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Abstract

An analysis has been undertaken of the various cases of local enhancement of corrosion rate
of zirconium alloys under irradiation. It is observed that in most cases a strong emission of energetic
B" is present leading to a local energy deposition rate higher than the core average. This suggests
that the local transient radiolytic oxidising species produced in the coolant by the Q>~ particles could
contribute to corrosion enhancement, by increasing the local corrosion potential.

This process is applicable to the local enhanced corrosion found in front of stainless steels
structural parts, due to the contribution of Mn, and in front of Pt inserts or Cu-rich cruds. It explains
also the irradiation corrosion enhancement of Cu-Zr alloys.

Enhanced corrosion around neutron absorbing material is explained similarly by pair production
from conversion of high energy capture photons in the cladding, leading to energetic electrons. The
same process was found to be active with other highly ionising species like a from Ni-rich alloys and
fission products in homogeneous reactors.

Due to the changes induced by the irradiation intensity on the concentration of the radiolytic
species, the coolant chemistry, that controls the boundary conditions for oxide growth, has to be
analysed with respect to the local value of the energy deposition rate. An analysis has been
undertaken which shows that, in a porous media, the water is exposed to a higher intensity than bulk
water. This leads to a higher concentration of oxidising radiolytic species at the root of the cracks of
the porous oxide, and increases the corrosion rate under irradiation.

This mechanism, deduced from the explanation proposed for localised irradiation enhanced
corrosion, can be extended to the whole reactor core, where the general enhancement of Zr alloys
corrosion under irradiation could be attributed to the general radiolysis in the porous zirconia.

1. INTRODUCTION

It is usually observed that the corrosion rate of Zr alloys used as fuel cladding

or as structural materials exceed, in nuclear reactors, the value measured in the

different out of reactor devices developed for corrosion testing of those alloys [1].

Indeed, the corrosion rates deduced from autoclave tests have to be multiplied by an

irradiation enhancement factor of 2 to 4 to fit the corrosion layer thicknesses

observed in power plants [2, 3]. In addition, several cases of local higher

enhancement have been reported in the literature.

A strong correlation between all the cases of local enhancement of corrosion

rate under irradiation and the presence of a local emission of energetic electrons

has been presented earlier and will be briefly outlined [4]. In addition, the porous

nature of the external layer of the oxide leads to a strong increase of the energy

deposition rate in the water of the pores, compared to the one in the bulk of coolant.

The enhanced radiolysis induced in the vicinity of a ZrO2-water wall is quantified,

and it will be shown that it supports in more details the model of irradiation

enhancement of corrosion by the local radiolysis in the pores of the zirconia layer.
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2. CORROSION ENHANCEMENT OF ZIRCONIUM ALLOYS UNDER IRRADIATION

Numerous case of local enhancement, under irradiation, of corrosion rates of

Zr alloys have been reported in the past and have been reviewed in detail in [1, 4].

The different cases can be gathered in a few main classes:

• local enhancement in front of:
- stainless steel parts (Fig. 1 a)
- particular metallic alloys (Pt), placed as voluntary inserts

• very high corrosion rate of some specific alloys under development (Zr Cu-

1%), which showed favourable behaviour out of reactor [5]. High corrosion rate

under high copper content cruds [2].

• local enhancement in the case of Gd bearing fuel rods (Fig. 1b). This was

particularly easy to observe in the case of zebra type fuel pellet stacks - Gd bearing

andpureUO2[2].

2.1 ft decay

In all these cases, a detail analysis of the radioactive behaviour of all the

structural materials contributing the radiation environment has been undertaken. A

particular attention has been given to the source of possible local increase of

irradiation effects. It was found that a common parameter is a major contribution of

the local ft- flux to the energy deposition rate (EDR) in the surroundings. Indeed, all

the situations have shown a specific material having an activable isotope, with a

decay by high energy Q>~. This is the case of 55Mn in stainless steels, 198Pt in the case

of Pt inserts, ^Cu in the case of Cu rich alloys or cruds. The energies of the

electrons emitted by the activated nuclei are always high (Ee > 1.5 MeV), allowing

them to have a range of a few millimetres in water.

A computation has been performed of the intensities of the flux for the various

geometric cases found in the literature, with a general procedure taking into account

the following considerations:

• Activation cross sections for thermal neutrons were considered [6, 7], and,

due to the short lifetime of the activated species, radioactive equilibrium was

assumed.

• Due to the distribution of the energies of the fc~ electrons, their recoil

distances were computed for their most frequent emission energy (i.e. one third of

the maximum energy).
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Figure 1 .a : Locally-enhanced corrosion in front of stainless steel structural parts
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Figure 1 .b : Enhanced corrosion in front of Gd-doped fuel pellets
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• The number of ft~ electrons, of a given energy released by the activated

atoms, were weighed according to the probabilities of the various decay schemes.

• For each decay scheme, the volume of material considered for ft~ emission

out of the material was evaluated using a thickness corresponding to the recoil

distance, or, if smaller, to the maximum thickness of the material available in the

reactor (e.g. CuO type cruds : 50 urn [2]).

• The flux of Q>~ particles produced by the activated metal was calculated as

one quarter of those produced in this zone, due to the classical geometrical

considerations of recoil [8].

• In the case of various isotopes involved for one chemical species, all the

contributions were summed unless some were marginal compared to the others,

and, for an alloy, the contributions of all the components were weighed according to

the chemical composition.

• The energy deposition rates were obtained as the average value over the

stopping range using standard cross section for interaction of electrons with mater

[9] and a straggling factor of -K2 for the low energy end of the electron path.

The results are given in table 1. It clearly shows that the energy deposition

rates in the vicinity of the said materials is high compared to the deposition due to

the general y irradiation due. This later is induced by all the y created during fission

and radioactive decay, a typical value in the BWR being 1018 eV.cnr3.s-1.

In PWR, boron is added as neutron absorbing element. Its interaction with

neutrons leads to the creation of lithium and 0.7 MeV a particles. As a is a highly

ionising specy, it contributes to the general phenomenon of radiolysis. First

calculations indicate that the resulting energy deposition rate in PWR is about 2.1019

eV.crrr3.s-1. This high value could explain why no local effect is observed in this kind

of reactor.

2.2 Pair production from capture y

For the case of Gd bearing fuel rods, a cascade of nuclear reactions has to be

considered : the first step is the capture of a neutron by the absorbing isotopes of

Gd; this capture is associated with the emission of a very high energy y photon. This

photon, itself, is transformed, by pair production, as an electron plus an anti-

electron. These two particles are shearing the remaining energy after mass

production. Thus a flux of electrons is created in the surrounding environment.
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Table 1 : Energy deposition rate due to p- emitted by material activated in the core

(normalized to a thermal neutron flux of 2.1013 n.cnr2.s-1)

Material

Stainless
steel

Platinum
insert

Copper
cruds

Zr alloys

Chemical
species/isotope

Cr24
Mn25
Fe26
Ni28
Mo 42

Pt78
Pt78

Cu29

Zr40
Zr40
Sn50
Nb41
Cu29

54
55
58
64
98

196
198

65

94
96
120
93
65

Natural
concent

ration

0.03
1.00
0.00
0.01
0.24

0.25
0.07

0.31

0.17
0.03
0.33
1.00
0.31

Activation
cross

section
(barns)

0.38
13.22
1.01
1.52
0.51

0.87
3.9

1.8

0.076
0.053
0.14
1.4
1.8

P
energy

(MeV)

2.8
2.86
0.46
2.1
1.23

0.67
1.69

2.6

0.38
1.91
0.38
1.3
2.6

Recoil
distance
in metal

(mm)

0.65
0.67
0.04
0.48
0.27

0.02
0.13

0.51

0.04
0.50
0.04
0.34
0.51

Material
comp.

0.17
0.005
0.68
0.12
0.02

1
1

0.5

0.98
0.98
0.015
0.025
0.025

pnux
from

material
(cm'2.s'1)

9.81E+08
2.78E+10
5.43E+07
5.01E+08
2.81E+08

4.41 E+09
2.23E+10

1.22E+11

2.12E+08
3.52E+08
7.97E+06
2.50E+06
2.70E+09

Recoil
distance
in water

(mm)

4.88
4.99
0.30
3.62
2.05

0.51
2.88

4.52

0.23
3.28
0.23
2.18
4.52

Energy
deposition

rate
(eV.cm'3.s~1)

8.71 Er17
2.47E+19
4.82E+16
4.45E+17
2.50E+17

3.91E+18
1.98E+19

1.09E+20

1.89E+17
3.13E+17
7.08E+15
2.22E+15
2.40E+18

In the case of those neutron absorbing materials, the same type of computation

has been performed in detail: Starting from a typical BWR neutron flux, the

absorption rate is obtained from the cross section. In fact, the Gd acts as a black

material and any entering neutron gives rise to a capture. The spectrum of the

capture y emission is known accurately [10] and the total flux is easily obtained. In

the case of gadolinium a important emission occurs at 6.5 MeV. The types of

interactions of those high energy y's are strongly dependant on the material atomic

number. In the case of zirconia, the process having the highest cross section is pair

production [11]. It leads to the creation of an electron of initial kinetic energy of 3.65

MeV, since at this energy of a photon, the energy remaining after the creation of the

two masses of the e + and e", is evenly shared between those two particles [12].

Thus the flux of capture y leads to a net production of energetic electrons from the

cladding.

The result of this computation is given in table 2 for various type of absorbing

materials, and is compared with the contribution that could come from the other y in

the core. A strong enhancement of the e~ flux is indeed seen in the case of a Gd

bearing absorbing fuel rod.
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Table 2 : Energy deposition rate due to the (3~ obtained by the conversion of gamma

into (3- / p+

Species

Gd
Hf

238 U
235 U

SS
(Mn)

Cu crud
Pt

insert

Reaction

capture
capture
capture
fission

FP

capture

capture
capture

Cross
section

(barn)

46000
105
3.7
570
570

13.2

3.8
8.1

Nbofy
E>5

MeV per
capt.

0.3
0.12

0.04

0.5

0.7
0.15

Flux of y
E>5MeV

(cm-2.s-1)

from fuel
rod

3.0E+13
7.4E+10

1.6E+10

from
material

2.3E+10

5.7E+10
4.5E+10

Y
energy

(MeV)

8.5
7.6

5.5

7.25

7.9
7.9

Pair prod.
cross section

(barn)

2.9
2.6

1.9

2.55

2.7
2.7

Flux of p
from fuel

rod
(crrr2.s-1)

2.70E+11
5.97E+08

2.90E+07

1.86E+08

3.83E+07
5.04E+07

Energy of
the created

fi
(MeV)

3.65
3.2

2.15

3.025

3.35
3.35

Energy
deposition

rate
(eV.cm'3.s-1)

2.43E+19
5.37E+16

2.61E+15

1.67E+16

3.45E-15
4.54E+15

A typical energy spectrum of the electrons leaving a Gd doped burnable poison

fuel rod, was found to be very similar to the case of the ft" decay and the energy

deposition rate due to the electrons leaving the fuel rod, originated from pair

production is given in Fig. 2: Close to the surface, the local energy deposition rate

have a value of 6.1019 eV.cm-3.sec-1, and decreases smoothly to vanish at 3-4 mm.

The effect of this high intensity of local irradiation is a major change in local

chemistry at the roots of the pores, increasing the oxygen potential at the outer part

of the dense zirconia layer, i. e. at the location of boundary condition for oxide

growth.

3. ENERGY DEPOSITION RATE IN A POROUS MEDIUM

The specific aspect of the corrosion mechanism of the zirconium alloys is the

occurrence of a transition of the corrosion rate after a few microns of zirconia. This

transition is connected to a change in the crystallographic form of the zirconia . At

the beginning of oxide growth, the zirconia is mainly tetragonal, while after the
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Figure 2 : Energy deposition rate in front of a Gd bearing fuel rod

(EDR average = 2.4.1013 MeV.cm^.s-1, cf. table 2)

transition it is composed of an inner dense oxide layer mainly tetragonal and an

outer oxide layer essentially monoclinic [13]. This transformation is of martensitic

type and, in an ionic crystallographic structure, will develop internal porosity due to

strain incompatibility between the surrounding grains. Electron microscopy

examinations have confirmed the presence of this open porosity and it has been

shown to have a typical gap size of a few nanometers [1, 14].

In order to analyse the intensity of the irradiation effect, it is necessary to

compute the energy deposition rate due to the irradiation in the specific environment

considered, i.e. in a porous medium. In that case the value of the EDR is not the

same as for bulk materials. For the case to be considered, we will analyse the EDR

due to a PWR's y spectrum, in hot pressurised water in the pores of the zirconia,

compared to bulk water under the same y flux.

The PWR's y spectrum has been analysed in detail for the purpose of y heating

knowledge and shielding. A typical spectrum was grouped in three energy groups,

having the following ranges : 0, 0.25, 0.9 MeV and above, referred as 0.1, 0.5 and
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Table 3 : Surface enhancement of EDR

PWR y spectrum

Energy normalized
(MeV) intensity

0,1 6

0,5 3,7

1,5 1

Interaction cross section

ZrO2

Photo. Compton
(barns) (barns)

104,2 10,7

1,15 0,47

0,11 0,05

H2O

Photo. Compton
(barns) (barns)

0,08 0,16

0 0,01

0 0

Induced electron spectrum at the interface

from ZrO2

Energy electron
(Me V) per y photon

0,05 2.0.10"3

0,07 3.1.10-2

0,25 5.1.10-4

0,47 2,9.10"3

0,75 6,8.10"5

1,47 3,4.10"4

from H2O

Energy electron
(Me V) per y photon

0,05 4,1.10-4

0,07 1.6.10-4

0,25 1.6.10-4

0,47 0

0,75 0

1,47 0

Ratio of the EDR in porous zirconia and in
the bulk of water

52

1.5 MeV in the following tables. In each group, the cross section for different photon

interactions (photoelectric, Compton and pair production) were computed for water

and zirconia (mass average over H, O and Zr). Each of those interaction give rise to

the release of an electron having the following energies:

Photoelectric Ee = Ey - EK

Compton Ee = E7 / 2

Pair production Ee = (Ev - ? m c2) / 2
c I O

The flux of electrons and their energies can thus be computed in the two media

(zirconia and water) considered as bulk and are presented in table 3. The EDR in

bulk material is the integral of those net spectra. In order to compute the behaviour

in the porous zirconia, the range of the electrons, deduced from their energies, leads

to the flux and energies of the electrons allowed to leave the zirconia at a water

interface. Computing the EDR due to this flux of electrons, a 50-fold increase is
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obtained due to the presence of the zirconia. Hence, it is clear that the irradiation

effects, like radiolysis of the water, is very different for water away from the structural

materials and for the water located in a confined medium, surrounded by a dense

material. This remark, developed for the specific case of porous zirconia, could

easily be extended to any similar case, like the behaviour of water in crack of sharp

notch. This is to be connected to irradiation enhanced SCC of stainless steel.

4. WATER RADIOLYSIS UNDER VARIABLE EDR CONDITIONS

The interaction of irradiation particles (neutron, gamma, B~) with the coolant

water leads to the formation of radiolytic oxidizing species, that are assumed to be

responsible for the large increase in corrosion rate of Zr alloys in reactor, compared

to similar out of reactor conditions.

The water radiolysis in the reactor core has been analyzed in great details with

the objective of knowing the steady state concentration of the radiolytic species

during irradiation and their possible effect upon the zirconium corrosion rate [15].

The main process of radiolysis is an instantaneous decomposition of the water

molecules by interaction with the electrons in spurs (small volume of high interaction

along the path of the electron), giving birth to metastable species that recombine in a

variety of possible ways. The complexity of the recombination reactions can be

illustrated by the large number (35 to 40) of reactions to be considered, each with its

own rate. The concentrations of the intermediate and final products depend strongly

on irradiation rate and initial conditions and therefore, local changes in irradiation

intensity lead to drastic changes in the concentrations of radiolytic species. Some

species are obtained for very short times as intermediate steps to long-lived species

[16]. Computer programs are thus used for the computation of the evolution of those

species versus initial chemical and irradiation conditions [17].

We have used the Macksima-chemist code developped by AECL [18] to

analyse the effect of the intensity of the EDR on the radiolytic species concentration.

As expected from the complex interactions between the various chemical ions and

molecules, the concentration of oxydizing species is not a linear function of the EDR

and in the case of hydrogenated water, a higher EDR leads to a much higher

oxidizing environment as presented in Fig. 3. For instance, the 50-fold increase

described above, leads to a factor 30 for [H2O2] or 300 for [HO2], while there is

almost no change in reducing compounds [H+, H2, H].

The corrosion rate is controlled by the flux of oxygen ions through the dense

protective oxide layer. This flux is proportional to the gradient in oxygen potential

across this layer. A change in boundary conditions, mainly the oxygen potential in

the water at the roots of the pores, will lead to a corresponding increase in corrosion
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Figure 3 : Radiolytic species concentration versus local Energy Deposition Rate at 1O1 s

rate. In addition, the surfaces of the pores will act as sinks for the oxydizing species,

giving rise to a higher flux of oxygen than what could be deduced only from the

equilibrium concentration of species obtained by recombination. Indeed, due to the

rate constant of each recombination reaction, the oxidizing products like O2 are

available at much higher concentration (10-6 molar) for short time (a few

microseconds) just after radiolysis. Due to the diffusion time necessary for crossing

the pore thickness, those species will interact with the surface of zirconia before

recombining with the other radiolytic species.

5. CONCLUSIONS

By an analysis of the various caes of local enhancement of corrosion rate of

zirconium alloys under irradiation, the local transient radiolytic species produced in

the coolant by energetic fi~ particles are proposed to give an important contribution

to this phenomenon. In that way, local enhanced corrosion under irradiation is

explained in front of stainless steels structural parts, due to the contribution of Mn,
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in front of Pt inserts and Cu-rich cruds. It explains also the high corrosion rate inder

irradiation of Zr-1 %Cu alloy.

Enhanced corrosion around neutron absorbing material is explained similarly

by pair production from high energy capture photons, leading to energetic electrons.

The local energy deposition rate at the interface zirconia / water has been

evaluated in the case of porous oxide. The 50-fold increase compared to a bulk

environment leads to a much higher concentration of radiolytic species in the pores.

Moreover, the high surface to volume ratio within the pores is supposed to favour the

interaction of these species with the oxide at the expense of the recombination

process. This would lead to a net flux of oxygen in the zirconia. Thus, the same

mechanim as for locally-enhanced corrosion is proposed as a contribution to the

general enhancement ot Zircaloy corrosion under irradiation.

In reactor environment, irradiation has also an effect on the cladding. Thus, the

microstructural evolutions induced by irradiation in Zircaloy contribute to change

continuously the conditions of formation of the oxide. Furthermore, the irradiation

appears clearly to affect the crystal lographic nature of the oxide and its growth within

the oxide layer. It seems also to enhanced the diffusion of iron in the oxide,

contributing locally to the stabilisation of tetragonal zirconia.

These two approaches appear to be the main mechanisms by which the

irradiation contribute to the corrosion enhancement in nuclear reactors.

In PWR's, the contribution of a particles fron the boron leads to a more general

behaviour, and less local effects are expected.

REFERENCES

[1 ] Corrosion of zirconium alloys in nuclear power plants, IAEA-TECDOC-684,
Jan. 93.

[2] M. O. Marlowe, J.S. Armijo, B. Cheng and R.B. Adamson, Proc. ANS Topical

Meeting on Light Water Reactor Fuel Performance, Orlando, FL, April

21-24, 1985, Vol. 1 p. 3-73.

[3] F. Garzarolli, R. P. Bodmer, H. Stehle and S. Trapp-Pritsching, Proc. ANS

Topical Meeting on Light Water Reactor Fuel Performance, Orlando, FL,

April 21-24, 1985, Vol. 1 p. 3-55.

[4] C. Lemaignan, J. of Nucl. Mater. 187(1992) 122-130.

141



[5] C. Fizzotti and L. Castaldelli, Proc. IAEA Spec. Meet, on Infl. Power React.

Wat. Chem. on Fuel Clad. Reliab. , San Miniato, Italy (1981), IWGFPT-11,

AIEA, Vienna, 1982 pp. 57-73.

[6] R. Pannetier, Vade-Mecum du technicien nucleaire, T.2, S.C.F. du Basset,

Massy, France, 1980.

[7] W. E. Alley and R. M. Lessler, Nuclear Data Tables, 11 (1973) 621-826.

[8] D. R. Olander, Fundamental Aspects of Nulear Reactor Fuel Elements,

TID 26711 P1, 1976, p. 293.

[9] O.S. Oen, ORNL 4897 (1973).

[10] Reactor Physics Constants, ANL 5800, 1963, p.630-632.

G. A. Bartholomew, L. V. Groshev et al. , Nuclear Data, A3 (1967) 367-650;

A5 (1968) 1-242; A5 (1969) 243-431.

[11] E. Storm and H. I. Israel, Nuclear Data Tables A7, (1970) 565-681.

[12] L. Feru and P. Jaskula, DEA, INPG (1992).

[13] J. Godlewski, J. P. Gros, M. Lambertin, J. F. Wadier and H. Weidinger
(1991), 9th. Inter, conf. Zr in Nucl. Ind., Kobe, Japan, ASTM-STP 1132, pp.
416-436.

[14] X. lltis and F. Lefebvre, unpublished results.

[15] W. G. Burns and P. B. Moore, Radiat. Eff. 30 (1976) 233.

[16] S. Lukac, Radiat. Phys. Chem. 158 (1988) 240-252.

[17] G. V. Buxton and A. J. Elliot, Proc. JIAF Int. Conf. on Water Chemistry in

Nuclear Power Plant, Fukui City, Japan, April 22-25, 1991, pp. 283-289.

[18] M. B. Carver, D. V. Hanley and K. R. Chaplin, Maksima-Chemist, AECL 6413
(1979).

142


