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ABSTRACT

This paper presents two examples illustrating the importance of the physicochemical
conditions existing at the metal-medium interface on the corrosion behaviour of materials
utilized in spent fuel reprocessing plants : corrosion of a stainless steel in the presence of
nitric acid condensates, which is much more severe than in the liquid bulk ; behaviour of
zirconium, which has an outstanding corrosion resistance in nitric acid, but may suffer
depassivation in drastic conditions (not existing in reprocessing plants), with the consequence
of a loss of the protective effect of the zirconia passive layer.

I - INTRODUCTION

In spent fuel reprocessing plants, nitric media with different physico-chemical conditions
nf temperature, concentration and redox potential are used. For containing these media,
prisskable materials such as stainless steels and zirconium are utilized as structural materials.
Corrosion studies aimed at the verification that these alloys ensure a sufficiently long life
duration in these conditions. This paper deals with two examples of such studies.

The first one is relative to the behaviour of the Z 2 CNNb 25.20 steel in nitric acid
condensation and streaming zones. This situation may be encountered especially in the
evaporators utilized for the concentration of effluents Jl]. For these apparatus, the risk of the
presence of fluoride ions excludes zirconium utilization. The physical and chemical
characteristics of the film nt the surface of the steel lead to corrosion morphology and kinetics
completely different from those observed in a liquid phase.

The second one deals with the behaviour of zirconium in nitric media, chosen for the
construction of a large number of reprocessing apparatus, because ils behaviour is generally
excellent, due to the formation of a protective oxide layer at its surface. However in some
chemical or mechanical conditions, the passive layer may be deteriorated, which can
enhanced the generalized corrosion and the risk of stress corrosion cracking. For this reason
the passivation has lieen studied versus many parameters (medium, potential, temperature'
stress, metallurgical and surface stales) [2|.
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BEHAVIOUR OF THE Z 2 CNNb 25.20 STEEL IN THE PRESENCE OF NITRIC
ACID CONDENSATES

II.1 - Experimental

//././ - The ECORCE loop

A specific loop, named ECORCE, has been designed for studying the behaviour of
materials in the presence of nitric acid condensates. It includes mainly (Fig. 1) : a boiler
containing a 15-litre liquid volume and where test specimens may be placed ; a superheater ;
an isothermal zone ; a test section made of stainless steel to be studied, a partial condenser,
for condensing a small part of the circulating vapour ; a total condenser, allowing the
condensated vapour to return to the boiler ; an air-opening, experiments being carried out at
atmospheric pressure. The pipes of the loop are essentially made of glass, and are heated and
insulated in order to avoid undesirable condensation.

Fig. I - Loop ECORCE
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The stainless steel test section (Fig. 1) is constituted of a jacket through which a
thermostated fluid flows. The inner ferrule, which is demountable, constitutes the corrosion
specimen submitted to the flux of condensates. A gutter allows to collect the condensates,
which are recycled to the boiler after chemical analysis and flow measurement. The external
wall temperature of the ferrule is measured by means of two thermocouples. The partial
condenser is situated just above the test section and is constituted of a glass jacket through
which another thermostated fluid flows. The condensates formed on the inner wall streams
along this wall and then along the inner ferrule of the test section. Such a design has been
adopted in order to simulate some severe cases which can be encountered in the vapour part
of an evaporator : the condensates may be preferably formed in the upper (often the coldest)
walls, and then stream towards the liquid boiling pool along the walls, the temperature of
which increases up to the boiling temperature.

//. 1.2 - Material and specimens

The stainless steel studied is Z 2 CNNb 25.20 steel, supplied by Creusot-Loire under the
form of a 4-mm thick plate (Tab. 1 ).

The ferrule has been prepared according to the following steps :
- successive bends in the rolling direction.
- welding,
• in order to suppress unacceptable cold-working due to bending,

tempering in the typical conditions for this steef (4 min at 1100"C
under vacuum, followed by rapid cooling under stirred areon),

• machining at the required external diameter (82 mm) anJ thickness
(1.3 nun),

- degreassing. pickling (1 /im) in a fluorochloronitric bath and
passivation at ambient temperature during !5 hours in 2.5 N
HNO,.

For comparison of the behaviour in the presence of nitric
condensates and in the liquid phase, specimens have been
introduced into the boiler. These are coupons 2Ox 3Ox 3 mm,
machined at the center of the plate, and surface-prepared such as the
ferrule. Two metallurgical states have been considered : annealed
and quenched, and heat-treated for welding simulation (30 min at
700T followed by rapid cooling under helium).

Table 1
Z 2 CNNb 25.20 steel

composition (weight%)

Fe
Cr
Ni
Mn
Mo
Nb
Si
C
O
P

52.78
24.65
21.58
0.61
0.028
0.15
0.18
0.009
0.0008
0.010

11.1.3 - Opeutting conditions

A 4000-hour test has been performed by periods of 670 hours (28 days). Between each
period, the test has been stopped in order to change the liquid phase in the boiler and to
weigh the ferrule and the specimens for corrosion kinetics determination. At the end of the
test, the ferrule (4000-hour treatment) and the specimens (only 3500-hour treatment due to
an incident) have been spalled in the Clark bath, in order to evaluate losses of sound metal,
and then metallographed on cross sections in order to observe corrosion morphology.

The characteristics of the liquid phase chosen for this test is typical of that encountered
at the end of a concentration cycle of effluents [I] :
• composition : HNO3 2 N ; NaNO3 400 g.H ; Cl" 150 mg.l'1 ; F" 5 mg.l1 ;
- boiling temperature' : 101^C.
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The vapour produced has the following mean properties (measured in the condensed

phase downstream the total condenser) :
- flow rate : 2.2 l.h1 ;
- composition : HNOi 0.2f> N ; Cl 10-20 rng.H ; P" 10-50 mg.H :
- dew point : 105°C.

Taking into account these properties, the temperatures have been maintained :
- for the partial condenser, at 105°C, with the aim tn produce condensates at the minimum

flow rate and the maximum acidity, conditions which are supposed to be the most severe for
the material,

- for the stainless steel ferrule, at IO8°C. i.e. slightly lower than the boiling temperature of the
liquid phase at the end of the concentration cycle, in order to take into account that this
temperature is lower than 1090C during the major part of the cycle.

The nitric condensates collected in the gutter of the test section have a flow rate of
15-25 ml.h •• and an acidity of 2-4 N.

11.2 - Results

11.2.1 - Corrosion in the presence of nitric condensates

After testing, the ferrule appears to be highly etched and partly covered by oxides.
Cross-section micrographs reveal :
• on the plate and on the thermal affected zone of the weld, a very severe intergranular

corrosion with several successive rows of grain loosen (Fig. 2).
- on the melted zone of the weld, a very severe interdendritic corrosion with deep narrow

penetrations.

The corroded depth appears not to be identical along the height of the ferrule :
- corrosion is much less pronounced at the level of the upper and lower flanges, where the

wall temperature is approximately 103°C. than on the intermediate zone maintained at
1OS0C.

- along the intermediate zone, the thickness of sound metal decreases from the top to the
bottom, nevertheless without significant change in corrosion morphology.

The mean sound metal thickness loss, calculated from weighing without spalling and
taking into account only the area of the most corroded part of the ferrule, has the following
shape versus time (Fig. 3) :
- an accelerated kinetics during an initial period of approximately 1300 hours,
- a linear kinetics, between 1300 and 4000 hours, with a rate of 0.1 /jm.rr'.
That kinetics leads to 290 Mm after the 4000-hour treatment. This mean sound metal
thickness loss goes to 360 jim after the oxide spalltng.

11.2.2 - Corrosion in the liquid phase

Cross-section micrographs after the 3500-hour treatment reveal :
- in the "as received" state, homogeneous dissolution with some not very deep inlergranulnr

indentations ( 10 (im) (Fig. 4),
- in the heat-treated state, intergranular corrosion with penetrations of 75-ttm maximum

depth. I

In both metallurgical states, the mean sound metal thickness losses are low and become
linear after a few hundreds of hours (1300 hours for the annealed and quenched state and
700 hours for the heat-treated state) with rates of 0.0019 /im.h' and 0.0026 jim.h '
respectively (Fig. 5).
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RJ. 2 - Cross-section micrograph of the
Z 2 CNNb 25.20 ferrule after 4000-hour

treatment in the presence of nitric
condensates

Fig. 4 - Cross-section micrograph of an
annealed and quenched Z 2 CNNb 25.20

specimen after 3500-hour treatment in
the liquid phase at 109°C
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Fig. 3 - Kinetics of corrosion of
Z 2 CNNb 25.20 steel in the presence of

nitric condensates at 1OS°C
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Fig. 5 - Kinetics of corrosion
of Z 2 CNNb 25.20 steel in the liquid

phase at 109°C
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IU - Discussion

As already observed in industrial components [}], these tests pointed out that life duration of
boilers are limited by the corrosion rate in the zone above the liçiuid phase where nitric acid is
condensed and is present on the metal surface as a thin liquid film. It is well known that
corrosion rate of stainless steels in nitric acid is strongly dependent on the area/volume ratio.
When this ratio increases, the corrosion rale is enhanced [4]. That is the situation of a steel
covered by a thin liquid film. Indeed, in this case, the chemical composition is allowed to
move very quickly up to a dynamic equilibrium. In particular, an enhancement of the
corrosion products concentration [Fe(III), Cr(IlI) or Cr(VI), Ni(Il)] is occurring. However, it
would be wrong to confuse these conditions with those observed when the same oxidizing ions
being added, there is a corrosion rate enhancement due to a moving of the corrosion potential
of the steel to higher values [5], In our experiments in the condensing zone, the high level of
species such as Fe-* in the thin liquid phase is no more the cause but the consequence of an
higher corrosion rate. Consequently, the change in the observed kinetics has to be related
with an increase of the oxidizing strength of the nitric medium.

1
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f n a first step, reduction of the nitric acid gives rise to nitrous acid, a part of which being
dismuted with formation of NO,- and NO. But nitrous acid is a very efficient agent for the
steel oxidation by its reduction to NO : as a matter of fact kinetics for this last reaction is
more rapid than NO3

- reduction (as generally, oxygenated acids are the more rapid oxidizers
as they nave less oxygen [6]). Moreover, redox potential values at 25°C for HNO2/NO and
HNO3'/NO systems are 1.004 and 0.957 V/SHE respectively. Therefore, the composition of
the nitric condensate will tend quickly to a stationary value characterized by an enrichment
with , among others, trivalent nitrogen species (HNO2, NO2") with a corresponding increase
in the oxidizing power of the medium. The corrosion kinetics on the steel will be the more
rapid as the condensing rate is low (low refreshing rate), the corrosion kinetics with high
condensing rates being similar to the one obtained in nitric acid with low area/volume value.
An enrichment in such species from the top to the bottom of the ferrule can also explain the
increase of corrosion along this direction.

Ill - BEHAVIOUR OF ZIRCONIUM IN NITRIC MEDIA

III.l - Experimental

UU.] - Material

Zirconium grade 702, supplied by CEZUS, complies with the
reprocessing specifications (Tab. 2). Two metallurgical states have
been considered : the a structure and, for welding simulation, the
structure obtained by a treatment in the B range (3-4 min at 1040"C)
followed by a rapid cooling under argon ; by simplification, this
structure will be named B.

Three surface states have been studied : rough machined
(mean roughness R < 0.2 /im), rough grinded (R < 2.5 /im), grinded
and then pickled in the mixture H2O - 10% Hh - 60% HNO,
(Ra < 1 Mm). For the stress corrosion tests, the specimens, rougn
grinded or pickled, have been cut either parallel or transverse to the
rolling direction of the plate. For the tests not implying stress, only
the parallel direction and the rough machined state have been
considered.

Table 2
Zirconium grade 702

composition (weighi%)

Zr+Hf
Hf max
Fe+ Cr
Ni max
Cu max
C max
H max
N max
O max

99.2

0.2
O.I
0.01
0.05
0.005
0.01
0.18

///. 1.2 - Experimental techniques

The following tests have been carried out :
- potentiokinetic and potentiostatic electrochemical tests,
- tests during a PWR spent fuel dissolution,
- stress corrosion tests : either at constant elongation rate (CERT), either under constant

load, or at constant strain ( with "U-bend" specimens).

111.2 - Results

III.2.1 • Electrochemical behaviour

In the presence of boiling HNO3 and up to the 18 N concentration, a and 8 zirconium
remain passive, with extremely low corrosion currents, and they present well defined
depassivation potentials. When the concentration increases, a decrease in the passivity range
(6 N : 730 raV - 14.4 N : 250 mV - 18 N : 40 mV) and in the current density measured in this
range (10 to 10"1 jiA.cnv2) are observed (Fig. 6).
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In boiling 14.4 N HNO3 (1200C), the presence of the oxidizing ions Cr(VI) or Ce(IV),
even at concentrations of several grammes per litre, does not depassivate a zirconium, but
decreases the passivity range. On the contrary, coupling zirconium with a large-area platinum
electrode leads to its depassivation with the formation of a not very adhesive zirconia layer
and to a high corrosion rate (> + 5 mg.dm^.d1) (Fig. 7).

Fig. 6 • Influence of the HNO3
concentration on the corrosion and

depassivation potentials
of zirconium

Fig. 8 - Redox potential of the solution
and corrosion potential of a zirconium
during a PWR spent fuel continuous

dissolution
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Fig. 9 - Cross-section micrograph of a
zirconium after 75-hour treatment m a

PWR spent fuel dissolution solution

The redox potential of the solution and the corrosion potential of a zirconium have
been followed during a continuous dissolution of spent fuel (126 g.h1) in 5.4 N HNOj
(484 cm-\h') at !0O0C. The spent fuel had the following characteristics : fuel type PWR
"OO MW ; 235U enrichment : 3.1% ; burn-up : 53 300 MWd.t"1 ; cooling time : 2145 days.

In steady slate conditions (time 20 hours), the potentials are practically constant at
the following values : Ercdo![ = 830 mV/SCE and EZf = 790 mV/SCE (Fig. 8). After the
5h i i h appears to be covered with fines (some particules of fission

f h fi h ih i i d

g rcdo![
5-hour immersion, the specimen app ( p

products). After the elimination of these fines, the mean weight variation does not exceed
+ 076 mgdm d"' and no corrosion is revealed on a cross-section micrograph (Fig 9)

g
and no corrosion is revealed on a cross-section micrograph (Fig. 9).

0 5 10 15 20
HNO3 concentration (mole 1"')

Fig. 7 • Cross-section micrograph of
platinum coupled a zirconium after 500-
hour treatment in boiling 14.4 N HNO^

III. 2.2 • Behaviour during a PlVR spent fuel dissolution
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Fig. 10 - Corislan/ elongation rale tests
on transverse cut a zirconium in boiling

14.4 N HNO3

Fig. 11 • Tests under constant load on
transverse cut a zirconium in boiling

14.4 N HNOi
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Fig. 12 - Macwgraph of a transverse cut
a zirconium "U-bend"specimen after J-

month treatment in boiling 14.4 N HNOj
Kith Pt coupling
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Fig. IS • Cross-section micrograph of a
transverse cut ft zirconium "U-bend"
specimen after 6-month treatment in

boiling 14.4 N HNO3 with Pt coupling

III. 2.3 - Stress corrosion behaviour

The tests at constant elongation rate (Fig. 10) and the tests under constant load (Fig. II)
have allowed to determine the influence of potential and stress (200 - 280 MPa) on the
behaviour of a zirconium, cut transverse to the rolling direction, in boiling 14.4 N HNO3 :
- at the corrosion potential, the fracture of the material is ductile ; the elongation at rupture

(27% at 200 MPa and 60% at 2RO MPa) and the time to rupture (Fig. 1 ]) are very clow in
the values measured in an inert medium at the same temperature (120°C) ; however, crack
the depth of which does not exceed 50 jim. are observed at stresses higher than 255 MPa.
i.e. close to the yield point ;

- at potentials higher than the depassivation potential, as in the case of a galvanic coupling
with platinum, the rupture is brittle and transgranular ; the elongation at rupture (= 5% at
any stress) and the time to rupture (Fig. 11) strongly decrease.
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The tests carried out on "U-bend" specimens confirm these observations. After a
6-month treatment in boiling 14.4 N HNO3 no crack has been observed. On the contrary,
with platinum coupling, the a zirconium specimens cut transverse to the rolling direction,
broke with a brittle rupture, after only one month of treatment (Fig. 12). These constant
strain tests also show differences between the metallurgical states : again with platinum
coupling and after a 6-month treatment, the a zirconium specimens cut parallel to the rolling
direction do not crack and the B zirconium specimens cut parallel or transverse to the rolling
direction, exhibit transgranular cracks of 100 (irn maximum depth (Fig. 1?). On the contrary,
the behaviour of zirconium does not depend on its surface state (grinded or pickled).

II1.3 • DISCUSSION

Zirconium remains passive in a large range of concentration including the azeotropic
composition 14.4 N. The presence of the oxidizing ions Ce(IV) and Cr(VI). does not alter the
protective property of the passivation layer, although its characterics are very probably
changed The excellent behaviour of zirconium in the presence of Cr(VI) ions had been
already shown during long term immersion tests [7].

Besides the case of a chemical depassivation by fluorides [7], two depassivation cases
have been identified in boiling 14.4 N HNO3 :
- electrochemical depassivation as in the case of galvanic coupling with platinum,
• mechanical depassivation as in the case of constant elongation rate tests at high potential.

In a PWR spent fuel reprocessing plant, the risk of coupling with platinoids exists at the
head of the plant. However, at this place, the HNO3 concentration does not exceed 6 N and,
in this case, zirconium must stay in its passive state, as it is proven by the potentiokinetic curve
drawn at this acidity and by the results obtained during a significantly long continuous
dissolution of spent fuel. At the opposite, in the acid recovery devices, the concentration may
he close to 14.4 N, but there are no more platinoids.

The depassivation of zirconium appears to be a necessary condition for a potential risk
of stress corrosion cracking. Actually, in the passivity range, the behaviour of the material
submitted to stress or strain is not noticeably modified by the nitric medium. When the
depassivation potential is reached, the metallurgical states which are the most sensitive to
stress corrosion, are the a structure, transverse cut, and the B structure, parallel and
transverse cut. The influence of stress level is not yet known, because, at present, only the
range of very high stresses (from 0.7 to 1 yield strength) has been considered. In this whole
range, platinum coupling leads to stress corrosion cracking.

IV - CONCLUSION

Limited corrosion results presented in this paper, confirm that, as it is always the case
for corrosion purposes, the material resistance is not an intrinsic data but is strictly related to
the physicochemical conditions existing at the metal-medium interface. By identifying the
various parameters acting on corrosion, it becomes possible to define the conditions for use of
materials in processes such as nuclear fuel reprocessing where safety is a fundamental
critérium for decision.

Metals such as stainless steels and zirconium have an excellent behaviour in nitric
media. Nevertheless, it is necessary to get a good knowledge about their limits for use in order
to optimize their working conditions. Thus, in condensing zones, corrosion phenomena on
stainless steel by nitric acid, are more severe than in the hulk and this point has to be taken
into account for device design and material selection. Likewise, zirconium which has an
outstanding corrosion resistance in nitric acid, may suffer depassivation in drastic conditions,
with the consequence of a loss of the protective effect ensured by the zirconia passive layer.



The knowledge of these limiting conditions for metal corrosion resistance can allow
use these alloys securely and safely for well defined industrial components such as dissolve
exchangers or boilers, which are used in reprocessing plants and more generally in t
chemical industry.
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