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ABSTRACT 

 Generally, Pressurized Water Reactor (WWER, PWR) Fuel Element Performance 
is connected with fuel cladding corrosion and crud deposition processes. By transient to 
extended fuel cycles in nuclear power reactors, aiming to achieve higher burnup and 
better fuel utilization, the role of these processes increases significantly. This evolution 
modifies the chemical and electrochemical conditions in the reactor primary system, 
including change of fuel claddings’ environment. The higher duty cores are always 
attended with increased boiling (sub-cooled nucleate boiling) mainly on the feed fuel 
assemblies. This boiling process on fuel cladding surfaces can cause different 
consequences on fuel element cladding’s environment characteristics. 
 In the case of boiling at the cladding surfaces without or with some cover of 
corrosion product deposition, the behavior of gases dissolved in water phase is strongly 
influenced by the vapor generation.  The increase of vapor partial pressure will reduce the 
partial pressures of dissolved gases and will cause their stripping out. By these 
circumstances the concentrations of dissolved gases in cladding wall water layer can 
dramatically decrease, including also the case by which all dissolved gases to be stripped 
out. On the other hand it is known that the hydrogen is added to primary coolant in order 
to avoid the production of oxidants by radiolysis of water. It is clear that if boiling strips 
out dissolved hydrogen, the creation of oxidizing conditions at the cladding surfaces will 
be favored. In this case the local production of oxidants will be a result from local 
processes of water radiolysis, by which not only both oxygen (O2) and hydrogen (H2) but 
also hydrogen peroxide (H2O2) will be produced. While these hydrogen and oxygen will 
be stripped out preferentially by boiling, the bigger part of hydrogen peroxide will remain 
in wall water phase and will act as the most important factor for creation of oxidizing 
conditions in fuel cladding environment.  
 Our interpretation of the sub-cooled nucleate boiling impact on the PWR fuel 
cladding’s chemical environment explains the most important change of the fuel 
cladding’s environmental characteristics – the creation of oxidizing conditions. This 
conclusion requires new criteria for corrosion resistance properties of fuel cladding 
materials. These materials must have high corrosion resistance by oxidizing conditions.  
 The presence of oxidizing conditions in PWR fuel cladding’s environment 
explains also in practice observed fact that the nickel oxide formation dominates over the 
metallic nickel in corrosion product depositions on fuel elements’ cladding.  
 Our conclusions offer a logically explanation of prime root cause for Axial Offset 
Anomaly in US Westinghouse NPPs – the lower corrosion resistance of Zircaloy-4 
cladding materials by oxidizing conditions occurring by sub-cooled nucleate boiling. 
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The passing of the Pressurized Water Reactors (PWR, WWER) to the extended 
fuel cycles is accompanied with using of UO2 –fuel with higher 235U contents. This 
allows reaching higher neutron flux in the centre of the core and improvement of the 
neutron economy. 
 As a consequence utilities have uprated existing systems for higher power output 
and, in parallel, refueling outages have consistently become shorter in duration.  
 The final results are increased fuel burnup and improved economic performance, 
ensured by the decrease of the fuel costs.  
 But the higher duty cores are always attended with increased boiling (sub-cooled 
nucleate boiling – SNB), mainly on the feed fuel assemblies. Garbett [1] has evaluated 
the increased SNB as an important penalty of burnup extensions in PWR. The reason of 
this evaluation was in addition enlightened [2], by the explanation that the boiling has a 
significant impact on the chemical environment of the fuel claddings: 
 The thermal hydraulics defines the steaming profile of the core. In the case of 
boiling, the steaming at the cladding surface regions has as a consequence that the 
substance concentrations in the water phase at the cladding layer increase significantly in 
comparison with bulk coolant water. (The base of this concentration process is the 
differences in solubility of the substances in both vapor and liquid phases as the solubility 
of substances in the vapor are significantly lower than in the liquid water phase.) The 
effective substance concentrations in water liquid phase at the wall layer are results of the 
balance between the mentioned concentration process and the supplies from bulk water 
flow with lower substance concentrations. These steaming concentration processes 
determine the differences between bulk coolant chemistry and the local (surface) 
chemistry. The local chemistry practically characterizes the chemical environment of the 
fuel cladding and determines the aggressiveness of the cladding water phase solutions to 
nuclear fuel cladding materials causing their corrosion and formation of the cladding 
corrosion product deposits. The formation of deposition of coolant’s crud (result of ex-
core corrosion processes) on the fuel cladding favorites in addition the mentioned 
concentration processes.  

In some cases substances’ concentration in the wall layer or in deposit’s pores is 
possible to exceed the solubility threshold and some of the individual dissolved salts start 
to crystallize or the ions of different dissolved salts start to interact, forming the lower 
soluble compounds (start of precipitation processes).  

The processes of crystallization or/and precipitation are possible ways for the 
hidden of these coolant salts in the cladding wall layer.   

It is clear that chemical environment inside the deposits or/and on the cladding 
surfaces can be changed significantly by boiling. Some of the species may be corrosive 
for the cladding surface materials. For example, if reactor coolant contains lithium ions as 
neutralizing agents of boron, the concentrated lithium on the cladding wall area will 
accelerate oxidation of zirconium alloys [3] and will affect the fuel performance. This 
conclusion explains “the unexpected fuel issues as oxidation levels and fuel failures, 
particularly those involving higher than predicted oxidation by implementation of high 
burnup or high fuel duty or both in some Westinghouse PWRs.” [4]. 

The boiling at the cladding surfaces strongly influences the behavior of gases 
dissolved in cladding water layer phase. Parallel with the increase of the vapor 
generation, the vapor partial pressure will also increase. The increase of vapor partial 
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pressure reduces the partial pressures of dissolved gases and causes their stripping out. 
The concentrations of dissolved gases in cladding wall water layer can dramatically 
decrease including also the case by which all dissolved gases to be stripped out. On the 
other hand it is known that the hydrogen is added to primary coolant in order to avoid the 
production of oxidants by radiolysis of water. It is clear that if boiling strips out dissolved 
hydrogen, the creation of oxidizing conditions at the cladding surfaces will be favored. 
In this case the local production of oxidants will be a result from local processes of water 
radiolysis, by which not only both oxygen (O2) and hydrogen (H2) but also hydrogen 
peroxide (H2O2) will be produced. While these hydrogen and oxygen will be stripped out 
preferentially by boiling, the bigger part of hydrogen peroxide will remain in wall water 
phase and will act as the most important factor for creation of oxidizing conditions in fuel 
cladding environment, together with some radiolytical radicals. This means that the 
creation of oxidizing conditions in the nuclear fuel cladding environment is not a direct 
boiling consequence but it is  a result of the synergic impact of the boiling- and water 
radiolysis- processes on the Pressurized Water Reactor fuel cladding surfaces.  [2]. 

As a result of the mentioned synergic impact of the boiling- and water radiolysis- 
processes, by burnup extension in Pressurized Water Reactors, the fuel cladding 
environment characteristics are changed from reducing to oxidizing. This change from 
reducing (hydrogen reach) to oxidizing is the most important, with dramatically 
consequences change of the fuel cladding environment characteristics.  

The creation of oxidizing environment on the fuel cladding by presence of SNB 
has an impact on the chemical characteristics of the cladding corrosion product deposits, 
explaining the observed fact that the nickel oxide formation dominates over the metallic 
nickel. 

On the other hand, after Garbett et all [5], [6], the ratio NiO/Ni0 is determined by 
both temperature and hydrogen concentration. These authors have underlined that 
“Nickel is favoured at low temperature-high hydrogen and nickel oxide at high 
temperature-low hydrogen”.  At the same time it was concluded that “Boiling on the 
hottest fuel assemblies will reduce the local hydrogen concentration in the water phase, 
but not sufficiently to give oxidising conditions…” and that “oxidising conditions are not 
a pre-requisite for the NiO formation”. [7]. 

Independently of these different opinions, it is undoubtedly that by creation of 
oxidizing conditions, the corrosion resistance of Zircaloy-4 is lower and corrosion of the 
Zircaloy-4 alloy is a fact. The presence of monoclinic ZrO2 in the crud deposit samples 
from Callaway Cycle 9 fuel (Span 6A), presented at Fig.1 [8], [9] must be interpreted not 
as “a surprise” [9] but as a confirmation of the Zircaloy-4 corrosion, as a source of this 
oxide.  

The creation of oxidizing conditions in the nuclear fuel cladding environment in 
Pressurized Water Reactors operating with a boiling core requires new criteria for 
corrosion resistance properties of fuel cladding materials.  

The selection and implementation of such kinds of fuel cladding materials will 
ensure the long term performance of the fuel elements of the high duty PWRs, which 
operation conditions will be always attended with sub-cooled nucleate boiling 
phenomena. 

Such kinds of fuel cladding materials as Russian fuel cladding material E 110 
(Zr1Nb) and French fuel cladding material M5TM would be alternatives to Zircaloy-4 fuel 
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cladding material which shows a comparatively limited corrosion resistance by oxidizing 
conditions - (Fig.2) [10]. 

The fuel cladding material E 110 (Zr1Nb) has been used for a long time to 
manufacture fuel assemblies cladding of Russian Light Water Reactors – WWER-440 
and WWER-1000. After Smirnov A.V. et all, [10] the behaviour of E 110 was examined 
as cladding material used in commercially produced fuel assemblies with steel skeleton, 
by operation under standard WWER-1000 operating conditions, reaching a burnup up to 
65 MWd/kgU. 

Included in Fig.2 data for the Russian alloy E 635 (Zr-Nb-Sn-Fe) indicates the 
similarity in corrosion behaviors of this alloy with Zircaloy-4.  

This observation was in detail confirmed by the data (Fig.3) of a parallel 
investigation of both E 635 and Zry-4 by PWR conditions carried out in the frame of the 
Halden Reactor Project activities [11].    

More detailed comparison of the corrosion resistance of cladding alloy E 110 and 
Russian cladding alloy E 636, which have a similar corrosion behavior as Zircaloy-4, is 
presented at Fig. 4 [10].  

The Fig.4 data were obtained by parallel examination of both fuel rods with E 110 
cladding and with E 635 cladding by operation under standard WWER-1000 operating 
conditions, reaching a burnup up to 65 MWd/kgU (Fuel Rod with E 110 cladding) and a 
burnup of 35-40 MWd/kgU (Fuel Rod with E 635 cladding), respectively.  

It was established that “Oxidation of the WWER fuel rod claddings made of the 
E110 alloy is rather small under WWER normal operating conditions. The oxide film 
thickness is no higher than 10-15µm at the maximum fuel burnups up to 65 
MWd/kgU.”…“ In most cases the oxide film is uniform and dense. It doesn’t have any 
cracks and exfoliation. The E 110 cladding surface is grey in color. Fain oxide spots and 
boundaries may be observed.” [10] and that “oxidation of the E 635 claddings is higher in 
comparison with E 110 as maximum oxide film thickness (on the E 635 claddings) makes 
up about 40-59 µm” … “As the altitude coordinate increases, the oxide film thickness 
increases also and is at the high at the upper part of the fuel rod (FR). The surface 
becomes white in color. The oxide film structure exhibits cracks, pores and exfoliations 
on the E 635 claddings.” [10]. 

 “The E 635 (Zr-Nb-Sn-Fe) alloy has been developed mainly as a structural 
material for the angel pieces and guide channels which has shown exceptionally high 
irradiation stability”. [12].  

The above mentioned comparison results [Fig.2, Fig.3, Fig.4] allow to obtain the 
necessary “experimental” confirmation of our thesis that by high duty core PWRs 
operation, attended with sub-cooled nucleate boiling, the change of fuel cladding 
chemical environment from reducing (hydrogen reach) to oxidizing require new criteria 
for corrosion resistance properties of fuel cladding materials and that these materials 
must have high corrosion resistance by oxidizing conditions.  

(The obtaining of direct experimental comparison of the corrosion behaviors of 
Zicaloy-4 and the Russian E 100 (Zr1Nb) and French M5T respectively, by PWR- and 
WWER- operating conditions was impossible for us (time and money limitation). 
 The fact that different authors [10], [11] with different investigation goals have 
obtained and published results, which allowed to be used as a mental experimental 
confirmation of the effects of synergic impact of the boiling- and water radiolysis- 
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processes on the Pressurized Water Reactor fuel cladding chemical environment and their 
material corrosion behaviors,  can be evaluated as a happy circumstance.  

 
Conclusion: 

The above made interpretation allows the conclusion that the elimination of the fuel 
cladding material corrosion by oxidizing conditions, through application of corrosive 
resistant by these conditions cladding materials, will ensure the significant reduction of 
corrosion attack and corrosion product deposits on fuel cladding surfaces (the oxide 
thickness 5-10 µm), and as consequence will eliminate the fuel performance problems 
connected with the fuel cladding corrosion processes, if SNB occurs by extended fuel 
cycles.  

This conclusion offers a logically explanation for one of root causes for Axial Offset 
Anomaly – the lower corrosion resistance of Zircaloy-4 cladding materials by oxidizing 
conditions occurring by sub-cooled nucleate boiling 
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Fig. 1 Callaway corrosion product flake 
Elemental analysis [8] 

 
 

 
 

Fig.2 Maximal oxide film thickness as a function of fuel burnup [10] 
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Fig.3 Oxide thickness growth of Alloy E635 under PWR conditions; comparison with 
Zry-2 and Zry-4 with low and high Sn content [11] 
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Fig. 4 Distribution of oxide film along the FR claddings made of E 635 and E 110 
alloys after operation within 3 fuel cycles [10] 
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