanismes impliqués. L'effet néfaste ou
bénéfique de certains paramètres est identifié : rôle du dernier traitement
thermomécanique, effet néfaste de l'écrouissage, effet bénéfique de l'électropolissage.

Ces résultats ne peuvent pas s'expliquer par des mécanismes fondés seulement
sur la solubilité et le transfert de masse. Une migration ionique à travers le film
barrière de l'oxyde interne est probablement mise en jeu.
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EXECUTIVE SUMMARY :

This papor focu3c& on understanding the fitffect of surface condition on
corrosion and release and the mechanisms involved: The detrimental and beneficial
effects of certain conditions or processes are identified: role of the last
thermomechanical treatment, detrimental effect of coldwork, beneficial effect of
electropolishing.

The results can not be explained by mechanisms based only on solubility and
mass transfer. Ionic migration through the inner barrier film is also probably involved.
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Influence of the initial surface condition on the release
of nickel alloys in the primary circuit of PWRs.

L. Guinard1, O. Kerrec1, D. Noel1, S. Gardey1, F. Coulet2. ' EDF, Direction des Etudes et Recherches,
Departement Etude des Materiaux, 77250 Ecuelles, France. 2 CEA, Direction des Reacteurs Nucleaires, Departement
d'etudes des combustibles, 1310S St Paul lez Durance, France.

I - Introduction
Activity source must be reduced as much in order to
minimise the radiation exposure for PWR operators
during maintenance operations. This involves an
optimisation of both materials and chemistry and requires
a good understanding of the mechanisms of emission and
transport of corrosion products.
These phenomena are described in many computer codes,
for instance PACTOLE1 from CEA, CORA2 developed
by EPRI and more recently, DISER3. Beyond their formal
diversity, all of these are based on a common represen-
tation of the base mechanisms. The confidence on their
predictions for new situations will rely strongly on a good
understanding of their mechanisms.
So it is important to check that the main hypothesis of the
models are in good agreement with the up-to date
knowledge of phenomena. Experimental studies on that
point have been undertaken in EDF and CEA for years.
The work presented here is more specifically focused on
understanding the effect of surface condition on corrosion
and release as well as the mechanisms involved.

II - Current modelling of release

II. 1 - Main outlines
Current release models are quite similar. For instance the
basic hypothesis assumes generally a bilayer oxide whose
structure is the one proposed by Castle and Masterson4 .
The inner layer grows in-situ at the metal-oxide interface,
and the outer oxide at the oxide-solution interface, by
precipitation from the solution. It is assumed that all of
the oxide has an interconnected porosity in order to give
access to the solution up to the metal-oxide interface. It
allows also the diffusion of the metallic species from the
base metal towards the primary environment. Release is
controlled by the diffusion of metallic species into the
pores and through the diffusion boundary layer on the
external surface. Therefore it is proportional to the
concentration gradient of metallic species through the
oxide. The release is also proportional to the mass
transfer coefficient h, which affects the thickness of the
diffusion boundary layer. So this model is based on
transfer in the liquid phase which is governed by
solubility.

Figure 1 - Variation with pH of average activities of 60Co
and 58Co on steam generator tubing (in -pile loop tests5).

II. 2 -Justification of the model
There is experimental evidence that release depends on
water chemistry. Loop tests have demonstrated the role of
pH on the activities deposited on the system. At 300°C
and at different pH levels in an MIT loop for instance5,
tests (figure 1) show a significant decrease in deposited
activity when the pH increases.
Other studies carried out by Lister6 show a dramatic
effect of solubility on release. The growth of oxides on
alloy 600 was studied by alternate immersion in water
saturated with corrosion products or in a pure medium.
Table I shows that release occurs in the unsaturated
solution but that it is completely stopped in the saturated
one. Therefore the solubility gradient is really a driving
force for release in this case.
Oxides have been widely studied on carbon steel at
= 300°C, and the observations are consistent with the
model : a bilayer porous oxide is found4. On stainless
steels or nickel alloys, a bilayer oxide is often observed,
and an outer layer, whose structure is different from the
inner one, shows crystallites that are consistent with a
precipitation process.



Table I - Effect of saturation of the solution on alloy 600
behaviour. One week at 300°C with Li 2,2 ppm 6

Film growth
Release
Total

Saturated coolant
(run penetration)

51

51

Unsaturated
coolant (run
penetration)

7
14
21

Table lib - Effect of surface treatment on Alloy 600 beha-
viour. 7049 h in Boucor loop18, primary water at
330°C (B 700 ppm, Li 1 ppm, 18-26 ml/kg H2).

11.3 -Badly understood facts
Some facts do not agree well with the model.
Three problems appear for the oxides on stainless alloys,
as pointed out by Robertson 7 : i) the connected porosity
measured by hydrogen permeation is too low to account
for a diffusion process, ii) the corrosion rate near 350 °C
is the same in water and in steam. As no species transport
is possible in steam, it is difficult to account for a liquid
diffusion control, and iii), the activation energy of the
corrosion ( » 120 kJ mol~') does not agree with diffusion
in solution (« 15 kJ mol"1).
Other experimental facts are badly understood. For
example, EDF has recently modified the pH of the
primary coolant system by switching from 7.0 to 7.2 at
300°C. This slight change, closer to the minimum
solubility of iron, should induce a significant reduction in
deposited activity. This has not been observed in field
experiments. Therefore the role of solubility is less
important that was computed in this case or is hidden by
other parameters. Another fact which is difficult to
explain with the model is the great disparity between
corrosion and release behaviours for the same alloy.
Various test results are reported in tables Ha and lib :
they show a wide range of variation linked to the surface
condition. The difference between "as received" and
electropolished conditions is also noticeable. It will be
developed later. This disparity can be explained in the
solubility model only if the solubility of the film formed
on the same alloy, its level of porosity or its developed
surface vary sufficiently.

Table Ha - Results of various oxidation tests in primary
medium (3OO-33O°C).

CORROSION
mg/ dm2 /month

mg/dm2/month

2000 h (mg/dm2)

3000 h (mg/dm2)

RELEASE
mg/dm2/month
mg/dm2/month

mg of Ni/dm2/month

3000 h (mg/dm2)
2000h(mgofNi/dm2)

500h(mgofNi/dm2)

Alloy
600

38

1.5-4.0

75

28

35
0.5-2.0

0.75

7.5
1.15

0.16

Alloy
690

<1.5

-

25

6

1
-

AR: 1.2
EP: 0.6

2
0.66

0.15

Alloy
800

9

1.5

-

-

5
0.5
0.7

-
-

0.1

Ref

%

9

10

1]

8

9

12

11

12

13

Surface
treatment

CORROSION
RELEASE

RESULTS (mg/dmVmonth)
No
ne

8.6
2.5

Electro
polishing

2.1
1.2

Several heat
treatments

2.6-3.7
0.6-0.8

Heat treatment
¥ sand-blasting

5.0
1.8

AR : as received - EP : electropolished

Recent studies14'15 have shown that the developed surface
does not vary in such a range : the variation is generally
less that 10-20 %14. In the case of the codes model, a
given alloy composition leads to one type of oxide with a
given solubility, so it can not explain such variations.

II. 4 - Main questions
Relationship between surface condition and behaviour :
which key parameters ? The effect of the surface
condition, with parameters like roughness, chemical
composition and degree of coldwork of the surface layer,
has been studied for several years10 '16 '17 '18. it is also well
known that electropolishing allows a dramatic decrease in
corrosion and release16*17'19"20 and in surface deposition:
several experiments in steam generators have been
reported recently on that point21 •22-s-24.
These effects are often explained by an increase in the
developed surface resulting from the roughness16.
However our results'415 are not consistent with this
explanation. Surface coldwork may have different effects
depending on the temperature. Below 330°C, our studies
demonstrated a detrimental effect 14. This detrimental
effect is classically explained by poorer properties of the
passive film formed on a surface with a high density of
dislocations. At higher temperature, the effect can be
inverted25. It could be linked to a quicker diffusion of
chromium, because the dislocations produced by the cold-
work are short-paths for diffusion. When the temperature
is high enough, it allows the formation of a chromium
enriched layer, whose protective properties are enough to
hide the previous detrimental effect of the dislocations. A
lot of authors emphasise the beneficial effect of chromium
enrichment in the inner oxide6'26*27'28'29 , explained by the
lower solubility of chromium. A recent trend is to explain
it by a modification of the oxide barrier layer151 •272S

whose properties would more likely be governed by the
ionic and electronic transport properties of the oxide film
rather than by solubility equilibrium.

Respective roles of ionic migration and solubility
processes. Robertson30 suggested an oxide model where
the corrosion rate is controlled by solid state diffusion of
metallic species in the oxide grain to solve the three
problems inherent to stainless steel alloys which were
mentioned previously. The inner layer grows by the
access of water to the metal through the pores. The outer
layer grows by the diffusion along grain boundaries in the
oxide. The chromium-enriched inner layer could be due
to the slower diffusion of this element compared to iron
or nickel. The pH dependency of the corrosion rate is
explained in this model by the fact that solid state iron



diffusion depends on vacancies and that the vacancies
concentration depends on pH.
At room temperature, the passive films on stainless alloys
are well known: they are very efficient barrier films a few
nanometers thick for ionic migration. Growth of the film
and transport occur by vacancy transfer31. Physical
defects (porosity, crack) are thus unnecessary in order to
achieve transport of mass through the film.
Finally, it is clear that the way the oxides works greatly
influence the understanding we can have of experimental
facts. Three model are possible : one governed by liquid
diffusion, one mixed with liquid access to the metal-oxide
interface but control by solid state diffusion and the last
one for which all rate controlling steps are in a solid
oxide.

m - Experimental studies
In order to make progress on these questions, studies
have been carried out in the EDF laboratories. The object
was to obtain a better understanding of the surface
condition effect and to obtain information on the
mechanisms that could explain the variations of
behaviour observed.

///. 1 - Experimental conditions
The materials studied, alloy 600, 690 and 800, are
industrial steam generator tubes from several periods and
several productions. It explains the differences in
atmosphere of treatment, sandblasting and last thermal
treatment at 700°C. Their characteristics are detailed in
table IQ. Surface coldwork was measured with an X-Ray
diffractometer (Siemens D500), using the K radiation
from Mn (a relationship between peak diffraction width
and coldwork has been calibrated on alloy 600 and
extrapolated for alloy 690 and 800). Scanning Electron
Microscopy was performed using a Leica-Stereoscan
440. The specimens were studied either in the as-received
condition or after electropolishing . Electropolishing was
carried out in a solution containing 10% perchloric acid
and 90% ethyleneglycol monobutylic ether.
The specimens were 5 cm-length (A-Q) and 2 cm-length
(R-W) industrial tubes. They were oxidised at two
temperatures : 325 °C for the first set, 350 °C for the
second set. This second set of results is only partly
presented here. A general report has been given in IS. All
the tubes were oxidised in a recirculating autoclave
system (B 1055 ppm, Li 2 ppm, H2 10-30 cm3/kg, O2 <
Ippm, flow rate = 10 1/h).

The corrosion rate and the release rate of each specimen
were obtained from weight measurements (accuracy 0.05
mg), before oxidation (Mo), after oxidation (Mi) and
after descaling (M2). Descaling was done using two bath
(KMnO4 + NaOH and diammonium hydrogen citrate +
EDTA, pH4).
The corrosion rate (loss of metal) was obtained from(Mo-
M2 ). the adhesive oxide from (Mj - M2 ), and the release
rate from (Mo- M2 ) - 0.7 * (M] - M2 ) [assuming that
metallic elements are 70% of the oxide weight).

III.2 - Results
The corrosion rate, release rate and ratio of release
obtained are shown in table in. The ratio of release is the
ratio of release rate versus corrosion rate.

111.2.1 - Role of surface condition
The effect of the fabrication parameters on corrosion and
release rate after 632h at 325°C are shown on figures 2
and 3. Clear differences appear and the classification
from the best to the worse behaviour for corrosion and
release, is : 1) alloy 690 with H2 and without
sandblasting ; 2) alloy 690 with NH3 and sandblasting ;
3) alloy 690 with NH3, sandblasting and residual cold-
working. It shows clearly a fabrication effect, with a
beneficial role of the treatment with H2 and without
sandblasting. This will be discussed in the following
section.

111.2.2 - Role of cold-work
Figures 4 and 5 show the dependency of the corrosion
and release rate at 325°C on cold-work. The cold-work
on the inner side was chosen rather than on the outer
because it is the side in contact with the primary coolant
in the plant. The corrosion and release rates measured are
the average on both the inner and outer diameter.
Measurement of oxides thickness using Glow Discharge
Optical Spectrometry (GDOS) have shown that the inner
oxide thickness was approximately double that of the
outer one. So the rates measured do not represent exactly
the true rate on the inner side, but their variations with
cold work are a good estimation of the variations of the
inner diameter behaviour. These results are given for
tubes in as received condition, essentially for alloy 690.
They demonstrate a detrimental effect of cold-work,
which is roughly linear (except for some alloys 600 and
800). It confirms the previous results obtained in the
Boucor loop14. The effect is more obvious for the tubes
with NH3 and sandblasting with a residual cold-work.
The residual cold-work is probably linked to the heat
treatment with NH3 : it can induce a surface nitriding
which could slow down the recristallization of the cold-
worked layer at 700°C.

111.2.3 - Effect of electropolishing
The results at 350°C (table Illb) evidence also the great
beneficial effect of electropolishing and confirm previous
results1218. On alloy 600 (specimen R compared to S) and
690 (T compared to U), it allows a reduction of corrosion
rate from a factor 4 to 15, and also a dramatic decrease of
the release rate. The results presented here do not allow
to assess if the effect of electropolishing is due to the
removal of the cold worked layer or to a passivation
effect. However, other results obtained at 35O°C15 and
325°C32 have clearly shown that the electropolishing has
a beneficial effect which is not only due to the removal of
cold work, but also to a passivation effect.
Electropolishing causes modifications to the chemical
composition and structure of the material : chromium
enrichment and formation of a nanocrystallized layer.
This superficial layer would favour the formation of a
passive film that formed on contact with the primary fluid
at high temperature.



Table m a - Characteristics of material and results of oxidation tests lasting 632 h at 325°C for industrial tubes in the as
received condition.

Speci-
men N°

A

B

c

D

E

F

G

H

I

J

K

L

M

N

O

P

Q

Alloy

690

690

690

690

690

690

690

690

690

690

690

690

690

600

600

600

800

Last thermo mechanical processing

MA Treatment
Time.T Blanket
2-5 min

1040-1075°C
2-5 min

1040-1075°C
2-5 min

1040-1075°C
2-5 min

1040-1080°C
2-5 min

1040-1080°C
2-5 min

1040-1080°C
2-5 min

1080-1100°C
2-5 min

1080-1100°C
2-5 min

1080-1100°C
2-3 min
1080°C
2-3 min
1080-C
2-3 min
1080°C
2-5 min

1080°-1100C
2-5 min

950-1000°C
2 min

950-990X
2 min

950-990°C
960-980°C

NH3

NH3

NH-i
NH3

NH3

NH3

H2

H,

H,

H,

H,

H j

H2

NH3

H2

H2

H2

Sand
Blasting
(after MA)

+

+

+

+

+

+

-

-

-

-

-

-

-

-

-

-

Thermal
treatment
(700°C)

+

+

+

+

+

+

+

+

+

+

-

Drawing

Coldwork

PDW*

1.1

1.1

2.1

2.0

2,0

2.1

0.9

0.8

0,7

0,8

0,8

0.6

0.7

1.0

1.0

1.0

1,1

ES**

1

1

17

13

13

17

0

0

0

0

0

0

0

0

0

0

1

Corrosion
rate

(mg/dm2)
8,3 ±0,2

9,4 ±0,2

17,4 + 0,2

14.2 ±0,3

15.8 ±0,2

14,8 ±03

8,0 ±03

7,4 ±0,3

7.3 ±0.3

5.8 ±0.2

5,0 ±0,2

4.7 ±0.2

6,7 ±0,2

16.6 ±03

10,2 + 0,4

14.4 ±0,4

17.2 ±0.3

Release rate
(mg/dm2)

2,6 ±0,6

33 ± 0,6

5,1 ±0,7

43 ±0,7

5,2 ±0,6

3,7 ±0,8

1,0 ±0,7

13 ±0,6

23 ±0,6

2,0 ±0,5

1,3 ±0.4

1,2 + 0.5

1,6 ±0,5

7,0 ±0,7

1,9 ±0,9

4,7 ±0,9

3.3 ±0,9

Ratio of
release (%)

32 ±8

35±7

29±5

30±6

33±4

25±6

13±9

18± 10

31±9

34 ±10

26±8

25 ±12

24±8

42 ±5

19±9

33 ±7

19±6
; PDW : Peak diffraction width (°) - ** ES : Equivalent Strain (%)

Table nib . Characteristics of material

Speci-
men N°

R

s

T

V

V

w

Alloy

600
(AR)
600
(EP)
690
(AR)
690
(EP)
800

(AR)
800
(EP)

and results after 200C
Last thermo mechanical processing

MA Treatment
Time.T Blanket

2 min
950-1000°C

2-5 min
1040-1080°C

950-1000°C

NH3

NH3

H;

Sand
Blasting
(after MA)

-

-

-t-

Thermal
treatment

-

h of oxidation
Coldwork

PDW*

1.2

0.7

1.6

0.8

1.6

1.2

ES'*

1

0

5

0

5

1

at350°C15in

corrosion
rate

(mg/dm2)
94,7 ±1.1

23,9+1.1

38.3 ±0,6

2.5 + 1.2

48,9 ±1,1

33,4 ±1.1

primary water.

release rate
(mg/dm2)

13,6 + 4,1

2.4 + 23

10,3 ±1,8

ULD

16,6 ±2.8

9,2 ± 2,5

ratio of
release (%)

14±4

10 + 10

27±5

-

34±6

27 + 9

AR (as received) -EP (electropolished) - ULD (under limit of detection : 1 mg/dm2)
* PDW : Peak diffraction width (°) - ** ES : Equivalent Strain (%)
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Figure 2 - Correlation between the last thermomechanical process and corrosion rate for industrial tubes oxidised 632h
at 325°C in primary water in the as-received condition .

600

RC : Residual Coldwork
Figure 3 - Correlation between the last thermomechanical process and release rate of industrial tubes oxidised 632h at
325°C in primary water in the as-received condition .

III.2.4 - Variability of release ratio
Table III also shows that the release ratio can vary in a
wide range in the same chemical conditions : most are
around 20-30 %, but levels as low as 10 % or higher than
40 % are found. The results obtained in the same
conditions were quite reproducible and the confidence
interval is enough to distinguish between the different
release behaviours. Therefore, there is clearly a
relationship between the surface condition and the release
ratio. Results higher than 50%. and up to 90%. have been
reported in the literature (table IV). In that case, Uie
chemical conditions may be different, but it proves that a
great variability of release ratio is possible. The model
introduced in codes, where half of the corrosion is
released and half is incorporated in the oxide, does not

agree with such variations. Release and corrosion
behaviour have to be clearly distinguished. It has of
course a consequence on the prediction of the model, but
it also shows that a greater understanding must be
obtained to describe correctly such a variation process.

111.2.5 - Observations on the oxides
SEM observations have been performed on some
specimens before descaling treatment. They show clearly
that the oxide has a classical bilayer structure with an
inner layer which is quite compact. The outer layer is
composed of crystallites, whose density and size may vary
in a wide range. The more striking difference appears
between the as-received condition and the electropolished
condition (figure 6). In the electropolished condition, the
outer layer is far less important, and has different
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Table IV - Release ratio (%) obtained in different primary
chemistries.

Ref

6
8
9
11
13
18

Alloy 600

0 and 60
90

30-50
25
-

Milled : 30
Milled and electropolished : 55

Milled and heat treatments : 20-25
Milled, heat treatment and sand-

blasting : 35

Alloy
690

-
>65

-
33
-

Alloy
800

-
55
30
-

3-4

S3

i
Jg

P
1i

1 m

ii
i
a1

1Wm
BBBBBBB^B

- Oxide surface after 2000h a) as
received alloy 600 R, b) as received alloy 690 T, c) as
received alloy 800 V, d) electropolished alloy 690 U.

appearances. On alloy 600R, some grains have an outer
layer, others not. On the 690 U alloy, the density of the
crystallites is far lower than on the other materials, and
the majority of them are obviously nucleated on the grain
boundaries. On alloy 800, such a link with grain
boundaries is not obvious. The correlation between the
corrosion rate and the outer oxide is not clear, since the
corrosion rate is almost the same on alloy 800 in the as-

10



received and electropolished condition, in spite of a wide
difference of oxide appearance. The correlation seems
roughly better with the release rate, but more data is
needed on that point. This considerable reduction in the
number of crystallites due to the electropolishing could be
explained by the presence of a barrier layer which slows
down the transfer of ions between the metal and the
liquid.
The outer layer is often supposed to grow by precipitation
from the solution saturated in the bulk. In that case, as
the oxidation was carried out in a recirculation loop with
continuous epuration, the growth of the outer oxide may
occur only without bulk saturation but only at a very local
scale. This point is interesting to study in more details.

IV - Work in progress
These results bring a lot of questions about the
mechanisms of release. Work is in progress in EDF
laboratories to go further. Some studies on the oxides
properties, using electrochemistry, and several
characterisation techniques (SEM, TEM, AFM, GDOS,
ESCA...), are in progress. A new loop, dedicated to the
study of release mechanisms, has been built. A schematic
presentation is given in figure 7, with a cold section for
water conditioning and a hot section for material testing.
The test section is a 25 cm length section of industrial
steam generator tube; in this section the chemistry and
thermohydraulics are similar to primary circuit
conditions. In-situ continuous measurement of release is
made possible by using gammametry coupled with Ultra
Thin Layer Activation. This technique, which consists in

indirect implantation of metallic ion on the specimen
using a proton beam from a cyclotron, will allow a
sensibility of detection of release corresponding to a loss
of two nanometers thick.

V - Conclusion
This study has shown that the surface condition may
heavily influences the corrosion and release of a same
alloy. The parameters and the last thermomechanical
treatment have an effect that has been clearly identified.
The sandblasting before the last thermal treatment at
700°C can induce a residual cold work in some
conditions, especially when the high temperature heat
treatment is performed with NH3 blanket The
detrimental effect of cold-work was confirmed, and it is
not due to an increased roughness. The beneficial effect
of electropolishing has also been evidenced, on both the
corrosion and the release. The great variability of release
ratio was highlighted. Examinations of the oxides has
shown that on electropolished surfaces, the outer oxide
may be scarce and discontinuous. Its formation occurs
even when the solution is unsaturated in the bulk. All
these results do not seem to be easily explained by the
classical model where the controlling process are
solubility and mass transfer. Ionic migration through the
inner barrier film is also probably involved.
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