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SYNTHESE :

Cette note rassemble l'ensemble des données acquises à ce jour dans les
laboratoires d'EDF pour évaluer l'effet de l'hydruration sur le comportement à la
corrosion du matériau de gainage en Zircaloy 4.

Les essais de corrosion en laboratoires ont mis en évidence un effet néfaste de
l'hydrogène particulièrement significatif lorsque la corrosion s'effectue en présence
d'une couche d'hydrures en surface (pré-hydruration par voie cathodique). Les
examens sur des gaines irradiées en REP ont montré que pour les forts taux de
combustion une couche d'hydrures se forme sous l'interface métal/oxyde.

L'hydratation est donc retenue comme une des hypothèses fortes pour expliquer
l'accélération de la cinétique de corrosion aux forts taux de combustion. Les résultats
des examens métallurgiques sont ensuite discutés en relation avec les différentes
hypothèses sur l'origine de l'effet accélérateur de l'hydrogène.
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EXECUTIVE SUMMARY :

In this work, particular attention has been paid to the hydriding effect in PIE
and laboratory test to validate a detrimental hydrogen contribution on Zircaloy4
corrosion behavior at high burnup.

Laboratory corrosion tests results confirm that hydrides have a detrimental role
on corrosion kinetics. This effect is particularly significant for cathodic charged
samples with a massive hydride outer layer before corrosion test. PIE show that at high
burnup a hydride layer is formed underneath the metal/oxide interface.

The results of the metallurgical examinations are discussed with respect to the
possible mechanisms involved in this detrimental effect of hydrogen.

Therefore, according to the laboratory tests results and PIE, hydrogen could be
a strong contributor to explain the increase in corrosion rate at high burnup.
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I. INTRODUCTION

Uniform corrosion of fuel cladding is one of the
main limitations in the use of Zircaloy 4 at high
burnup in PWR. The corrosion rate of this alloy
increases as burnup exceeds 30-40 GWd/tU.
Several hypotheses are suggested to explain this
behavior at high burnup : irradiation effect [1-3],
high lithium concentration in the oxide [4-5] and
hydride precipitation at the metal/oxide interface [6-
7]. In this work, particular attention has been paid
to the hydrogen hypothesis through Post Irradiation
Examinations (PEE) and laboratory tests.

Several recent works [6-8] have shown that a
high hydrogen concentration in the vicinity of the
metal/oxide interface can be correlated with an
acceleration of the corrosion kinetics. Moreover,
PIE on Zircaloy 4 cladding show that an outer
hydride layer occurs in reactor at high bumup [9-
10]. Investigations have been performed to
determine the impact of the hydrogen effect on the
increase of the corrosion rate and to understand the
mechanisms involved in this behavior.

H. DETRIMENTAL EFFECT OF HYDRIDING
ON THE CORROSION KINETICS:
LABORATORY TESTS

To test the effect of hydriding on waterside
corrosion, Cold Worked Stress-Relieved Zircaloy 4
(1.5 % Sn) fuel cladding samples were charged at
different hydrogen levels before autoclave corrosion
tests (Table I) [8].

A. Pre-hydriding experimental procedures

The aim was to obtain on the one hand
unoxidized samples with different hydrogen
contents and on the other hand a hydride
morphology and distribution very similar to that got
after corrosion tests in pile or autoclave (a banding
hydride distribution). Pre-hydriding was performed
using gaseous and cathodic charging techniques.

For gaseous charging, the specimens were
charged in a quartz enclosure heated at 470°C with
a vacuum of 10"6 mbar for degassing. Hydrogen was
introduced at an overpressure of 3 mbar to 4 mbar.
This technique leads to a homogeneous hydride
platelet distribution in the bulk with an average
hydrogen content ranging from about 400 ppm to
1000 ppm (Figure 1). Even for a high hydrogen
content, no hydride layer is observed beneath the
surface of the sample.

The cathodic charging was carried out for
72 h at room temperature in sulphuric acid (IN,
aerated medium, -5 mA/cm2) and followed by a
homogenising heat treatment (26 h at 430°C) under
helium. This charging, after the homogenising heat
treatment, leads to bands of hydride platelets
precipitated in the bulk and to a massive hydride
layer beneath the outer surface (~ 5 u.m) for high
hydrogen content. This is obtained when the sample
average hydrogen content is higher than the



solubility limit at the heat treatment temperature
(H>270ppm) (Figure 2a). Within this layer, the
hydrogen content, measured by melting at 1500°C,
was higher than 12 000 ppm, showing a high
hydride density with only a small ocZr percentage.
Hydrides are identified as 5 hydrides by X Ray
Diffraction. For a lower average hydrogen content,
no hydride layer is observed beneath the outer
surface (Figure 2b).

B. Corrosion tests

After pre-hydriding, static corrosion tests
were carried out in steam (400°C - 10.3 MPa) on
both as-received and hydrided samples [8].

The results obtained after 3, 30 and 60 day-
tests are presented in Figure 3 and Table II. After
3 day-test, the corrosion is still in the pre-transition
phase (<15 mg/dm2). No clear effect of hydrogen is
shown. Once the weight gain is higher than
40 mg/dm2, an adverse hydrogen effect is observed.
This is particularly strong for cathodic charged
samples with a massive outer hydride layer before
corrosion testing ([H]jni > 270 ppm). In this case,
the outer oxide thickness increases by a factor of
about 4 compared to the reference samples. These
results give the proof of a detrimental effect of the
hydride layer on the corrosion rate and are
correlated with previous work [6, 9]. The
observations performed after corrosion tests shows
that the outer hydride layer is still present but
thinner and had a lower hydride density [8]. Thus,
the corrosion reaction does not occur on an ccZr
matrix with some hydride platelets but on a massive
5 hydride layer with only some percent of ccZr.

When no massive hydride layer is present at
the beginning of the corrosion test (gaseous
charging and low cathodic charging), the hydrogen
effect is weaker but remains. Up to now, there is no
clear correlation in this case with the hydrogen
content, but the enhancement factor increases with
the test duration : i.e. from about 10% after a
30 day-test to about 20% after a 60 day-test; this is
far beyond the scatter of data on the reference
samples (< 4%).

C. Impact of the laboratory hydriding
method

The corrosion test results have shown that
the outer hydride layer, produced by cathodic
charging with a high hydrogen level, induces a
detrimental effect on the corrosion rate.
Nevertheless, the reasons why hydrogen has a
detrimental effect for cathodic charging with a low
hydrogen level and gaseous charging are not yet
clear. As, in this case, the increase in corrosion rate
cannot be induced by the outer hydride layer, it

could possibly be due to a metallurgical damage in
the material.

For cathodic charging with a low hydrogen
level, this damage may be the result of the high
hydrogen pressure generated by cathodic charging
and/or of the previous massive hydride which is
present for cathodic charging before the
homogenising heat treatment. To assess this
hypothesis, corrosion tests were performed in steam
on samples on which this outer layer ( -15 jam) was
removed by pickling. Some samples were also
tested after hydrogen charging but without the
homogenising heat treatment. After 30 day-test, all
the latter samples had the same weight gain as those
introduced after cathodic charging and heat
treatment (Figure 4). So, the hypothesis of material
damage is very unlikely. Moreover, it could not
explain the acceleration obtained on gaseous
charged specimens, since this charging method is
not supposed to induce high local hydrogen
pressure.

III. INCREASE IN CORROSION RATE AT HIGH
BURNUP : ASSESSMENT OF THE HYDRIDE
HYPOTHESIS THROUGH POST IRRADIATION
EXAMINATIONS

A. PIE : hydride distribution

In order to check what the hydrogen effect
in the reactor could be, PIE were performed on
CWSR Zircaloy 4 (1.5 % Sn) fuel claddings. The
examined rods were irradiated in a French PWR at
burnup from 26 GWd/tU to 60 GWd/tU. Particular
attention was paid to the hydrogen content and to
the hydride distribution in the bulk [10]. The
hydrogen content was carried out by melting the
samples (metal + oxide) and the hydride distribution
was mainly observed by optical microscopy
examination on etched cross sections. SEM
examinations were also performed in the
metal/oxide interface area. The results are presented
in Table III.

At low burnup (~ 26 GWd/tU), only a few
hydride platelets are observed, at room temperature,
in the outer part of the cladding (Figure 5a) and
some others are isolated in the bulk. The hydrogen
content being lower than the solubility limit at
operating temperature it is in solution in the bulk.
At high burnup (~ 60 GWd/tU), the hydride
platelets gather into bands parallel to the surface
(Figure 6). Underneath the external surface, these
platelets form a hydride layer which tend to become
thicker and denser as the oxide thickness increases
(Figure 5b). In the first steps of in-service
precipitation, the hydride layer shows a non-
uniform density of platelets. Then, for a thicker



oxide, inside the layer, the platelet distribution
becomes very dense and tends to form quite a
massive area of hydrides (Figure 5c). This outer
hydride layer is observed with an oxide layer of
over 40 fim, correlated with an average hydrogen
content (> 275 ppm) higher than the solubility limit
in the material at operating temperature (~ 140 ppm
at 330°C).

These PIE confirm that at high burnup, an
outer hydride layer can occur under reactor
operation. Inside this layer, the hydrides form a
tight network very similar to that observed in
laboratory tests, even though the hydride density is
greater in the latter case (Figure 7).

B. Description of in-reactor hydriding

Although the mechanisms for 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. Below the hydrogen solubility
limit at operating temperature, hydrogen is in
solution in the cladding material. General hydride
precipitation will only occur as the hydrogen
content increases and as the temperature decreases
at the end of the cycle. Beyond the solubility limit at
service temperature (~ 140 ppm), hydride
precipitation is supposed to occur first under the
metal/oxide interface where the temperature is
cooler; moreover, it is fed by the hydrogen flux
through the oxide layer. In addition, the hydrogen
diffusion rate is lower in hydrides than in aZr
matrix. So, when the hydride network becomes
continuous, hydrogen is slowed near the interface,
enhancing hydride precipitation in this area. Even if
shutdown cooling can enhance the high temperature
precipitation, it can be assumed that, at high burnup
and at service temperature, this hydride layer exists
close to the metal/oxide interface.

The formation of the hydride layer may be
described by a mathematical approach presented in
[9]. It allows calculation of the relationship between
the oxide thickness and the outer side hydrogen
concentration due to the hydrogen thermal
redistribution at various heat flux and for a given
hydrogen pick-up. The present results obtained
from PIE are reported in Figure 8. They show a
very good correlation with the mathematical
simulation. With an oxide thickness of less than
20 jim, no hydride layer is observed and, on the
other hand, for oxides thicker than 60 \im, an outer
hydride layer is present. Between these values, the
hydrogen content varies very markedly with the
oxide thickness. As for rod B at high burnup
(60GWd/tU) and at a low elevation (100 cm)
(Table III), a non uniform density of platelets is
observed in the hydride layer.

If hydride precipitation at the metal/oxide
interface begins to occur as the oxide thickness
roughly exceeds 20 um (Figure 8), the massive
hydride layer builds up with oxide thicknesses
between 40 fim and 60 um, and even lower than
40 um. Nevertheless, the massive hydride layer
appears in-service for Zircaloy 4 (CWSR 1.5% Sn)
at levels depending on the conditions (heat flux,
materials heat treatment, ...) but generally for oxide
thicknesses over 60 urn [9-10]. An adverse
hydrogen effect can therefore begin as soon as
hydrides precipitate at operating conditions; the
effect becomes stronger when a massive hydride
layer is formed (for oxide thicknesses over 60 um).
This value is roughly the same as the marked
increase in corrosion rates with high burnup
(> 45GWd/tU).

IV. EVALUATION OF WORKING
HYPOTHESES ABOUT THE MECHANISMS
INVOLVED

Two working hypotheses are proposed to
explain the detrimental effect of hydrogen :
mechanical degradation of the oxide integrity or a
modification in the transport properties of the oxide
grown on hydrided metal.

According to previous work [6], the hydride
precipitation at the metal/oxide interface could
destroy the oxide integrity by mechanical processes.
Promoting the water access to the metal would
increase the corrosion kinetics. Laboratory and hot
cell examinations have been performed to check
this hypothesis.

No particular defects or decohesion at the
metal/oxide interface were found with Scanning
Electron Microscope examinations and no
correlation with the hydrogen level was observed.
As described in previous work [11], circumferential
dark bands are observed with a periodicity of about
1-2 um. However, after 60 day tests in steam
(400°C, 10.3 MPa), the oxide formed on the
massive hydride layer shows a higher density of
"dark bands" as observed for high burnup PIE [12]
and with a periodicity less than lum (Figure 9). The
nature of these defects is not yet identified (cracks
or not [13]), but their periodicity could be
correlated with the corrosion rate.

In Transmission Electron Microscope
examinations on laboratory specimens, the
morphology of the oxide is found unaltered by the
massive hydride layer, especially in the vicinity of
the metal/oxide interface. No increase in defects
such as porosity has been observed. The zirconia is
strongly textured and the crystallites are mainly
columnar with some equiaxed grains (Figure 10).
The increase in induced corrosion rate does not
therefore appear to be due to a modification of the



barrier oxide layer morphology caused by the
hydride layer.

Another interesting point is the impact of
the massive hydride layer on the ingress of
hydrogen in the bulk during corrosion tests. So,
Glow Discharge Optical Spectroscopy analyses
have been carried out to study the hydrogen
distribution inside the oxide and beneath the
metal/oxide interface. The hydrogen distribution
profiles were performed on reference and cathodic
charged samples with a high hydrogen sample. The
studied specimens had the same oxide thickness
(figure 11). On the outer part of the oxide, the same
hydrogen distribution was observed on hydrided
and reference samples: high hydrogen content in the
first microns (probably due to OH" in the external
part of the oxide which is porous) then a flat profile
up to the vicinity of the metal/oxide interface. At
the interface, the hydrogen quantity is much higher
for the cathodic charged sample. The first reason
could be an increase of the hydrogen pick-up ratio
but preliminary data showed that it was unlikely (no
more than 30 %). So, it is possibly due to the
reduced diffusion of hydrogen as a massive hydride
layer is formed beneath the metal/oxide interface
(see § III.B).

V. CONCLUSION

From PIE and laboratory tests, it can be
concluded that hydrogen has a detrimental effect on
the corrosion rate. At high burnup, the increased
corrosion rate seems to be correlated to the
existence of a massive outer hydride layer. This
marked increase would be higher for oxide
thicknesses over 60 urn, which agrees with previous
published papers [6,9].

Up to day, the reason for this hydrogen
effect is not clearly understood. The hypothesis of
mechanical degradation in the barrier oxide layer is
not supported by the observations (SEM, TEM).
Alternatively, the high hydrogen level in the vicinity
of the metal oxide interface could perharps induce
modification in the oxide transport properties
(GDOS). Further work is needed on this point.
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Table I - Chemical composition (Wt %) of Zircaloy 4 fuel cladding samples tested in autoclave.

Sn Ni
1 (ppm)

1.48 j <50

Fe

0.21

Cr

0.1 i

Fe +
Cr
0.32

C | H
(ppm) 1 (ppm)

135 3-5

N I 0
(ppm) { (ppm)

29 135
0

Final heat treatment: stress relieved 5 h at 470 CC
!0- 1 7<lA<10" 1 6

fHl: 500 oom
Figure 1 - Hydride distribution after gazeous charging

(optical micrograph on etched sample)

,*- — .

[HI : 130 ppm
a) low mean hydrogen level ([H] < 270 ppm)

[Hj : 400 ppm
b) high mean hydrogen level ([H])> 270 ppm

Figure 2 - Hydride distribution after cathodic charging and heat treatment (SEM observations or
etched samples)



Table II - Laboratory Corrosion test results: weight gain and hydrogen content measured
Charging
method

reference

cathodic

gaseous

Initial
hydrogen
content
(ppm)

5

115
140
200
240
240
275
380
450
555
375
375
415
415
505
510
780
820
890
1500

3
AM

(mg/dm
14.3

s = 0.4
15.0
14.9
13.1
14.6
14.0
15.0
14.6
11.6
14.6
15.5
15.3
16.0
14.9
14.4
14.2
25.7

-
-

16.0

day-test
[H]

(ppm)

17

-
-
-

195
-
-
-
-
-

-
(460)

-
-
-

732
-
-
-

30
AM

(mg/dm2

40.6
s = 0.7
47.6
47.8
43.3

-
45.9
50.1
52.9
61.0
65.1
43.6
43.4

-
44.1
44.1
42.6

-
40.9*
43.0*
45.0

day-test

)

[H]

(ppm)

65

-
-

250
-
-
-
-

420
-

420
-
-
-
-
-
-
-

1350

60
AM

(mg/dm2

61.1
s = 2.2
75.4
72.4

-
-

67.8
81.8
103.8

-
142.2
75.2

-
-

78.9
74.4
70.2

-
73.0*
76.2*

-

day-test

)

[H]

(ppm)

122

229
-
-
-
-
-
-
-

750
-
-
-
-
-

622
-
-

950
-

s : standard deviation
* : these weight gain were measured for 27 days and 57 days of testing instead of 30 and 60 days. The
data for 30 and 60 day-test have been estimated by adding the average kinetics of the reference sample in
post-transition (0.68 mg. dm" . d" )

160

140 --

5

3
"55

20 --

0 -1

• Gaseous charging
A. Cathodic charging

60 day-

30 day-test

§ day-test

200 400 600 800 1000 1200 1400

Average value of initial hydrogen content (ppm)
1600

Figure 3 : Laboratory static autoclave corrosion test results (steam 400°C - 10.3 MPa)
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Figure 4 - Laboratory corrosion test result : impact of
external layer {cathodic charging)
0 cathodic charging -f homogenising heat treatment

cathodic charging without heat treatment
A cathodic charging -f homogenising heat treatment

and pickling of external hydride layer

Table III - Oxydation and hydriding of fuel cladding

BU
{GWd/Su)

26

60

Rod

A

B

C-D

B
D

Axial
locatio

n
(cm)
100
300
100

150

300
320

eZrO2

(urn)

7
17
40

60

90
spalling

[H]
(ppm)

20

no
275-
425
285-
435
670
340-
660

Outer |
hydride 1

layer (urn)

No
No
50*

80

100
variable

*Non uniform density of platelets.

mm

a) 26 GWd/tU - elevation 100 cm - e ZrO3 : 7 ,mn

",? "V-

> GWd/tU - elevation 100 cm - e ZrO-> : 40um

c) 60 GWd'tTJ - elevation 300 cm - e ZrO^ : 90um

FIgare 5 - Hot cell optical examination of
hydride distribution near metal/oxide interface

Figure 6 - K\ dride distribution in the bulk of tee
cladding (BU : 60 GWd/tU - elevation 150 cm

i 1 i

a) Fuel rod cladding - BU 60 GWd/tU - elevation: !50 cm b) Cathodic charged sample after 30 day-test - [Hiini: 450 ppm
Figure 7 - SEM examination of the massive hydride layer beneath the oxide
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