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layers, and penetration of the oxygen containing caesium in between the oxide film 
and the alloy explain the strong increase of corrosion. 
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ABSTRACT 

The role of caesium in fuel—cladding interaction of austenitic stainless steels 
with mixed oxide fuels is discussed by considering the phase relationships, oxygen 
potentials and defect structures of the oxide layers and the oxygen containing 
liquid multicomponent caesium phase. 

The possible reaction mechanisms of the various kinds of attack, the formation 
of a layered structure, the surface ablation of steel or matrix attack, and the inter-
granular attack are discussed. The initial alloy oxidation state of the stainless steels, 
obtained by the formation of a passivating oxide scale is considered on the basis 
of the chromium content, the constitution diagram and the oxygen partial pressure 
at the fuel surface. Dissolution of the oxide components at high burn-up in the 
oxygen containing liquid caesium phase by oxygen exchange reactions gives a 
reasonable explanation for changes in oxidation rate caused by changes in defect 
concentration. The scale formation, stress development, breakdown of the oxide 
layers, and penetration of the oxygen containing caesium in between the oxide film 
and the alloy explain the strong increase of corrosion, 
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The Role of Caesium in Chemical Interaction of Austenitic Stainless Steels 
with Uranium Plutonium Oxide Fuels *) 

1. INTRODUCTION 

Swelling and clad corrosion are the main life limiting factors of a fuel 
element at high burn-up. As a consequence of the latest irradiation re
sults /_l,2/> clad corrosion is given increasing priority. The high burn-up 
system under consideration is a multicomponent system formed under the ir
reversible conditions of radial temperature and composition gradients and 
fission product distribution. Considerable uncertainties exist with re
gard to chemical state and concentration of fission products.· A practical
ly uncontrolable crack formation during fuel cycling provides radial gas 
phase connections under high temperature gradients, thus enabling gas 
transport, which can lead to remarkable changes of fission product concen
trations along the clad. Postirradiation examinations /_3,A/ of irradiated 
fuel pins reveal various kinds of chemical attacks, mainly depending on the 
oxygen potential, the temperature and burn-up, resulting in the formation 
of a layered structure, the dissolution of passivated oxide films, the ab
lation of the steel or matrix attack, and finally the intergranular attack. 

For a successful approach it seems unavoidable to simplify the multicompo
nent system by restricting it to the main reaction products formed at the 
interface fuel cladding. The role of caesium, being regarded as the most 
aggressive fission product /_5,6/ in clad interaction, and the reaction me
chanisms are discussed by comparing the initial state of oxidation of the 
austenitic stainless steel and its defect mechanism with the final reaction 
layers found at high burn-up. 

*) Manuscript received on August 22, 1972 
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2. INITIAL OXIDATION STATE OF AUSTENITIC STAINLESS STEELS AT THE OXYGEN 

POTENTIAL OF THE URANIUM PLUTONIUM OXIDE FUEL 

2.1 Phase Relationships and Oxygen Potentials of the Protective Oxide 

Scales and the Fuel 

The chemical state and structure of oxide scales on the cladding of austeni

tic stainless steels [1] are given by the oxygen potential and temperature 

at the fuel surface and the phase relationships within the phase fields of 

significance of the FeCr0 ¿β, 9, lo, 1J_7, NiCr0 /Ϊ2_7 and Fe-Cr-Ni-0 /J2/ 
diagrams. 

The composition of the oxide scales depends strongly on the Cr concentration 
of the alloy, as shown in the phase diagram Fe-Cr-0 and Ni-Cr-0 given in 
Fig. 1 and 2. The principal oxides formed on pure iron oxidized on air /_] 1, 
13/above 570°C are FeO, Fe 0 and o<.-Fe 0 . Above 700°C 95% of the oxide con
sists of wiistite FeO. Below 570 C only Feo0. and Fe„0„ are found. Small ad-

3 4 ¿_J> 

ditions of Cr up to 2% increase the oxidation rate /_14,15_/. From 2  13%, 

FeCr alloys are in equilibrium with the spinel type (Fe,Cr)_0,. The oxida

tion rate decreases with increasing Cr content. Above 13% Cr, the FeCr 

alloys are in equilibrium with Cr„0_. The range of FeCr alloy solid solu

tions coexisting with the spinel type oxide (Fe,Cr)„0, seems rather uncer

tain /Jo,11/. The same applies to FeO coexisting with chromite intermediate 

compositions of the magnetite Fe„0,  FeCr^O,. Both composition limits 

marked by A and Β in Fig. 1 are subject to further investigation. In addi

tion, the range of solid solutions FeCr which coexist with wiistite FeO as 

a function of temperature is also open to further investigations. According 

to the phase diagram given by Seybolt ZS7, solid solutions of FeCr below 

13 wt.% are not compatible with the (Fe,Cr)„0„ type oxide. An ironchromite 

(Fe,Cr) 0, spinel [\bj , i.e., a solid solution of Fe 0, with FeCr„0, as an 

intermediate layer,should be expected. 

According to Fig. 2 /_12/, the oxide scale in equilibrium with NiCr alloys 

at 1000 C is of the spinel type /_167below lo at.% Cr and consists of Cr20„ 

above lo at.% Cr. Microprobe analysis at low Cr contents (< lo at.% Cr) re

veals an oxide layer of NiO above an oxide layer presumably consisting of a 

spinel in an NiO matrix. Above lo at.% Cr the nickel content in the Cr»0_ 
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layer was found to be as low as o.7 at.%. 

The influence of nickel has been investigated by various authors /12, 17, 
18, 19, 2of. Fig. 3 shows a plane section (in reality a three-dimensional 
surface) of the quaternary system Fe-Cr-Ni-0 [\2j, based on the four ter
nary systems, at an oxygen concentration corresponding to the oxygen solu
bility limit of the ternary alloy Fe-Cr-Ni at 1000 C. The minimum chromium 
concentration at which the alloys is in equilibrium with Cr„0-, starting 
from 13 at.% Cr in the Fe-Cr system, passes through a minimum of 7 at.% Cr 
at 7o at.% Ni and 23 at.% Fe to lo at.% Cr in the Ni-Cr system. 

The chromium content of the alloy must, of course, be higher to compensate 
for the depletion caused by the formation of the Cr„0„ scale. A surface 
depletion as low as 10.8 at.% Cr at the interface metal-oxide was observed 
at a bulk concentration of 21.9 at.% Cr. 

Fig. 4 gives the oxygen potential versus temperature of all compounds pos
sibly involved in the initial pure system, which is assumed to be still 
free of fission products, compared to the potential of the oxide fuel at 
various valencies ƒ21, 22, 23, 99/. As shown in Fig. 4, the oxygen potential 
of the oxide fuel is fixed by its temperature and valency. The valency is 
fixed by the fuel composition 0/M and Pu/(U+Pu). To determine whether a 
Fe-Cr alloy with a given Cr/(Fe+Cr) mole fraction at the oxygen partial 
pressure ƒ21, 24,25/ of the fuel surface is in equilibrium with the sesqui-
oxide or the spinel tvpe oxide, its constitution diagram, i.e., log p_, ver-

2. 
sus Cr/(Fe+Cr), must be known. The constitution diagram in Fig. 5 ££>] is 
given for 1300 C. The oxygen partial pressure of a four-valent ternary oxide 
fuel at 1300 C is 10 atm, corresponding to an oxygen potential of 
-93 kcal/mole ¿21, 22, 2_3_7~. According to Fig. 5, only alloy compositions 
above 35% Cr would be in equilibrium with the sesquioxide. According to 
Fig. 4, the oxygen partial pressure at 1300 C above pure Cr„0. in equilibri-

— 16 . 
urn with chromium metal is 10 atm, which is in agreement with the consti
tution diagram. The equilibrium oxygen pressure in Fig. 5, log ρ , at 

. . 2. 
which the alloy is in equilibrium with the sesquioxide, however, increases 
too rapidly with decreasing chromium content. According to the diagram cal
culated by Schmalzried ƒ27/ from the values of Katsura and Muan ƒ28/, alloy 
compositions above only lo% Cr would already be in equilibrium with the 



sesquioxide under the same conditions of an oxygen pressure of 10 atm 
and a temperature of 1300 C. The reason for these deviations seams to be the 
difficulty establishing equilibrium under the condition of relative small 
changes in oxygen pressure. According to Katsura and Muan ƒ28/, the oxygen 
pressure at which the alloys FeCr„0, and Cr»0_ coexist, i.e., within the 
three-phase field of the phase diagram in Fig. 1, was determined to pn = 

-14 . . 2 
2.8.1ο atm. A valency increase of the fuel to 4.001 would increase the 

-12 
oxygen partial pressure to approximately 10 atm, i.e., into the two-
phase field where the alloy is already in equilibrium with the spinel. 

If we assume the singular point,at which the alloy is in equilibrium with 
the sesquioxide and the spinel, to be around 13 % Cr, as indicated by 
Seybolt ƒ8, 9, 4o_/, a depletion of Cr in the alloy to below 13% by the form
ation of Cr„0„ would lead to the formation of an intermediate spinel scale. 
The depletion or possibly variation of the Cr content in the alloy depends 
on the component diffusion coefficients ƒ29, 11, 14, 16/ in the alloy com
pared to those in the sesquioxide and spinel. 

2.2 Defect Structure of the Protective Layers 

To understand the role of fission product reactions on the protective, pas
sivating properties of the (Fe,Cr)„0« oxide layer, it is necessary to in
vestigate its defect structure ƒ30, 3J_/ at minimum oxidation rate. A mini
mum in oxidation rate assumes low rates of ionic transport, which can only 
be expected at low defect concentrations. The increase in oxidation rate by 
adding up to 2% Cr can be explained by an increase in cation defects. A Cr 
content of 2 - 13% results in the formation of iron chromites of the spinel 
type (Fe,Cr)«0,, i.e., in a solid solution of Fe.,0, and FeCr~0,. At higher 
Cr concentrations (13 - 3o%), a minimum in oxidation rate is observed around 
18 wt.% Cr. Cr?0_ and Fê O., form a continuous series of solid solutions ƒ32/. 
Cr„0_ is considered as cation deficient /_14_/. Because of energetic reasons, 
oxygen interstitials are very unlikely ƒ 1 Jj . Fe„0_ is oxygen deficient ¡_ 14/ . 
Transport rates via oxygen vacancies and iron interstitials are comparable 
and depend on temperature. This would mean an equilibrium between Schottky 
/32_7and Frenkel /33_7disorder. Some authors ƒ74, 29, 35, 36, 327 consider 
iron intersitials as slightly more mobile than the larger oxygen vacancies. 



Since the end members of the solid solution range are of opposite defect 
structure, it seems reasonable to assume a minimum in defect concentration, 
i.e., low oxidation rates at more stoichiometric compositions, which itself 
depends on temperature and oxygen pressure ƒ14/. The oxidation rates are 
near to parabolic ƒ3ji/. Cation diffusion through the M„0, type oxide seems 
to be the predominant mechanism in the early stage. A minimum in ionic de
fect concentration was found at 4 mole % Fe„0 ƒ34, iff. Cr„0~ containing 
less than 4% Feo^3 behaved as a p-type semiconductor, whereas Cr„0_ con
taining more than 4% Fe-O« was shown to be a η-type semiconductor. 

Any disturbances of this "defect concentration equilibrium", be it by chemi
cal interaction or under irradiation at a high neutron flux ƒ39/, will tend 
to increase the oxidation rate. The aim of further investigations should 
therefore be to explain a reduction of the protective properties of the 
oxide layers ƒ43, 44/, aside a possible irradiation influence, by reaction 
with fission product phases, possibly by Cr depletion, which may then lead 
to ruptures and cracks because of the formation of stresses and voids at 
the steel - oxide interface, since the cation diffusion through the M_0„ 
type oxide seems to be the predominant mechanism. The possibility of form
ing intermediate layers by chromium depletion ƒ12, 18/and its consequences 
on stress development ƒ9, 11, 15, 4o, 4j_/ by the various oxide to metal 
volume ratios ƒ11, 42/ has to be taken into account. Crack formation could, 
of course, also be due to differential contractions during temperature 
cycling under reactor operating conditions. Stress and crack formation 
ƒ15, 17_/ could finally explain why these scales are lifted giving rise to 
a strongly increased corrosion rate. 

3. FUEL CLAD INTERFACE AT HIGH BURN-UP 

3.1 Determination of Reaction Products at the Interface Stainless Steel -
Oxide Layers - Fission Product Phases 

Since a purely thermodynamic approach to the irreversible interaction be
haviour of the multicomponent system stainless steel - fission product -
fuel necessarily contains many assumptions and uncertainties, a first se
lection among the possible reactions should be obtained by microprobe and 
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X-ray analysis of the reaction products formed under reactor conditions. As 
a main result of the various postirradiation examinations of irradiated 
fuels made in the various laboratories, caesium is in general accepted /6/ 
as one of the most aggressive elements in oxide fuel cladding interaction. 
The investigation of the role of caesium requires microprobe analysis of 
the reaction products of preoxidized stainless steel samples, brought into 
contact with liquid oxygen, containing caesium phases and (U,Pu)0_ mixed 
oxides under a temperature gradient at 500 to 600 C clad temperature. 

Both the composition of the various reaction zones formed between the clad 
and the fuel, and in the case of intergranular attack, the reaction products 
formed within the grain boundaries must be known as a function of oxygen 
potential and temperature in order to establish the brutto reaction and fi
nally the reaction mechanism. Special attention is to be paid to adjacent 
fission product phases ƒ45/ which possibly exist as liquid multicomponent 
electrolytes. 

Postirradiation examinations ƒ5, 46, 47, 48, 49/ of irradiated fuels with 
austenitic stainless steel cladding reveal three kinds of attack, the form
ation of a layered structure in the case of initially near to stoichiometric 
fuels, the dissolution of thin passivating layers, and the subsequent sur
face ablation of the steel in the presence of a liquid phase, and finally 
the intergranular attack of sensitized steels within the grain boundaries. 
All three types of attack are usually of a rather local and less uniform 
appearance, depending on the local concentration of fission products. In 
the case of a layered structure, it is assumed ̂ hat the passivating oxide 
layers, mainly consisting of Cr-O.̂  are formed before an appreciable amount 
of fission products has reached the fuel clad interface. Surface ablation 
is observed on the non-protected steel surface after a thin protective 
oxide film has been dissolved in the liquid phase. Intergranular attack is 
observed especially in sensitized steels, where Cr„,.C, precipitations 
along the grain boundaries are oxidized. To give a complete treatment of 
the various kinds of chemical attacks, the reaction mechanism leading to a 
layered structure is discussed. Fig. 6 summarizes the general features of 
analytical results reported by the various laboratories ƒ3,50,5 1,52,53,54,55_/ 
giving the composition of the scale formation at the interface fuel clad 
after high burn-up. According to Fig. 6, the original M„0„ oxide layer is 
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separated from the steel by a liquid multicomponent phase of a similar fis
sion product composition as the outer phase at the Cr„0_ fuel oxide inter
face. In addition to steel components in both intermediate layers, preci
pitations of Fe, Cr and Ni are found at the fuel surface. The assumption of 
ionic transport across the liquid phase, however, requires that a gradient 
in chemical potential exists, possibly realized by the precipitation of com
pounds at the oxygen rich interface towards the fuel. Further information 
can be obtained from the chemical state of the steel compounds found at the 
fuel surface. Any possible reaction mechanism must, therefore, be able to 
explain the initial increase in rate of oxidation, which by surface deple
tion of steel components, may lead to intermediate layers, causing cracks, 
and the final lifting of the layers, thus allowing the liquid phase to 
penetrate into the interface steel - M_0_, leading to a rapid increase in 
corrosion. 

3.2 Thermodynamics and Phase Relationships 

Once the reaction products are known, it is necessary to determine under 
what conditions they are formed. The main parameters are temperature and 
oxygen potential at the interface fuel clad given by the temperature profile 
and the radial 0/M composition gradient which itself is determined by the 
initial bulk composition, burn-up, the chemical state of fission products 
and their distribution. Therefore, the phase relationships of significance 
for these reaction compounds and their oxygen potential are to be investi
gated in the temperature range of the fuel clad interface. The following 
phase diagrams are of direct significance: U-Pu-O ƒ57, 22_/, Cs-0 /58,59,6o/, 
Cs-Cr(SS)-0, Cs-Mo-0 ƒ52,6j/» Fe-Cr(Ni)-0 ƒ8,9,lo,11,12/ and Cs-(U,Pu)-0 
/56,57/. Since the high Cs-oxides from Cs„0 onwards are not to be expected 
on behalf of the oxygen potential of the fuel surface, special attention has 
to be paid to the oxygen solubility in caesium and its partial molar free 
energy compared to that of the fuel. It should then be possible to predict 
under what conditions caesium - fuel compounds such as Cs_UO, or caesium -
fission product compounds such as Cs^MoO, are formed and whether caesium 
could be stabilized ƒ68,69/ in its radial position. 

Fig. 7 and 8 and Table I /72-8o/ summarize the available thermodynamic data 
and phase relationships on caesium compounds for further discussion. 
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Fig. 7 contains the binary Cs0 phase diagram /39,6Q7· Fig. 8 gives the 

oxygen potentials of Cs20 and oxygen dissolved in caesium, Z38,8]J and 

likewise the data for Na Θ ¿70,7J7 and oxygen dissolved in sodium, and 

for comparison the oxygen potential of the ternary (U, Pu)oxides at the 

fuel surface for the valency range of technological interest at high 

burn up. According to Fig. 8 Cs 0 at the oxygen potential of a stoichiome

tric fuel with a valency of 4 can only be expected at temperatures 

below 450°C. At the temperature of the fuel clad interface of approximately 

600°C, Cs0 can only be formed at the oxygen potential of a hyperstoichiometric 

fuel with a valency of 4.001, corresponding to a 0/M composition of 2.0004 

at 20 mole % of Pu02· Besides this, the melting point of CsJD of 490 C 

(Table I) lies below the temperature range of '500 to 650 C, expected at the 

fuel clad interface. Therefore a liquid, most likely a multicomponent, thin 

layer of caesium, containing oxygen, and the more volatile fission products 

such as tellurium, selenium and rubidium is to be expected. The amount of 

caesium or other volatile fission products available at the fuel clad interface 

depends on the stability of compounds such as Csl, Cs(U, Pu)0,, Cs„Mo0,, 

Rb„Mo0, ZJl627 as a function of the oxygen potential, arid the density of the 

fuel with regard to interconnected porosity and radial crack formation. 

Simulation experiments on fission product transport by Evans and Aitken /j5s7 

and Crouthamel and Johnson /3S7 confirm transport towards the clad almost 

up to stoichiometric fuel compositions, whereas in hyperstoichiometric fuels 

caesium appeared to be fixed in its radial distribution by the formation of 

stable compounds The postirradiation examinations clearly show that molten 

layers are not observed all along the fuel clad interface, but seem in 

general to be rather localized in areas of high radial crack formation. Local 

concentration changes of these volatile phases seem to be mainly due to 

gas transport facilities along interconnected radial gas phases, such as 

cracks, formed during temperature cycling. A dense fuel will show no appre

ciable migration of caesium towards the clad. According to the estimated 

values, /JI7Q7 Na^UO, and CsUO, compounds are only expected at the 

oxygen potential of a slightly hyperstoicniometrie fuel. Because of the 

stable Csl compound, the chemical state of caesium is of importance for 

chemical gas transport reactions of stainless steel components by the 

van Arkel  de Boer mass transfer mechanism. According to fission yield 

calculations /3285J for a fast neutron flux, the ratio of Cs to I is of the 

order of 10 to 1. Free iodine will therefore only be available if caesium 

can form compounds with either fuel, fission product or cladding components 
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which are more stable than Csl. 

3.3 Reaction Mechanism 

A decision on the various possible reaction mechanisms requires a detailed 
investigation of the composition of the various reaction zones, i.e. the 
possible depletion of the steel components within the clad and oxide layer 
such as Cr, compared to the initial state of passivation. This should give 
evidence as to what extent the adjacent liquid phase £7l,86,87,88,4Ç>7 
can alter the composition of the initial oxide layer by dissolving 
components, and, as a consequence of this, changing the defect concen
tration or even defect structure and thus the rate of oxidation. A 
further possibility to be noted here is the introduction of fission products 
into the protective oxide film, such as vanadium or molybdenum, which 
may increase the number of cation vacancies and hence also increase 
the rate of oxidation. In all considerations special attention has to be 
paid to questions of ionic transport, i.e. the gradient of the chemical 
potentials /397 of the various components, and their diffusions coefficients. 
In the following an attempt is made to point out possible reaction 
mechanisms. 

3.3.1. Disturbance of the anion - cation defect concentration balance 
within the passivating oxide layer 

According to 2.2. the end members of the solid solution range Fe?0 and 
Cr_0_ are of opposite defect structure fl-bj. A minimum in vacancy 
concentration and thus a minimum in oxidation rate is obtained by 
approaching a stoichiometric composition. The minimum of defect con
centration was shown to be obtained at 4% Fe-O. ßl\"ìQ in the solid 
solution. A reduction on either side would consequently again increase 
the defect concentration and thus the rate of oxidation. 

The rate of oxidation in the case of spinel formation below 13 % Cr depends 
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mainly on the phase width and stability of wustite FeO which changes with 
temperature and alloy composition. Since the austenitic stainless steels 
304, 316, 1.4988 and 1.4981, which are taken into consideration for 
cladding materials, are above 15 % Cr, the FeO influence will not be 
considered. 

There is experimental evidence for a lowering of the Cr concentration in 
the (Fe,Cr)„0 -layer. It seems therefore reasonable to develop possible 
reaction mechanisms, which,in agreement with the thermodynamic data and 
phase relationships of the simplified system, can explain Cr dissolution 
into a liquid Cs phase, containing a sufficiently high concentration of 
oxygen, on behalf of an oxygen exchange mechanism, and subsequent compound 
formation, possibly as a chromite Cs-CrO_ /3",91,9¿7, to quarantee the 
necessary gradients of the chemical potentials. 

Fig. 9 gives a schematic display of the possible reactions at the various 
phase boundaries. The chromium rich M O . type oxide (a _ near to 1) is 

í J cr-U_ 
assumed to be dissolved in caesium containing oxygen according to 

Cr2°3 + rQ7Cs = 2 ^ r ° ^ s (1) 

Of course the ionic chromium complex formed and its chromium valency 
depends on the oxygen potential at the fuel surface. Since the oxygen 
potential decreases with increasing temperature the solubility limit 
decreases and precipitation from the supersaturated solution will occur 
at the high temperature side of the liquid multicomponent caesium layer 
according to 

#rVcs + ^^ = ̂ s C rVcs' (2) 

Because the activity of Fe?0. in the M?0„ oxide is rather low, and the 
oxygen potential of CsFeO_ calculated from the estimated values given by 
Fitts et al. £5,927 is above the oxygen potential of the ternary 
stoichiometric oxide fuel (U 8 0

P u
0 20^°2 00 a t a v a l e n cy o f *» the 

formation of CsFeO« can only be expected at the chromium depleted, iron 
rich surface of the oxide layers at an oxygen potential of a hyperstoi-
chiometric oxide fuel. 
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Crack formation, within the fuel, as schematically indicated in Fig. 9, 
will allow the Cs vapour transport as either metal or iodide and the 
necessary oxygen transfer via the CO/CO„ gas phase mechanism. The gas 
diffusion current ƒ94.7 is mainly determined by the pressure, the temperature 
gradient and the diffusion coefficient. According to Hall measurements ß>Oj 
caesium and oxygen exist to a high extent in their ionic state within the 
liquid caesium. 

The selective dissolution of the M O oxide layer will disturb the defect 
concentration balance and increase the rate of chromium diffusion to the 
liquid oxygen containing Cs phase. As a result of this, chromium depletion 
will occur at the metal surface, leading to the formation of an intermediate 
layer of the spinel type oxide. It is assumed that stress development within 
these layers during the temperature cycling under reactor operating con
ditions will lead to cracks and finally to the lifting of the oxide 
scale £1$7· The penetration of the liquid multicomponent phase in between 
the oxide layer and the metal would then give rise to an increased corrosion 
by surface ablation and intergranular attack. 

3.3.2. Surface Ablation and Intergranular Attack 

Though there are cases, where a transition from a thin protective film 
to a thick non-protective scale occurs, in general thin oxide films of 
the M O . type are assumed to be dissolved before a spinel formation can 
take place. Surface ablation of the unprotected alloy may consist of a 
simple dissoltuion /J9$7, up to the solubility limit of the steel 
component within the liquid phase. With increasing oxygen dissolved in 
caesium, and increasing temperature, the rate of corrosion greatly 
increases and finally leads to intergranular attack. The concentration of 
caesium ions in liquid caesium increases with increasing oxygen content. 
It is assumed that the metal components of the steel alloy go into solution 
by reducing Cs to Cs according to 

Fe + 2 Cs+ = Fe+2 + 2 Cs. (3) 

Cs is formed again at the oxygen potential of the fuel by reducing oxygen 
according to 

2 Cs + 1/2 02 - 2 Cs+ + 0~2. (4) 
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The dissolution mechanism by oxidizing iron and reducing the caesium 
ion according to reaction (3) can likewise be formulated by the iron 

-2 reacting with the active oxygen ion 0 ' in the diffusion layer at the 
phase boundary alloy - liquid phase to 

Fe + 0~2 = FeO + 2 e (5) 
2 Cs + 2 e = 2 Cs, 

where the caesium is agin oxidized to the caesium ion according to reaction 
(4) by dissolving oxygen in the liquid fission product layer at the fuel 
surface. 

The formation of FeO at the chromium depleted iron rich, unprotected 
alloy surface depends on the oxygen potential and the temperature, and 
should be possible above 570 C and an oxygen potential of -100 kcal/mole. 
Since the oxygen potential of FeO increases with temperature far more 
rapidly than that of the four valent (U, Pu)0„ FeO would become unstable 
at the high temperature side of the liquid layer towards the fuel. 

Apart from the proposed Van Arkel - de Boer gas transport mechanism 
Z3,99 - 104j this could give a possible explanation for the Fe, Cr and 
Ni transfer in a liquid fission product phase towards the fuel surface 
£57,987. The possible reaction mechanism is schematically shown in Fig. 9. 

As shown in Fig. 6, Cs, Mo, 0 and I were found in the grain boundaries of 
the austenitic stainless steel. Various assumptions /J>1, 1©67 were 
made on the formation of low melting eutectic compositions such as offered 
in the Cs MoO, - MoO phase diagram at 450°C /J05j. The formation of 
such compounds would however require a rather high oxygen potential. 
Besides this, they do not explain the Fe, Cr and Ni depletion reported 
along the attacked grain boundaries. 
Though the presence of Mo could possibly be explained by a chemical 
gas transport reaction involving MoOI_ similar to the WO-I. oxyiodide 
/J07j gas transport reported by Schäfer, Cs-Cr-0 compounds, such as 
discussed above are necessary to explain the Cr depletion. 
The formation of molybdenum compounds such as Cs9MoO, could possibly 
liberate iodine for further gas transport reactions where Fe is trans
ported as Fel„ towards the fuel surface. 

The intergranular oxidation attack, observed in sensitized steels 
£>0, 108, 1027, c a n D e explained by the oxidation of chromium carbide 
phases, such as Cr C , precipitated along the grain boundaries of 

/ J o 
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the stainless steel. Since the formation of Cr C phases in the grain 
boundaries leads to a chromium depletion at the grain surface, inter
granular attack by the oxygen-containing liquid caesium phase, 
penetrating into the grain boundaries Z^6,63,53,110,lll,112j, occurs more 
easily. The intercrystalline corrosion proceeds along the grain boundaries 
by dissolving the steel components as discribed above and leads to an 
appreciable reduction in strenght and elongation. Differential contrac
tions during thermal cycling can now well explain the formation of 
circular cracks and fracture observed within the area of grain 
boundary attack. 
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Fig.1: Fe-Cr-0 phase diagram at 1300 °C (1000 °C)[8]. 
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Fig.2: Ni-Cr-0 phase diagram at 1000 °C [12J. 
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Fig.3: Plane section of the quaternary phase diagram 
Fe-Cr-Ni-0 at 1000 °C [12J. 
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Fig.4: Oxygen potentials of compounds involved 
in fuel cladding interaction,and of uranium 
plutonium oxides as a function of valency. 
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Fig.5: Fe-Cr-0 constitution diagram,log p 0 versus 
mole fraction Cr [8] . 
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Fig.6: Schematic summary of fission products analysed within the layered structure 
at the interface fuel cladding after high burn-up. 
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Fig.8: Oxygen potential of oxygen dissolved in caesium 
and sodium. 
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Fig.9: Schematic display of possible reaction mechanism of chemical interaction in oxide fuel at the interface fuel cladding. 
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