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Abstract

For LWR's strict regulations exist for the consideration of irradiation in the design
and surveillance of the reactor pressure vessel in the various codes (ASME, RCC-M,
KTA) but less for near core components. For FBR's no firm rules exist either for the
vessel nor the reactor internals. In this paper the German design practices for the
loop type SNR-300 will be presented, and also some information from the
surveillance programme of the KNK-reactor. Austenitic stainless steels have been
mainly selected for the near core components. For some special applications Ni-
alloysand a stabilized 2 1/4 Cr 1 Mo-alloy were specified. Considerations of the
irradiation effects on material properties will be made for the various tempera-
ture and fluence levels around the core. The surveillance programmes will be
described. Both, the consideration of irradiation effects in the elastic and inelastic
analysis and the surveillance programmes had been a part of the licensing process
for SNR-300.

1 Introduction

The German FBR-programme was drastically reduced in 1991/92 due to the stop
of the project of the loop-type 300 MWei. SNR-300 (KKW Kaikar) before the
loading with the fuel elements and due to the shut-down of the sodium cooled
20 MWei. Research Reactor KNK after about 15 years of operation. Also the R&D-
programme and the engineering activities for the European Fast Reactor (EFR)
will not be supported furthermore in the future.

In the following we will present from the experience in the past the concept
which has been developed for the design of near core components for SNR-300.
Near core components are either permanent structures fixed in the primary
system all over the reactor lifetime or they are "quasipermanent" with the
possibility to pull them out. Permanent components are the above core structures
(ACS), the below core structures and some peripheral components such as the
core restraint system or the guidevessel and the reactor vessel (see Fig. 1).
Standard materials have been used for these components. Reassessments had to
be made in the project after information became available about irradiation
effects, modifying standard design procedures.
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Fig. 1(a): SNR 300-vessel and internals
including material test rigs for a
surveillance programme

For the design of removable fuel elements under the very high neutron flux
special design procedures have been applied considering in detail structural
instability (void swelling, irradiation creep) and the strong embrittlement due to
irradiation. For the fuel element application available materials had to be
modified (e. g. use of cold worked material) mainly to increase swelling
resistance. Deformation due to swelling and creep had to be limited by design
and material selection. Detailed stress-strain analysis were necessary due to
ductility loss by irradiation. Some of these aspects needed also to be considered
for the design of "quasipermanent" structures such as reflector elements which
will be considered also in this presentation.

After a short description of the SNR-300 system with the near core components
and a survey on the materials and their environmental conditions in terms of
irradiation the implication of radiation effects on design data, design criteria and
design measures will be the main objective of this paper. The complex behaviour
of materials under irradiation needs a description by a few design rules, which
may be easily used by the mechanical design engineer. Surveillance programmes
for the verification of the design will be briefly described too.
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2 Components, Materials and Loading Conditions

An overview of the reactor vessel of SNR-300 is presented in Fig. 1a and more
details of the core area and the core support concept may be seen in Fig. 1 b. The
materials for the components, the temperature, the total and fast neutron
fluence4>t (E > 0.1 MeV)andthe main function of these components are given in
Table 1. The chemical composition of the materials is listed in Table 2 which
includes also materials such as Alloy 718 and Stellite. These special materials have
been used for high strength parts in absorber rod drive mechanisms or as low
friction spacer pads for the core elements. Alloy 600 was applied as transition
piece between austenitic and ferritic components to compensate the difference
in thermal expansion of these two types of materials.

3 Material Data for the Design

3.1 Dose Rate and Fluence Units

For design assessments it is necessary to use neutron flux (dose rate) and fluence
(dose) units, which are easy to handle by the design engineer. There is no
common unit used. For LWR's radiation effects are evaluated on the basis of the
fluence with energies E > 1 MeV, and for FBR'sthe following flux units or dose
rates are common :

4> total neutron flux (n/cm2-s)

4>s fast flux in n/cm2 • s for neutrons with E > 0.1 MeV

dpa/s displacement per atom in a second

E<J) average neutron energy E (MeV) multiplied with total neutron flux

For the evaluation of experimental data and the generation of design criteria and
equations it was necessary to use results from experiments from different
reactors such as PFR, Phénix, KNK or also thermal reactors (Petten reactor or BR2)
with different neutron spectra for the reactor itself and the reactor position.
From such an "experimental" data set design correlations or limits were
generated using neutron flux units which are then applied to the reactor with its
specific neutron spectrum which varies from position to position.
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Fig. 1 (b): SNR 300-vessel and internals including material test rigs for a
surveillance programme

For KNK we used the fast neutron flux <J>S for design considerations. For SNR-300
we used for the fixed components such as the reactor vessel and the above core
structures the total neutron flux. For the permanent but removable (quasi-
permanent) components such as the reflector elements the product E<J>t was
applied for fluence (dose) dependent properties in the same way as it was done
for the fuel elements.

For the fixed components for which radiation hardening is low and high
temperature embrittlement dominates the total neutron flux was used. Helium
(He) was believed to be mainly responsible for high temperature embrittlement
and He and the total neutron flux could be reasonably correlated (see Fig. 2). In
the following some more detailed information will be given how these units are
used in the different design procedures for the components.
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Table 1 : Irradiation Condition of Near Core Components of SNR-300

System/Component

Safety vessel
Reactor vessel
Shield vessel
Instrumentation plate
(above core structure)
Grid plate

Core restraint

Reflector element
-wrapper
-block
Fuel element wrapper

Material

AISI 304
AISI 304

AISI 304

AISI 304

AISI 304

2 1/4 CM Mo

CrNiMoNbl6l6
AISI 304

CrNiMoNb1616
CrNiMoTi1515

T
(°C)

^550

a 540

^550

g 565

390

^420

^480

600

0t
total

1.1x1020

3x1020

9.4x1021
5.7x1020

(4x1020)

(6x1022)

(3.6x1023)

(2.4x1023)

0t
(E>0,1 MeV)

n/cm2

7.8x1017

2x1018

2.7x1020

1.7x1018

2.1x1019

1.1 x1022

1x1023

1.5x1023

Remarks

Primary system/containment
Sodium flow guide

Absorber guidance,
thermocouples, ...
Fixing core elements, core
support, Flow guide
Fixing core elements in position
(bowing)

neutron reflector
Fuel element/450 EFPD



Table 2: Steels for FBR near Core Application
(Chemical Composition wt.%)

Material

Type 304
(X6CrNi 1811)

XeCrNiMoNb
1616

Inconel 600

Inconel718

10CrMoNiNb
910

StelliteB

C

0.04-
0.08

0.06

0.05

0.1

<0.10

0.9-
1.4

Si

<0.75

0.4

0.15-
0.50

2

Mn

<2

1.3

0.3

0.5

0.40-
0.80

1

Ni

ID-
12

16

Rest

Rest

0.30-
0.80

3

Cr

17-
19

16

15

20

2.0-
2.5

23-
31

Mo

-

1.8

0.90-
1.10

1

S

< 0.020

0.02

< 0.040

P

< 0.035

0.02

< 0.040

Others

B<0.0015

N < 0.05

0.8 Nb

7Fe

3 Mo, 3 AI

N b > 1 0 x C

Co bal., 3 Fe,
3 - 6 W

Standards

VdTÜV
(ASME)

VdTÜV

ASME

KTA

VdTÜV

-

Applica-
tion

SNR300,
FFTF,
Monju

SNR300
KNK

SNR300

SNR300,
KNK, FFTF

SNR300,
KNK,

Phénix SG

SNR300



Fig. 2:
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Helium concentration N (cm"3) in type 304 vs total neutron f luence
(n/cm2)

3.2 Elastic Analysis for Type 304 Steel Permanent Structures

The effect of irradiation on material properties which are used in the elastic
design route is surveyed in Table 3. Some comments will be given in the
following:

Physical Properties

No data after irradiation are available forthe German type 304 steel
(XGCrNi 18 11) from experimental programmes. However, a literature survey has
shown that at the neutron f luence levels of interest, no irradiation effects are to
be expected. Therefore, for the physical properties no irradiation influence was
considered.

Yield Strength Rpo 2 and Ultimate Tensile Strength Rm

For these parameters no irradiation influence is considered, i. e. unirradiated
properties are used. For Rpo.2 this is conservative because of radiation hardening,
whereas for Rm the irradiation induced changes are negligible.
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Table 3: Design Data: AusteniticType 304

Irradiation Effects: Elastic Analysis

Property

Physical properties

Creep/creep rupture

Yield strength/ultimate
tensile strength

Fatigue curve including
hold time effects

Uniform elongation

Irradiation
considered

no

yes

no

yes

yes

Remarks

Application of irradiation
factor on creep rupture

Application of irradiation
factor on allowable
number of cycles

Applied for evaluation of
faulted conditions

Creep and Creep Rupture

Based on the available experimental results irradiation factors

fo = <*B,t irr./0ß,tunirr.

for creep rupture strength OB^ have been derived and are shown in Fig. 3.

The creep rupture strength values of the unirradiated material aß.tunirr. have to
be multiplied by these factors. Upto atotal fluence of 101? ncm-2 the factor is 1;
between 1017 and 5 x 1022 ncm-2 it decreases linearly from 1 to 0.7. The values
given are limited to total fluence levels below 1023 ncm-2. Although the
experimental results have indicated that the reduction of creep rupture strength
due to irradiation decreases with increasing time and temperature, the
irradiation factors have been assumed to be time and temperature independent.
This was done in order to be conservative and make the method easy to use.

The factors in Fig. 3 are valid for temperatures above 500 °C; for temperatures
below 450 °C the factor is one, independent of the neutron fluence and for
temperatures between 450 and 500 °C factors have to be interpolated linearly.
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In the irradiated condition no difference is made in the creep rupture strength
values that are used in design for weldments and base material.

For the 1 % creep strain limits, which are used also for the definition of the
allowable stress no irradiation influence is taken into account for both base
material and weldments.

Allowable Number of Cycles in Fatigue Loading (Including Hold Times)

Fig. 4 shows the dependence of the proposed irradiation factor
fN = Noirr/No unirr. on the total neutron fluence. The values determined from
the results of the irradiation experiments at two different fluence levels and
extrapolated data to long hold times have been plotted, too. Since no data were
available for low neutron fluences and temperatures other than 550 °C the
temperature dependency of the irradiation factor as well as the threshold
neutron fluence - below which the irradiation factor is one - have been assumed
to be the same as for creep rupture.

3.3 Inelastic Analysis for Type 304 Steel Permanent Structures

For the inelastic analysis the following design data and design limits (criteria) are
used, summarized in Table 4:
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Fig. 4: Irradiation factors for allowable number of cycles for permanent
structures of SNR 300

Table 4: Design Data and Design Limits: Austenitic Type 304

Irradiation Effects: Inelastic Analysis

Property

Design data:

Elastic properties
Stress-strain behaviour
(tensile)

Cyclic hardening

Creep-curve [e = f(T, o, t)j

Design limits:
Uniform elongation

Fatigue limits
ND = f(Ae,T)
Creep-fatigue interaction

Irradiation
considered

no
no

no

no

yes

no

no

Remarks

Consideration of irradiation
hardening only for Bethe-Tait
accident

Applied for evaluation of
faulted conditions

Irradiation considered in
calculations of creep damage
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Design Data

Time independent properties in the codes are the elastic modulus, the cyclic
hardening and the stress (a)-strain (c) behaviour vs. temperature (T) (tensile
propertiesa-e-T).

A time dependent property in the codes is the creep strain, i. e. dependence of
strain on stress-, time- and temperature.

Design Limits

Uniform elongation (min. values), fatigue properties ND = f(Ae, T) and creep-
fatigue interaction are the relevant design limits.

The effect of neutron irradiation for type 304 ss on these design data and
design limits is tabulated in Table 4. In practice for the standard design
procedures of components no effect of irradiation was considered. The
procedures for creep-fatigue-interaction assessments were not affected by
irradiation, but the reduction of life time due to irradiation was included in the
creep term of the bilinear creep-fatigue interaction calculation.

For the effect of irradiation under faulted condition (BetheTait) we refer to the
following section.

3.4 Special Consideration (Faulted Conditions, Fracture Mechanics) for Type 304
Steel Permanent Structures

The near core structures which are exposed to neutron irradiation are effected by
the Bethe Tait accidental conditions. In the range of neutron fluence of interest
for these components some radiation hardening and also a reduction of uniform
elongation will occur.

These irradiation effects have been taken into account in the following way:

Consideration of hardening in end of life (EOL) condition

Temperature dependent radiation factors have been introduced for fluence
levels 4>t ̂  1020n/cm2(E >0.1 MeV). The yield strength of the unirradiated
material Rpo.2 is multiplied by the factors 1.3/1.2/1.1 to get the value of the
irradiated material.
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T i r r<450°C: 1.3Rpo.2

T i r r450-5000C: 1.2Rpo.2

T i r r500-600°C: 1.1 Rp0.2

Consideration of reduction of uniform elongation

Irradiation induced reduction of ductility was ta ken into consideration by
irradiation factors as shown in Fig. 5. The irradiation factor is defined by the
ratio of uniform elongation in the irradiated and unirradiated condition.

Fracture mechanics was not applied for SNR-300 as a unique concept. Case by case
considerations have been made if flaws had to be discussed, e. g. for indications
of flaws by NDE in the fabrication process. In all these cases the fracture
mechanics calculations identified no significant crack growth for the loading
conditions. Therefore, there was no need to consider irradiation effects in detail
on fracture mechanics data.

3.5 Quasi-Permanent Core Components

For SNR-300 the reflector elements and the core restraint system represent the
category of quasipermanent structures. One of the main design problems for the
reflector elements is the neutron flux gradient across the elements. Fig. 6a and 6b
are examples for the gradients for the various flux units. This fact had raised

Irradiation factor
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additional problems, because the calculated bowing depended on the flux unit
used for calculations.

3.5.1 Reflector Elements

Design requirements, operating conditions, design data and considerations are
briefly summarized for these elements.

Requirements/Design Criteria

Sufficient dimensional stability under temperature and neutron
conditions (gradients) to limit the mechanical loading of core restraint
system and to allow handling of the elements

Neutron reflection
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Fig. 6b: Mean neutron energy E. flux ratio
(E>0.1 MeV)/£ total and
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SNR-300 core (radial, core centre)

Optimization of core thermohydraulics and fuel element handling by
special design measures.

Operating Conditions

T: 370-490 °C
max. fluence: -1023 MeV/cm2 (E 0t); 105 h
A0 factor ~2,5 across flats of the wrapper (A0 = flux gradient)
ATmax: 30 K across flats (AT = temp, gradient)

Design Considerations
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Selection of a swelling resistant cold worked austenitic ss hexagonal
wrapper

Use of type 304 as a block inside the hexagonal wrapper

Considerations of upper and lower bounds for swelling and irradiation
creep formula for both temperature and fluence dependence

A contact between the type 304 block and the wrapper and rspc.
wrapper/wrapper-contacts of neighbouring elements are not
acceptable (control by inservice inspection (ISI) and if necessary
turning of elements)

Design Data

The following design data considering irradiation by the introduction of
irradiation swelling and creep laws, by reduction factors or by limitations of
strains have been used:

Swelling and irradiation creep including uncertainties (upper/lower
bounds) •*• (see Fig. 7a, bas examples for swelling and its uncertainty
for the design)-

Allowable stresses and fatigue curve (based on unirradiated data)

Creep rupture data with an "irradiation"-reduction factor of 0.7 on
the stress

Allowable strains: 0.5 % plastic strain, 0.2 % thermal creep strain
owing to radiation enduced ductility loss

In summary these types of quasi-permanent structures are significantly affected
by neutron irradiation owing to the fact that high dose rate effects such as
irradiation swelling and creep have to be considered in the design. In service
inspection (ISI), and reflector element management e. g. turning of reflector
elements have been important design measures against swelling and radiation
creep.

3.5.2 Core Restraint System

For SNR-300 the austenitic structures below the core had a rather low fluence
(<J>t < 1019 n/crri2) compared e. g. with the design of the European Fast Reactor
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(EFR) because of a shielding in the lower plenum of the fuel pins. For the ferritic
core restraint system (see Fig. 1) a higher neutron dose was calculated, however.

In the following a brief assessment is made for this component concerning
mechanical requirements, operating conditions and performance.

Mechanical and Functional Requirements

Fixation of core elements in position by a limitation of bowing and
movements by of the rigid ring

Dimensional stability of the ring for all loading conditions
(temperature, stress, neutrons,...)

Operating Conditions

T: 400/450 °C (lower/upper ring 0 ~3 m)

570 °C accidental condition

Fluence for ring position:
-3-1022 MeV/cm2 (E 0t, 105 h)
-6-1022 n/cm2 total fluence 0t, 105 h
~1 -1022 n/cm2 (fastfluence 0s-t, E >0.1 MeV, 105 h)

Design Considerations and Measures

Positioning of the rings outside the max. fluence

Use of a ferritic material to assure restraint of the core by lower
thermal expansion of the ferritic material compared to the austenitic
steel.

Use of a Nb-stabilized ferritic 2 1/4 Cr 1 Mo with the benefit of

no decarburization in sodium compared to standard
2 1/4 CM Mo

no high temperature embrittlement for accidental condition
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structural stability (no swelling, stabilized by heat treatment
before operation)

Irradiation effects: not considered, because ferritic steels are more resistant
to radiation embrittlementthan austeniticss.

Verification of the design:
The design assumptions above should be verified by a surveillance programme in
SNR-300 and supporting experiments in KNK.

4 Surveillance Programmes in German FBRs

For the KNK reactor and for SNR-300 surveillance programmes have been a part
of the licensing of the reactors. Some aspects of these programmes are
summarized in the following in brief. For KNK results of these programmes are
available. For SNR-300 we were in the phase of planning and fabrication of
specimens.

4.1 KNK Experimental Reactor

Objectives

Verification of the integrity of the ferritic reactor vessel (RPV) and
moderator elements
Acceptable embrittlement of the heats used for RPV up to
2-1020 n/cm2(E >0.1 MeV)

Programme

Tensile properties and notch toughness (CVN-subsize)
TIRR = 370 °C/430°C (approx.)
0t^ ~1.3-102in/cm2(E >0.1 MeV)
A cross section with the position of the irradiation experiments is given
in Fig. 8.

Results

No significant change in the tensile properties
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Fig. 8: KNKII reactor with irradiation
experiments

Notch tough ness (CVN):
From-20toO°C(unirrad. DBTT) an increase in DBTT of about 100°C
due to irradiation was observed. The DBTTjrr remains significantly
below the min. operation temperature of the RPV (~200 °C))

Remarks

Discussions had been between specialists (but not in the licencing
process) about the accumulation of neutron damage during low
temperature operation (200 °C) of the reactor (1 % of the total
accumulated dose may contribute to the shift of the DBTT)
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Specimen size and strain rate effects on the shift in DBTT have been
discussed

4.2 SNR-300 Surveillance Programme

Objectives

Verification of the design data for the RPV and the near core components
under SNR-300 environmental condition with the materials used for
fabrication (for position of rigs see Fig. 1a)

Programme

Test rig MTE 1: for surveillance of the vessel :T|RR = 550 °C, fluence up
to 1-5-timesofthe EOL-fluenceof the RPV

specimen type: tensile, creep, LCF, impact, fracture mechanics
properties of type 304 vessel material

Test rig MTE 2:

surveillance of various components -» g rid plate (type 304);
shield vessel (type 304); core restraint system (Nb-stab.
21/4CM Mo)

T|RR380-500°C

5 times intermediate examination up to an exposure of 1700

EFPD

(~4-1Q22 n/cm2 max. fluence, E > 0.1 MeV)

specimen types: tensile, creep rupture, fracture mechanics, LCF

Because of the stop of the project this concept was not realized, i.e. no data are
available.

5 Summary and Conclusions

SNR-300 was designed with a variety of materials near the core
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Type 304 (mod.) was the main material for above and below core structures.
For peripheral components other materials were: Nb-stab. 2 1/4 Cr 1 Mo,
Alloy 600, Alloy 718 and Stellite

The max. anticipated fluence for quasipermanent structures was up to
5x 1022 4>tpast- Swelling and irradiation creep of materials had betaken into
account. Ductility limits were introduced (0.5 % Aepi ; 0.2 % for thermal
creep)

For the elastic analysis reduction factors for creep rupture and fatigue
endurance have been introduced.

For accidental conditions

radiation hardening

reduction of uniform elongation were defined.

Surveillance programms have been proposed for the verification of design
data

SNR-300 was designed and licensed with a consideration of radiation
effects

For KNK surveillance programme results indicated no relevant degradation
mechanisms for the ferritic RPV (0s-t ^ 1Q20n/cm2).

References/Acknowledgement

Unpublished data from Interatom* and information from documents, which have
been prepared for the licensing of SNRSOOand KNK by Interatom-staffarethe
main source. We thank our colleagues for their support of our paper.

Interatom was integrated in Siemens/KWU in October 1991

109
Next page(s) left blank




