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1. Introduction

The design of Liquid Metal Fast Breeder Reactor systems

to operate at elevated temperatures requires the appli-

cation of structural design and analysis methods, of

materials properties design data, and of design limits

and criteria which, in some cases, do exceed the areas

of available knowledge.

This review is aimed at providing a brief statement of

the objectives and accomplishments in some major areas

of the program which is addressed to structural material

investigations in the primary circuit of the SNR 300

reactor presently under construction at Kalkar on the

Rhine.

2. Structural Material Licensing Procedure in Germany

For the vessel, the piping system and the intermediate

heat exchanger of the SNR 300 an unstabilized austenitic

stainless steel of type 304 ss with limitations in its

chemical composition has been selected for structural

material purposes (German material designation: 1.4948).

This selection was based on several reasons which in-

cluded the relatively large mechanical properties data

base and nuclear experience for the type 3O4 ss, the

availability of a large number of potential suppliers

for this steel in Germany as well as abroad, capable

to deliver this kind of steel in a broad spectrum of

sizes and shapes, the adequate corrosion and mass

transfer resistance in sodium and - among others - the

good weldability.

In 1969 when the decision for the structural material of

the SNR 3OO was made the type 304 ss was not code approved

in Germany for high temperature applications (> 300 C);

existing type 3O4 ss grades were in use only for chemical

industry purposes.

In order to ensure microstructural long time stability at

elevated temperatures the chemical composition of the

existing type 304 ss was sligthly modified resulting in

the grade DIN Type 1.4948. This type of steel was then

introduced in the German licensing procedure in order to

obtain a code approved quality to be used for nuclear high

temperature applications.

To provide a better understanding of the procedure to

obtain code approval for a steel for nuclear application

in the high temperature regime the flow scheme in Fig. 1

illustrates the key stations.

In the conventional non-nuclear material licensing proce-

dure the German steel manufacturers represented by the

Verein Deutscher Eisenhuttenleute (VDEh) characterize the

time-independent material properties, e.g. tensile prop-

erties, impact data etc. on the base of data available

from product qualification tests; these data represent

guaranteed data. The time-independent material prop-

erties as obtained from long term creep tests coordinated

by the Working Group on High Temperature Steels (formed

on equivalent participation by representatives of the

steel manufacturers and steel users) represent re-

commended but not guaranteed data. These two groups

of materials properties data together with other re-

gulations, as e.g. chemical composition, heat treatment

of the base material and of welded joints etc. form part

of the so-called "draft of the material data sheet" which

has to be approved by the Technical Supervision Authority

(TUV) .

The draft of the material data sheet is transformed into

a final data sheet when sufficient experience and an

extensive data base is available for a steel quality.
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As a final step the Committee for Standardization pre-

pares a DIN-standard.

Since the material data sheet primarily reflects the

data input of German steel manufactures each foreign

steel supplier has to verify his capability to supply

a steel according to the German specification by a

special licensing procedure. This procedure implies

that the foreign steel supplier has to demonstrate

that e.g. short time and long time properties as well

as the weldability of his product fulfils the require-

ments of the data sheet.

As soon as a certain type of steel is considered to

be of interest for nuclear reactor applications the

special requirements of the reactor industry on the

material arising from the specific project demands

form an additional part of the licensing procedure.

The special project requirements lead to Nuclear

Design Rules which after approval by the TOv and the

Reactor Safety Commission together with the material

data sheet represent the design base for nuclear com-

ponents .

The SNR 3OO structural material DIN Type 1.4948 at

the moment is covered by a draft of a material data

sheet, registered under code number 12-313, edited in

April 1969. A revised version of the data sheet is

under preparation.

3. Material Programs

The following material programs presently in progress

in the DeBeNe-SNR-Project are orientated towards the

requirements of the German nuclear licensing procedure.

These programs are performed in a joint action by

INTERATOM (IA) and Gesellschaft fttr Kernforschung (GfK),

Germany, Netherlands Energy Research Foundation (ECN)

and Nijverheidsorganisatie TNO, The Netherlands,as well

as Centre d'Etude de l'Energle Nucleaire (CEN), Belgium. ,

As there are no established specific high temperature

design rules for nuclear components in Germany it is

requested by the licensing authority to use rules in

accordance with the ASME Code Section III, and Code

Case 1592, respectively.

3.1 Test Programs for Inelastic Material Behavior

The injunction to use ASME Code Case 1592 in the com-

ponent design requires the availability of inelastic

material data and equations describing the material

behavior. Therefore between 1973 and 1974 a comprehensive

program has been initiated to obtain the necessary

base material data which can be used for inelastic

material considerations.

The complete program restricted to the DIN Type 1.4948

material (Fig. 2) can be divided into several specific

areas:

- material data evaluation

(monotonic and cyclic hardening behavior, creep)

creep-fatigue interaction studies

multiaxial material tests

improvement of constitutive equations

verification of design procedures .

For the material data program the activities at this

moment are mainly restricted to the most relevant tem-

perature range of 5OO - 600 C. In the past the institutes

engaged in the joint program for inelastic material be-

havior commonly used one reference heat. During the last

year the activities were extended to a heat-to-heat

variation study including several heats of original SNR

component material. This will give the link to a plant

surveillance materials program in the future.

The creep fatigue interaction studies showed in t'»e

hold time tests and in the sequence loading test? th**
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well-known large scatter band when results were eval-

uated by the linear damage rule (Fig. 3). Despite this

fact there seems to be at this moment no better es-6.':ion

to treat this phenomenon more practically in the design

procedure.

The multiaxiality tests proved to be relatively com-

plicated concerning the facilities and instrumentation

techniques because a very high degree of accuracy has

been required. Fig. 4 for example shows the equipment

for the multiaxial creep tests designed and operated

by TNO. The verification tests for the constitutive

equations under multiaxial conditions for the ma-

terial DIN Type 1.4948 will be finished by

mid 1978. They will be followed by multiaxial creep

fatigue interaction tests.

The main objective of the activities to improve the

constitutive equations is to get a more sophisticated

form which can be used more easily in the finite element

computer codes.

For validation of high temperature design methods it is

intended to apply programmed loading conditions to test

components followed by a comparison of response strains

and stresses to values predicted by the established

analytical methods. For comparison purposes simple

structures like beams etc. have been tested; this will

be continued under plastifying, relaxation and creep

conditions at different temperatures and under changing

loads.

3-2 Irradiation Programs for Structural Materials

The effects of irradiation on the mechanical properties

of DIN Type 1.4948, which is of interest for components

like vessel, thermal shield, guard vessel and other

internal parts of the vessel, are studied under a joint

program by ECN, GfK, INTERATOM, and TNO. The test para-

meters in this program have been based on the conditions

existing during xeactor operation. Fig. 5 gives the

isofluence lines (E>O.1 MeV) at the end of the antici-

pated reactor lifetime of thirty years.

The irradiation of the material is performed by ECN

in the High Flux Reactor at Petten. The irradiation

rig used is shown in Fig. 6. Postirradiation testing

is mainly done at ECN; however, due to the limited

capacity at ECN, part of the postirradiation tests are

performed at GfK in Karlsruhe. The task of INTERATOM

and TNO is to study the material in the unirradiated

condition and define the test parameters for the

irradiation experiments.

The irradiation experiments can be divided into two

types of tests:

a) creep, low-cycle fatigue and creep-fatigue inter-

action tests for normal operation conditions,

b) ductility investigations for faulted conditions.

The irradiation program has been started in 1973 and will

presumably be extended up to 1982, when the SNR 3OO

will be put into operation. Up to date the experiments

have been restricted to a reference heat of X 6 CrNi 18 11,

comprising about 500 specimens. Irradiations have been

carried out at 450 and 55O°C at dose levels of 1O
2O -2

and 5 x 10 ncm (E>O.1 MeV). In the future the

irradiation tests will be extended to other heats that

have been used in the construction of different SNR 3OO-

components.

Beside the irradiations in the HFR in Petten, additional

irradiations have been carried out, i.e. will be carried

out in the future in the material test elements of

KNK I/II (thermal/fast core). In KNK I tensile and

Charpy-V-impact specimens from a commercial heat

have already been examined; in KNK II material from

the reactor inlet pipe and cast material will be

irradiated.

31



Postirradiation capacity at ECN includes 15 creep

machines (s. Fig. 7) and 2 LCF-machines. At GfK

2 LCF-machines are installed in the hot cells for

this program.

Influence of Sodium on Mechanical Properties of

Structural Materials

The current high temperature design rules are based

on material data which in general have been developed

from mechanical testing in air, i.e. the design codes

do not reflect environmental conditions which might

have an influence on the integrity of components.

To provide the reliable design and hence operation

of a component therefore means that input data for the

design have to be examined whether or not they are

influenced by the working coolant of a plant.

In order to ensure material properties behavior in

liquid metal environment tests are presently in progress

to examine the effect of dynamic sodium with controlled

impurity contents in non-isothermal loop systems upon

the

low-cycle fatigue behavior and the

- creep and creep-to-rupture behavior of the struc-

tural material.

Due to the extent of the experimental work and the

capacity available for this program a joint effort

of the National Nuclear Centers (GfK/Germany;

CEN/Belgium), the Metal Institute TNO (The Netherlands)

and the industrial side (INTERATOM) has been started

to perform this program. First results from these

investigations on the creep and low-cycle fatigue

behavior on DIN Type 1.4948 ss in sodium obtained

at 55O°C will be presented during this meeting. A

view on the low cycle fatigue test cell for in-sodium

tests which is part of the loop system at INTERATOM

is shown in Fig. 8.

3.4 Plant Surveillance Materials Program

The objective of the plant surveillance materials

program is to monitor with a certain time acceleration

factor the irradiation induced changes in the materials

used for the different components in the SNR 300. In

this way the validity of the irradiation results al-

ready obtained on a reference heat of the same mate-

rial and the future safe operation of the reactor will

be ensured.

For the surveillance materials program in the SNR 300

two material test elements (MTE) will be employed.

MTE I is located between the shielding and the reactor

vessel, whereas MTE II is positioned in the reflector

zone of the core (see Fig. 9). The different positions

in the reactor from where material will be irradiated

in the two test elements are identified in Fig. 9 by

different colors. From this figure it can be seen

that specimens from the core support structure, the

instrumentation plate, the shielding vessel and the

grid plate will be irradiated in MTE II, whereas the

specimens from the reactor vessel, inlet pipe,

support instrumentation plate and the guard vessel

will be placed in MTE I. With the exception of the

core restraint system, which is made of a Niobium

stabilized ferritic 2 1/4 Cr-1 Mo steel, for all

other components the austenitic 3O4 type stainless

steel X 6 CrNi 18 11 (DIN Type 1.4948) has been used.

Irradiation temperatures in the test elements will be

between 380 and 55O°C, the fast neutron flux (E>O.1 MeV)

will amount to about 1.5 x 10 ncm s for MTE I and

between 7 x 10 and 4 x 10 ncm s for MTE II,

respectively.

Tensile, creep, fatigue, Charpy-V-impact and fracture

mechanics specimens will be inserted into MTE I and II.

Roughly half on the specimens will be from weld joints,

the other half from base material. Altogether, there

is space for about 500 specimens in MTE I and about
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400 specimens in MTE II. Specimen removal Is planned

to take place in intervals of two years reactor serv-

ice. Post-irradiation testing will be done in the hot

cells at GfK, Karlsruhe or other nuclear research

centers if necessary.

3.5 Material Program for Safety Analysis Aspects

Material activities with respect to special safety

questions address among others two comprehensive

problem areas:

- Hypothetical Core Disruptive Accident (HCDA) and

Leak-before-Break-Concept.

For both areas very detailed programs on structures

up to original size geometries have already been

performed or will be performed in the next future.

Concerning the SNR 3OO it is the general opinion of

the reactor safety commission that the leak-before-

break concept should not be introduced in the plant

design. Therefore any fracture mechanic activities

related to this concept are orientated towards the

follow-on project, the SNR 2 plant..

At this moment the questions related to the design

of the complete reactor vessel system to withstand

the hypothetical core disruptive accident are of

actual importance for the licensing procedure.

The design of the reactor vessel system is based on

a defined energy release of 370 MW sec.

The deformation behavior of the vessel system during

the HCDA has been calculated by computer codes which

describes the impuls and pressure distribution for

all elements by which the geometry has been modelled.

Simultaneously the codes calculate the hydrodynamic

processes and the time and position dependent stress

and strain distributions.

For the integrity proof the strain values of the

elements determined in a dynamic analysis have to

satisfy the integrity criterion. For the tightness

proof the local deformation behavior has to be cal-

culated by a more detailed finite element analysis.

This can be done by a static calculation satisfying

the boundary conditions of the preceeding dynamic

analysis. Tightness is given if the local strains

satisfy the design criterion.

In an earlier stage the deformation criterion for

HCDA design limits was only based on the results of

uniaxial material tests on small scaled specimens.

All parameters which can diminish the deformation

behavior have been taken into consideration by appro-

priate reduction factors (Fig. 10). The reactor safety

commission requested the verification of this theoret-

ically derived criterion by experimental tests. There-

fore an extensive test program has been started in

1975 (Fig. 11). The aim of this work is to demonstrate

the validity of the criterion under the following

aspects:

- deformation behavior at room and elevated temperature

for full size wall thickness (wide plate)

- verification of the influence of a postulated

reference crack

influence of ageing as part of the EOL condition

influence of dynamic loading

verification of the multiaxiallty hypothesis in

combination with the reference defect

influence of the reference defect in EOL condition

under multiaxial loading

- deformation distribution in areas with stress

concentrations

verification of the different reduction factors for

the EOL condition.
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To demonstrate the extent of these investigations the

following illustrations show some of the test objects.

Figure 12 shows a wide-plate specimen with an artifi-

cial defect in the center of the cross weld. The de-

formation behavior is shown by a net of lines at the

surface of the specimen. At the fracture surface the

dimension of the defect can be seen, which has been

manufactured intentionally by an imperfectly welded

root.

Two cylindrical test vessels (diameter 6OO mm, 8.8 mm

wall thickness) after a burst test can be seen in Fig. 13.

One of these vessels has been burst tested without a

weld defect and represents the deformation behavior for

a "Triaxiality Factor" of 1.73. The second was tested

under the same degree of multiaxiality but had a

reference weld defect. Both tests yielded results which

were in good agreement with the integrity design cri-

terion.

Fig. 14 gives an impression of the dimension of the

demonstration test vessel with full size wall thick-

ness (40 mm) which is intended to be tested with an

aged material section in the center part for simulation

of the EOL condition. This test will be performed at

the end of next year.

4. Summary

The material programs described so far cover major

important areas of structural material behavior in

the primary system of a sodium cooled reactor. The

results demonstrate that a good base is available

for the design and safe operation of sodium systems.

For complementation purposes some further work is

needed in certain areas:

- Creep-fatigue interaction mechanism and descrip-

tion of base material and weld metal behavior for

design purposes

Irradiation effects in the low-dose range on time-

dependent material behavior

Impact of heat-to-heat variation on materials

properties data

Establishment of a profound data base to evaluate

sodium impact on mechanical properties

Application of the leak-before-break concept in

plant design

Confirmation of laboratory test results by the

operational experience of sodium cooled reactor

systems.
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