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Abstract 

Under irradiation, the corrosion rate of Zircaloy elements is known to be increased due to the combination of factors. 
This paper is a review of the recent work performed to analyze the contribution of the major physical phenomena involved 
in this increase in corrosion rate: the irradiation induced changes in microstructure, the thermo-hydraulic conditions, 
including associated chemical changes, and the effect of irradiation on the corrosion process itself (radiolysis in the coolant 
and in the oxide layer). © 1997 Elsevier Science B.V. 

1. Introduction 

The corrosion rate of Zr alloys is one of the major 
controlling parameters for the design of in-core compo- 
nents of water reactor fuel elements [1]. The tendency for 
higher discharge burn up of the fuel has therefore raised a 
large amount of analytical or global R & D  work in this 
area [2]. Without irradiation, the physical mechanisms 
controlling the corrosion rate of Zr alloys become more 
and more understood, however a large number of individ- 
ual steps and their interactions remain unclear [3]. The 
situation is such that a prediction of the corrosion rate of a 
new alloy or microstructure under a given oxidizing condi- 
tion is still speculative. For in reactor corrosion, the situa- 
tion is even worst. Indeed, the effects of thermal flux, 
coolant chemistry or irradiation damage on the structure of 
the alloys, on the zirconia layer or on water radiochem- 
istry, introduce another level of complexity [3]. 

The aim of this paper is to present recent results related 
to these phenomena and to discuss them in conjunction 
with similar work performed thought out the world in this 
field. Due to the large differences in behavior of the 
different type of Zr alloys, this analysis will be restricted 
to the Zircaloy family. The following two topics will be 
specially detailed: (i) Irradiation damage on the alloys and 
the effects of the microstructure changes, (ii) Effect of 
irradiation on the coolant or on the Z r O  2 (radiolysis). 
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2. Effects of irradiation damage on corrosion mecha- 
nisms of Zircaloy 

2.1. Second phase evolution 

The microstructure of the Zircaloy consists of a Zr 
base, hcp matrix with Sn and O in solid solution. Fe, Cr 
and Ni were added early for improving the corrosion 
behavior of the alloy. These transition elements are almost 
insoluble in the matrix and precipitate as Zr2(Ni, Fe) or 
Zr(Fe, Cr) 2 phases. The size distribution and exact chemi- 
cal composition of these precipitates are strongly depen- 
dant of the thermo-mechanical processing history [4]. Vari- 
ous cumulative annealing parameters have been developed 
to account for the observed distributions. Since precipitates 
are very important for the corrosion behavior, they have 
been studied in detail [5,6] and their distribution and size 
have been clearly demonstrated to control the corrosion 
behavior. However, it remains not perfectly understood 
why a better corrosion resistance is obtained for BWR [5] 
with small precipitates, while the reverse is true for PWR 
conditions [1,7,8]. In addition, these precipitates could act, 
first, as cathodic sites inducing an enhanced passivation of 
the Zr matrix and, then, as protective anodic sites, as 
proposed recently, when a low corrosion rate was obtained 
by galvanic coupling of a precipitate free Zr alloy plate on 
a large Zr(Fe, Cr) 2 intermetallic compound [9]. 

Under irradiation, the precipitates undergo structural 
transformations, the nature of which being temperature and 
flux dependant [10,11]. At the lowest temperature found in 
power reactors, and only for the Zr(Fe, Cr) 2 phase, an 
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amorphous transformation occurs that starts at the matrix- 
precipitate interface and grows inward at a constant rate, 
leading to a 'duplex' structure of the precipitates. Simulta- 
neously Fe, and to a lesser exten Cr, is dissolving in the 
matrix. For very high doses, the precipitates may be 
completely dissolved. At higher temperature (when thick 
oxide layers are present) the dissolution may occur without 
amorphous transformation [12-14]. 

This transformation and dissolution could be partially 
at the origin of the increase found in corrosion rate at high 
bum-up (BU) [7]. Corrosion experiments performed either 
without irradiation on previously irradiated material or in 
reactor confirm a higher corrosion rate of Zircaloy after 
high irradiation doses [15-17]: 

Zircaloy-4 cladding from fuel rods irradiated in the 
BR3 reactor were machined in hot cell to remove the oxide 
layer, and exposed to a standard corrosive environment (15 
MPa steam at 673 K) to assess the impact of irradiation 
induced changes in microstructure on corrosion [17]. It was 
found that when the samples had received a high dose to 
induce advanced dissolution of the precipitates, a higher 
corrosion rate was observed, compared to non-irradiated 
materials. This is also the case for high BU fuel cladding 
corrosion rate during irradiation. Indeed, a transition is 
observed at high burn-up in reactors: the corrosion rates 
are increasing sharply to values that cannot be explained 
by simple extrapolation of early corrosion behavior under 
irradiation. Many cases of such late increase have been 
reported in both, PWR and BWR environments (e.g., 
[5,71). 

In order to understand the specific aspect of microstruc- 
ture changes on the corrosion mechanisms, the behavior of 
the precipitates and their interactions with the growing 
oxide have been analyzed using analytical TEM on thin 
foils prepared at different depths in oxide layers obtained 
on non-irradiated material [18], on cladding pre-irradiated 
and oxidized without irradiation [19-21] or on cladding 
oxidized in reactor [17]. 

An important observation is the delayed oxidation of 
the precipitates with respect to the matrix, as presented in 
Fig. 1. This behavior can be explained by the gradient in 
oxygen potential through the oxide layer. Indeed, P(O 2) is 
expected to be too low close to the metal-oxide interface 
for the oxidation of Fe or Cr to occur. The oxidation of the 
precipitates could therefore start only in the middle of the 
dense oxide layer. An important consequence is that, since 
the oxidation of the metallic precipitates is observed to 
occur simultaneously to an Fe depletion, these precipitates, 
embedded in the zirconia deeper layer, act as sources of 
Fe. Thus, close to the metal-oxide no iron is available for 
zirconia doping, while at several microns away from the 
interface, the redistribution of Fe in the zirconia surround- 
ing former precipitates leads to local significant doping 
effects. The presence of Fe in zirconia is observed to be 
linked to the stabilization, by chemical doping, of the 
tetragonal phase of the zirconia. Thus, close to the metal -  

Fig. 1. Non-oxidized precipitate found in the dense layer of an 
oxide grown in autoclave at 673 K. 

oxide interface, the dense oxide layer is found to be mostly 
tetragonal due to the large compressive strains associated 
with the oxide growth and to contain almost no iron 
doping. Several microns away from the interface, due to 
the delayed oxidation of the precipitates, associated with a 
delayed iron redistribution in the surrounding oxide, the 
allotropic transformation from the tetragonal to monoclinic 
phase can be locally postponed. This local chemical stabi- 
lization of the tetragonal phase depends on the extent of 
iron redistribution. Without irradiation the Fe redistribution 
remains rather localized and numerous small areas (1 txm 
large) of stabilized tetragonal zirconia can be observed 
sputtered in the oxide layer at several microns away from 
the metal-oxide interface. 

In the case of irradiated material, due to the irradiation 
induced precipitate evolution in the metallic matrix, the 
precipitate state, when embedded in the oxide, varies with 
the irradiation dose. At the beginning of life, the mi- 
crostructure is basically unchanged and the precipitate 
oxidation behavior is similar to that of non-irradiated 
material. The Fe redistribution is however observed to be 
enhanced under irradiation leading to much larger areas of 
stabilized tetragonal zirconia (up to several txm large). At 
higher doses, metallic precipitates contain lower amounts 
of Fe and zirconium solid solution is enriched in Fe. Thus, 
close to the metal-oxide interface, zirconia can be signifi- 
cantly doped with Fe and due, to the small amount of Fe 
available in the precipitate, the stabilization process previ- 
ously described cannot occur anymore. 
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The irradiation induced evolution of the metallic alloy 
appears to have direct consequences on the oxide structure 
and particularly, to generate significant microstructural 
heterogeneity trough the oxide which natures and distribu- 
tions varies with the irradiation dose. 

As it will be shown later on, the areas of high tetrago- 
nal content could have a reactivity different from those 
entirely monoclinic. Their size and distribution can thus be 
associated with the tendency of the oxide to develop a fine 
network of micro-porosities or to remain protective. In the 
other hand, the progressive Fe doping of the dense zirconia 
located at the immediate vicinity of the metal-oxide inter- 
face could also contribute to decrease its protective charac- 
ter and to increase the corrosion rate. 

2.2. Oxide layer growth 

In addition to this simple analysis, the effect of the fast 
neutron flux and irradiation damage on the oxide should be 
considered. The comparisons of the oxide microstructure 
and of the chemistry around precipitates, on oxidized 
layers formed in autoclave on both non-irradiated and 
irradiated metallic samples or directly in reactor (Fig. 2), 
lead to the following conclusions [17,19,20]. 

• On non-irradiated material, the oxide is growing on 
the matrix with strong preferential orientation relation- 
ships, leading to a strongly textured zirconia layer (Fig. 
2a). Few localized areas consist of crystallites smaller than 
elsewhere (~7= 10 nm compared to d =  50 nm) without 

a) dense, fine and 
compact monoclinie / 
tetragonal grains (usually 
columnar) 

b) large unstable grains 
observed on oxide grown 
under irradiation. 

c) loose, granular oxide obtained in 
case of increased corrosion rate 

Fig. 2. Various aspects of the zirconia found in the oxide layers: (a) dense, fine and compact monoclinic/tetragonal grains (usually 
columnar); (b) large unstable grains observed on oxide grown under irradiation; (c) loose, granular oxide obtained in case of increased 
corrosion rate. 



F. Lefebvre, C. Lemaignan / Journal of Nuclear Materials 248 (1997) 268-274 271 

any preferred orientation. These orientations change con- 
tinuously throughout the oxide thickness leading to a 
texture mostly fibrous in nature. 

• For in-reactor grown corrosion layers [17,20], a 
tendency is observed for coarser oxide crystallites and less 
frequent areas showing a marked common orientation. The 
fast neutron flux seems to favor the presence of an amor- 
phous zirconia layer close to the metal-oxide interface. 
The presence of this amorphous layer may inhibit the 
epitaxy of the zirconia layer on the matrix, leading to the 
observed higher degree of randomness in the orientation of 
the monoclinic or tetragonal crystallites. In addition, large 
grains are found in the middle of the oxide layer (Fig. 2b), 
showing that a recrystallization process has occurred dur- 

ing in-reactor corrosion. The tendency to an additional 
recrystallization in the thin foil, under the electron beam, 
during TEM observation confirms the contribution of a 
specific mechanism of phase transformation associated 
with the high amount of energy stored in the lattice due to 
irradiation damage. This recrystallization process produces 
large monoclinic crystallites, with some intergranular 
cracking. Thus it seems to be clearly different from the 
recrystallization process giving rise to the 'granular', loose, 
oxide structure (Fig. 2c), that could be the result of a 
dissolution/re-precipitation process [17,22,23]. 

In addition to the irradiation damage leading, in particu- 
lar, to this recrystallization of the zirconia, the fast neutron 
flux induces a ballistic diffusion of the Fe and Cr present 
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Fig. 3. Fe distribution in the vicinity of a precipitate in the oxide layer. (a) grown in autoclave (b) grown in reactor. 
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in the precipitates. Indeed, the diffusion of these elements 
in the zirconia surrounding oxidized precipitates is clearly 
more limited during autoclave testing, compared to oxida- 
tion in reactor (Fig. 3). As previously discussed, this 
enhanced diffusion has two main consequences: it acceler- 
ates the precipitates depletion, reducing the time during 
which precipitates may act as a Fe reservoirs and, by the 
same process, as long as precipitates are not sufficiently 
depleted, it spreads Fe around the precipitates, increasing 
locally the stability of the tetragonal phase. There are 
evidences, on bulk zirconia, of a strong interaction be- 
tween tetragonal zirconia and hot water leading to the 
destabilization of the tetragonal form into the monoclinic 
one simultaneously to a dissolution/re-precipitation pro- 
cess [24,25]. These areas of high tetragonal content due to 
Fe stabilization could thus undergo a similar transforma- 
tion. This hypothesis appears to be consistent with the 
observation, several microns away from the metal-oxide 
interface, of areas of oxide having an extremely porous 
structure (similar to Fig. 2c) and a high Fe content. The 
irradiation-enhanced mobility of Fe in the oxide layer 
seems thus to contribute to decrease the protective charac- 
ter of the oxide layer, leading to a lower corrosion resis- 
tance under irradiation. 

3. Chemistry of the coolant and radiolysis 

3.1. Effect of coolant chemistry 

In reactor the thermo-hydraulic conditions are some- 
what different from that found during autoclave testing: 
the heat flux and the flow rate on one hand and the two 
phase conditions (BWR and nucleate boiling in hot PWRs) 
on the other, lead to specific chemical boundary conditions 
for in-reactor corrosion. The effect of heat flux can ade- 
quately be analyzed using out of reactor corrosion loops, in 
which thermo-hydraulic conditions may be very similar to 
the power reactor conditions and, if requested, slightly 
outside the normal ranges in order to analyze any induced 
effect [26]. This type of equipment allowed to determine 
the effect of LiOH on zirconia microstructure and to 
compare the microstructure obtained in these conditions 
with the one grown directly in LiOH rich water autoclave 
[23]. The detrimental effect, on corrosion rate, of high 
LiOH content, specially the PWR water in thick oxide film 
porosities or in nucleate boiling conditions, has been ac- 
knowledged since a long time [27,28] and is now under 
close investigation [23,29,30]. An enhanced dissolution 
kinetics of the tetragonal phase has been proposed [31], but 
a clear understanding of the physical processes involved is 
however still lacking. 

3.2. Radiolysis 

Following an early proposal on a thick film effect on 
irradiation induced corrosion of Zr alloys [32], it has been 

Ir 

Rh 

Ir 

holding site 

Fig. 4. Schematic view of the irradiation device used to analyze 
the effect of local radiolysis on corrosion rate. 

proposed that a local radiolysis could occur under irradia- 
tion in the porous part of thick zirconia layers, with high 
values in front of emitters [33]. Further analysis of the 
energy deposition rate have shown an increase in radioly- 
sis of the water close to the oxide interfaces, due to an 
additional secondary electron flux arising from zirconia 
[34]. In order to analyze the potential effect of any local 
energy deposition on corrosion rate of the cladding in a 
PWR environment, an experiment has been set up, where a 
short fuel rod has been irradiated in a pressurized loop, 
with local sources of 13 electrons placed at various 
positions in front of the fuel rod [35]. 

Using a new fuel cladding tube already oxidized to 6 
Ixm in an out of reactor loop, a fuel rod has been con- 
structed and irradiated in a nucleate boiling device in the 
Silos reactor for 77 days at a maximum linear power of 45 
kW m -  1. The device was equipped with insulating holders 
loaded with iridium and rhodium foils. One holder was 
free of materials to confirm the absence of any thermo-hy- 
draulic perturbations responsible for a corrosion rate in- 
crease. The sketch of this device and its fuel rod is given 
in Fig. 4. Due to the neutron capture of the 13 emitters, the 
linear power was slightly reduced locally in front of these 
sources. The increase of energy deposition rate was in- 
creased only by a factor of 1.25 (from 6 W g -  ~ outside the 
sources, to 8.5 W g-~ in front of Rh sources). After 
irradiation the oxide layer thickness, shown in Fig. 5, is 
weakly dependant of the axial position and no specific 
increase can be found in front of the sources. 

This result seems to be in direct disagreement with a 
recent experiment performed with a similar aim in a BWR 
environment [36,37], where localized enhanced corrosion 
was found in front of Pt foils. However several differences 
have to be highlighted between these two experiments. The 
main difference concerns the coolant conditions: in the 
PWR device LiOH = 2 ppm was added as well as H 2 (3-5  
ppm) and 0 2 was maintained at 5 ppb (note the absence of 
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Fig. 5. Relative oxide thickness along the fuel rod after 77 days in 
the irradiation rig. Kir r is the measured oxide thickness divided by 
the thickness expected without irradiation. EDR is the energy 
deposition rate. 

boron). The BWR device was in two phase flow and the 
oxygen content was comparatively high (300 ppb) and had 
a coolant flow 10 times higher. The lack of any detectable 
radiolysis effect in the Silo6 experiment was tentatively 
analyzed by a possible overwhelming by other irradiation 
effects in the oxide (such as enhanced diffusion of the 
oxygenated species or higher conductivity due to electron- 
hole defects). More likely, water radiolysis efficiency has 
been inhibited compared to the BWR experiment, due to 
the low amount of oxygen in the water and the large 
additions of hydrogen. 

Indeed, slight radiolysis effects were found in other 
experiments, specially during autoclave corrosion or elec- 
trochemistry testings in the vicinity of [3 emitters per- 
formed with aerated water and no addition of hydrogen 
[35]. The contribution of the water chemistry appears as a 
major parameter controlling the intensity of any radiolytic 
effect. 

4. C o n c l u s i o n s  

The effect of irradiation on the corrosion kinetics of 
Zircaloy has been analyzed using analytical TEM for 
characterizing microstructural evolution of the zirconia 
grown out of- and in-reactor and their consequences on the 
corrosion rate. Clear differences are found in the mi- 
crostructure that can be tentatively explained either by the 
irradiation induced evolution of microstructure (amorphous 
transformation of the precipitates and Fe re-solution) or by 
the radiation damage in the oxide layer during nucleation 
on the Zr matrix or during growth in the dense layer. In 
addition, a dissolution/re-precipitation mechanism of the 
tetragonal zirconia induced by hot water and enhanced by 
high LiOH concentration in the coolant would be consis- 
tent to explain the acceleration of the corrosion rate in 
reactor. 

An experiment has been set up in which a short fuel 
rod has been irradiated in a PWR environment in front of 

[3 emitting foils. In contrary to a similar experiment per- 
formed in BWR conditions, no local corrosion enhance- 
ment was found. This result tends to emphasize the low 
tendency for local corrosion acceleration induced by [3 
radiolysis without two-phase flow conditions a n d / o r  with- 
out a sufficient oxygen content. 
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