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Abstract 

In WVER and RBUK reactors now in operation a good quality of 
primary coolant la achieved and the required corrosion resistance 
of structural materials and normal irradiation conditions are 
ensured* 

Data on commercial fuel operation and clad material (Zr \f> Nb 
alloy) condition are briefly generalized. 

Some results of reactor investigations of corrosion behaviour 
of commercial Zr 1* Nb alloy under the condi Uon or WV/ER and RBMK 
coolant are discussed and compared. 

It ia established that the chemical effect of coolant on fuel 
cladding does not In itself limit its serviceability at design 
burn-ups but due to the possible processes of crud formation, 
corrosion (total and local), fretting-corroaion and hydriding it 
can Influence the fuel reliability. This influence is qualitative
ly assessed through a rise in the clad temperature, a reduction 
of material plasticity and clad thickness. 

1. Introduction 

The atomic power in the USSR is mainly based on NFP with 
reactors of two typesi vessel water moderated and cooled ones 
(VAVER) and water cooled graphite moderated pressure tube ones 
(RBUK-1000, RBMK-1500). 

The water chemistry of the reactors is essentially mastered 111. 
An extensive programme of nuclear heat supplying plant construct
ion is envisaged. 

At RBUK HPP neutral water chemistry conditions are adopted 
that do not require any corrections. The conditions are provided by 

employing ion-exchange filters and the by-pass cleannlng of the 
reactor circuit using successively precoat and ion-exohangu 
filters. 

The following features are charoteriatic of the water 
chemistry of the WWfiR N?l"s; suppression of water radlolysls 
with hydrogen resulting In the core from irradiation-induced 
chemical decomposition of ammonia; a higher value ot pH maintained 
through the addition of KOII; boric acid used to control the reactor. 

In operating reactors the good quality of the primary coolant 
ia achieved! the required corrosion resistance of structural ma
terials and normal radiation conditions are provided. Never
theless, the quest for increasing the fuel burn-up and the operat
ion of HPP under load-follow conditions attracts great attention 
to the Influence of the water chemistry on the behaviour of a 
cladding material and the reliability of fuel as a whole. 

This paper considers some aspects of the problem as applied 
to pin type fuel rods clad with fully reoryitallized Zr-1$ 
weight Nb alloy and fueled with sintered UO- pallets. 



H 2. Summary of operational Experience 

2.1. Reactors of VWER Type 
Specification for the primary circuit water of WWER reaotors 

specify the maximum permissible concentration of objectionable 
Impurities, the optimum value of pH and the required concentrat
ion of alkaline corrosion Inhibitors. The aotual quality of water 
at MVP's under operation is higher than that specified. Table 1 
tabulates the specified quality of the primary circuit water of 
the 1I-IV units of HV HPP [2]. 

The hot cell examinations of fuel elements I 3 J show that the 
amount of corrosion products deposited on the WWEft fuels is in
significant and cannot be the cause of the failure In heat trans
fer. The crude are dark brown and are found on • dark grey oxide 
film on fuel claddings and readily removed with a wad of ootton 
wool. 

The oxide film thickness on the claddings is Insignificant 
and is not higher than several Microns. The hydrogen content of 
the fuel claddings la at the level of the initial values. The 
room temperature plasticity of Zr 19 lib alloy Is higher than 5*. 
Mo attrition of claddings at the sites where fuel elements con
tact grids la observed. 

2.2. Reactors of RBMK Type 
The long-term RJBUK WPP's operation showed that the actual 

water chemistry of coolant is much better than the designed one. 
Table 2 gives the specified quality of coolant [4J. 
Despite the stringent water chemistry there are deposits of 

circuit corrosion products on fuel clada the thickness of which la 
40-60 mem. Deposits of 90S are ferrum oxide compounds. The maximum 
film thickness is observed in the region of the onset of boiling. 

It was determined from the readings of thermocouples that record 
temperature variations at the inner surface of fuel clads in the 
region of the onset of boiling and in the region or coolant boil
ing. 

Acid washings of the primary circuit of the RBUK reactor 
[l, 16J gave positive results and it Is established that in the 
process of washing orud la rinsed from fuel element surface with 
adequate effectiveness. 

It has been established that in boiling coolant fuel claddings 
oxidize to form non-uniform oxide film and hydride Insignificantly. 
No attrition of claddings at the site of fuel element-grid con
tact Is observed. 

3. Relationship between Water Chemistry and Puel 
Element Reliability 

3.1. General 
As it has already been pointed out in the core basically 

the following processes are encountered on the outer surface of 
fuel elements In the coolant flow: 

- crud formation; 
. corrosion (total and local); 
- hydridlng; 
- fretting corrosion. 
Cruds can significantly affect the temperature of fuel 

cladding and to a lesser extent the hydraulics and physics of 
the reactor as a whole. 

In this country much attention is paid to the study Into 
the mechanism of formatton of crud on fuel elements; several mo-



dels of this process and empirical dependencies are known, but 
there is no unified and generally recognized theory of the process 
at present. 

Corrosion and hydrlding of Zr 1* Nb alloy are adequately 
studied under both out- and ln-plle conditions. Then, special 
attention was paid to the effect of the aggregate condition of 
coolant (steam, steam-water mixture, water), the duration of test
ing, the Irradiation conditions. Specimens and pilot fuel elements 
clad with Zr 1* Mb alloy teated in research reactors Sll-2, MIR, 
WK-50, MR[5-10, 2l]showed that: 

- low oxygen water corrosion of Zr 1% Nb alloy under pressure 
is weakly irradiation dependent (see fig.1); 

- corrosion of Zr 1ft Nb alloy in boiling coolant is sensitive 
to the oxygen content and weakly irradiation dependent (see fig.2); 

- at low heat loads there is an insignificant difference 
between corrosion rates and absolute values of weight gains both 
in water under pressure and boiling water (see fig.3); 

- following even the long-term Irradiation under the condit
ions of both WWER and RBMK the hydrogen content does not exceed 
0.01-0.024 and is slightly sensitive to a heat load; 

- hydrides In pilot fuel clads are oriented either in chaotic 
or circular manner. When corrosion centers appear at the areas 
adjacent to hydrides the latter are arranged radially. 

At present the studies into corrosion and hydriding are 
aimed at opening further possibilities of commercial Zr 1% Nb 
alloy at maximum neutron doses and operaion time. 

Fretting corrosion should be expected at the Interface between 
fuel claddings and spacer grids where under the action of vibrat
ion small amplitude translations of the aaaembly components are 

possible. At present the phenomenon is being studied by performing 
full-scale life-time tests under the conditions closely approach
ing the design ones and controlled by "hot" cell examination of 
spent commercial assemblies. The studies showed that the assemblies 
designed for the WWER and RBMK reactors provide for the fuel operat
ion without noticeable traces of fretting oorroolon. 

3*2. Analysis of Influence of Water Chemistry on Fuel 
Reliability 

As it is shown by the experience gained from HPP'a under 
operation [3,8,18-20] with the existing specifications for the 
quality of the primary circuit water the processes of crud format
ion, corrosion, fretting-oorrosion and bydridlng on the ooolant 
side do not In themselves limit the serviceability of the fuel 
clad material at the design burn-up of the fuel unloaded (up to 
35000 MWd/t). The results of the loop tests of pilot fuels are 
available that permit us to hope that this Is also valid for high
er burn-ups 50000-80000 *JWd/tU[l4,15] . 

However, undoubtedly, when combined with other factors such 
as force effects induced by mechanical fuel-clad interaction, 
chemical effect of the Inner surfaae, neutron irradiation and 
others the action of coolant on the outer surface can influence 
the fuel reliability. This influence will be effected through: 

- rise of clad temperature; 
- reduction of material plasticity; 
- reduction of olad thickness. 
Below the processes will be dealt in more detail. 
A rise of fuel clad temperature due to the formation of a low 

heat conductivity crud layer is most dangerous for fuels of the 
RBMK type and according to the extreme estimates it can ammount 



IS to a few tens of degrees. In Its turn, this temperature rlae can, 
on the one hand, lead to an Increased rate of accumulation of creep 
Induced residual deformation and, on the other, to aa lnoreaaed 
rate of corrosion and hydrlding. 

A reduction In tha fuel clad plasticity due to the chemical 
action of coolant can result from the processes of hydrlding, 
formation of a corrosion layer and brittle diffusion under-ozlde 
layer saturated with oxygen. Thus, hydrides are not reponalble 
for the reduction In the clad plasticity at the H, concentration 
of <0.01 W/o (fig.4), but, on the other hand, when unfavourably 
(radially) oriented they aid In the growth of crack-type defects 
even at the levels of tensile stresses below one half of the yield 
strength, [ll] . 

Ilhen mechanically tested by Internal preaaurization of pur
posely oxidized SMER-type clada the latter first showed cracking 
of a corrosion layer and only after-wards the specimen ruptured. 
Thus, the crocks of the corrosion layer started to appear at a 
relative diameter Increase Ca • 5-1% for the corrosion layer 
thickness O > 15 mem and at £ e • 4-6* for O = 20 mem and 
subsequently became initiators of failure Mil . 

A reduction in the Zr \% Mb alloy elongation effected by water 
and steam corrosion as a function of test time is illuatrated in 
fig-5 [l7J. 

The kinetics of the total elongation depending on the depth 
of the under-oxide oxygen saturated layer depth can be estimated 
from the results of the tests of flat zirconium alloy 
(Zr - 1ft Pe - 0.8* Cu) specimens 0.8 mm thick oxidized In superheat
ed steam at 450°C f12]. As it follows from fig.6 the formation of 
a diffusion layer 20, 30 and 40 acm thick on both the sides of the 

specimens results in their embrlttlement by approximately 50, 60 
and 70$, respectively. 

A reduction of the wall thickness as Induced by oorrosion can 
lead to the growth of acting membrane stresses by no more than 
5-1054 (due to the non-uniform oorrosion) and a deorease of the 
total elongation due to the looal corrosion affeoted strain and 
stress concentration. One oan estimate the effect of non-uniform 
corrsion on total elongation in the hoop direction of the WWEH-type 
tubes from the results of work [13J. that are shown in fig.7. The 
figure presents the dependencies of the hoop deformation of Inter
nally pressurized WWER-type clada on the depth of purposely 
made defects of an angle mark type. It oan be seen from the figure that non-uniformitiea of the thickness significantly 

affect plootlc oharaoteriatios. 
From comparison of the results of the tests of annular specimens 

reactor U1R (pressurized water) and fI-50 (boiling water) irradiat
ed one can estimate the contribution of looal oorrosion damages that 
took place in WI-50 reactor specimens to a decrease in the total 
alloy elongation. Aa it is evident from fig.8 they lead to an 
approximately 1/2 reduction in the total hoop elongation. 

Based on the above the influence of the ooolant chemical act
ion on fuel reliability can be more clearly demonstrated using 
deformation orlterlon of failure as an example. Aooordlng to the 
criterion the condition for the olad failure is written down aui 

£fl ^ £p o) 

where Oj) is a value of a random amount of acting deformations; 
£p Is a value of a random amount of ultimate breaking 

strains. 



Assuming random values to and Op to he distributed accord 
ing io the normal law the probability of failure, I.e., fulfilment 
of condition (1) will be quantitatively determined by the relation 
between mathematical expectations M(C« ) and M( Co ) and dlspers-
iona D( Co, ) and D( £p ). Thus, the probability of failure due 
to the chemical effect of coolant can increase owing to the 
following: 

- increasing level of deformations noting In a clad, i.e., 
through the riae of the olad temperature, uniform and non-uniform 
clad thinning: 

-decreasing the level of ultimate clad strains at failure, 

i.e., M( Op ) , owing to hydrlding, local corrosion and format
ion of sub-oxide layer saturated with oxygen; 

- Increasing the scattering of the random amounts of defonnat-
iona, i.e., D( c. ) and D( Oa )• 

It la graphically Illustrated in fig.9. 

Conclusion 

t. The experience gained from the operating WWER and RBUK 
HPP'a showed that with the existent specifications for the primary 
water coolant the procesaea of crud formation, corrosion, fretting-
corroaion and hydriding are not In themselves limiting. 

2. The chemical action of coolant on fuel clad combined with 
other factors (mechanical effect of fuel on clad, chemical process
es at the internal clad surface, irradiation induced embrittlenient 
and ottO can influence the fuel reliability. 
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Table 1 
Values characterizing Primary Water Coolant Quality of II-IV Unita 

of HVNFP 

Coolant quality Dimena- Specified 
ion value 

pH >6.0 
Potassium concent
ration mg/kg 2.0-16.5 
Ammonia concentrat
ion mg/kg >5.0 
Oxygen concentrat
ion mcg/kg <$10 
Hydrogen concentrat
ion (normal condit- ml/kg 30-60 
ions) 
Chloride concentrat
ion mcg/kg ^100 
Boric acid concent
ration (depending g/kg 0-8 
on core condition) 
Corrosion product 
concentration in terms 
of iron under steady-
state conditions mcg/kg -$ 200 
under transient 
conditions mcg/kg .< 1000 

Table 2 
Values characterizing RBMK Reactor Coolant Quality 

Coolant quality Dimension Specified 

PH 
Specific electrical conductivity rocCm/cm 
Chloride concentration mcg/kg 
Iron concentration mcg/kg 
Copper Concentration mcg/kg 
Hard salt concentration mog/eq/kg 

'The concentration of 150 mcg/kg is allowed for a short 
period of time, up to a day 

'The concentration of up to 1000 mcg/kg is allowed under 
tranaient and atart-up conditions 

6.5 - 8 . 0 

^L 1.0 
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*? 15 
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MODEL EXPERIMENTS OF CRUD DEPOSITION ON THE 
SURFACES OF ZIRCALOY AT HIGH TEMPERATURE 
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Abstract 

The deposition of crud particles on Zircaloy fuel surfaces 
is very important in the activity build-up process in the primary 
coolant systems of LWR. There have been several works 1)~'/') 
on this subject, bur. the mechanism is still not well understood 
with some inconsistency in the deta obtained so far. In this 
work the experiments were carried out using "mono-disperse" hema
tite particles with narrow particle size distribution as model 
crud to investigate the deposition process on the boiling surfaces 
at high temperature. The effects of several factors such as 
crud concentration, heat flux, crud particle diameter and pH were 
examined, and the experimental results were explained on the basis 
of the theoretical consideration on the eiectrokinetic interaction 
between the crud particle and the surface. 
EXPERIMENTAL 

Several kinds of hematite partlcleB having narrow size dis
tribution were prepared 5j,6J a n j j n Table I are shown their aver
age diameters end standard deviations determined by means of SEM. 
Electrophoretic mobilities of the hematite and zirconium oxide 
particles were measured with a Rank Brothers Microelectrophoresis 
apparatus. The point of zero charge(PZC) was evaluated with the 
hematite particles at higher temperature according to Tewari me
thod ' ) . 

The schematic diagram of the experimental «t high tempera
ture loop is shown in Fig. 1. The crud particles were dispersed 
ultrasonically in resorvoir 1 and circulated through pre-heater 2 
to test reactor 3 with Zircaloy-2 rod (1.2mm outer diameter and 
250mm long) into which an electrical heater was fitted. All the 
system was pressurized up to 7MPa by pressurizer 8 with argon gas. 

After the deposition experiment's were finished, the zircaloy 
rod was taken out from the reactor and the surface was observed 
visually and in some cases by means of SEM or optical microscope. 
The lower part of the rod near the inlet of the particle disper-


