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a Commissariat à l’Energie Atomique, DEN/DANS/DPC/SCCME, Centre de Saclay, Bâtiment 458, 91191 Gif-sur-Yvette cedex, France
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Abstract

Austenitic stainless steels type 304L, 316L and 310Nb are largely used as structural materials for equipments handling nitric
acid media in reprocessing plants. In almost all nitric media, these materials, protected by a chromium(III) oxide rich layer,
remain in their passive state. However, in some particular nitric media, their corrosion potential may be shifted towards their
transpassive domain. In this domain, they can suffer intergranular corrosion, even though they are not sensitized owing to their
very low carbon content. The corrosion potential of the steel depends greatly on the cathodic reaction involved in the oxido-
reduction process between the elements Fe, Cr, Ni of the steel and the oxidizing species of the medium. Three cases of an
increase in the corrosion potential can be found in reprocessing media: pure nitric acid–water solutions, in which the cathodic
reaction is the reduction reaction of HNO3; nitric acid media containing oxidizing species, in which the cathodic reaction is
the reaction of reduction of the oxidizing species into the reduced one; nitric media containing metallic elements electrochemically
more noble than the steels, causing galvanic coupling. In each case, the mechanism and the relevant situations we experimentally
studied are described.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

In France, the treatment of spent fuel is carried out in
La Hague plants using the Purex process. This process uses
nitric acid to dissolve spent fuel. Thus, along the all process
line, nitric media that contain dissolved species such as oxi-
dizing ions as well as undissolved solid species are found at
various concentrations (up to the azeotropic one) and at
temperatures up to and slightly higher than their boiling
point. In order to properly contain these very acidic and
very oxidizing media, metallic materials have been chosen
according to their corrosion limits, optimized and qualified
before the building of the plants. These materials are
mainly:
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� zirconium, chosen for the construction of the most
critical equipments in term of corrosion, such as
fuel dissolvers and nitric acid recovery concentrators
[1–4];
� very low carbon austenitic stainless steels (type AISI

304L, 316L and 310Nb) for the major part of the equip-
ments [5–9];
� a special stainless steel with 4% silicon, for the fission

products evaporators.

All these materials are protected by a stable passive
layer in nitric acid. However, each condition which pro-
motes the deterioration of this passive layer may lead to
severe corrosion phenomena.

For zirconium, three types of phenomena can lower the
protective effect of the passive layer which is constituted of
ZrO2:
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Fig. 1. Effect of the chromium content on the behaviour of austenitic
stainless steels in nitric acid (65 wt%, boiling temperature) [7].
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� the presence of a stress: in this case, stress corrosion
cracking essentially requires an electrochemical depassi-
vation of the material to occur. As a matter of fact, in
the passive conditions, which are those of the process
equipments, the behaviour of zirconium submitted to a
stress or a strain is only very slightly modified by nitric
acid [4,7–9], and no SCC occurs;
� a mechanical degradation, for instance by friction or

erosion [10];
� the presence of complexing agents in the nitric media,

particularly of fluorides. The dissolution rate of zirco-
nium increases with their concentration, even at a very
low level (1 mg/L) [8].

Except for the special stainless steel with 4% Si, all stain-
less steels, although they are protected by a passive layer
rich in chromium (III) oxide, can suffer an intergranular
corrosion when their corrosion potential is shifted towards
the transpassive domain. This type of corrosion is charac-
terized by a selective attack of the grain boundaries up to
grain losses for the most severe conditions. It can occur
even with a no sensitized and optimized (with regard to car-
bon, silicon and phosphorus content) steel.

In this paper, after a recall on the corrosion behaviour
of austenitic stainless steels in nitric media, we will present
and discuss the situations which promote a shift of the
corrosion potential towards the transpassive or the active
domains and thus to an increase of the steel corrosion.
Three situations can be found in reprocessing media:

� nitric media in which an autocatalytic mechanism of
nitric acid reduction can occur;
� nitric media containing oxidizing ions;
� nitric media containing metallic elements allowing

galvanic coupling with the steel.

2. Austenitic stainless steels used in French spent fuel

treatment plants

Table 1 summarizes the general composition of the four
stainless steels used in French spent fuel treatment plants to
contain nitric media [6,7].

Since corrosion resistance is essentially determined by
the chromium content (Fig. 1), the most widely used steels
are unstabilized low carbon steels type AISI 304L (AFNOR
Z2 CN 18.10) or Uranus 65 (AFNOR Z2 CN 25.20) similar
to an extra low carbon (ELC) type AISI 310 steel.
Table 1
Chemical composition of the austenitic stainless steels used in French spent fu

Grades C Cr Ni

AFNOR Commercial

Z2 CN 18.10 AISI 304L 60.03 18 10
Z2 CN 25.20 Uranus 65, AISI 310 60.015 24–26 19–22
Z2 CND 17.13 AISI 316L 60.03 17 13
Z1 CNS 17.15 Uranus S1N 60.015 16.5–18.5 13.5–15
A carbon content below 0.03% or better below 0.02%,
and optimized quench annealing temperatures and heating
times [7] prevent from intergranular corrosion resulting
from the chromium depleted zones due to a steel sensitiza-
tion after a thermal treatment or by welding. The effect of
carbon on the behaviour of AISI 304L steel is, for instance,
illustrated by the answer of the material using the double
loop EPR test (Fig. 2) [11]. Moreover, in order to detect
the possible carbon local enrichments due to a surface con-
tamination susceptible to occur during the transformation
steps, the products are submitted to reception tests based
on Strauss or Huey procedures with drastic limits of
acceptance.

In order to increase the resistance to intergranular cor-
rosion, the content of S and P minor elements, which pref-
erentially segregate at the grain boundaries [12], are
reduced. Moreover, non-metallic inclusions (such as sulp-
hides) with heterogeneous shapes, sizes and distribution
can induce end-grain attack. This phenomenon largely
depends on the steel transformations such as working,
forging and rolling [14–16]. The Uranus 65 and Uranus
S1N steels are refined under vacuum in order to fulfil the
cleanliness required to meet specifications for welded ves-
sels operating with nitric media [7].

Addition of molybdenum is detrimental to the behav-
iour of the austenitic stainless steels in hot nitric acid.
el treatment plants (wt%) [6,7]

Si S P Mo Mn N Nb

61.0 60.02 60.03 – – – –
60.25 60.005 60.025 60.5 62 – Addition
61.0 60.02 60.03 2.5–3 – – –
3.8–4.5 60.005 60.025 60.5 62 60.035 Addition
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Fig. 2. Effect of the carbon content on the behaviour of 304 stainless steel in nitric acid, as revealed by the double loop EPR technique [11].
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However, an addition of 2–3% molybdenum makes the
steel more resistant to pitting corrosion in the event of an
accidental chloride contamination, of the presence of
deposits or of iodine condensates [17] (Fig. 3). In these
potential conditions, AFNOR Z2 CND 17.13 steel (AISI
316L) is used.

Whereas a maximum intergranular corrosion is
observed for about 1% Si content, the absence of intergran-
ular corrosion is observed for Si values higher than 3% in
boiling nitric acid containing oxidizing species (Fig. 4)
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Fig. 3. Effect of the molybdenum content (see Table 1) on the pitting
corrosion of austenitic stainless steels in the presence of iodine condensates
[17].
[7,12]. By contrast, in pure boiling nitric acid, the uniform
corrosion rate increases continuously as the Si-content of
steel increases [13]. Therefore, when immunity to intergran-
ular attack and thus corrosion resistance predictability in
strongly oxidizing media is required and that a relatively
high general corrosion rate can be tolerated, the use of high
purity grades containing at least 4% silicon such as Uranus
S1N steel (AFNOR Z1 CNS 17.15) offers a safe choice.

Based on these general metallurgical considerations, the
limits of use of these different steels can be summarized in
Fig. 5, as a function of the concentration in nitric acid, of
the temperature (up to boiling), and of the presence or
absence of oxidizing species.
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Fig. 4. Effect of the silicon content on the behaviour of austenitic stainless
steels in boiling 5 mol/L nitric acid + 1 g/L Cr(VI) [7].



Fig. 5. Typical limits of use of the steels in nitric media.
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3. General electrochemical behaviour of austenitic stainless

steels in nitric media

Fig. 6 shows a diagram which illustrates the behaviour
of an austenitic stainless steel in acidic media as a function
of its potential [7].
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Fig. 6. General electrochemical behaviour of austenitic stainle
The partial anodic process, which relates to the oxida-
tion of the elements (mainly Fe, Cr and Ni) of the steel,
includes four domains:

� an active domain where the uniform dissolution rate of
the stainless steel is high, if the medium conditions are
sufficiently reducing;
� for moderately oxidizing medium conditions, austenitic

stainless steels are in their passive state characterized
by a uniform and low-rate dissolution. As revealed by
XPS analyses of specimens treated in nitric acid [18],
steels are then protected by a passive layer. For AISI
304L type steel, this passive layer, a few nm thick, is
mainly composed of Cr2O3. For a 4% Si type steel, the
presence of silicon in the steel does not affect the chro-
mium or iron oxidation degree, nor the iron/chromium
ratio in the passive layer. Silicon is present in the passive
layer in an important content: the passive layer of a 4%
Si type steel is composed of 35 at.% silicon whereas the
matrix contains only 7 at.%. Thus it decreases the con-
tent of each other element of the passive layer: after pas-
sivation in nitric acid, the Cr content is 80 and 50 at.%,
respectively for 304L and 4% Si stainless steels. The 4%
Si steel exhibits a less protective passive layer and thus
its corrosion rate is higher than the one of a 304L type
steel in the same medium conditions;
� if the medium becomes excessively oxidizing, passive

film dissolution occurs, specially by oxidation of Cr(III)
(as insoluble Cr2O3) to Cr(VI) (as soluble Cr2O2�

7 ). This
results in a fast and accelerating transpassive corrosion.
This form of attack is preferentially intergranular, even
if the steel is not sensitized or has been optimized in Si
and P (for AISI 304L type) in order to reduce the risk
for this type of corrosion. In the less severe conditions
(transition domain), only intergranular indentations
are observed. In the most severe oxidizing conditions,
grain losses occur and successive rows of material get
lost. The rate of this phenomenon based on morpholog-
ical considerations has been recently modeled [19].
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In the following of this paper, we are going to examine
different kinds of partial cathodic processes specific to the
nitric acid media found in reprocessing plants. These
partial cathodic processes mainly determine the corrosion
potential of the steel and thus, impose the type and the rate
of corrosion of the steel according to the previous diagram.

4. Pure nitric acid solutions

4.1. Corrosion mechanism: autocatalytic reduction of nitric

acid

In most of nitric media, the electrochemical reaction
which imposes the redox potential of the solutions is the
global reduction reaction of nitric acid HNO3 in nitrous
acid HNO2

NO�3 þ 3Hþ þ 2e� $ HNO2 þH2O

E�25 �C ¼ 934 mV=SHE ð1Þ

From this reaction, the redox potential increases with
concentrations in NO�3 and H+ and with temperature
and decreases when HNO2 concentration increases [20–22].

However, in order to conclude on the modifications in
the corrosion potential induced by these different species,
it is necessary to detail the specific reduction mechanism
of nitric acid, which has been analysed in many studies
[23–25].

A thermodynamic study of the equilibrium between gas
and liquid phases for concentrated aqueous solutions of
nitric acid allowed to identify the predominant species
involved in the process of reduction of nitric acid: these
are two gaseous species (NO, NO2) and an aqueous species
(HNO2) (Fig. 7) [24].
-20

-18

-16

-14

-12

-10

-8

-6

-4

-2

0

2

0 21 3
-log [PH

lo
g 

[P
O

2 /
 b

ar
]

8 mol. L
-1 4 mol.L

-1

[HNO3] (wt% and mol.L-1)

14.4 mol. L
-1

22 %40 %65 %

Fig. 7. Stability area of nitric acid at 100
The study of the influence of the nitric acid concentra-
tion on the nature of the species limiting the stability area
of nitric acid in reduction shows that the final reduction
product is nitrogen monoxide NO for concentrations lower
than 8 mol/L and nitrogen dioxide NO2 for concentrations
higher than 8 mol/L.

The electrochemical study of the reduction process of
nitric acid was carried out on a platinum electrode then
on a stainless steel electrode. Similar results were obtained.
It allowed to confirm the predictions of thermodynamics
and led to a better understanding of the mechanism [25].

Nitric acid is indirectly reduced by an autocatalytic
mechanism including a charge transfer step and a chemical
reaction which regenerates the electro-active species.

The electro-active species is nitrous acid which is
reduced into nitrogen monoxide

ðHNO2Þel þHþ þ e� þ s$ ðNOÞads þH2O

ðs is a site on the electrodeÞ ð2Þ

Nitrous acid is then regenerated by a heterogeneous chem-
ical reaction between nitric acid and nitrogen monoxide

HNO3 þ ðNOÞads $ ðHNO2Þads þ ðNO2Þads ð3Þ

A third reaction occurs between nitric acid and nitrous
acid:

HNO3 þ ðHNO2Þel þ 2s$ 2ðNO2Þads þH2O ð4Þ

Reactions (2)–(4) are the elementary reactions of the reduc-
tion mechanism of nitric acid. They are valid on the whole
concentration area.

For low to moderate (<6 mol/L) nitric acid concentra-
tions, the reaction of regeneration of nitrous acid (3) is
slow. The nitrogen monoxide formed during the charge
4 65 7
NO3

 / bar]

pH = 0 pH = 1

 bar

[HNO2] = 10-2 mol.L-1 with
experimental measurements

PNO  =  1 bar

P NO  =  1

   PO2 = 1bar

�C (white part of the diagram) [24].
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Fig. 8. Sketch of the mechanism of reduction of nitric acid [25]. (a) Low
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transfert step (2) may accumulate. Reaction (4) is also
drawn back towards HNO2 formation, because NO2 is
not thermodynamically stable for concentrations lower
than 8 mol/L. So, for low to moderate HNO3 concentra-
tions, the mechanism of reduction of nitric acid is
(Fig. 8(a))

ðHNO2Þel þHþ þ e� þ s$ ðNOÞads þH2O ð2Þ
HNO3 þ 2ðNOÞads þH2O$ 3ðHNO2Þel þ 2s ð5Þ
For more concentrated media (>8 mol/L), the reaction of
regeneration of nitrous acid (3) is fast, because it is en-
hanced by the high HNO3 concentration. This reaction
leads to a gaseous evolution of NO2 which is stable at these
HNO3 concentrations. The mechanism of HNO3 reduction
is then (Fig. 8(b))
ic acid on AISI 304L steel in HNO3 8 mol/L at 100 �C [26,27].
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ðHNO2Þel þHþ þ e� þ s$ ðNOÞads þH2O ð2Þ
HNO3 þ ðNOÞads $ ðHNO2Þel þ ðNO2Þads ð3Þ

and Reaction (4) which is supposed to be at equilibrium

HNO3 þ ðHNO2Þel þ 2s$ 2ðNO2Þads þH2O ð4Þ

The kinetics of HNO3 reduction can be modified by:

� products resulting from the corrosion of the steels them-
selves (Fe(III) ions and to a less extend Cr(III) ions)
which catalyze this reduction reaction;
� dissolved oxygen, which slows it down.

As a conclusion, it can be said that nitrous acid (and
nitrogen mono- and di-oxides) plays an ambivalent role
in nitric media:

� from a thermodynamic point of view, it is the reduced
species of nitric acid (Reaction (1)), so that the higher
the HNO2 concentration, the more reducing the medium
is; the redox potential of the medium is imposed by the
[HNO2]/[HNO3] ratio;
� from a kinetic point of view, it increases the reduction

rate of nitric acid by the autocatalytic mechanism
described above; consequently, the corrosion potential
and the corrosion rate of the steel increase, although
the medium is more reducing. In extreme cases, the cor-
rosion potential may be shifted in the transpassive
domain, and an intergranular corrosion may occur.
4.2. Application to non-renewed nitric media and nitric

acid condensates

Most of nitric acid media used in spent fuel treatment
plants are sufficiently renewed to prevent that HNO2 con-
centrates sufficiently to start the autocatalytic HNO3 reduc-
tion mechanism, so that the corrosion potential of steel
remains in its passive domain.

However, two practical cases may be relevant to this
autocatalytic mechanism. The first one concerns nitric
media which are confined and weakly renewed [26,27]. In
this case, the reduction products of the nitric acid (nitrous
acid, nitrogen dioxide), and the cations Fe(III) and Cr(III)
coming from the steel corrosion itself, catalyze the HNO3

reduction reaction. This autocatalytic phenomenon moves
the corrosion potential of the steel towards its transpassive
domain, and thus leads to intergranular corrosion. Fig. 9
illustrates this phenomenon with ferric ions: AISI 304L
steel is still in its passive domain for 0.1 mol/L Fe(III),
whereas it is in its transpassive domain for 1 mol/L Fe(III).

The second case concerns nitric condensates [23,28,4]. It
is, in fact, very similar to the previous case regarding the
causes of intergranular corrosion. The very large metallic
surface to solution volume ratio and the slow condensate
renewing rate lead to a fast increase of the corrosion poten-
tial of the steel, as soon as the oxidation products of the
metal and the reduction products of HNO3 are accumu-
lated in the condensate film.

Fig. 10 shows that a condensate phase is much more
corrosive (grain losses) than a renewed liquid phase of a
similar HNO3 concentration (uniform dissolution) [23,28].
A NO flow shortens the induction time and enhances the
corrosion rate under condensates. This illustrates the auto-
catalytic effect of this species as explained in the previous
paragraph for nitric acid concentrations low to moderate.

5. Nitric acid media containing oxidizing species

5.1. Corrosion mechanism

As explained in the previous paragraph, spent fuel treat-
ment media are generally nitric media. Their redox potential
depends on the standard potential of the NO�3 =HNO2 couple

NO�3 þ 3Hþ þ 2e� $ HNO2 þH2O

E�25 �C ¼ 934 mV=SHE ð1Þ
However, reprocessing media can contain metallic ions
coming from oxido-reduction couples the standard poten-
tial of which is higher than the value of the NO�3 =HNO2

couple. Data concerning these so-called ‘oxidizing’ ions
susceptible to be present in spent fuel treatment media
are summarized in Table 2, together with relevant data.

In nitric media containing oxidizing ions, the reaction of
reduction of the medium is not any more Reaction (1), but
the reduction reaction of the oxidizing ion by the metallic
elements of the steel

Oxþ ne� $ Red ð14Þ
From a thermodynamic point of view, the standard poten-
tials of Table 2 allow to classify the relative aggressiveness
of the different oxidizing ions. However, the corrosion po-
tential taken by the stainless steel, and thus the dissolution
rate of the material, depends on the kinetics of Reaction
(14). In a closed medium without any external addition
of oxidizing ion, the stationary concentration of the oxidiz-
ing ion results from the difference between its rate of
formation by re-oxidation of the reduced species by the
nitric media and its rate of consumption by oxidizing the
elements of the steel. The ability of the nitric media to
re-oxidize the reduced species depends on the real potential
achieved by Reaction (1). So, it is enhanced by high nitric
acid concentration and temperature and by low nitrous
acid concentration. For instance, boiling high concentrated
nitric acid solutions from which nitrous acid escapes by
evaporation favour re-oxidation of the reduced species.

On the contrary, NO2 (or N2O4) generated or intro-
duced in the medium acts as a reducing species according
to the reaction

2NO�3 þ 4Hþ þ 2e� $ N2O4 þ 2H2O

E�25 �C ¼ 803 mV=SHE ð15Þ

Thus, many oxidizing species can be reduced and the
corrosion of stainless steels be lowered in their presence



Table 2
Data concerning ‘oxidizing’ ions susceptible to be present in spent fuel treatment media

Element Origin Oxido-reduction couple Oxido-reduction reaction Standard potential
E�25 �C mV/SHE

Nitrogen Nitric acid N(V)/N(III) NO�3 þ 3Hþ þ 2e� $ HNO2 þH2O ð1Þ 934 [29]

Plutonium Fuel Pu(IV)/Pu(III) Pu4þ + e� $ Pu3þ ð6Þ 970 [30]

Fuel Pu(VI)/Pu(IV) PuO2þ
2 þ 4Hþ þ 2e� $ Pu4þ þ 2H2O ð7Þ 1040 [30]

Neptunium Fuel Np(VI)/Np(V) NpO2þ
2 þ e� $ NpOþ2 ð8Þ 1150 [30]

Vanadium Pu and Np corrosion simulation V(V)/V(IV) VðOHÞþ4 þHþ þ e� $ VO2þ þ 3H2O ð9Þ 1000 [29]

Chromium Corrosion Cr(VI)/Cr(III) Cr2O2�
7 þ 14Hþ þ 6e� $ 2Cr3þ þ 7H2O ð10Þ 1232 [29]

Cerium Fission product Ce(IV)/Ce(III) Ce4þ + e� $ Ce3þ ð11Þ 1610 [29]

Manganese Reagent Mn(VI)/Mn(IV) MnO�4 þ 4Hþ þ 3e� $MnO2 þ 2H2O ð12Þ 1679 [29]

Silver Reagent (electro-generated) Ag(II)/Ag(I) Ag2þ + e� $ Agþ ð13Þ 1980 [29]
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[31,32]. Similarly, gamma-ray irradiation produces nitrous
acid or nitrogen dioxide by radiolysis of nitric acid.
This explains that oxidizing ions such as Ce(IV), Cr(VI),
Ru(VIII) can be reduced to their lower valences [33], so
that the corrosion rate of 304L stainless steel is lowered
compared to non-irradiated conditions [34].

The kinetics of oxidation–reduction of many couples of
interest for spent fuel treatment have been determined in
nitric media: Cr(VI)/Cr(III) [35,37]; Np(VI)/Np(V)
[36,38,40]; Pu(VI)/Pu(IV) [38,39]. In particular, it was dem-
onstrated that the kinetics of the oxidation reaction of
Np(V) into Np(VI) increases with the nitrous acid concen-
tration for nitrous acid concentrations significantly lower
than Np(V) concentrations, whereas the reaction is first
order versus the Np(V) concentration for other cases [40].
Thus a complete thermodynamic and kinetic knowledge
of Reaction (14) in the nitric medium is required to better
understand the consequence of a given oxidizing species
from a corrosion point of view.

5.2. Examples of stainless steel behaviour in nitric media

containing oxidizing ions

Many studies have been carried out on the behaviour of
stainless steels in the presence of nitric media containing
oxidizing ions of direct interest for spent fuel treatment
processes: Np(VI) [41,42] and Pu(VI) [43–45]. They confirm
the aggressiveness of these ions according to the standard
potentials in Table 2: intergranular corrosion occurs on
304L stainless steel for a few tens of mg/L of Np(VI) and
for some g/L of Pu(VI) in boiling nitric acid solutions.

Two studies carried out with a lot of oxidizing ions show
that, either for 310Nb stainless steel [31] or for 304L stain-
less steel [32], the corrosion rate of the steel depends mainly
on the corrosion potential it takes in the solution, whatever
the nature or the concentration of the oxidizing ion are.
Evidently, the shape of the curve representing the corrosion
rate versus the corrosion potential (Fig. 11 [32]) is the same
as the oxidation curve of the steel in the transition and
transpassive domains.

By using the same hypothesis on the relation between
the corrosion rate and the corrosion potential, the corrosiv-
ity of V(V) and Pu(VI) have been compared for 304L stain-
less steel in boiling HNO3 8 mol/L. This comparison is of
practical interest for the simulation of the corrosion role
of Pu(VI) by V(V) in inactive experiments. V(V)/V(IV)
has been chosen for two reasons: its standard potential
(1000 mV/SHE) is close to this one of Pu(VI)/Pu(IV)
(1040 mV/SHE) and VOþ2 and PuO2þ

2 are cationic forms
with similar structure.

The results reported in Fig. 12 show that the corrosion
rate of the steel depends only on its corrosion potential,
and not on the nature of the oxidizing ion, although the
corrosion potentials are not well stable for low oxidizing
ion concentrations. Whatever the oxidizing ion is, 304L
steel is in its passive domain for corrosion potentials from
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100 to approximately 400 mV/SSE (760–1060 mV/SHE)
and then it is subject to a uniform dissolution. For corro-
sion potentials above 400 mV/SSE, the transition domain
(as defined in Fig. 6) is reached and the steel begins to suffer
intergranular corrosion.

A same corrosion potential is obtained with a molar
concentration much higher (1–2 orders of magnitude) with
Pu(VI) than with V(V), although the standard potential of
Pu(VI)/Pu(IV) is higher than the one of V(V)/V(IV). In
other words, at a same molar concentration, V(V) is more
corrosive than Pu(VI). This can be surely related to the
kinetics of the re-oxidation reaction of the reduced species.
Though no specific study has been carried out on this sub-
ject, it can be said that visually V(IV) is ‘instantaneously’
oxidized into V(V) when the nitric acid solution boils
(change in colour from blue to yellow). On the contrary,
the oxidation of Pu(IV) results from the dismutation of
Pu(IV) into Pu(III) and Pu(VI) and then from the oxida-
tion of Pu(III) in Pu(IV) by the couple NO�3 =HNO2

according to the reactions [38]

3Pu4þ þ 2H2O$ PuO2þ
2 þ 2Pu3þ þ 4Hþ ð16Þ

2Pu3þ þNO�3 þ 3Hþ $ 2Pu4þ þHNO2 þH2O ð17Þ

Reaction (17) is fast but Reaction (16) is rather slow, since
the acidity of the solution is high. These kinetic aspects can
explain the difference in corrosivity of the two ions V(V)
and Pu(VI).

Nevertheless, V(V) appears to properly simulate Pu(VI)
from a corrosion point of view, provided that the compar-
ison is made at the same corrosion potential.
6. Nitric acid media with metallic elements

6.1. Corrosion mechanism

In the framework of the spent fuel treatment process,
metallic elements can be in contact either with stainless
steels and nitric acid media acting as an electrolyte. If the
corrosion potentials of the steel and of the metallic ele-
ments are different in the nitric acid medium, a corrosion
cell forms and galvanic corrosion occurs.

The metallic elements which can be in contact with
stainless steels and might be responsible of galvanic corro-
sion can have several origins:

� structural materials of some specific nuclear fuels (Al,
graphite);
� fission products from irradiated fuels, and especially pla-

tinoı̈ds (Pd, Rh, Ru, Tc);
� other structural materials of equipments in the plants

(Zr, Ti); these equipments are connected to stainless
steel equipments by explosion-bonded junctions which
are composed of Zr (or Ti)/Ta sheet/stainless steel
[46].

Experience in nitric acid allows at least, if not to estab-
lish a galvanic series, to classify the metallic elements in
comparison with the corrosion potentials of type 304L
and 316L steels in their passive state. Table 3 summarizes
this classification in hot and concentrated nitric acid: qual-
itatively, the trends are the same as the galvanic series in
flowing seawater [50].

The corrosion mechanism of galvanic corrosion in nitric
acid is the same as in other aqueous electrolytes. It is
explained by a classical Evans diagram. However, the
cathodic reaction occurring on the more noble material is
the reduction reaction of nitric acid (1). An example of



Table 3
Metallic elements susceptible to induce a galvanic corrosion of stainless
steels in hot and concentrated nitric media

Metallic elements less noble
than 304L and 316L
stainless steels (passive state)
(acting as anode in the
galvanic coupling with steel)

Metallic elements more noble than 304L
and 316L stainless steels (passive state)
(acting as cathode in the galvanic coupling
with steel)

Al [47] Platinoı̈ds (Pd, Rh, Ru) [48]
Ti [46] Pt [48]
Zr [46] Graphite [49]
Ta Au [49]

Zircaloy (passivated)
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temperature) [47].
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mechanism is shown on Fig. 13 for the aluminium–stainless
steel couple.

Without coupling, aluminium is not passive in nitric
acid; it dissolves at a high rate according to the anodic
reaction

Al! Al3þ þ 3e� ð18Þ
whereas the cathodic reaction is Reaction (1). Without cou-
pling and in not too highly concentrated (68 mol/L) nitric
acid, stainless steel (for instance of 304L type) is in its
passive domain, with a low corrosion rate; the anodic
reactions are the oxidation reactions of the elements of
the steel, and the cathodic reaction is Reaction (1). The cor-
rosion potential of aluminium is much lower than the one
of stainless steel. When the two materials are coupled, the
coupling potential is such that the anodic current on alu-
minium equilibrates the cathodic current on stainless steel.
On aluminium, it results from this a higher dissolution rate
compared to the situation without coupling. For stainless
steel, it results from this that the coupling potential may
be in the active domain, so that the cathodic current is
the sum of the reduction current due to Reaction (1) and
of the current due to anodic dissolution of the elements
Fig. 13. Electrochemical explanation of galvanic corrosion
of the steel; for stainless steel also, the dissolution rate is
enhanced by the coupling, as it will be shown in the follow-
ing paragraph.
6.2. Examples of stainless steel behaviour under galvanic

coupling

6.2.1. Cathodic polarization

The galvanic coupling of stainless steels with aluminium
in hot concentrated nitric acid is the most spectacular case
of cathodic polarization [47]. In that case, the potentials of
stainless steels (type 304L or Uranus 65) are shifted in their
active domain. Consequently, their corrosion rates are con-
siderably enhanced. Fig. 14 summarizes results obtained by
between stainless steel and aluminium in nitric acid.
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coupling externally the two materials in boiling nitric acid.
Corrosion rates can reach some mm per year to some tens
of mm per year. They depend on many parameters such as
the nitric acid concentration (maximum around 1 mol/L),
the ratio of the areas of the two coupled materials (Al/
M), and the chromium content of stainless steel (25% Cr
steel being more resistant than 18% Cr steel). Steels suffer
a uniform dissolution, although the interfaces present deep
transgranular indentations [47].

The galvanic coupling effect between zirconium and
stainless steel is of high practical interest for the behaviour
of Zr–SS junctions in nitric media. Electrochemical studies
in boiling HNO3 5 mol/L without or with 1 g/L Cr(VI)
show that passivated Zircaloy (used for simulating pure
Zr) acts as a cathode and 304L stainless steel acts as an
anode, but the coupling current is negligible
(60.1 lA cm�2). From the study [46], pure Zr acts as an
anode and 304L stainless steel acts as a cathode. This dis-
crepancy may be due to a slight difference in corrosion
potentials between Zircaloy and pure Zr. Nevertheless, a
negligible galvanic corrosion is confirmed on stainless steel
by immersion tests on coupled and no-coupled specimens,
and on real Zr–SS junctions.

6.2.2. Anodic polarization

The galvanic coupling of stainless steels with graphite in
hot concentrated nitric acid is the most spectacular case of
anodic polarization [49]. In that case, the potentials of
stainless steels are shifted in their transpassive domain,
and intergranular corrosion may occur. This study empha-
sizes that the effects of galvanic coupling are considerably
enhanced by the nitric acid temperature and concentration:
for example, from 80 �C to 106 �C in HNO3 5 mol/L, the
corrosion rate of 304L stainless steel is multiplied by a fac-
tor 30 and the morphology goes from uniform dissolution
to deep intergranular corrosion; from 1 mol/L to 8 mol/L
at 100 �C, the corrosion rate is multiplied by a factor 8
and the morphology goes from intergranular indentations
to deep intergranular corrosion. These tendencies are also
confirmed by other cases of anodic polarization of stainless
steels, in particular with ruthenium.

Another situation conducting to anodic polarization of
stainless steels by galvanic coupling occurs when stainless
steels are in contact with platinoı̈ds (Ru, Rh, Pd) which
are fission products weakly soluble in nitric acid [48]. The
comparison of the anodic polarization curve (for AISI
316L stainless steel) and of the cathodic polarization curves
for each platinoı̈d allows to predict the galvanic effect
(Fig. 15). It involves an increase of the corrosion potential
of steel towards its transpassive domain. The galvanic effect
of platinoı̈ds decreases in the order: Ru > Pt > Rh > Pd.
This ranking may be explained by the kinetics of the catho-
dic reaction (reduction of nitric acid), which appears to be
slower on Rh and Pd than on Ru and Pt.

Direct coupling of 316L stainless steel with powder of
each platinoı̈d during long-term immersion experiments
confirms that the corrosion of the steel increases by gal-
vanic coupling (Fig. 16). The increasing factor is of 8–10
whatever the platinoı̈d is. However, a corrosion rate below
6 lm/year and only slight intergranular indentations show
that the potential of the steel does not reach its transpassive
domain and that the corrosion risk remains low. During
the test with the Pd powder, Pd(0) is oxidized to Pd(II) ions
by nitric acid, then Pd(II) ions are reduced by stainless
steel; so it forms a Pd deposit on the grain boundaries of
steel which are slightly less noble than the grains. Conse-
quently, stainless steel which was not initially in contact
with the Pd powder, is corroded first by the Pd(II) ‘oxidiz-
ing’ ions and then by galvanic coupling with Pd(0) formed.

Finally, it was verified that a mixture of real radioactive
platinoı̈ds does not cause additional coupling effect for
316L steel, showing no specific effect of irradiation nor
the presence of elements (for instance Tc) more corrosive
than Ru, Rh and Pd [48].
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7. Conclusion

The different conditions promoting a corrosion potential
shift from the passive domain, and thus an enhancement of
the corrosion of stainless steels in nitric media used in spent
fuel treatment plants have been reviewed and illustrated by
examples. These conditions are:

� nitric media where an autocatalytic mechanism of nitric
acid reduction can occur;
� nitric media containing oxidizing ions;
� nitric media containing metallic elements allowing gal-

vanic coupling with the steel.

Each of these conditions may shift the corrosion poten-
tial of stainless steels in their transpassive domain and thus
cause intergranular corrosion. One case, the galvanic cou-
pling with metallic elements less noble than the steels,
may shift the corrosion potential in their active domain
and thus cause enhanced dissolution.

The examples presented show the complexity of nitric
acid itself and of the different nitric media found in the
spent fuel treatment process.

An optimal initial choice of the steel grades according
to the process conditions and drastic metallurgical con-
trols during the building of the spent fuel treatment
plants ensure that stainless steels work at present in their
passive domain and suffer only uniform and low-rate
dissolution.

The knowledge of the mechanisms susceptible to move
away stainless steels from their passive domain, and the
determination of convenient corrosion data, allow to pre-
vent any unexpected situation for example due to the evo-
lution of the process conditions, and work towards
ensuring the durability of the French spent fuel treatment
plants.
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