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ABSTRACT 

This paper outlines the general approach adopted 1n 
France to take Into account the specific behavior of Irra
diated steel for functional and structural verification of 
fast breeder reactor core components. 

Functional verification deals with the distortions 
which appear m structures ai a result of void swelling 
and irradiation creep. Specific criteria must be defined 
to limit these distortions to acceptable values: these 
criteria are highly dependent on the subassembly and core 
design. 

Structural verification deals with modifications of 
the mechanical properties of steel submitted to FBR flux. 
ÇoPYçntlîMl standards and rules art not applicable, and a 
new methodology must be defined to taxe into account the 
new characteristics of Irradiated steel. 

The general R I D program set up to Investigate these 
areas 1s presented here as I t is implemented In France but 
with emphasis on Integration In a joint European program. 



1 INTRODUCTION 

nechanlcal verification of f«>L bireJèï reactor core components involves 
two main fields of investigation: functional verification and structural ver-
if lcation. Thcac two atpectc »re relatively independent, and arc pr̂ spnt.Prt 
here more from a methodological point of vi«w than from a detailed operating 
standpoint. 

2 FUNCTIONAL VERIFICATION 

As a general practice, the mechanical verification of a component always 
includes a demonstration that the component can operate normally provided its 
structural inteon'tv Is locally quaranteed. For most conventional problems, 
however, overall structura) distortions are very limited and local structurai 
integrity limits are reached before these distortions can affect component 
operation. This is no longer true for fast breeder reactors 1n which specific 
phenomena such as flux-induced swelling and creep can lead to very significant 
structural distortion. 

TWO iWl.lvT types of distortions can be considered. The f i rst involves 
distortion of the hexagonal wrapper tube: void swelling leads to tuoe elon
gation, to expansion of the tube cross section and to tube bowing as a result 
of differential swelling on opposite faces. Irradiation creep also causes 
expansion as a result of Internal overpressure, and enhances bowing by activa
tion of the loads applied by subassemblies on one another. These distortions 
have very Important consequences on the static equilibrium of the core. They 
determine certain core reactivity characteristics in operation. Subassembly 
distortion effects the operation of the shutdown systems and core monitoring 
systems, and raises handling problems for refueling. 

The relevant criteria are specific to the subassembly and core design. 
The conseouences of the distortions are not direct and localized at the point 
of occurrence, but rather indirect and generalized, affecting the overall core 
behavior. I t 1s thus impossible to define general criteria applicable to any 
type of core. The criteria presented here concern the free-flowering core con
cept used 1n French fast breeder reactors including Phénix and Super Phénix. 

The values of the following parameters at the end of the core l i fe are 
compared with the technological limits: 

* Reactor at nominal power: 

• Head displacement Inside the core for a control rod (with regard to 
control rod operation) or for any subassembly (with regard to core 
outlet temperature measurement) 

• Pad Interaction force and bending moment at the subassembly base level 
(with regard to mechanical strength of the pads and subassembly foot) 

* Reactor 1n Isothermal hai l ing situation: 

• Head displacement of any subassembly inside the core 
• Permanent fret head bowing of any subassembly outside the core 
• Subassembly extraction force 



I t may be seen that these verifications tend to limit the subassembly 
residence tiwe in the core since all these distortions are time-dependent and 
Increase with tine. 

3 STRUCTURAL VERIFICATION 

Structural criteria are the second aspect of the problem. The FBR flux 
Induces modifications in the steel structural properties. These modifications 
are too significant to allow the use of conventional RCC-MR* standards and 
rules, even with modified parameter values. The objective in this case 1s to 
define i gênerai methodology independent of the specific design but adapted to 
the highly specific characteristics of material irradiated in a fast neutron 
flux. 

^==r ft-uorfrlitg group w'^se^-SÊ^frm^esre-agMflr^^ 
A consistent Ini t ia l )i*thodology based on available knowledge and experimental 
results has been defined for Super Phenlx. 

In this approach, three ranges are defined for the cumulative dose sus
tained by structures during their core residence time (Figure 1) to take Into 
account the progressive alteration of steel mechanical properties (tensile 
strength, yield strength, impact stress) under neutron flux. 

Below the f i rst dose threshold *Di' the Influence of the neutron flux is 
considered negligible: the applicable methodology 1s the RCC-MR 1 standard. 

For doses between Di and D? the influence of the neutron flux on material 
ductil ity Is sufficiently limited to allow the use of criteria valid for unir
radiated material for al l of the time-Independent parameters. However, in the 
case of the fatigue analysis and when significant thermal creep phénomène are 
Involved, the effect is appreciable enough to vitiate the analysis findings as 
a result of diminished potential for stress redistribution by thermal creep 
because of the reduced creep ductility. The RCC-MR 1 methodology is applied 
with the following modifications: 

• The residence times are multiplied by a coefficient ( i . e . the permissible 
time limits are divided by the coefficient). 

• The fatigue curves are replotted from the experimental values oDtalncd on 
Irradiated specimens. 

Above the second dose threshold, thermal creep embrlttlement and the loss 
of ducti l i ty prevent the use of even a modified RCC-MR 1 approach. Specific 
criteria are defined 1n RCC-MR 2. Unavoidable damage is classified into two 
categories: 

Mechanical Standard for Fast Breeder Design and Construction 



• Damage from monotonie stress loading, corresponding to the following failure 
modes: 

- Dj: Excessive distortion (Immediate or delayed) 
- D2: Plastic Instability (immediate or delayed) 
- O3: Sudden failure (Immediate or delayed) 

• Damage from variable stress loading, corresponding to the following failure 
modes: 

- D4: Progressive flssurlng or fatigue cracking 
- O5: Progressive distortion 

Because of irradiation creep on Irradiated materials only two types of 
analysis are considered: 

• ViscoelasUc analysis: elastic analysis with allowance for Irradiation creep 
according to Von Mises' criterion 

• Viscoplastlc analysis: elastoplastic analysis with allowance for irradiation 
creep according to Von Mises' criterion 

Two sets of criteria are thus available (cf Table 1). For each type of 
analysis a distinction 1s made between the general criteria and an additional 
criterion when significant thermal creep 1s sustained. 

General Criteria 

These criteria are applicable to monotonie and cyclic loads. 

Monotonie Loading 

* Vlscoelastlc Analysis 

The Inelastic distortions due to irradiation creep were not considered 
damaging from the standpoint of material strength. The structural criteria 
are therefore limited to 3 stress-related criteria: 

• Rl: Limitation of Instantaneous plastic deformation due to primary membrane 
stress loads 

• R2: Limitation of instantaneous plastic déformation due to primary bending 
loads 

• R3: Limitation of instantaneous plastic deformation throughout the struc
ture due to combined primary and secondary loads to prevent any sudden 
failure hazard. This maximum stress loading takes into account any 
singularities characterizing the load (local bearing points) or the 
geometry (defects or discontinuities). 

* Viscoplastlc Analysis 

Criteria Rl and V2 remain applicable, while criterion R3 is replaced by 
t\\ree Inelastic distortion criteria: 

R6 
R7 
R8 

Mean cross sectional area distortion 
Maximum bending distortion 
Maximum local distort ion 



Cyclic Loading 

• R9: Negligible fit' at criterion corresponding to cycling in the material 
elasticity range 

• RIO: Fatigue damage estimated from the irradiated material fatigue curve. 

Additional Criterion 

^^^^Jj^bj jL^thegMi^^reej^jreacj^isj j rvi^jcant proportions. an additional thermal 
creep damage cr i te r ion ïndep^ënt~ôT^he fatlguènJalnâglTcTitenon is' alfoëcT^ttr 
the above. 

4 RESEARCH AND DEVELOPMENT STATUS 

lh is f i r s t consistent methodology was applied to the i n i t i a l Super Phénix 
core ve r i f i ca t ion . After th is preliminary step ac t i v i t i es are now 1n progress 
1n various f ie lds of investigation, with the goal of avoiding unnecessary con
servatism, qual i fying the c r i te r ia experimentally and extending the c r i t e r i a 
to other materials. The R&D program basically covers the following areas: 

• Fundamental investigation of the metallurgical processes that modify the 
mechanical properties of steel under I r radiat ion f lux . 

• Systematic measurement of th«se properties on irradiated samples of various 
types of materials under different I r radiat ion conditions (temperature, f lux 
leve l , e t c . ) . 

• Improvement of calculation methods to take Into account more accurately the 
specif ic behavior of Irradiated steel (e.g. creep and swelling phenomena). 

• Determination and application of consistent c r i t e r i a and rules, qual i f ied by 
1n-p1le or out-of-p i le tests. 

• Testing of a r t i f i c i a l l y embrittled structures for easier investigation of 
the general behavior of materials with low d u c t i l i t y . 

• Testing of actual complete structures after I r radiat ion in the reactor. 

Ac t i v i t y at the present time 1s focused on a generic test program on an 
a r t i f i c i a l l y embrittled wrapper tube on the new "Bel 1er" test f a c i l i t y at the 
Cadarache Nuclear Research Center. This comprehensive test r ig is shown in 
Figure 2. The load is obtained by means of a weight with a controlled impact 
speed, and very extensive local and dynamic Instrumentation is available. The 
f a c i l i t y can be used for systematic investigation of the behavior of embrit
t led materials with emphasis on the Influence of defects. The experimental 
results w1il be used to define tests to he performed on Irradiated materials. 



5 CONCLUSION 

The mechanical verification of core components Involves many fundamental 
aspects of plant operation. Core performance depends directly on the permis
sible residence time. Both the functional and structural analyses are time-
dependent, and the criteria to be verified determine the maximum subassembly 
residence time. In addition, safety studies on seismic behavior, subassembly 
accidents, e tc . , necessarily Include a mechanical assessment in which struc
tural criteria are directly Involved. 

This analysis 1s therefore a vital R&D area requiMng large numbers of 
tests on Irradiated materials and structures. In this context the Research 
and Development program undertaken 1n the scope of European agreements will 
help to cover this broad field of investigation. The ultimate aim of this 
joint program will be to converge on a common methodology for future European 
reactors. 



TABLE 1 

GENERAL CRITERIA 

TYPE 

OF 
LOAD 

VI5C0ELASTIC ANALYSIS 

Catégoriej 1 and 2 

(RI) 

(R2) 

HONOTONIC 

CYCLIC 

' M i 
•In 

h • PB < K 

(W) 

Category 3 

n1n 

PM < 1.2 ~ -

•1n 

P. + Po < 1.2K 

" t a x £ /J«P 
»1n 

VISCÛPLASTIC ANALYSIS 

Categories I and 2 

'Hi ~J 

m1n 

i»1n 

PL • p e < < — 

Category 3 

min 

P M £ Ï . Z 

m1n 

P L + p 6 i 1 - Z K " T T 

(M) PÉ."* < S ï ^ J t l 

( « ) ^ t

N X < *r (6, St) 

<K>) 

Negligible Fetlgve 

J i f f » x < J «P 

Fatigue 

(MO) j A a M t < (Sa) ni 

« n 1 

I —— < 1 for cumulative total of categories 1 , 2 4 3 
1-1 n 1 a " 

ADDITIONAL CRITERION 

Significant Thennal Creep 

U |Kj K 2 " 7 M X ) ^ ' T T * 1 

?H Prtaary Membrane stress 
Pg Primary bending stress 
P L Tot*1 pr1«*ty •wslirw,* stress. ( P M + additional local wenbrane stress) 

fy Tensile strength 
ftp Yield strength 
Ar Elongation before reduction of area 
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