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SYNTHESE :

En réacteur, les gaines de combustible présentent une accélération de la
corrosion pour les taux de combustion élevés.

Les examens
montrent qu'une
40jiim.

tiens en cellule chaude révèlent plusieurs stades d'oxydation et
accélération peut se produire lorsque l'épaisseur d'oxyde approche de

Différentes hypothèses, telles que l'effet de l'irradiation (radiolyse et évolutions
microstructurales), un fort enrichissement en lithium dans la couche d'oxyde, ou une
concentration importante d'hydrures à proximité de l'interface métal/oxyde, sont
avancées pour expliquer ce comportement. L'effet défavorable de l'hydrogène est
exploré à la fois par l'examen de matériaux de gainage irradiés et par des études en
laboratoire. En particulier, des tests de corrosion en phase vapeur effectués
simultanément sur des échantillons témoins et sur des échantillons pré-hydrurés ont
confirmé le rôle néfaste de l'hydrogène sur la cinétique de la corrosion.

D'après ces résultats, l'hydruration est identifiée comme un paramètre
déterminant pour le comportement en corrosion du matériau de gainage des REP aux
forts taux de combustion.
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EXECUTIVE SUMMARY :

The background, based on oxide thickness measurements performed on fuel
rods from PWR and code calculations, evidences an acceleration of cladding corrosion
for high burnups.

Examinations carried out in hot cells exhibit several oxidation stages and they
show that the acceleration could occur as oxide thickness is around but lower than 40

Several assumptions, such as irradiation effect (radiolysis and microstructure),
high lithium concentration inside the oxide layer or high hydriding close to the
metal/oxide interface, are put forward to explain this behavior. The detrimental effect
of hydrogen is investigated both from examination of irradiated fuel rods and from
laboratory studies. Particularly, corrosion tests simultaneously performed on reference
specimens and pre-hydrided specimens in steam environment confirmed the hydrogen
role on the corrosion kinetics.

From these results, hydriding is identified as a main parameter for the corrosion
behavior of high burn-up cladding alloy in PWR.
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Corrosion Behavior Analysis of Cladding Alloy in EDF's PWR.
Evaluation of the Hydriding Effect
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H. Amanrich3, E. Vrignaud1
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Generation and Transmission Division.
2Research and Development Division.

3Nuclear Engineering and Construction Division.
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Introduction

Uniform corrosion of fuel cladding could be one of the main limitations to use Zircaloy 4 at

high bumup in PWR. Indeed, the corrosion of this alloy exhibits an acceleration as the burnup

is exceeding 30-40 GWd/tu1. Several hypotheses are suggested to explain this behavior at high

burnup : irradiation effect [1-2-3], high lithium concentration in the oxide [4-5] and hydride

precipitation at the metal/oxide interface [6-7].

So, PIE were performed to get general information about corrosion behavior and oxide

morphology of cold worked stress relieved Zircaloy 4 (1.5 Sn) claddings after in-core staying.

A particular attention was paid to the hydrogen hypothesis through PIE and Laboratory Tests.

GWd/tu = gigawatt day per ton of uranium.



Corrosion behavior
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Figure 1 : Comparison between oxide thickness
measurements and calculations

In-core oxidation of fuel rod cladding

depends on axial location and on

irradiation time (figure 1) among other

parameters. Some obvious differencies

appear on claddings compared to the out-

reactor behavior such as speckled areas,

spalling and macroscopic defects. White

spots on the oxide layer of fuel rods

(figure 2a) characterize the first areas in

the post-transition range [8, 9]. Actually,

this speckled area of oxide (3 to 7 u m

thick) illustrates that kinetics is not the same on the whole surface of the cladding at the same

irradiation time and quite at the same elevation. This aspect of corrosion seems to be specific

to in-core behavior ; it is generally not observed after static autoclave tests (400 ° C steam or

primary water) except in high lithium medium [10]. For high burnups, at an advanced stage of

oxidation in the post-transition range,

spalling appears generally when the oxide

thickness is over 70 um. The shape and the

size of the flakes (figure 2b) suggest that

the oxide layer might "remember" the

former corrosion rate heterogeneity. Oxide

layer examinations of fuel rods exhibit

more macroscopic defects such as cracks,

splitting or spalling which are rarely

observed in autoclave oxidized samples ;

however, it can be noticed that, in both

cases, metal is never stripped [11]. Some

of these observations seem to show that

corrosion behavior could be related to some specific local conditions on the fuel cladding

compared to autoclave samples.

a) 26 GWd/tu - ~ 100cm - "Break-away"

60 GWd/tu - ~ 100cm -Spallin

Figure 2 : Oxide aspect 3mm



The corrosion behavior of the cladding alloy is predicted by codes using parameters that allow

to fit calculations and measurements (figure 1). The models, generally used in codes, are

based on the Arrhenius equation. A current fitting (fi) that gives a good prediction at high

burnups overpredicts the oxide measurements at low burnups (figure 1). On the opposite,

suitable fitting parameters fo) for low burnups lead to underpredict oxide thickness at high

burnups with the code (figure 1). This evidences an increase of the corrosion rate

especially for the more oxidized level; that acceleration enhances the effect of the temperature

rise at the metal/oxide interface as the oxide thickness increases. In order to have a better

understanding on one of the acceleration corrosion parameters, the following work is focussed

on a potential hydrogen effect.

Does Hydrogen Have a Role on Uniform Corrosion Rate of Zircaloy 4 ?

To evidence the hydrogen effect on corrosion rate, static autoclave tests (400 ° C steam) were

carried out on as received (reference) and hydrided samples both coming from fuel cladding

tube (CWSR Zy4). Before corrosion, the samples were charged to several hydrogen contents

using gaseous or cathodic methods [12]. The gaseous charging ([H] ~ 400 to 1000 ppm) leads

to a homogeneous hydride platelet distribution in the bulk. Cathodic charging followed by a

homogeneizing heat treatment (26h at 470 ° C) leads to bands of hydride platelets precipitated

in the sample. For an average hydrogen content higher than the solubility limit at 470 ° C

(~ 270 ppm), a massive hydride layer is observed under the outer surface (~ 5um thick). The

corrosion test results (figure 3) confirm the

detrimental role of hydrides on the corrosion

kinetics. This effect clearly appears when the

oxide layer is thicker than 3 um (in the post-

transition range); it is particularly significant

for cathodic charged samples with a massive

hydride layer before corrosion test i.e.

[H] > 270 ppm (figure 3). In the last case, the

corrosion (outer oxide thickness) is enhanced

of about 200 % with respect to the reference

sample.
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Figure 3 : Laboratory Test Results



For gaseous charging, where no hydride layer is observed, the hydrogen effect is less but it

remains ; then, the enhancement factor is about 20 % after a 60 day test. It can be noticed that

the distribution and the morphology of hydrides in the bulk observed by optical microscopy

and SEM are the same before and after the corrosion test.

In order to check what the hydrogen effect could be in reactor, PIE were performed on fuel

claddings. At the beginning of the post-transition range, only a few colonies of platelets are

observed at room temperature close to the metal/oxide interface and a few isolated platelets

inside the cladding as already observed by [8]. With increasing oxidation, colonies of platelets

progressively gather into bands parallel to surfaces (figure 4). Near the outer metal/oxide

interface, the platelets form a hydride layer which becomes thicker and thicker (figures 4 and 5

- table 1), in accordance to the thermal and stress gradients inside the cladding and the

hydrogen production flux [13]. This layer is observed at the outer diameter of the metal along

the fuel pellet stack ; it already exists when oxide is 40 urn thick (figure 5b). Sometimes,

scattering can be observed among the hydrogen content measurements in samples (table 1) ; it

is always related with local heterogeneity of precipitate density inside the hydride layer. Inside

this layer, platelet precipitation is very dense and it tends to form quite massive areas of

hydrides such as pointed out by arrows in figure 5.

60 GWd/tu - 150 cm
Figure 4 : Hydride distribution 100 tan

a) 26 GWd/tu -100 cm

b) 60 GWd/tu -100 cm

c) 60 GWd/tu - 300 cm

Figure 5 : Hydrides near the m/o interface



a) Fuel rod cladding - 60GWd/tU -150 cm -
435 ppm - back-scattered electron image

b) Cathodic charged sample tested in autoclave -
450 ppm-secondary electron image after etching

Furthermore, examinations were performed

by SEM both on autoclave samples and on

fuel claddings. They evidence a

circumferential stratification of the oxide

layer for all samples [11, 14]. Near the

metal/oxide interface, SEM images exhibit

the very dense pattern of hydride platelets

and this confirms at higher magnification

the tight aspect of the hydride precipitation

(figures 6a and 6b). At these

magnifications, the hydrides do not alter

the metal/oxide interface and the density of

defects is not modified. At the SEM scale,

the oxide does not seem damaged very close to the metal/oxide interface and the corrosion

acceleration could be not due to a mechanical degradation of the integrity of the oxide barrier

layer.

Table 1 : Oxidation and hydriding of fuel claddings

Figure 6 : SEM of hydride layers

Burnup

(GWd/tu)

26

60

Rod

A

B

C,D

B
D

Axial

location

(cm)

100

300

100

150

300
320

Oxide thickness

(urn)

7

17

40

60

90

Spalling

[H]*

(ppm)

20

110

275-425

285, 435

670
340-660

Outer Hydride layer

(urn)

No

No

50**

80

100
Variable

* Analyses performed on metal + oxide ;

**Non uniform density of platelets.



Conclusion

The Laboratory tests emphasize an enhancement of the corrosion rate as the hydrogen content

in the materials increases. That is especially noticeable when a massive hydride layer is under

the oxidation front. From the PIE, a hydride layer has been observed near the metal/oxide

interface for high burnup rods. Cooling can enhance the high temperature precipitation ;

nevertheless, it can be reasonably assumed that a hydride layer exists at service temperature

close to the metal/oxide interface. Inside the layer, the hydrides form a tight network very

similar to the one observed from the Laboratory tests (figure 6), even if the density of hydrides

is denser in the latter. Under reactor operation, the formation of that outer hydride layer would

depend on several parameters. Although the mechanisms of hydrogen pick-up are not yet

completely understood, the temperature gradient and the stress distribution through the

cladding wall are driving parameters for hydride precipitation. This contributes to explain the

formation of that hydride layer in reactor, especially at high burnup (PCMI condition). Beyond

the solubility limit at service temperature (-140 ppm), hydride precipitation is supposed to

occur first in service under the metal/oxide interface where temperature is colder ; then it is

fed by hydrogen flux through the oxide layer. Moreover, as the hydrogen diffusion rate is

lower in hydrides than in ocZr matrix and as the hydride network becomes continuous, then it

leads to hold hydrogen in the interface area and to increase the hydride precipitation at this

location.

Therefore, it can be concluded that hydrogen increases the in-reactor corrosion rate ; at high

burnup, the corrosion acceleration seems to be related to the existence of an outer hydride

layer. From these results, the threshold of corrosion acceleration could be around but lower

than a 40 urn oxide thickness in agreement with published papers [6, 15]. However, further

works should be performed for a better understanding of the mechanism involved in this

behavior.
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