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FOREWORD

The International Working Group on Fast Reactors (IWGFR) periodically organizes meetings
to discuss and review important aspects of fast reactor technology, including the characteristics and
mechanical properties of structural materials and how they are influenced by environmental factors,
such as neutron irradiation and liquid sodium. This is the fourth meeting devoted to mechanical
properties of liquid metal cooled fast reactor (LMFR) structural materials. The first, held in Bergisch
Gladbach, Germany, in 1977, highlighted problem areas requiring further investigation and
evaluation. The major areas of concern related to the impact of sodium and neutron irradiation on
mechanical properties.

The second IAEA specialists meeting was held in Chester, United Kingdom in 1983. Here the
first data on the effect of low dose irradiation on mechanical properties were presented. It was
concluded that previous assumptions that low dose irradiation has little effect on the mechanical
properties of austenitic stainless steel was not sustainable and more work was required.

The third meeting was devoted to the properties of structural material in liquid metal
environments and was held in Karlsruhe, Germany, in 1992. The significant progress which had been
made in techniques for mechanical properties determinations in liquid metal environments was
highlighted. Problems associated with corrosion, carburization and decarburization were discussed and
this led to a broader understanding of environmental effects on mechanical properties. Additionally,
new austenitic and ferritic steels were considered for fast reactor structural applications.

The present meeting continues the theme of the second and is devoted to the effect of low dose
irradiation on the mechanical properties of structural materials. A large amount of data, particularly
on austenitic stainless steels, has been generated over the past years and this is presented and
discussed. The effects of low dose neutron irradiation are highlighted in terms of atomic
displacements and helium generation and their influence on both high and low temperature properties.
At temperatures below 400°C degradation in material toughness occurs, and this is related to atomic
displacements. At higher temperatures, grain boundary embrittlement, due to helium formation,
causes a reduction in both creep and creep-fatigue resistance.

The IAEA wishes to thank all the participants of the specialists meeting for their valuable
contribution, especially the Chairmen, A. Tavassoli and J. Wareing.
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In preparing this publication for press, staff of the IAEA have made up the pages from the
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SUMMARY OF THE SPECIALISTS MEETING

The IAEA Specialists Meeting on Influence of Low Dose Irradiation on the Design Criteria of
Fixed Internals in Fast Reactors was hosted by the Service de Recherches Métallurgiques Appliquées,
Gif-sur-Yvette, France, 1-3 December 1993 and was attended by participants from France, Germany,
Japan, the Netherlands, Russian Federation and the United Kingdom. This is the third IAEA
sponsored specialists meeting held on the effect of neutron irradiation on the properties of fast reactor
internal structural materials. The other two meetings were held at Bergisch Gladbach, Germany
(1977) and Chester, UK (1983).

Material used for internal components of reactor vessels can be divided into two categories
according to the level of neutron dose that they receive: (a) high and (b) low to medium. Fuel
subassemblies and, in general, the core material fall in the first category. They are subjected to
neutron doses well above 60 displacements per atom (dpa) and, as a result, must be replaced
periodically (every 2 to 3 years). Reactor vessels and near core structures fall in the second category.
They are subjected to low to medium doses (<20 dpa) and in general their design life is the same
as that of the reactor (—40 years).

Until the 1970s little attention had been given to the effects of irradiation on near-core structural
materials of fast breeder reactors. It had been generally considered that low neutron doses have little
effect on the mechanical properties of austenitic stainless steels, from which the internal structures
are fabricated. During the late 1970s, however, independent studies carried out in some Member
States showed that irradiation doses resulting in formation of about 2 dpa and 1 appm He, have
respectively significant effects on low and high temperature properties of these steels.

OBJECTIVES OF THE MEETING

The objectives of the meeting were as follows:

To review the effect of low dose irradiation on the properties of fixed internal structural
materials.
To discuss the design requirements which should take the above effect into consideration.

The meeting covered the following main topics:

Session 1: General considerations
Session 2: Low temperature irradiation
Session 3: High temperature irradiation
Session 4: Reactor operation
Session 5: Application in design.

During the presentations on influence of low dose irradiation on the design criteria of fixed
internals in fast reactors in the countries, the different steps, problems and concerns were discussed
and the following conclusions were reached:

1. Participants reviewed activities in the experiments and analysis of experimental data. It was
noted that near core structures - permanent or quasi-permanent for 30-40 years in service - have
exhibited degradation due to the neutron environment.

2. For components operating at the lower temperature range, the main cause of concern is
degradation of fracture toughness due to atomic displacements. For components operating at
the higher temperature range, the main cause of concern is grain boundary embrittlement, due
to the formation of helium or irradiation induced segregation, resulting in a reduction in creep
and creep-fatigue resistance.



3. This degradation in properties requires both an optimization of materials for life extension
consideration and a quantitative description for the detailed design. As a result of the latter
work the structural material specification has been precise. Both in Europe and in Japan low
carbon grade stainless steel of type 316L with controlled addition of nitrogen is recommended
for use even at low temperature.

4. It was concluded on the basis of discussions and review by the participants that even low
neutron irradiation doses have a significant effect on high and low temperature properties of
some types of austenitic stainless steel. At doses above about 15 displacements per atom, the
degree of embrittlement and the level of swelling in all materials tested are probably
unacceptable for use in critical fixed reactor components.



Background Paper

MATERIALS AND OPERATING CONDITIONS OF FAST
BREEDER REACTOR INTERNAL STRUCTURES
A.A. TAVASSOLI
Direction des réacteurs nucléaires,
Commissariat à l'énergie atomique,
Centre d'études de Saclay,
Gif-sur-Yvette, France
Abstract

The term internal structures refers to structures situated inside the reactor vessel but
outside the core. In general, these structures are fixed and permanent or quasi
permanent, and their design life is equal to that of the reactor [~ 40 years). They
are almost entirely fabricated with austenitic stainless steel plates (Types 304L and
316L), and are assembled using weld metals (308L, 16-8-2, 19-12-2).
Below Core Structures (diagrid, supporting plates, ...) are exposed to cold sodium
(390-400°C), while the Above Core Structures (grid plate, thermal shield, ACS
plug) are exposed to hot sodium flowing out of me reactor core, and the
peripheral structures (inner vessel, redan, ...) to temperatures in between.
In the current Fast Breeder reactors, incorporated safety margins are such that the
internal structures are subjected to very low neutron irradiation doses, <1 or 2 dpa
and <1 appm He. In future designs, irradiation doses are expected to be
significantly higher.
A major cause of concern for BCS is degradation of toughness due to atomic
displacements. For the ACS, the major cause of concern is a reduction in creep
and creep-fatigue resistance due to grain boundary embrittlement, provoked by
helium or irradiation induced grain boundary segregation.

Introduction
Until the 1970's little attention had been paid to the effects of irradiation on near
core structural materials. It had been generally considered that low neutron doses
have little influence on the mechanical properties of the austenitic stainless steels.
During the late 1970's, however, two independent studies carried out at ECN and
ISPRA showed that irradiation doses resulting in the production of about 1 0~2
appm of helium or 2 dpa induce significant changes in the mechanical properties
or types 304 and 316 austenitic stainless steels. Results becoming available from
surveillance of the Rapsodie Vessel in France (CEA) also showea that the critical
dose above which significant changes in mechanical properties of austenitic
stainless steels occur are much lower than those previously considered (figures 1-
2). These thresholds doses were close to the operating conditions of fixed
internals. As a result, verification of the effects of low dose neutron irradiation on
the internal structures has been one of the main objectives of the European Fast
Breeder Reactor collaboration.
One of the main observations made in the early stages of this collaboration was
that the conditions or materials for which most of the results had been obtained
were different from those encountered in service (figure 3). It was, therefore,
decided that a closer control of the materials and the irradiation conditions was
necessary in any future irradiation.
This paper presents materials and operating conditions of internal structures, in
Superphénix (Fig. 4) and the European Fast Breeder (Fig. 5) reactors.



316L Weld Metal
Irr Temp 435 460 C

Test Temp 350 C

rradiated Scatter

irradiation dose dpa

316L Weld Metal
Irr Temp 435°C 46CTC
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Irradiated Scatter

Irradiation dose, dpa

Figures 1& 2. Effect of irradiation on tensile yield strength and uniform elongation,
showing that at above = 1 dpa induced changes exceed that of the normal scatter.
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Figure 3. Effect of irradiation, through helium transmutation, on the normalized
creep ductility.
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Definition
The term internal structures is employed for all components situated inside the
reactor vessel but outside the core.
In comparison with the core materials, which are periodically replaced, these
structures are fixed and permanent or quasi permanent and their design life is
equal to that of the reactor (~ 40 years).
Figures 4 and 5 present a cross section of the reactor blocks of Superphénix and
of EFR (sources NERSA: La Centrale de Creys-Malville, 1987 and EFR Associates,
Lyon 1993). Table 1 gives the size and dimensions of the internal structures and
other major components of Superphénix. It can be seen that all structures in
contact with liquid sodium are fabricated with the austenitic stainless steels, in total
weighing about 5500 tons (including vessels).
The main difference between the three categories is the operating temperature.
Below Core Structures are exposed to cold sodium (390-400°C) and, therefore,
are sometimes called cold structures. Above Core Structures are Exposed to hot
sodium (=550°C) flowing out of the reactor core and are sometimes called hot
structures. Peripheral Structures operate at temperatures in between.

Table 1. Major components assembled on site in Superphénix (source NERSA)

Component
Safety vessel
Main vessel
Internal vessel
Thermal Baffles
Dead weight
Plates "Platelage"
Diagrid support
Diagrid
Reactor slab, "Dalle"
Great Turning Plug
Above Core Plug
Roof

Diameter (m)
22.50
21.05
20.37
20.00
5.90
14.00
6.60
6.00

25.70
11.50
4.45
25.50

Height (m)
15.91
15.61
10.61
10.00
1.50
3.20
1.30
1.50
2.90
2.40
12.40
18.00

Total Weight of Stainless Steel

Mass (t)
330
350
518

350+150
30
190
37
80
800
640
250
750

5500

Metal
Stainless Steel
Stainless Steel
Stainless Steel
Stainless Steel
Stainless Steel
Stainless Steel
Stainless Steel
Stainless Steel
Carbon Steel
Stainless Steel
Stainless Steel
Carbon Steel

Table 2. Classification

Classification
Internal structures can be divided in three categories:

Below Core Structures
Above Core Structures

Peripheral Structures

Diagrid, Platelage, "faux Sommier", ...
Grid, Thermal Shield, Above Core Plug,

Internal Vessel, redan, ...
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Materials
In Fast Breeder reactors, and in fact in all existing nuclear reactors, all major
internal structures are fabricated with austenitic stainless steels. In addition, and
unlike the Pressurised Water Reactors, the main reactor vessel is also fabricated
with austenitic stainless steel.
The two types of austenitic stainless steels generally used are Types 316LN and
304L, see table 3. Type 304L is used for cold structures where time dependent
properties are not involved, i.e. <450°C. This steel is usually welded with the type
308L weld metal. Type 316LN is used for hot structures, i.e. >450°C. This steel is
usually joined with type 16-8-2 (or its variants), mainly for TIG welding, and with
19-1 2-2 mainly as filler metal.
In the European Fast Breeder Reactor project all internals will be fabricated with
the type 316LN steel.
Chemical compositions of the type 316LN retained for EFR are slightly different
from that used in Superphénix (316L-SPH), as are in fact those of the SPX grade
from the Phénix grade or the Rapsdie grade. The differences are mainly in stricter
control of impurity levels, and allowable deviations from the nominal compositions.
This has become possible through advances made in fabrication techniques.
However, even in Superphénix there are three variants of 316L-SPH (e.g. they
have a slightly different upper limit for carbon or boron content), each adapted to
meet the specific component requirement (welding, corrosion, irradiation). The
differences in these variants are minor and do not affect the present study.

Table 3. Chemical compositions (Variation of S, P, and Cu are more restricted than in the
original SPH grade used in Superphénix.)

A/EWL

3161M**
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9
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The amount of S-ferrite in type 316L-SPH steel, calculated with the Pryce-Andrews
diagram, should not exceed 1%. In the type 304L a higher amount of 0-ferrite is
allowed (~ 1%). Both steels are used in a solution heat treated condition. The
specification for type 316L-SPH plates requires a final heat treatment in the range
of 1050 to 1 150°C, usually 30 min at 1070 to 1 100°C.
Unlike the parent metals, a certain amount of ferrite is specified for the weld metals
to avoid hot cracking. In 19-12-2 and 16-8-2 the specified range is 3-7%, and in
308L from 4 to 10%. In both cases the residual 0-ferrite content can be measured
either on a Schaeffler diagram or with the magnetic saturation method. A third
method (physical) is also allowed for specific cases.

Irradiation Conditions
As shown in figure 4, lateral protection (steel sub-assemblies) placed around the
core reduces the neutron dose in the radial direction on the peripheral structures
and the reactor vessel in Superphénix . Likewise, shielding materials used in the
fuel subassemblies themselves, reduce the neutron fluences on the ACS and the
BCS. As a result, irradiation doses encountered in the existing French Fast Breeder
reactors are very low, < 1 to 2 dpa, < 1 appm He (for a steel with 10 ppm boron)1.
However, in the future reactors, the trend is towards more efficient and more
compact reactor cores, and hence, irradiation doses are likely to increase. For this
reason the effect of irradiation doses as high as 20 dpa are being investigated in
the European Fast Breeder Reactor collaboration. This does not necessarily mean
that such doses will be implemented, one limitation for instance to consider is the
excessive activation of sodium in the secondary circuit. Nevertheless, a better
understanding of the higher dose effects is useful for determining an upper dose
limit for fixed internal structures and for obtaining information on other internal
structures (e.g. control rods).

Loading
BCS are permanent structures and their eventual replacement or repair will be very
difficult, if not impossible. Amongst various parts of the BCS, the upper plate of
diagrid is probably the most critical (fig. 6). It is the closest structure to the reactor
core, receives the highest irradiation dose (1-2 dpa at 400°C), and directly
supports the fuel sub-assemblies.
The upper plate of diagrid, like other BCS, is subjected to thermal stresses, residual
stresses, cyclic loads (e.g. vibration , but most importantly to dynamic loading, in
case of an accidental fall of a fue subassembly during its manipulation. As a
result, the main cause of concern for diagrid is degradation of its fracture
toughness (base metal and welded joints) under irradiation.
The ACS are in principle permanent, but their eventual repair or replacement is
possible. As a result, they are better qualified as quasi-permanent structures.
Amongst various parts of the ACS, the grid plate (fig. 7) is the closest to the reactor
core and hence the most irradiated (=0.1 dpa, 1-2 appm He). However, this plate
does not have a structural role and its limited, but not extended, local failures can
be tolerated. Likewise, the thermal protection plate (made from nickel) is
mechanically fixed to the lower plate of the above core plug (fig. 7) and its main
role is to attenuate the thermal striping, resulting from variations in the sodium
temperature flowing out of the reactor core, on the lower AC plate. The most

1 Throughout this paper neutron doses of 1 dpa correspond approximately to 1-2 xl
n/cm2 (E> 0.1 Mev). Thermal fluence and fast fluence of a given total dose are also
considered to be of the equal order for the internal structures (1:1).
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a) Upper plate

b) "Faux Sommier"

c) Inside Diagrid

Figure 6 Diagrid (Sommier) of Superphénix is composed of two plates separated
by spacer bars ("chandelles") Both the upper and lower diagrid plates are
fabricated with smaller plates welded (308L) together to obtain the final 6 m
diameter plate

a) Fixing Thermal Shield
on lower AC p'ug

b) Grid plate

c) Above Core Plug

Figure 7. Above Core plug of Superphénix With the exception of the thermal
shield plate (Ni) all other AC plug structural parts are fabricated with type 3 1 6LN
and welded using types 16-8-2 and 19-12-2 electrodes
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critical structure, from the structural point of view, is therefore, the lower plate of
the above core plug. It is subjected to high temperatures (around 550°C) and
continuous stresses resulting from thermal differential expansions (creep), reactor
shutdown and start-up cycles (low cycle fatigue, creep-fatigue), ana thermal
striping.
The main cause of concern for all ACS, since the operating temperature is high
(550°C) and the atomic displacements low (0.1 dpa), is irradiation induced grain
boundary embrittlement, and hence a reduction in the time dependent properties
(creep and creep fatigue). The mechanisms involved in the grain boundary
embrittlement are not fully understood. Helium embrittlement and irradiation
induced grain boundary segregation are probably the main causes of such
embrittlement. As a precautionary measure, boron concentration in the steel is
restricted to below 20 ppm or even 10 ppm, to limit B^ transmutation to He by
thermal neutrons.
Peripheral structures receive low doses, but in future reactors the extent of lateral
protection is likely to be reduced. This would result in an increase in neutron doses
on these structures.

Conclusions
Internal structures of of existing Fast Breeder Reactors are essentially fabricated
with types 304L and 316LN steels. They operate at temperatures between 400
through 550°C and receive neutron doses resulting in 1 to 2 dpa and 1 to 2 appm
He. In futre reactors these doses are expected to be considerably higher.
For components operating at the lower temperature range, tne main cause of
concern is degradtion of fracture toughness due to atomic displacements. For
components operating at the higher temperature range, the main cause of concern
is grain boundary embriftlemenF, due to formation or helium or irradiation induced
segregation, resulting in a reduction in creep and creep-fatigue resistance.
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FRACTURE TOUGHNESS OF IRRADIATED STEELS

V.TROYANOV
Institute of Physics and Power Engineering,
Obninsk, Russian Federation

Abstract

The peculiarity of the nuclear reactor operation is that neutron irradiation can change the mechanical
properties of materials. For instance, this can include irradiation embrittlement of structural material and
degradation of their fracture toughness. Therefore, for ductile austenitic steels which have been used in
fabrication of reactor components the study of brittle fracture conditions is important. Fracture mechanics
analysis of irradiated materials depends on fracture toughness value, which changes under neutron irradiation.
Therefore the most important problem is obtaining irradiated materials fracture toughness from experiments.
The results, presented in this paper, permits a determination of the irradiation dose dependence of K,. for
austenitic steel 16Crl5N13MolNb under operating temperature above 450°C. This temperature range is chosen
because most irradiation embrittlement occurs in these conditions. The tests were carried out with thin flat
plane specimens in the plane-stress condition mainly. It is shown that the Kc value is degraded to 40 MPa.m"2

under damage dose of 48 displacements per atom (dpa).

Under strength estimation of nuclear reactor elements
it is necessary to take into consideration the significant
changes of structure materials mechanical properties caused
by neutron irradiation. The irradiation effect on the
structure materials is usually demonstrated as irradiation
embrittlement and yield strengh and ultimate tensile
strength limit increasing. Obviously under irradiation
influence the fracture toughness must be changing and,
hence, the conditions of constructions brittle fracture must
be changing too.

The choice of correct fracture mechanics calculation
model and technique for estimation of structure strength
parameter is formed by construction configuration, applied
loading and material properties, for instance - ductility
and critical value of K_- and J_. Therefore the experimentalJ-O oinvestigation of KT„ and Jn characteristics underJLL* oirradiation conditions is the main task in the problem of
methodical approach development for the fracture mechanics
technique application to the estimation of in-reactor
structure strength.

Application of fracture mechanics in the field of
reactor engineering is worth while for the next problems.
Firstly, this is a strength of Fast Breeder Reactor (FBR)
fuel element shells, in which a significant irradiation
embrittlement and availability of corrosion surface cracks
take place. The loading of these shells is carried out by

17



gas pressure and thermo-mechanical interaction between fuel
pellets and shell under non-steady operation.

Secondly, this is a strength of FBR and Pressure Water
Reactor (PWR) in-reactor equipment. These reactor elements
serve for reactor vessel protection from the neutron
influence. This equipment represents a thick-walled
constructions, which are loaded by internal stress,
excessive hudraulic pressure and thermo-mechanical stress.

Thirdly, this is a PWR vessel loaded by excessive
pressure about 15 MPa. The vessel materials demonstrate a
significant irradiation embrlttlement and the danger of a
brittle fracture is inadmissible phenomenon.

There are some another nuclear reactor structures,
which require a fracture mechanics calculation to strength
estimation. The considered structures may be separated into
two groups according to the type of structure materials.
This phenomenon is appeared because of the different types
of steel (austenltic or ferritic and periltic) demonstrates
different radiation effects.

In the presented paper an experimental tests of
irradiated specimens fracture toughtness are described. The
austenitic steel type 16 Gr 15 Ni 3 Mo 1 Nb is tested with
purpose to estimate a strength of FBR fuel element shells
and, also, a strength of FBR and PWR in-reactor equipment.
Under experiment planning is taken into consideration that
the temperature range of maximum irradiation embrittlement
is 400 - 500°G.

MATERIAL AND EXPERIMENTAL PROCEDURE

The test material was given a standart heat treatment:
austenlsation at 1050°G for 30 minutes and air quenching.
The chemical composition of stainless steel 16 Cr 15 Ni 3 Mo
1 Nb is listed in Table 1.

The values of the KTp in plane strain conditions are
known as low limit of the critical value of fracture
toughness K in other stress conditions. The specimen size
requirement to assure valid plane strain KTC fracture
toughness determnation
18



TABLE 1
CHEMICAL COMPOSITION OF STAINLESS STEEL
0 Cr16 N115 Mo3 Nb (PERCENT BY WEIGHT)

c
0.06

Si

0.20

Mn

0.50

Cr

16.4

Ni

14.5

Mo

2.88

Nb

0.90

Fe

Bal

a,t ̂  2.5 r K i C i
y J

(1)

must be satisfied, in tests.
In equation (1 ) a=crack length, t=thickness, o =yield

strength.
There are some difficulties to recommend the specimen

size for preliminary irradiation, because a value of K for
irradiated material is unknown. Also it is necessary to take
into consideration, that ln-pile reactor irradiation of
thick specimens calls some problem connected with next
reasons :
1 - irradiation heating during in-reactor exposure calls a
temperature gradients and uneven swelling of material in
cross-section of specimen;
2 - a limit volume of in-reactor specimens - holder
construction.

Therefore it was decided to refuse of requirement (1 )
and make tests with use of thin-plate specimens in mostly
plane stress conditions. An experimental value of KC is some
more than true value K . The construction of specimen is
shown in fig.1.

There are some difficulties to make the fatique crack
of requisite configuration caused by impossibility to create
reversible cyclic loading of thin specimen. The crack
similar defect in specimen (in text further "crack") was
executed by electric erosion method and had own radius in
head near 0.05 mm.

The neutron irradiation of specimens took place In
special containers in nuclear reactor BR-10 at the
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Figure 1. The specimen construction; dimensions
in mm ( t = 0.5 - 1.0, a = 5 - 8 )

temperature from 450 to 500°C and damage doze from 10 to 20
dpa, and in nuclear reactor BN-600 at the temperature 450°C
and damage dose 48 dpa. The number of irradiated in BP-10
specimens is 32, the number of Irradiated in BN-600
specimens is 20. At the same time in the same conditions
were irradiated witness specimens which permitted to obtain
a value of yield strength of material a . Surroundings of
specimens during irradiation in BR-10 is He, in BN-600 - Mg
and Na.

RESULTS

During material testing dependence of load-replacement
for load application points (P - A) was registered. A
typical diagrams P - A are shown in fig. 2. It is known, that
in case of execution of requirement

'C 1.10 (2)

or execution of requirement
max
Q

1 .20 (3)
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Figure 2. A typical rupture diagrams of irradiated steel

a) BR-10, damadge doze 10-20 dpa, 45CPC;
b) BR-600, damadge doze 48 dpa, 45CPC.

the 5 percent secant offset technique for determination of
critical coefficient K„ value may be used.oIn experiments with specimens shown in fig.1 the
following equation is used:

7C-a •PI a
w (4)

where w - specimen's width,
cross-section of specimen,

stress in the full

F;
a
w

a f a Ie- fa1-0.5- — +0.37- — - 0.044- —
W

a
w w

w
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The requirement (2) has been satisfied for all
specimens irradiated in BN-600. Calculated using (4) values
KC at the temperature of test Tt=450°C are following:

Kc(48 dpa) = 39 ± 2 MPa-m1/2
with 95% trusted probability.

The stress state in specimens in the moment before
fracture has been calculated with finite elements method
use. On the fig.3 there are shown stress components ox (in
axial direction), Gy (in derection of crack increasing), oz
(in diametrical direction) Inside or specimen near it's
central plane. On the same figure there is shown a plastic
zone in the crack's head, and this zone is much less than
geometric dimensions of specimen and crack length.

Figure 3. Stress components before distruction inside c/i
specimen near it's centra! plane
1 — crx in axial direction;
2 — <jy in direction of crack increasing;3 - cr, in diametrical direction.
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For the specimens irradiated in BR-10 the requirement
(2) was not executed. For this test has been used Rice's
correlation which allows to obtain a value of J„:

J =c w-a

Ap
•f G (5)

where G - elastic value of J-integral (G = -|— in the plane
stress condition). The crack length a' is defined with crack
stable increasing calculation. On the figure 4 there is
shown a view of the BR-10'irradiated specimen in the moment
before distinction after cessation of loading.

The results of specimen testing are produced in the
table 2.

Figure 4. The BR-10 specimen in the moment befor<
distruction after cessation of loading.

TABLE 2

THE RESULTS OF IRRADIATED SPECIMENS TESTING

Damage doze,
dpa

104-17
174-20

48

V
MPa

263-13
2494-1 2
6304-50

Jc',
KJ/rT
1 41 4-23
1 36^34

-

Kc,
MPa-m1 7 2

-
-

394-2

K = ( J E ) 1 / 2
J J 1 /?WPa-m /c^

1 56+1 5
1 54^20

-
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Shown in table 2 testing results are reproduced on
fig.5. The values of KT̂  for unirradiated materials as well

*J L»as for irradiated materials were obtained use of correlation
(6):

KJC JE (plane stress condition)(6)
KJC = y JE/d-p.2) (plane deformation)

The use of this correlation is not quite true methodically
but allows to obtain visible comparision of results.

400-

300-

100-

> 3 0 4
DAMAGE DOZE, dpo

Figure 5. Fracture toughness of Irradiated
stainless steel OCr 16NÎ 15Mo 3 Mb
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CONCLUSIONS

1. The fracture properties of stainless steel 0 Cr16 Ni
15 Mo3 Nb irradiated up to 10*20 and 48 dpa at 450*500°0
temperature were characterised at 450°G using fracture
mechanics technique. The results of this study showed, that
considerabled degradation fracture toughness from KC * 400
MPa-m1/E up to KQ «« 40 MPa-m1/2is observed.

2. The technical difficulties of reactor experiment
does not allow to use the specimens of ASTM recomended sizes
and proportions. Results of this study allow to define a
necessary thicRness of the irradiated to 48 dpa stainless
steel 0 Cr16 Nil5 Mo3 Mb as t£ 9 mm. Hence, the obtained
results of K_ are some above than true values of KT_. At\j UOother side the obtained results may be considered as a
measure of fracture toughness for the construction of the
same thickness.
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EFFECTS OF NEUTRON IRRADIATION ON CREEP
PROPERTIES OF FBR GRADE 316 STAINLESS STEEL

K. AOTO, Y. ABE, I. SHIBAHARA, Y. WADA
Oarai Engineering Center,
Power Reactor & Nuclear Development Corporation,
Oari-machi, Ibaraki-ken, Japan
Abstract

To investigate the effects of neutron irradiation on the creep properties of main FBR
structural materials, FBR grade type 316 stainless steel and JIS SUS304, type 304
stainless steel were irradiated in two type reactors, experimental fast reactor "Joyo" and
Japan materials testing reactor. After irradiation, creep tests have been performed in
the hot cell up to SOOOhr at 500 ~650 °C. The creep property of low carbon and nitrogen
added type 316 stainless steel was hardly affected by neutron irradiation comparing with
JIS SUS304. Especially, the creep ductility of irradiated FBR grade 316 Stainless steel
can be maintain the same level of that of unirradiated material. By observation of a
transmission electron microscope, almost helium generated by neutron irradiation was
captured by micro-granular precipitation in the grain of this material. As the results,
helium-bubbles can not move to the grain boundary in irradiated 316FR and embrittled the
grain boundary of this material.

1. IMTOUCTION
FBR grade type 316 stainless steel(316FR) which contains carbon less than 0.02%,

about 0.08% nitrogen and controlled phosphor to improve creep properties has been
developed to be applied as a main structural material to Japanese large scale FBR. Its
superior high temperature material properties, especially long term creep properties of
this material were already validated by the basic material test in air[l].

Main components and structures near core, for examples, reactor vessel and almost
upper/below core structures are exposed to the low dose neutron irradiatioa Both creep
strength and creep ductility of austenitic stainless steel are reduced by helium which is
mainly produced by 10B(n, «)7Li react ion[2]. The creep strength of JIS SUS304 stainless
steel which is equivalent to AISI type 304 ss is decreased by thermal neutron(E ̂ 0.4eV)
irradiation more than 1015n/cm2 and the creep ductility is significantly reduced by
neutron irradiatioa The structural design guide for class 1 components of prototype fast
breeder reactor for elevated temperature servi ce(ETSDG) in Japan provided the design
factor for creep properties of irradiated type 304 stainless steel and its weId[3]. So
it is important to clarify the effects of neutron irradiation on creep properties of
structural material and the mechanics of irradiation damage in the material. The effects
of neutron irradiation on creep properties of 316FR will be reported in this paper.
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2. MATERIAL TEST

2.1. Tested Material
The chemical compositions of irradiated materials in this report, 316FR and Japanese

industrial standard(JIS) SUS304 which is a main structural material for Japanese prototype
FBR "Monju" are shown in table 1. In this table, the standard value of normal JIS SUS316
and a temporary standard for 316FR are also shown to comparison. 316FR meets the

standard of normal JIS SUS316. All Cylindrical test specimens were machined from a 50mm
thickness hot rolled plate of 316FR and JIS SUS304 with their direction to the rolled
directioa A typical tested specimen has 4nm diameter and 20mm length of its gage length.

2.2. Irradiation Test
Table 2. shows the irradiation conditions of 316FR and SUS304. These materials were

irradiated at 485 ~600 °C to thermal neutron fluences of about 1.4 xl022~2.4 xi024n/m2

(B^0.4eV) and to fast neutron fluences of about 3.7xl022~8.8 xi024n/m2(E^O. IMeV) in
two type reactor, experimental fast reactor "Joyo" and Japan mater ia ls t e s t i ng
reactor(JMTR) which is a light water cooled thermal testing reactor operated by Japan
atomic energy research institute(JAERI). 0.09~2.0 appm helium was produced in these
materials by neutron irradiâtioa

Table 1 Chemical Composition of Tested Materials

SUS316(JIS)

316FR(Standard)

316FR(Check)

SUS304(Check)

Chemical Composition (wt%)

C

0.082:

0.0202;

0.012

0.05

Si

1.002;

1.002;

0.52

0.59

Mn

2. DOS

2.002;

0.86

0.87

P

0.045S;

0.04à

0.024

0.027

S

0.0302;

0.0302:

0.004

0.003

Ni

10.00~
14.00

10.00~
14.00

10.59

8.98

Cr
16.00-
18.00

16.00-
18.00

16.58

18.47

N

——

0.06—
0.10

0.08

0.022

B

0.0003

0.0005

Table 2 Irraidiation Conditions

Reactor

Neutron
Fluence
(n/m2)

Thermal

Fast

Température

Period

He Production

Experimental Fast
Reactor * JOYO"

1.4X1022

8.8X1024

500°C

201 (days)

0.09 appm

Japan Materials
Testing Reactor

1.1X1024 -2.31X1024

3.7X1022 — 2.38X1024

485°C~600r

21 (days)

0.09~2.0 appm
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2.3. Creep Test
Creep tests of irradiated specimens have been performed at 500,550,600 and 650 °C up

to 5, OOOhr of time to rupture. Creep test conditions are as following.
•Temperature : 500°G 550°G 600°G 650°C
Ŝach creep test were performed at a test temperature within ±25°C of each irradi-
ation test temperature

•Stress : 300~420MPa
•Rupture time : ~5, 000 hr.

3. TEST RESULTS
Figure 1 shows all creep test results of irradiated 316FR. The solid line in this

figure indicates the mean trend of creep strength of unirradiated 316FR at each test
temperature. The mean reduction ratio of creep life of irradiated material to that of
unirradiated material is about 1/3. Hereafter, to discuss the effect of neutron
irradiation on the material property of 316FR, the test result of irradiated 316FR is
compared with that of irradiated JIS SUS304 which is equivalent to AISI type 304 stainless
steel. The comparison of the reduction ratio of creep life of irradiated 316FR with that
of irradiated JIS SUS304 is shown in figure 2. Both structural materials, 316FR and JIS
SUS304 were irradiated under the same conditions at 550±25°C. Solid symbols and solid
line are experimental data points of irradiated 316FR and the mean trend of creep life of
the unirradiated material respectively. And open symbols and dashed line are for JIS
SUS304. This figure shows that the mean reduction ratio of creep life of 316FR by neutron
irradiation is about half of that of JIS SUS304. Note that the experimental result of

irradiated 316FR will gradually close to the mean trend curve of unirradiated material
creep strength in the long-term creep regioa

1000

OH

1/3
cfl
<U
I-,

•t-t
V)

100

: 316FR(Unirradiated)
Neutron Fluence : 1.4X 10"-2.31 X lO 2 4 (n/m2 ,E<0.4eV)

: " JOYO"

D
D

l O2 l O3

Time to Rupture (hr)
i o4

l 0

Figure l Creep Strength of Irradiated FBR Grade 316 Stainless Steel(316FR)
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1000

BJ
OH

C/5
c/3

OT3

100

• : Irradiated 316FR
O ! Irradiated SUS304

316FR(Unirradiated)
SUS304(Unirradiated)

Test Temp. = 550'C

o o

Neutron Fluence :
316FR 1.5X10" -2 .31X10" (n/m2 ,E<0.4eV)
SUS304 1 . I X 10"-2 .31X10" (n/m2 ,E<0.4eV)

1 0 1 0 1 0 1 0 1 0

Time to Rupture (hr)

Figure 2 Comparison of Creep Strength of Irradiated 316FR with taht of Irradiated Type 304
Stainless Steel at 550 °C

The most important e f fec ts of neutron i r radia t ion is usual ly the reduction of
d u c t i l i t y of material. Figure 3 shows the comparison of the fracture elongation of
irradiated material wi th that of unirradiated material. Each data band of unirradiated
material contains only experimental data of the same heat of irradiated material. The
fracture elongation of JIS SUS304 was signif icantly decreased by neutron irradiation to
1/5 of that of unirradiated material. But the creep d u c t i l i t y of irradiated 316FR is
almost equivalent to that of unirradiated material.
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Figure 3 Comparison of Fracture Elongation of Irradiated 316FR with taht of Irradiated
Type 304 Stainless Steel at 550°C
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The result of the comparison of steady creep rate of irradiated 316FR with that of
irradiated SUS304 is shown in figure 4. Steady creep rate of both irradiated materials
are accelerated about double as much as those of unirradiated material.

Time to tertiary creep is reduced by neutron irradiation. The reduction ratio of
time to tertiary creep of each irradiated material is equal to that of time to rupture of
each material.

4. DISCUSSION
The characteristic features of creep property of each irradiated material are

summrized in figure 5. This figure shows the comparison of creep behavior of irradiated
material with that of unirradiated one under the almost same creep test conditions for
both structural materials. Those creep curves found in this figure are actual
experimental data of each material. This figure shows that the creep strength is reduced
to 1/10 of that of unirradiated material, significantly decreasing of the creep ductility
and accelerated the steady creep rate by neutron irradiation for JIS SUS304. And almost
JIS SUS304 specimens showed the intergranular fracture surfaces. On the other hand, the
reduction ratio of creep strength of 316FR is about 1/3 of that of unirradiated one. The
creep ductility of 316FR is hardly affected by neutron irradiation but its steady creep
rate is accelerated by irradiation as much as that of SUS304. The fracto-surface of all
316FR specimen showed the transgranular fracture.

Figure 6 shows the relationship between reduction ratio of creep life and the

1000

cfl
c/5

• : Irradiated 316FR
O : Irradiated SUS304

• : 3I6FR(Unirradiated)
: SUS304(Unirradiated)

Test Temp. =550°C

--*
Neutron Fluence :
316FR 1.5X10" - 2 . 3 1 X 1 0 " (n/m2 ,E<0.4eV)
SUS304 1 . 1 X 1 0 " - 2 . 3 1 X 1 0 " (n/m' ,E<0.4eV)

10043
1 0 1 0 1 0 1 0 i o" i o

Steady Creep Rate (%/hr)

Figure 4 Comparison of Steady Creep Rate of Irradiated 316FR with tant of Irradiated Type
304 Stainless Steel at 550 °C
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accumulated thermal neutron fluence for 316FR and JIS SUS304. A solid line in this figure
is the design factor in the elevated temperature structural design guide for "Monju"[2].
By adoption of 316FR, the rise of design margin w i l l be expected. Figure 7 shows the

correlation of reduction of creep l i f e with the generated helium by nuclear transmutatioa
These f igures indicate that the reduction of creep strength of 316FR by neutron

irradiation is less significant than that of JIS SUS304. An obvious test temperature
dependence of the reduction ratio of creep strength can be found for JIS SUS304 in both

10
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O,
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<a -

.01 „191 0
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A 316FR(550t;)
O SUS304(500"C)
A SUS304(550t))
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Tr irrad. = Tr unirrad.
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21 22 „23
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i o20 i o" i o" i o"" i tf
Thermal Neutron Fluence (n/m2 ,E<0.4eV)

24
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Figure 6 Reduction of Ratio of Creep Life of Austenitic Stainless Steels with Thermal
Neutron Fluence
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Figure 7 Reduction of Ratio of Creep Life of Austenitic Stainless Steels with Helium
Fraction
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figures. The helium of 0.09~2.0 appm is generated in 316FR by neutron irradiât ion (See
Table 1). However, in these figures, the reduction of creep strength of 316FR will
saturate for the accumulated thermal neutron fluence and increasing helium fraction. And
there is no temperature dependence of the reduction ratio of creep strength of this
material. All tested specimens showed the trans-granular fracture -,wde.

The micro-structure of as irradiated specimens and creep exposed specimens have been
observed by a transmission electron microscope (TEM). In as irradiated JIS SUS304
specimens, a lot of massive M23C6 type carbide was observed on the grain boundary and much
small granular carbide was found in the graia Little massive carbide and some granular
Laves-phase were observed on the grain boundary of as irradiated 316FR and a lot of micro-
granular precipitation was found in that graia

Photo 1 shows the helium on the grain boundary of as irradiated JIS SUS304 and the
creep exposed specimen of irradiated this material. On the grain boundary of as
irradiated JIS SUS304, a few helium-babbles were observed but after creep test so many
helium babbles were found on the grain boundary of this material. Helium produced by
neutron irradiation seems to travel to the grain boundary with migration of the
dislocation in the graia Photo 2 shows the state of helium babbles on the grain boundary
of as irradiated 316FR and in the creep ruptured specimen of irradiated 316FR. These
photographs indicate that there is no segregation of helium on the grain boundary of 316FR
even after creep test as well as the state on the grain boundary in the creep exposed
specimen of irradiated JIS SUS304. Photo 3 shows the observation of the intra-granular

As Irradiated Specimen PIE Creep Ruptured Specimen

50nm

Photo. 1 TEM Micrograph of Helium Formed on the Grain Boundary of Type 304 ss.
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As Irradiated
He : 2appm

PIE Ruptured Specimen at 550°C

Rupture Time : 652hr
He : 2appm

Rupture Time :2717.8hr
He :2appm

Rupture Time : 1617hr
He : 1.1appm

25nm

Photo. 2 TEM Micrograph of Helium Formed on the Grain Boundary of 316FR

As Irradiated
He :2appm

PIE Ruptured Specimen at 550°C
Rupture Time : 652hr
He :2appm

Rupture Time : 2717.8hr
He : 2appm

Rupture Time : 1617hr
He : 1.1appm

25nm
Photo. 3 T0d Micrograph of Helium Formed in the Grain of 316FR
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states of as irradiated and creep exposed 316FR, There are no difference between the sate
of as irradiated material and the states in the grain of creep ruptured specimens.

Almost helium generated by neutron irradiation is captured by micro-granular Laves phase
and needle-shaped phosphide in the graia As the results, helium-bubble can not move to
the grain boundary in irradiated 316FR. These facts indicate that such large amount of
helium production did not embrittle the grain boundary of 316FR and that the generated
helium could not enhance inter-granular creep crack initiation and propagation for 316FR

Several nitride precipitation can be observed in the grain of irradiated specimen
which is creep exposed at 550°C for about 1,600 hr(See Photo 4). Such nitride can not be
find in unirradiated creep ruptured specimen which rupture time is less than 30, OOOhr at
550 °C. The nitride precipitation is accelerated by neutron irradiation. This seems to
be the reason why the creep strength of 316FR is reduced by neutron irradiatioa

50nm
Photo. 4 TEM Micrograph of Nitride in the Grain of 316FR (Irradiation Conditions:4.7xl023

n/m2;B>0. IMeV at 527°G Creep Test Condition:310MPa, 1617hr at 550 °C)
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5. CONCLUSIVE REMARKS
(1) The effects of neutron irradiation on creep properties of 316FR were investigated.
The mean reduction ratio of creep life of this material is 1/3 of that of unirradiated
material. The creep strength of this material is decreased by neutron irradiation but its
reduction ratio is less significant than that of JIS SUS304, type 304 Stainless steel.

(2) Though the most important effects of neutron irradiation is usually the diminished
ductility of material, the creep ductility of irradiated 316FR is almost equivalent to
that of unirradiated material.
(3) The micro-granular precipitation, Laves phase and needle-shaped phosphide captures
helium-babbles in the grain of 316FR and prevents helium migration to the grain boundary.
As the result, the grain boundary of 316FR is hardly embrittled by neutron irradiatioa
(3) Nitrogen which is added to strengthen creep strength of 316FR precipitates in the
grain of irradiated 316FR for relatively short term creep exposure. This seems to be the
reason why the creep strength of 316FR is reduced by neutron irradiatioa
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PROVISIONS FOR BN REACTORS FOR LOW DOSE
IRRADIATION OF MATERIALS

A.I. KIRYUSHIN, V.A. ROGOV,
A.I. ZINOVYEV, V.A. DOLGOV
OKBM, Nizhny Novgorod,
Russian Federation
Abstract

BN-350 and BN-600 reactors designs are considered and components typical for operation conditions are
given. The BN reactor's provisions for required irradiation conditions of material samples intended for studying
materials properties variation under the influence of neutron flux and substantiation of operability of the BN
reactors when extending their life are shown here. Concrete ways of irradiating material samples are considered
by an example of material sample assemblies for the BN-600 reactor.

INTRODUCTION

All equipment of BN-type reactors may be conventionally subdivided into two
groups in accordance with received dose of irradiation: equipment with high and low
damaging dose. Core fuel assemblies, blanket fuel assemblies, control and protection
system (CPS) rods and other core assemblies belong to the first group. They receive
damaging doses higher than 50 dpa and should be periodically replaced. For this
aim reactor outages for refuelling are provided.

Unreplaceable equipment or equipment, replacement of which entails great
process difficulties and is not provided by normal reactor operation belongs to the
second group. This equipment operates in various conditions, but in comparison with
the core assemblies receives lower irradiation doses which exercise insignificant
influence on mechanical properties of structural materials. But at present due to
BN-350 reactor lifetime exhaustion and necessity to increase BN-600 reactor design
lifetime there is a necessity to study more profoundly the influence of neutron flux
on the properties of austenitic steels, which are the main structural material for
unreplaceable equipment of BN reactors.

REACTOR DESIGN AND EQUIPMENT OPERATION CONDITIONS

To determine scope and range of necessary investigations one should consider
BN reactors design and define conditions of equipment operation.

BN-350 reactor has loop-type layout and BN-600 - integral layout of main
primary circuit systems. Common views of these reactors are shown in Figs. 1 and
2. Independent of layout type all equipment of these reactors may be subdivided into
6 groups, according to irradiation dose and operation temperature. List of main
equipment samples of each group together with the conditions of their operation are
given in table by an example of BN-600 reactor. In BN-350 reactor operation
temperature is by 50-80°C lower. Damaging dose, presented in the table is received
in course of 30 years.
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Table
BN-600 Reactor Equipment and its Operation Conditions

N

1

2

3
4
5

6

Name

Vessel
Guard vessel
Large rotation plug
Central rotation column
Headers
Thermocouples jackets
Control and protection system
guide tubes
Neutron cover

Damaging
dose, dpa

<1

<1

2
7-10

15-18

35

Temperature °C

380

550-580

380
580
580

450

REQUIREMENTS TO MATERIAL SAMPLES LOCATION

To perform representative tests for substantiation of structural materials
operability in presented conditions, corresponding location of tested samples is
necessary. BN reactors allow to simulate the whole range of required testing conditions.
When choosing the place of material samples location, one should keep in mind, that
such samples location is necessary, which allows to perform their loading and unloading
by standard reloading path.

It is necessary first of all for safety reasons because thereby reactor vessel
depressurization is not necessary and secondary for process reasons because standard
reloading operations are used.

It follows that samples should be located in the core or adjoining zones, which
are serviced by reloading mechanism. It imposes definite requirements for the structure
of material sample assemblies, into which tested samples are placed. Material sample
assemblies should copy outer fuel assemblies geometry and have mass enough for
prevention of their rising to the surface at normal and emergency regimes of reactor
operation.

Samples location place should be chosen proceeding from distribution of neutron
flux along the height and radius of the reactor core. Flux distribution along the height
is shown in Fig.3, flux distribution is changed by the core radius too. Figure shows
that if samples are located close to the core center required dose may be accumulated
in short time. But in this case time characteristics and irradiation dose accumulation
rate, which influence on structural materials properties, are not simulated. If samples
are located farther from the core center, they should be kept in the reactor in course
of longer time, which is not acceptable when results should be obtained quickly. It
is also necessary to simulate temperature conditions. Required temperatures may be
reached by the choise of samples location in the reactor or by change of coolant
flowrate flowing about samples, with the help of different restrictors.
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BN-600 REACTOR

Thermocouple jackets, [
7-10 dpa, 580°C

Header,
2 dpa, 380"C

Vessel, guard vessel,
<1 dpa, 3 8 0 ° C " -

Large eolation plug,
"<\ dpa, 550-580°C

Central roiation
column, ______

dp.i, 550-5SO"C

CPS guide tubes,
15-18 dpa, 580°C

Neutron cover,
35 dpa, 450°C

Fig.l
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BN-350 REACTOR

Fig.2
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Fig.3. Neutron Flux Distribution along Reactor Height
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DESIGN OF BN-600 REACTOR MATERIAL SAMPLE ASSEMBLIES

When performing specific tests both in BN-600 and BN-350 reactors all
aforementioned possibilities of BN reactors are used for irradiation of material samples,
intended for studying of materials properties change under the influence of neutron
flux and substantiation of BN-type reactors equipment operability at their lifetime
increase.

Let us consider some typical methods of low dose samples irradiation by an
example of material sample assemblies of BN-600 reactor.

1. At reactor start up in 1980 6 assemblies with samples of different materials
both used in this reactor and long-term ones were located by the periphery near elevator
compartment. Fig.4 shows assemblies location in the reactor. Maximum neutron flux
intensity in the places of assemblies installation is up to 1015 cm"1 c"1. Fig.5 shows
assembly design. Assembly is a bundle of 19 elements with samples of tested materials,
located inside hollow hexahedron with cylindric opening.

Each element consists of three parts by its height. Average part is 750 mm
long tube located allong the core height and completely filled with samples. Upper
and lower parts have 250 mm long cavities for location of additional samples. 17
elements are leak-tight, filled with helium and cooled by coolant only from outside.
Samples location inside leak-tight space is necessary for exclusion of coolant influence
and revealing of purely radiational influence on metal. 2 elements have openings for
coolant inlet and outlet and samples in them are in contact with coolant.

When tubes are filled with samples temperature registers and monitors for
temperature and fluences control are located at four cross-sections by the height.

In the upper part of material sample assembly there is a longitudinal mark, which
shows that this side of the assembly should be directed to reactor center. Necessary
coolant flowrate through the assembly is provided by restrictor located in the tail.

Temperature of samples with the account of calculation error is within 440-
560 °C range. It is planned to reach the whole range of low damaging doses from
0.5 to 37 dpa. These assemblies provide receiving of various irradiation doses at small
neutron fluxes and slow accumulation of required fluences.

2. The other method of irradiation is realized in material sample assemblies,
presented in Figs.6 and 7. In these assemblies material samples are located in so-
called removable container. Container allows to remove samples without assembly
cutting, it promotes samples investigations and results obtaining and reduces the price
of it. Besides if material sample assembly's lifetime have been exhausted and samples
did not receive required irradiation dose it is possible to place the container to
analogous material sample assembly. There is a cylindric channel in assembly for
placing the container. To prevent container's floating up at reactor operation, it has
special weight.
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Elevator compartment

In-reactor storage

O Fuei assemblies in reactor core,
lateral blanket and in-reactor storage

O CPS rods

(T) Material sample assemblies (Fig,5)
fè. Material sample assembly
^ with removable container (Fig.6)
l^j Material sample assembly
^ with removable container (Fig.7)

£p Compensating rod with material »amples (Fig.8)

Fig.4. Material Samples Location in BN-600 Reactor
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material samples

19 elements with
material samples

Fig.5. Material Sample Assembly
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Fig.6. Material Sample Assembly with Removable Container
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Assemblies, shown in Figs. 6 and 7 are different in structures, surrounding the
channel with removable container. Material sample assembly, presented in Fig. 6 is
based on fuel assembly of the blanket, from which 13 central fuel elements have been
removed for location of the channel. Number of remaining fuel elements in material
sample assembly is 24. To eliminate coolant flow non-uniformity 6 displacers are
located by the assembly cross-section around the channel. To provide simultaneously
the required temperature and neutron fluence values fuel elements bundle of material
sample assembly are shifted down relative bundle of standard fuel assemblies of the
blanket.

In the assembly, shown in Fig.7 the channel with removable container is located
inside double-hinge thick-walled cylindric tube, which is in its turn located inside
hexahedral jacket of material sample assembly.

These assemblies were located in the lateral blanket and were irradiated during
one interval between refuellings or 160 effective days. Samples accumulated damaging
doses from less, than 1 dpa to 5-9 dpa at 480-540°C temperatures for sample assembly
with fuel elements and 360-380 °C for the other assembly.

3. For the third method of samples location CPS rods are used. This method
is shown in Fig.8. There is space in the tail of compensating rod, which is filled
with material samples. In course of reactor operation, the rod together with the samples
is moved upward. Thereby neutron flux influencing upon samples, increases. So the
samples are irradiated by varying neutron flux. Depending on the chosen compensating
rod, in which samples are located, these samples can accumulate damaging dose from
10 to 40 dpa at the temperature from 365 to 450°C.

In addition to compensating rods emergency protection rods may be used for
location of samples in them. In these rods larger damaging doses are accumulated
at constant neutron flux due to the other operating conditions.

CONCLUSION

To study the influence of low irradiation doses on the behavior and properties
of structural materials BN-type reactors possibilities are used widely. Obtained results
are necessary for substantiation of such reactor's unreplaceable equipment operability
at their lifetime increase and for deeper understanding of neutron flux influence
mechanism upon materials.
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Lower rod
position

Upper rod
position

Neutron absorber

material samples

Fig.8. Compensating Rod with Material Samples

Experience of the development, irradiation and investigation of material samples
has shown that from the point of view of reactor operation and samples cutting and
investigation the most convenient location of samples is that one in special material
sample assemblies.
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DATA COLLECTION ON THE EFFECT OF IRRADIATION
ON THE MECHANICAL PROPERTIES OF AUSTENITIC
STAINLESS STEELS AND WELD METALS
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*AEA Technology,
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**Direction des réacteurs nucléaires,
Commissariat à l'énergie atomique,
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Gif-sur-Yvette, France
Abstract

Data on thé influence of low dose irradiation on the mechanical properties of structural
steels (Types 304, 316, 316L, 316H and 316L(N) and associated weld metals) at
temperatures from 20°C to 750°C, have been compiled from published literature and the
results of British, Dutch, French and German Laboratories. The preliminary results,
which cover the dose range from 0 to 5 displacements per atom (and /or up to 2 appm
helium) are presented as comparisons between irradiated and unirradiated control data,
covering a range of strength and cyclic properties. The results show that low dose
irradiation can have a significant influence on the properties ranging from increases in
0.2% proof stress to decreases in stress rupture strength and ductility. More detailed
investigations of the significant factors on the individual properties will be completed in
the future.

1 INTRODUCTION

The influence of irradiation on the mechanical properties of materials has been known
for many years. Most studies prior to the 1970's concentrated on the relatively high
doses, of relevance to core components of nuclear reactors. However, it has been
recognised for some time that the doses to which the core peripheral components of
sodium cooled fast reactors are exposed would also cause some degree of degradation
in the mechanical properties. Since these near core items are not usually designed to be
removable, studies began to be made to assess the effect of more modest irradiation
doses.

For design purposes, and those of life assessment, it is important to specify the
maximum dose level to which structural components can be subjected without
undergoing either a significant change in properties or an unacceptably large change in
properties. The aim of the present investigation, which has been funded by the
Commission of the European Communities under the auspices of the Fast Reactor Co-
ordinating Committee, Working Group Codes and Standards, has been to collect
relevant data on the influence of low dose irradiation on mechanical properties.

Data have been collected from British, French, German and Dutch laboratories, together
with published information from the open literature. The study has concentrated on the
austenitic stainless steels (Types 304, 316, 316L, 316H and 316L(N)) and their
associated weld metals in the temperature range 20 to 750°C and dose ranges from 0 to
5 dpa (and /or up to 2appm helium). The scope of the data, in terms of the number of
test points for each type of mechanical property is shown in Table 1. The unirradiated
data are from specimens to provide control data for the irradiated specimens and do not
represent the entire data set for unirradiated materials available from other sources.

51



TABLE 1 '
NUMBER OF DATA POINTS

TENSILE TENSILE IMPACT IMPACT FATIGUE & FATIGUE & STRESS STRESS
BASE WELD BASE WELD C-FATIGUE C-FATIGUE RUPTURE RUPTURE TOTAL

______________________________BASE WELD BASE WELD______

UNIRR 66 41 24 22 32 27 194 41 447

IRR 108 70 43 49 87 27 182 33 599

The paper outlines the comparisons between the mechanical properties of irradiated and
unirradiated control material. The properties studied are tensile, impact toughness,
stress rupture, fatigue and creep-fatigue. The data have been sub-divided by mechanical
property for base and weld metal: further sub-divisions (e.g. by material type or
irradiation temperature) have been made for some but not all properties at this stage.
Throughout the study, a low test temperature does not necessarily imply a low
irradiation temperature. However to make a meaningful comparison, care has been
taken to compare data having the same irradiation and test temperature.

This paper is unable to include all the information available, but attempts to summarise
the main findings. A later investigation is to examine in detail the material and
irradiation factors that affect mechanical properties. Ultimately a design
recommendation will be made on dose level at which irradiation becomes significant.

2. RESULTS

2.1 TENSILE PROPERTIES

2.1.1 Base Metal

Data on 0.2 % proof stress (PS), ultimate tensile strength (UTS), uniform and total
elongation and reduction in area were collected for Types 304 and 304L, 316 and
316L(N) steels, although most of the data (nearly half of the irradiated materials data)
were from Type 316 steel. The irradiation dose ranged from about 0.2 dpa to 5 dpa,
with test temperatures of 20 to 750°C.

In order to illustrate the emerging trends, data are sub-divided so as to illustrate the
effect of maximum dose under investigation (4 to 5 dpa at 400°C) on tensile strength at
temperatures from ambient to 750°C, and also the effect of dose level 0 to 5 dpa on the
strength at 400°C. Also examined is the concurrent effect of irradiation on strain at
failure

Fig. 1 shows the effect of irradiation on the yield stress of Types 304L and 316L(N)
steels at temperatures from ambient to 750°C: unirradiated data are shown for
comparison. The irradiation temperature for all of the tests was between 400 and 450°C
and the dose level was between 4 and 5 dpa. The unirradiated yield strengths of the two
steels are fairly similar in magnitude and decrease as the test temperature is increased.
Irradiated Type 304L steel exhibits a significant increase in strength at test temperatures
up to 450°C. At 400 to 450°C (where irradiation and test temperatures are equal) there is
a 153 % increase over the unirradiated value. Above this temperature the difference in
strength levels decrease so that at 75()°C, they approach each other. Data are shown for
Type 316L(N) steel at test temperatures from ambient to 550°C. It can be seen that the
trend is similar to that for Type 304 L steel but irradiation hardening is less significant
i.e. 64 % at the irradiation/test temperature.
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Figure 1. The effect of irradiation at =400°C on the yield stress of Types 304L and 316L(N)
stainless steels in the temperature range 20 to 750°C.

The effect of irradiation and test temperature on UTS is shown in fig. 2. Here the trends
mirror those for yield strength, i.e. for Type 304L steel, (400-450°C) irradiation,
causes an increase (of the order of 30 %) for test temperatures in the range 400 to
450°C. At higher test temperatures this strength difference decreases so that at 750°C it
has virtually disappeared. For Type 316 L(N) steel, irradiation, under similar
conditions, causes a 15 % increase in UTS for test temperatures up to ~ 450°C. At
higher temperatures the difference is expected to decrease.

Fig 3 illustrates the effect of (400 to 450°C) irradiation and test temperature on the strain
(total elongation at failure) for both Types 304L and 316L(N) steels. Unirradiated
properties of the two steels are similar both in absolute levels and their variation with
temperature. Elongation initially reduces with increasing test temperature but reaches a
trough at 400 to 500°C, after which it increases with increasing temperature. For Type
304L steel, the elongation of irradiated material is reduced by some 62 % for test
temperatures in the range of 400 to 450°C. Unlike unirradiated materials and despite the
diminishing hardening observed for YS and UTS, elongation continues to decrease as
the temperature is increased to 750°C. The trend for Type 316L(N) steel is similar but
the reduction in elongation of irradiated material is some 34 % of the unirradiated
equivalent at the irradiation/test temperature.

Turning to the effect of dose level on tensile properties, tig. 4 illustrates the effect of
irradiation on the tensile properties of Type 304L stainless steel, irradiated and tested at
~ 400°C. Here, both the 0.2 % yield strength and the ultimate strength, and elongation
at failure (uniform and total) are plotted as a function of dose in the range 0 to 5 dpa.
Yield stress rapidly increases in the dose range 0 to 4 dpa, and a doubling of the
unirradiated strength level occurs. From 4 to 5 dpa, there is a much slower increase and
possibly a saturation of yield stress at higher doses. Ultimate strength shows a less
marked increase with dose and increases to 130 % of the unirradiated value at a dose of
5 dpa.
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Figure 2. The effect of irradiation at =40Ü°C on the ultimate tensile strength of Types 304L and
316L(N) stainless steels in the temperature range 20 to 750°C.

c
o
*"•
«5
CT
C
JD
111

(0-*-•
O

100

80

60

40

20

0

400°C < Tirr < 450°C
4 dpa < Dose < 5 dpa

— e- -T.E. (Unirr), 316L
— - Ù - - T . E . (Irr), 316L
——•——T.E. (Unirr), 304L

T.E. (Irr), 304L

•
«o

I r rad ia ted

0 100 200 300 400 500 600 700 800
Test Temperature, °C

Figure 3. The effect of irradiation at =400°C on the tensile ductility of Types 304L and 316L(N)
stainless steels in the temperature range 20 to 750°C.
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Figure 4. Effect of irradiation dose level at ~400°C on the tensile properties of Type 304L
stainless steel at 400°C.

Elongation, (total and uniform) decrease steadily with increasing dose and reaches
absolute levels of 18 and 10 % respectively at the 5 dpa dose.

The effect of low dose irradiation, in the temperature range 400-450°C, on tensile
strength can be explained in terms of irradiation induced hardening by the formation of
point defects etc., which restrict dislocation movement. At low test temperatures (up to
400 to 450°C) this type of hardening persists. At more elevated temperatures, where
thermal recovery processes can take place irradiation hardening is gradually lost and
unirradiated material strength is fully recovered at veiy high temperatures.

Reduction in strain at failure (with respect to unirradiated material) at low test
temperatures reflects the irradiation induced strengthening. However at the more
elevated test temperatures, continuous decreases in ductility can no longer be attributed
to this phenomenon. Instead, as confirmed by fractographic examination, the dominant
mode of rupture changes from trans-granular to inter crystalline. The exact mechanism
for grain boundary embrittlement is not yet fully understood but helium formation and
irradiation induced grain boundaiy segregation are the most likely causes.

2.1.2 Weld Metal

Data were collected for the weld metals which are used for joining Types 316, 316L,
316L(N), 304 and 304L steels. These are 19Cr-12Ni-2Mo, 16Cr-8Ni-2Mo, 17Cr-8Ni-
2Mo and 18 Cr-10Ni, (Type 308) weld metals. Again the majority of data (half of the
irradiated total) was for Type 316 steel weld metal. The irradiation dose ranged from
about 0.2 dpa to 5 dpa with test temperatures from 20 to 750°C. As above, the
irradiation temperature was between 400 and 450°C.

Observed property changes due to irradiation, both in terms of effects of test
temperature and the dose level at 400°C were similar to those described for the base
metal. However, the changes were less pronounced due to the high yield and tensile
strength and low ductility of unirradiated material. The weld metal ductility remained
weaker than the base material at all of the dose levels under investigation.

55



2.2 IMPACT PROPERTIES

2.2.1 Base Metal and Weld Metal

Impact toughness data were collected for Types 316, 316L and 304L steel. The
irradiation dose ranged from 1 to 5 dpa, with test temperatures from 20 to 550°C. Data
were also collected for Type 316, 3U8L and 304L weld metals: irradiation doses varied
from 0.5 to 5 dpa and test temperatures from 20 to 550°C. As above, the irradiation
temperature was between 400 and 450°C.

Because of the variety of data from different materials, it is as yet difficult to assess
completely all the significant effects. However, if a subset of these data is considered, it
is possible to discern the effect of dose on impact properties. Fig 5, illustrates data from
Type 304L base metal and Type 308 weld metal, irradiated at temperatures between 400
and 450°C and tested at 400°C. Here, Charpy V energy is plotted against dose. Note
that unirradiated weld metal is inherently more brittle than base metal (its impact energy
is one third that of base metal) and that for both materials, impact energy reduces as
dose level increases in such a way that the differential is maintained. As far as plant
operation is concerned, it is the behaviour of the weld metal that is of most interest.
Here it will be observed that a dose level of 1 dpa has little effect. However dose levels
of 4 and 5 dpa reduce the impact energy from 80 (1 dpa) to SOJ/cm^-

2.3 STRESS RUPTURE

2.3.1 Base Metal

Stress rupture data on time to 1% creep strain, time to tertiary creep, rupture time,
minimum creep rate, elongation and reduction in area were collected for only Types 304
and 316 steels. The irradiation dose was <0.01 to 2.7 dpa, the irradiation temperatures
generally of the order of 550°C and the test temperature 450 to 630°C.
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Figure 5. Effect of irradiation dose level at 400-450°C on impact toughness of Type
304L base and Type 308L weld metals at 400°C.
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Data are shown in fig. 6 for Type 304 Stainless steel as stress versus time to rupture
plots for tests performed at 550°C. Some scatter is observed in both the unirradiated and
irradiated data. For unirradiated material, this is a manifestation of variations associated
with different product forms of the same cast and differences in the response of
different casts. However, the main point to note is that even at very low doses (0.5 dpa)
creep resistance is reduced. As pointed out earlier, in the context of tensile strength
properties, the main cause of this degradation is grain boundary embrittlement. A better
indication of irradiation damage is the amount of helium that is formed within the steel.
At these very low dose levels, boron is the major source of helium and hence its
concentration in the steel is an important factor.

Irradiation also causes a significant decrease in elongation for all test temperatures, this
being typically a factor of 2 for temperatures <_550°C, as exemplified by 550°C data in
fig. 7 and by an increasing factor ( up to 8) for higher temperatures. A similar pattern of
decreasing ductility with irradiation for progressively higher test temperatures was also
found for reduction of area.

2.3.2 Weld Metal

Only data from Type 316 weld metal were collected. The irradiation temperature was
~550°C, dose ranged from <0.01 to 2.7 dpa and the test temperature was 538 to 600°C.

Although the rupture time at 538°C was decreased by irradiation by a similar amount to
the base metal at 550°C, there was no significant effect at 600°C, see fig. 8. However,
the elongation, tig. 9, and reduction of area were significantly decreased by irradiation
at 600°C.

2.4 FATIGUE AND CREEP-FATIGUE

2.4.1 Base Metal

Cyclic data (including plastic and total strain range, stress range, hold time and cycles to
failure) were collected for Types 316 and 304 steel for temperatures from 450 to 700°C.
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Figure 6. Effect of irradiation on stress rupture behaviour of Type 304L stainless steel
at 500°C.
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Figure 9. Effect of irradiation on creep ductility of Type 316 weld metal at 600°C.

The total strain ranges were from Ü.OÜ6 to 0.02, Avith hold times of up to 48 hours for
creep-fatigue tests. Irradiation temperatures were usually 550°C and doses varied from
0.01 to 5 dpa.

Continuous cycling fatigue data in terms of total strain range against cycles to failure
show little effect on fatigue life. Fig. 10 shows data at 550°C. At the highest considered
temperature, however (700°C), there is a factor of 2 reduction in endurance for
irradiated material. Failure under these conditions are of a transgranular nature, except
perhaps at the highest temperature, and therefore irradiation is not expected to
significantly affect fatigue life,

The effect of tensile hold period on endurance is shown in fig. 11 and fig. 12 for Types
316 and 304 steels respectively, as plots of cycles to failure against hold time at
constant applied total strain ranges. For Type 316 steel, fig. 11, the endurance for both
unirradiated and irradiated material decreases as the hold period is extended. The
endurance for the irradiated material is always less than that of unirradiated material for
all hold times. For hold times in excess of a few minutes, this difference is of the order
of times 2. Similar data are shown in fig. 12 for Type 304 steel at total strain ranges of
1.5 and 0.6 %. Note again that the endurance of irradiated material is always less than
that of unirradiated material and that endurance continues to decrease as the hold period
is extended. The reduction factor for irradiated data vis a vis unirradiated data is up to
an order of magnitude. For the 1.5 % strain range, there appears to be a suggestion of a
saturation for hold periods beyond the 48 hours under consideration.

As creep-fatigue life is related to creep rupture ductility, the results shown here mirror
creep rupture properties. These are iniluenced by irradiation, and ductility is reduced by
grain boundary embrittlement e.g. helium bubble formation. This grain boundary
embrittlement is responsible for either an enhancement of fatigue crack growth rate at
high strain ranges or for a change in failure mechanism from fatigue to creep dominated
failure at low strain ranges. Under both circumstances endurance is decreased. The
present data contain long hold times at high strain ranges and shorter hold times at
lower strain ranges. There are as yet few data for the combination of low strain range
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Figure 10. Effect of irradiation on the fatigue properties of Type 304 stainless steel at
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Figure 11. Effect of tensile hold time on the fatigue endurance of irradiated and unirradiated
Type 316 stainless steel at 593°C: total strain range 1%.
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and long hold time which occurs during plant operation. Under these circumstances
failures in unirradiated creep resistant casts of Type 316L(N) steels become inter-
granular. For these situations the large differences between unirradiated and irradiated
creep-fatigue life is expected to diminish. Experimental verification of such an
eventuality is one of the current European goals.

2.4.2 Weld Metal

The only data collected were for fatigue tests on a 18 Cr-11 Ni weld metal, for total
strain ranges from 0.006 to 0.02, and temperature from 450 to 550°C and dose levels
between 0.01 and 0.8 dpa. There were no data available for creep-fatigue tests.

Little effect of irradiation on fatigue life was noticed, see fig. 13, which shows data at
550°C.
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3 DISCUSSION AND CONCLUSIONS
Low dose irradiation is shown to significantly influence mechanical properties, for
example by increasing the proof strength and decreasing the creep rupture strength and
ductility. The extent of the strength changes depend on the irradiation and test
temperature and the total changes can be summarised as follows:

Mechanical Property.
Tensile.

Impact Toughness.

Stress Rupture.

Fatigue.

Creep-Fatigue.

Influence of Irradiation.
Increase in 0.2 % proof stress (at
t e m p e r a t u r e s up
decrease in ductility.

to~400°C) ,

Decrease in impact energy.

Significant decrease in rupture
strength and ductility.

Little Effect.

Significant decrease in endurance.

Strength and impact energy changes result from low temperature (<450°C) irradiation
hardening whilst creep and creep fatigue property changes are mainly due to high
temperature (>550°C) grain boundary embrittlement effects.

Further work is in progress to evaluate the significant factors and the dose limits above
which the effect of irradiation on mechanical properties must be taken into account.
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WORK THE LOW DOSE NEUTRON IRRADIATION EFFECTS
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Abstract

The recommended design data and factors to be used for the European Fast Reactor (EFR)
project was one of the tasks of the Design and Construction Rule Committee (DCRC),
formed within EFR-Associates, the Design Companies associated for the EFR project.

This Committee has reviewed the data of low dose irradiation effects on austenitic stainless
steels and welds, has questioned the AGT 9A which is the common Research and
Development Working Group on material properties for EFR and which gives in particular
to the subgroup 2B the tasks concerning the irradiation effects on the materials selected for
the fixed internals.

The DCRC has issued recommendations for the material data to be used when the creep
conditions are negligible and the irradiation damage is limited to 1 dpa.

Proposals have been made for factors to be used on the time dependent material properties
used when creep conditions are not negligible.

Further information has been requested on :

- the effect of irradiation on the creep rupture and the creep strain properties of particular
grades of parent material (316L (N)) and weldments at 550 °C,

- the threshold level of dpa damage at which significant reduction of toughness occurs for
316L (N) parent material and weldments for temperatures below 450 °C.

1 - INTRODUCTION

Task of the DCRC in EFR project

The European Fast Reactor (EFR) is a Liquid Sodium Fast Reactor to be designed for the
Fast Reactor Utility Group (EFRUG) by the Design Companies associated within EFR
Associates (FRAMATOME - NNC - SIEMENS).

63



The Design and Construction Rule Committee (DCRC) is in charge to evolve common design
rules. The French code RCC-MR is considered as a sound starting basis. DCRC writes
mandatory recommendations for the EFR project which modify or supplement the RCC-MR
code.

This Committee has also to provide the material data for the design works taking into account
the results of the programmes performed by the R and D organisations involved in EFR
(Working Group AGT 9A for Materials).

In relation to this task, the effect of low dose irradiation on material properties was
examined.

2 - MATERIAL DATA USED IN THE DESIGN WORK FOR EFR

2.1 - Negligible creep curve for 316L (N) steel

Two different sets of rules are used in the design work. Within the first one, the rules do not
take into account any creep effect.

The second set of rules takes into account creep strain and comprises requirements against
creep damages. The negligible creep curve is plotted in the time temperature diagramme to
separate the negligible creep conditions where the first set of rules can be used, and the non
negligible creep conditions where the second set of rules have to be verified. The negligible
creep curve applied to design work for EFR is shown in figure 1.

Non negligible creep conditions

0 (.C) Temperature
675

625

575

525

475

425

1.00E+00 1.00E+01

T(h)

Negligible creep conditions

FIGURE 1
316L (N) ; Negligible creep curve

64



2.2 - 316L (N) material properties used for the design in negligible creep conditions

The material properties used in the design in negligible creep conditions are listed in table
1. In this table the effect of irradiation as expected from experimental information is
summarized :

- hardening shown by an increase in strength and flow stress,

- reduction in tensile ductility.

TABLE 1

316L (N) Material properties related
to the design in negligible creep conditions ;

effect of neutron irradiation

Tensile properties
Yield strength
Tensile strength
Allowable stress limit Sm
Tensile curve (a, s)
Tensile ductility
Reduction of area

Fatigue properties
Fatigue curve without hold time

Cyclic curve (Aa - As)
and related factors

Used in
design

practice

Yes
Yes
Yes
Yes
No
No

Yes

Yes

Effect of
irradiation :
experiments

/
/
/
/ s < 2 %
\
\

Not important at
low dose
/

The conclusion of the DCRC on irradiation effect (when creep conditions are negligible) on
material properties is that up to 1 dpa no change in material data is introduced.

This means that :

- hardening effects of dpa on criteria used in design (increase of yield and tensile strengths)
are not taken into account ; allowable stress l imit Sm is unchanged,

- hardening effect of dpa on material response (monotonie or cyclic) is not taken into
account.

If the irradiation damage exceeds 1 dpa, then account must be taken of the effect of
irradiation of the toughness value used in fracture mechanics assessments.
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2.3 - 316L (N) material properties for fracture mechanics assessment in negligible
creep conditions

The effects of irradiation on the materials properties related to the toughness and to the crack
propagation rate are listed in table 2. The following comments apply to table 2 :

- lower values for KU, KV impact toughness and limiting J-Aa curves are in the weld metal
in irradiated as well as in unirradiated conditions,

- in unirradiated conditions, no important difference is found between fatigue crack
propagation rates in base material and in weld metal.

TABLE 2 : 316L (N) and welds

Material properties related to the fracture mechanics assessment
(in negligible creep conditions) : effect of neutron irradiation

Impact toughness KV or KU

Toughness J-Aa curve

Fatigue crack propagation rate

Used in practice
of fracture
mechanics
assessment

No

Yes

Yes

Effect of irradiation :
experiments

\

\

No important effect at low dose,
low temperature or high
frequency

The DCRC has requested to the R and D organisation, the threshold level of dpa damage at
which significant reduction of toughness occurs for 316 L (N) parent material and weldments
for temperatures below 450 °C.

2.4 - 316L (N) material properties for design in creep conditions

The material properties used for the design in creep conditions are listed in table 3. In this
table the effect of irradiation as expected from experimental information is summarized.

The effects of irradiation is on time dependent properties (creep and fatigue with hold time)
: the DCRC agreed to the use of helium content appm as the measure of high temperature
irradiation dose with regard to its effect on time dependent properties.

It was proposed to apply to the stress to rupture S,. of 316L (N) steel a stress factor Ir with
the following properties :
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- temperature threshold for I,, is 450 °C,

- temperature independent values for I,, are fully obtained at 500 °C,

- saturation values for I,, is 0.75 at 500 °C for a helium content greater than 5 appm,

- the proposed helium threshold is 10"4 appm.

Welds are less affected by irradiation than wrought material and, based on limited data
available, a less restrictive factor was proposed : the saturation value for welds is 0.872.

TABLE 3

Material properties related
to the design in creep conditions : 316L (N) and welds ;

effect of neutron irradiation

Tensile properties

Creep properties
Stress to rupture Sr
Stress for the onset of tertiary creep
stage
Stress for 1 % total strain

Allowable stress l imit St
Creep ductility
Creep strain curve (fi-t)

Weld strength reduction factor J,.

Fatigue properties

Fatigue curve without hold time

Fatigue curve with hold time
Cyclic curve
Creep fatigue interaction diagram

Used in
design

practice

As in
negligible
creep
conditions

Yes
Yes

Yes

Yes
No
Yes

Yes

Yes

No
Yes
Yes

Effect of
irradiation :
experiments

\
\

Not clear at low
dose
\
\
Not important at
low dose and £<
tertiary creep
S or \
(reference data)

— low dose high
frequency
\
/
Not known
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Discussions within the DCRC have shown that the proposal was based on sparse data, mainly
on 304 steel grade.

Additional data on the effect of irradiation on the creep rupture and creep strain properties
of 316L (N) parent material and weldment at 550 °C with helium level up to 1 appm were
requested but the experiments involve the restart of Phénix.

The consequence is that, at the moment there is no recommendation from the DCRC for the
values of stress to rupture Sr and of the allowable stress limit St.

3- CONCLUSION

Data on irradiation effect which are of main importance for the design work (including
fracture mechanics assessment) of internal structures near the core are the following :

- J-Aa curve at moderate temperature (400 °C) on weld metal selected for core support
structures after irradiation to the dpa level corresponding to the design of the component :
1 to 5 dpa (results to be compared with lower bound toughness value of welds with and
without thermal aging effect),

- stress to rupture with creeping time ( = 104 h) of the 316L (N) steel selected for the above
core structure after irradiation producing up to 1 appm helium in the steel.
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Abstract

There are special standards for materials used in the design of nuclear reactors in Russia. These
standards form requirements for calculation technique. On the basis of calculation technique well-known
strength theories are applied. As a result demands for calculation substantiation of in-reactor structures are
defined. Thus, a designer is obliged to make the following kinds of calculations: (1) static strength; (2)
stability; (3) cyclic strength; (4) long-term cyclic strength; (5) fragile destruction resistance; (6) long-term static
strength; (7) progressive transformation; (8) seismic loading; and (8) vibro-strength. Calculations must use the
necessary properties of the materials. Some of these calculations are discussed in the paper. The structure of
Russian FBR BN-600 is described, operating conditions of various in-reactor elements are also described. The
typical consideration process for one of structural elements (neutron cover) is demonstrated.

1. CALCULATION TECHNIQUE.
There are official standards and rules applied on stage

of designing of nuclear reactor structures. These standards
request to solve list of problems and prescribe methods and
basic data which must be used.

Obligatory list of calculation includes the next
estimations based on the limit conditions:
- short-term fracture (ductile and brittle);
- fracture under creep condition in static loading;
- plastic strain along full cross-section of structure
element ;
- a limit creep strain accumulation;
- a cyclic accumulation of plastic strain which result in
non-permissible dimension changes or quasi-static fracture;
- appearance of macrocracks under cyclic loading;
- buckling.

Calculation technique is based on well-known strength
theories. As result demands to calculation substantion of
in-reactor structure are defined. The following calculations
must be performed to prove long-term ability of reactor
structures including internals:
- static strength;
- buckling;
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- cyclic strength;
- long-term cyclic strength;
- brittle fracture resistance;
- long-term static strength;
- the progressive transformation;
- the seismic loading;
- the vibro-strength.

Calculations are based on necessary properties of
materials. In the case of irradiation condition data of
irradiation Influence on physical and mechanical material
properties must be represented.

Soviet official standard currently in force in Russia
at present includes standardised (guaranteed) properties of
non-irradiated (initial) reactor materials including
internals steel - 12Cr 18N1 10T1. For instance these are
ultimate tensile stress, yield strength, total elongation,
relative contraction under static fracture, fatigue curves,
creep and long-term strength.

Principles of irradiation influence estimation have
been developed. It demands to prove a conservative
calculation. For instance, ultimate strength increasing
under irradiation does not taken into consideration under
calculation of ultimate number of loading cycles. At the
same time the decreasing of relative contraction is taken
into the account.

In many cases there are direct recommendations to
estimate the neutron influence on the material
characteristics. For instance the irradiation influence on
the fatigue may be estimated by coefficient of ultimate
number of cycles decreasing 3^, i.e. [ NL]_ = [ N-J/ae... The

J? U _C U JLsignificance of ae^ is adduced in the Table 1.
TABLE 1

THE SIGNIFICANCE OP THE COEFFICIENT OF ULTIMATE NUMBER
OF CYCLES DECREASING UNDER IRRADIATION

Fluence,n/m2

(E>0.1 MeV

«P

1022

1.0

1023

1.6

1024

2.6

1025

4.2

1020

6.5

2-1020

10.

4-1020

. 17.

6-1020

30.
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2. SOME DATA OF REACTOR IRRADIATION INFLUENCE ON
THE PROPETIES OF INTERNALS STEEL.

The yield strength change under irradiation is
recommended to describe by the next dependence:

ay(T,F) = ay0(T) + AayQ(T,E) = QT (T) + A(T)•(kt)n(T), (1)

where a (T,F) - yield strength,
kt - damage doze, dpa.

The analysis of experimental data obtained for
stainless steel 0 Cr18 N110 Ti allows to receive the next
dependence which explain 70% of experimental results:-i i2.37 f _!___ _ ' )
00 2(T,kt) = 274-e ' T+273 293 +

_, 0 -2.3E+O.012T-1.4-1O~5T2
+ (2781-10.9T+1.MG~" r-)- (kt) , (2)

where QQ 0 - MPa, T - °C, (kt) - TRN-standard.
The calculation results according to this dependence

are shown on ?ig.1.
Under the great damage dose it is necessary to take

into consideration volume swelling of structure materials.
An experimental data for SS 0 Cr18 N110 Ti are adduced on
Fig.2. An approximation of these data has been made and is
adduced:

-5 Z
AV/V = 0.55(kt-f0.1T-67)e~29'10 <T-485\ (3)

where AV/V - % vol., T - °C, (kt) - damage dose (TRÏÏ).
In-reactor creep of SS 0 Cr18 N110 Ti is tested in the

special experiments and may be performed by the next
dependence :

ei = B-k-oi, (4)

where s± - intensity of creep rate, 1/h;
B = (0.7 * 2)-1CT6 MPa~1-dpa~1;
k - damage dose rate, dpa/h.
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3. SOME RESULTS OF ESTIMATION OP
INTERNALS OPERATION CAPACITY.

The scheme of cross-section of BN-600 is shown on the
fig.3. The operation conditions for some internals are
adduced on fig.3 also. Each of these elements has been
considered for operation capacity substantiation according
to official standards. The most interest represents the
analysis of neutron cover behaviour.

Neutron cover seems as steel cylindrical shell with
thickness about 50 mm. Inside the cover there are
non-uniform heating, temperature and neutron flux. On the
fig.4 temperature and neutron flux distribution is shown on
schematical view of neutron cover cross-section in the
middle plane of reactor core.

(Ty,

MPa

600-

500-

400-

300-

200-

100-

T - 420°C

DAMAGE DOZE, dpa

Figure 1. The dependence of conventional yield strength on
the damage doze for austenitic steel 12 Cr18 Ni 10 Ti.
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BN-600 REACTOR

Thermocouple jackets
7-10 dpa, 580°t

Header,
2 dpa, 380°C

Vessel, guard vessel, :
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Large rotation plug,
"<\ dpa, 550-580-C

Central rotation
column,

dpa, 550-580°C

CPS guide tubes.
15-18 dpa, 580°C

Neutron cover,
35 dpa, 450°C

FIG. 3.
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Figure 4. Internal layer of neutron cover.
Distribution of neutron flux and temperature.

Under reactor power rising In cover tnermo-mechanlcal
stress Is appeared, and besides quasi-elastic stress level
may be approached to yield stress of material. There is
decreasing of thermal stress during the time because of
in-reactor creep, however under every cycle of reactor
starting cyclic stress with amplitude a = a./2 takes place.5l uMoreover, non-uniform temperature and neutron flux fields
under damage dose up to 35 dpa leads to non-uniform
swelling, and in results - to volume loading of material.

The task of stress-strain state definition may be
solved by finite element method (?EM) application in the
condition of non-linear thermo-mechanics. Conducted
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calculations allow to obtain the dependence of stress in the
structure during the time (Fig.5).

There are two stage of process:
1 - relaxation of thermo-mechanical stress caused by
in-reactor creep;
2 - active loading of material by the in-reactor swelling.

At the second stage stress level in the near-surface
area may be approaching to the yield stress level. This fact
does not mean however that plastic deformation in structure
would takes place. Most probably under stress increasing up
to yield level in-reactor creep acceleration will be
happened. The dependence of creep rate on the stress level
will be non-linear one.

OPERATION TIME, year

Figure 5. Development of internal stress in neutron
cover during the time
1 — Stage of stress relaxation,
2 - Stage of active loading by swelling.
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In fact the present knowledge Is enough to
prognosticate a structure behavior on the first operating
stage. The calculation of stress in the 2-nd stage has been
provided by the same reasons, that were taken into
consideration on the 1-st one. Therefore some new effects
did not account, while they can to have a great
significance. At the first time this is a swelling rate
dependence on the applied loading. Well-known that tensile
stress in the range from 0 up to 150 MPa intensify the
swelling. How the more significant level of stress influence
on the swelling? Moreover, it is necessary to define more
precisely in-reactor creep data in conditions of high stress
level, than stress approximately approach to yield level.

Fatigue calculation under stress amplitude less than 55
MPa shows, that in cyclic loading does not limits the
structure.

The progressive deformation calculation results in
deformation caused by steel swelling completely. At the
central reactor plane the diameter Increasing reac* the
level about 70 mm.

As a result under neutron cover operation capacity
substantiation the most important problem is a consideration
of static strength with non-uniform swelling account, cyclic
strength with thermo-mechanical loading account, and
progressive deformation.

The presented results show that a necessary strength
capacity of neutron cover is provided during the first 20
years of operation. The consideration of reliability of
internal structures during the next 10 years of operation
has demanded a special additional Investigations, which are
conducting at present.

4. CONCLUSION.

The brief survey of calculation technique and
experimetnal data used for designing of nuclear reactor
structures is done in the paper. Described methods are
applied to the BN-600 internals substantiation. Some results
of calculation are adduced.
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In result the next conclusion is obtained:
- the present knowledge level is enough to prognosticate an
internal structure behaviour during 20 years of operating
time;
- for successful substantiation of internal structures
during more long time it is necessary to carry out some
investigation. In-reactor swelling under loading and
in-reactor creep under great stress level must be defined
more precisely;
- it is necessary to estimate the real consequences of
long-term ability limit exceeding for internal structures,
because small plastic zone in near-surface area does not lead
to catastrophic fracture;
- nevertheless, special investigations for in-reactor
properties more accurate definition are carrying out in
Russia.
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CONCEPT OF DESIGN CRITERIA OF LOW DOSE
IRRADIATION FOR FBR STRUCTURAL MATERIALS

K. AOTO, Y. WADA
Oarai Engineering Center,
Power Reactor & Nuclear Fuel Development Corporation,
Oarai-machi, Ibaraki-ken, Japan
Abstract

The effect of low dose neutron irradiation on the material properties of main FBR
structural material which is applied to the components near the core shall be considered
in the structural design standard. Two concepts of the design criteria for neutron
irradiation effect adopted in the elevated temperature structural design guide for class 1
components of Japanese prototype FBR "Monju" are introduced. One is a design limit for

accumulated fast neutron irradiation to eliminate the consideration of irradiation effects
from the design evaluatioa Another is design factors which correct the creep strength

and the creep ductility of irradiated material. And several further works to improve the
design criteria in the standard are also discussed in this paper.

1. IOTRODUCTION
Effects of neutron irradiation on the material properties of main FBR structural

materials, especially austenitic stainless steels and their weld have been studied by so
many investigators. It is clear that their yield stress, ductility, creep strength and
creep ductility are affected by even low dose neutron irradiatioa For example, the yield
stress of type 304 stainless steel is increased by irradiation more than a certain
threshold fast neutron fluenceC about 1025 n/m2: E ^0. IMeV) and its creep strength and
creep ductility are significantly reduced by a certain accumulated thermal neutron
irradiation[l]. And several correlation factors were proposed to evaluate the effects of
neutron irradiation on the material properties. Changes of such basic material properties
must be considered in the design standard because almost design allowable values are
based on those basic material properties and the design standard is essentially
established for the ductiio material[2]. Table 1 shows an example of the relationship of
design allowable values and the basic material properties in the elevated temperature
structural design guide for "Monju"(ETSDG)[3]. Several design allowable values, maximum
allowable stress intensity, time independent/dependent design stress intensity, design
yield stress, design creep-rupture stress intensity and design relaxation strength will be
affected by neutron irradiation. Of course, for creep-fatigue evaluation which is the

most important failure mode for FBR structural material, the neutron irradiation effect
must be considered However, all structural design standards except ETSDG do not consider
the neutron irradiation effects. In this paper, the concept of design standard for the

neutron irradiation effects in ETSDG is introduced and several further works to improve
the design standard are discussed.
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Table 1 Design Allowable Values in the Elevated Temperature Structural Design Guide for
Japanese Prototype Fast Breeder Reactor "Monju"(ETSDG)________________

^=^MATERIAL TEST
MATÊRÏÀr~^~~

MATERIAL PROPERTIES
STRENGTH STANDARtT\
MAXIMUM ALLOWABLE
STRESS INTENSiïY : So

DESIGN STRESS INTENSITY
(TIME INDEPENDENT) S*

DESIGN STRESS INTENSITY
(TIME DEPENDENT) : St

DESIGN YEILD
STRESS : Sy

DESIGN CREEP-RUPTURE
STRESS INTENSrTY : Sn

DESIGN TESILE
STRENGTH : Su

DESIGN RELAXATION
STRENGTH : S,

ALLOWABLE STRAIN
RANGE : et

ISOCHRONOUS STRESS-
STRAIN CURVE

TENSILE TEST

YIELD
STRESS

O
o
0

TENSILE
STRENGTH

O
o

o

STRESS-STRAIN
CURVE

O

o

CREEP TEST

CREEP RUP-
TURE TIME

O

o
o

TERTIARY
CREEP TIME

O

CREEP CURVE
STEADY ee

O

o

o
o

REUXATON TEST

STRESS RELAXA-
•TON CURVE

O

FATIGUE TEST

CYCLE TO
FAILURE

o

2. BASIC CONCEPT OF DESIGN CRITERIA FOR NEUTRON IRRADIATION
From the micro-scopic viewpoint, the lattice defects is generated and the

precipitation is accelerated in the material by neutron irradiation. As the results,
yield stress of the material will be hardened and the ductility of the material will be
decreased. These effects of neutron irradiation on such material properties will be
considered in the design standard for FBR plant by two approach. One is to establish the
design standard directly based on the basic material property of the irradiated
material/Embrittled material. Another approach is to set the design limit for accumulated
neutron irradiation to maintain the ductility of material. Under neutron irradiation not
exceeding the design limit, the structural design standard based on unirradiated material
data can be applied to the design evaluation of all main FBR structures and components.
In this case, the effect of neutron irradiation should be considered for the creep
property. However, for main structures and components of FBR which will be irradiated to
the level less than a few dpa(displacement per atom) through its operational period, the
latter is more realistic approach at the present state.

The irradiation creep strain will not become significant value under the irradiation
conditions of the main structure of FBR from the point of view of the structural design
standardC for an example, 1.0% for the strain limits in ETSDG[3]). The predicted
irradiation creep strain is less than 0.1% by Puigh's experimental equation[4] which was
based on the EBR n data. And the accelerated creep rate will give lower creep damage in
creep-fatigue evaluation for FBR's components, because the accelerated creep strain
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estimates large stress relaxation during strain hold For the structural material of FBR,
the irradiation creep strain shall not be considered to get conservative design

evaluation results.

3. DESIGN CRITERIA IN THE ELEVATED TEMPERATURE STRUCTURAL DESIGN GUIDE FOR "MONJU"
In ETSDG, two design criteria were provided to consider the effect of neutron

irradiation in accordance with the previous concept. One is a design limit to eliminate
the effects of accumulated fast neutron irradiation from the design evaluatioa Another
is a design factor for the effect of accumulated thermal neutron irradiation/the nuclear
transmuted helium which embrittles the grain boundary of the material and enhances the
creep crack initiation and its propagatioa

3.1. For Accumulated Fast Neutron Irradiation
Above fast neutron fluence of about ixio25 n/m2, the embrittlement of material

will be occurred by the displacement of atom/the lattice defect generatioa So the design
limit was set to maintain the 10% fracture elongation which was a definition of the

ductile material of ASME[2]. Figure 1 shows examples of the determination of the design
limit for accumulated neutron irradiation at each temperature. The design limit for fast
neutron fluence was derived from the 95% lowest confidence limit of the scattering band of
experimental data. Each data population was limited in consideration of the error of
irradiation temperature and most of such evaluated data was quoted from several published
foreign literatures. By recent domestic experimental data, it is clear that the present
design limit has enough design margin and that the design limit can be drawn up. This
fact indicates the limit of application of statistical analysis to determine the design
limit directly based on experimental data and the difficulty of data selectioa

Table 2 is the limit values of neutron irradiation for SUS304 and its weld in ETSDG.
The strain limits and the standards for the strength of the materials in ETSDG can be
applied without any modification under the fast neutron fluence not exceeding the limit
values.

3.2. For Accumulated Thermal Neutron Irradiation
Two design factors associated with the creep property of the structural material are

provided in ETSDG for the effect of accumulated thermal neutron irradiât ion/the produced
helium which embrittles the grain boundary and enhances the creep crack initiation and its
propagation. The design factors correct the reduction of creep strength and the

acceleration of steady creep rate under thermal neutron fluence more than ixio19 n/m2.
The design factors were derived from amount of actual data of post-irradiation creep test
which is the material test under more severe conditions than that of inpile creep test
from the viewpoint of material damage.
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Table 2 The Limit Values of Neutron Irradiation(n/m2:E>0.1MeV)

Temp. CC)

350

400

450

500

550

600

Type 304 ss

4 X 1025

5 X 1025

5 X 1025

6 X 1025

4 X 1025

1 X 1025

Weld

1.5X 1025

2 X 1025

2 X 1025

2 X 1025

1.2X 1025

Figure 2 shows the design factor for the reduction of creep strength of type 304
stainless steel. A solid curve in this figure is the design factor which is based on the
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83



99.95% lowest confidence limit of the scattering data band of the reduction ratio of time
to rupture of the irradiated material to that of the unirradiated one. The time depended
design stress intensity and the design creep rupture stress intensity shall be multiplied
the design factor, ft which is determined by the following equations.

0t hi

f, = 1.0
f, = fon

f, = fo
(1)

n = lOg (0th/0 t h l

lOg ( 0 t h 2 /0<
(2)

h l

where 0,h is neutron fluence(n/m2). f0, 0 t h i and 0 th2 are material constants given in
table 3. This design factor shall be also use for creep-fatigue evaluation of the
structural material operated at elevated temperatures.

4. IMPROVEMENT OF DESIGN STANDARDS AND DISCUSSION
For future FBR plant, the advanced concepts reflected the damage mechanism of neutron

irradiation shall be adopted to rationalized the design evaluatioa Several efforts have
been performed to develop the rational design criteria for the effect of neutron
irradiation based on the physical background. For examples, the design limit for
accumulated neutron irradiation was set against the displacement per atom(dpa) and the
design factors for the creep properties were provided against helium content. The
irradiation limit for dpa is more rational than that against fast neutron fluence and can
give a wide design margin. Near the core of a fast reactor, helium is mainly produced by
fast neutron n, a reactions and its generation is affected by the shape of local neutron
spectra which is partially thermalized. New design factors for helium content will be
able to give the proper result for the design evaluation of the internals near the core.

Table 3 Material Constant of the Design Factor for
the Reduction of Creep Strength of Irradiated Material

fo

0thl

0 th2

3.0

1.0 X1019

1.0 X1022
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However, there are several problems to be solved for establishment of newly advanced
design criteria based on dpa and helium content. Figures 3 show the relationship of
changes of 0.2% proof stress of austenitic stainless steels with neutron irradiatioa
Figure 3(a) is the correlation between 0.2% proof stress and fast neutron fluence and the
correlation of the same material property with dpa is shown in Figure 3(bl By the
comparison of these figures, it can not judge which correlative parameter is better for
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the determination of design criteria. And either parameter can not describe the slashed
data point irradiated for 8 years in Joyo, fast experimental reactor, which irradiation
period is more than sixth times as long as those of other data, Dpa has clearly physical
background, but its total amount expression can not represent the irradiation damage rate,
that is the effect of accelerated irradiation condition. These facts indicate that the
influence of the dpa rate on the irradiation damage mechanism/the generation of lattice
defect should be clarified to establish the design criteria based on dpa. Furthermore,
the common specific dpa cross section library is required for the practical design use of
this correlative parameter.

For another promising correlative parameter, helium fraction, it is necessary to
discuss the influence of spatial distribution of formed helium babbles on embrittlement of
the grain boundary/the grain of the FBR structural material. The same helium content

could not reduced the creep strength and ductility of FBR grade 316 stainless steel to the
same reduction level of those of type 304 stainless steel[1]. Figure 2 shows that the
thermal neutron fluence can describe the changes of the creep property of austenitic
stainless steel as well as helium content in low dose regioa

Other problem for improvement of the design criteria is selection of the most
suitable material property for representative of the embrittlement of irradiated material.
For example, in ASME code, 0.8 of the yield ratio is expected for the structural

material and the ductile material was defined as the material which has more than 10%
fracture elongation. Snow and coworkers defined the ductile material as the material
which has more than 25% reduction of area[5]. For the design criteria in BTSDG, 10%
fracture elongation was adopted based on the results of several studies. This material
property can give the most conservative estimate for irradiation damage of the FBR
structural materials. This is the reason why 10% fracture elongation was selected as the
representative material property for the emblittlement of irradiated material. There is
much room for rationalization of the design criteria based on the material property and
this design criteria will give too conservative result to the internals near a core.

The design criteria will be based on the material data which is irradiated under an
accelerated conditions. By application of several design criteria derived from each
different basic material property, the effect of accelerated irradiation will be excluded
or reduced. For example, the limit based on fracture toughness is discussed for
accumulated neutron irradiation. Fracture toughness is strongly affected by neutron
irradiation and is very sensitive for small dpa[6]. But there is no clear basis to set
the proper value of ductile material. And the proper material test method which produces
little radiation waste is not yet established for the irradiated material.

Those are future problems to establish the advanced design criteria for neutron
irradiation.
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5.CONCLUSIVE REMARKS
Two design criteria for neutron irradiation are provided in the elevated temperature

structural design guide for class 1 components of "Monju"(ETSDG). The design limit based
on fracture elongation prevent fast neutron irradiation from embrittling the structural
material. The design factors directly derived from the post-irradiation creep test data
can correct the creep properties of the irradiated material conservatively. The
correlation between the macro-material mechanical property and the displacement per atom
is not entirely clarified Most of helium is produced in the thermal a a 0°B(n, #)7Li
) reaction near the reactor vessel and helium generated by the two step transmutation of
Ni in the fast neutron n, a reaction is negligible. Furthermore, at the stage of design
of plant, it is difficult to estimate local neutron spectra accurately. At the above
situation, the concept of design criteria of BTSDG can give the actual standard

For future FBR plant, rational and physical design criteria are required for the
effect of neutron irradiation on the material properties. The displacement per atom and
helium content are most promising and effective correlative parameters, but there are
several significant problems to be solved to establish the advance design criteria based
on these parameters. So much effort to reduce/exclude the effect of the accelerated
irradiation and neutron spectra should be continued and the effect of damage rate, dpa
rate for example, should be clarified
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IMPLICATION OF IRRADIATION EFFECTS ON MATERIALS
DATA FOR THE DESIGN OF NEAR CORE COMPONENTS
W. DIETZ, H. BREITLING
SIEMENS AG-KWU,
Bergisch Gladbach, Germany
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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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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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

£ 1,2
+rfu
3
"° 1,0

0,8

0,6

O °'4

0,0 . fl
1 O1 8

Fig. 5:

-t - 650°C —

.19 •,20

-450°C

550°C

1 02 210" 10 * u 1 0 " '

Total neutron fluence (ncm-2)

Irradiation factor IE for uniform elongation, f E = Ajrr./Aunjrr.

1 0"

100



Total / 1014 /cm2s /

60 -

50 -

30"

20-

10-

01 C 2 Brulm. Refl.

'-i———i—
0 10 20 30 iO 50 60 70 80 90 100 110 120 130 140

——— Rlcml

Fig. 6a: Total max. flux + across SNR-300
core (radiai); (Refl. = position of
reflector elements)

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

101



(10'"cm1 I

0 K) 2O 30 40 50 5O 70- 90 90 100 110 1?0 UO 140 Rlcml
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(E>0.1 MeV)/£ total and
microscopic cross section €>dpa across
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

105



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)

107



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).
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