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Abstract

Internal structures of nuclear power reactors are essentially made with the
austenitic stainless steels Types 304L and 316L. In service these structures receive
low to moderate neutron doses. As a result changes may occur in the mechanical
properties of steels comprising them which need to be taken into account during
design.
In this paper, the work undertaken by the European Fast Breeder Working Group
(ACT), Study Group 9A-2B, responsible for the effect of irradiation on internal
structures, is reviewed. Conclusions drawn to this date are presented and tentative
reduction factors to be used in design are discussed in terms of the number of
displacements per atom (dpa) and the quantity of helium generated in the steel
(appm He). It is concluded that for the lower core structure which operates at about
400°C existing design rules can be used for pans which are subjected to less than 2
dpa despite a reduction in ductility and toughness which occurs at doses above
about 0.8 dpa. For the above core structure which operates at about 550°C interim
and rather conservative stress reduction factors are proposed which can become
effective at helium levels as low as 10*4 appm. Throughout these analyses
particular attention is paid to variables such as :
- irradiation temperature (lower core and upper core structures),
- neutron flux and tluence,
- steel type and grade (316 and 304),
- heat treatment and boron distribution,

weld metal composition and procedure (TIG, MMA,... ),
to ensure that service conditions are represented as closely as possible.



1. INTRODUCTION
Internal components of the nuclear reactors can be divided into two categories, core
and support structures. The items in the first category : fuel assembly, control rods,
.... receive significant irradiation doses1 and hence are periodically renewed during
the reactor life time. The items in the second category : lower and upper core
structures, reactor vessel, .... receive low doses2 but in contrast to the core
materials they are quasi or fully permanent and their life expectancy is equal to that
of the reactor itself (30 to 40 years). This paper deals with the latter category and
will attempt to identify conditions under which existing rules for unirradiated
materials can be safely extended and used for irradiated materials, and conditions
under which these rules may have to be revised.

2. BACKGROUND
Until late 1970' s little attention had been given to the effects of irradiation on the
near core structural materials. It had been generally considered that low neutron
doses have little effects, if any, on the mechanical properties of the austenitic
stainless steels3, from which most of the internal components are fabricated.
During late 1970's, however, two independent studies carried out at ECN4 [1] and
ISPRA5 [2] showed that irradiation doses resulting in production of about 10'2

appm of helium or 2 displacements per atom (dpa) have significant effects
respectively on high (550°C) and low (400°C) temperature properties of Types
304 and 316 austenitic stainless steels. Concurrent results becoming available in
France (CEA)6 from tests performed on specimens taken from the Rapsodie7

vessel surveillance programme also showed that beyond a threshold dose (about
0.8 dpa) changes induced in the tensile properties of austenitic stainless steels and
welds were greater than the usual scatter observed from heat to heat variations (3).
The significance of the above observations resided in the fact that the reported
doses were close to neutron doses received by the internal structures of fast breeder
reactors, see Figure 1. They raised indeed the question of validity of the existing
design criteria which are derived for these structures from the unirradiated
materials properties It became increasingly clear that a new paragraph has to be
added in the design codes (RCC MR and N47 for instance [4,5]) that will cover the

1 more than several tens of dpi
2 Usually leu thin a few dpa
3 Notice that thermal reactor vessels are made of ferritfc steels and a considerable work has been
done in this area
4 ECN is the Netherlands and stands for Energy Center of Netherlands
5 ISPRA is situated in Italy (Varese) and is a European Research Center
6 CEA stands for Commissariat i l'Energie Atomique, it is the ft
7 Rapsodie is an experimental East breeder reactor in France which since has been decommissioned.



effects of irradiation. In Europe, within the frame of the European Fast Breeder
Working Group, a study group was formed, AGT9A-SG2B, with the primary
aim of investigating the effects of low dose neutron irradiation.
One of the early observations made by this group was that the conditions under
which most of the then available experimental results had been obtained, were far
different from those encountered in service, see for instance references [1,2,6-10].
The group hence decided to launch several cooperative irradiation programmes
with emphasis on compatibility between service and experimental conditions,
including irradiation spectra, reactor environment, material characteristics and
mechanical testing parameters. The recommendations made in this paper are based
on the results achieved from these experiments, as well as a careful analysis of the
previous data gathered in the member countries (France, Germany, Netherland,
United Kingdom) and elsewhere for their compatibility with the desired objectives
[11-26].

Note : Although this work is done for LMFBR internal structures, some of the
conclusions drawn are equally valid for the internal components of thermal
reactors.

MATERIALS
Internal structures are essentially fabricated from two types of alloys, 304L and
316L, which are usually welded with Type 308L and Type 19-12-2 filler metals,
respectively. For TIG welding in general a composition close to that of the 16-8-2
electrode is used.
Typical compositions of these materials are shown in the Table 1. For more details
the reader is referred to the RCC MR specifications.
Recommendations made in this paper concern only nuclear grades of these metals.
This means that they will satisfy rigorous requirements given in the RCC MR for
impurity content, homogeneity, average grain size, 5-ferrite content, corrosion
resistance, etc. In addition the reader's attention is drawn to the presence of 1)
nitrogen, and 2) boron in 316L grades. Nitrogen is added to this steel mainly to
compensate the loss of strength resulting from a reduction in carbon content
needed for increased resistance towards intergnnultr corrosion, see for instance
[26,27]. At low doses, the addition of nitrogens within its specified range (0.06-
0.8%), has few undesirable side effects on the steels irradiated properties. Residual
amounts of boron are present or are deliberately added to the austenitic steels to
improve their high temperature performance. However, unlike nitrogen, boron is
the major source of helium in austenitic stainless steels at low doses {28-30] due to



its large thermal neutron absorption cross section (10B) and hence can have a
detrimental effect on high temperature irradiated properties.

4. OPERATING CONDITIONS
In fast breeder reactors there is a distinct difference between the operating
temperatures of the below core structure (BCS) and the above core structure
(ACS). The BCS operates at about 400°C while the ACS operates at about 550°C.
Other components operate at intermediate temperatures but often at temperatures
close to that of the BCS8.
For the BCS (low temperature) the major concern is ductility and toughness, such
as in case of an accidental drop of a fuel element on the diagrid. For the ACS the
major concern is the damage due to creep and creep-fatigue, particularly for the
lower plate which is directly subjected to dynamic flow of sodium coming out of
the core. The transition temperature between low temperature and high temperature
domains can be placed at temperatures between 450°C and 500°C, more precisely
at a temperature at below which thermally activated creep will be negligible. For
the Type 304L steel this temperature is slightly lower than the 316L steel.

5- IRRADIATION DAMAGE
Two types of damage are considered. The first is due to atomic displacements and
is essentially caused by fast neutrons. This type of damage is expressed in dpa and
more precisely the dpa-NRT [31]. The second is due to formation of helium and is
mainly due to interaction of thermal neutrons with boron 10. This type of damage
is expressed in appm of He formed in the steel. Irradiation creep and swelling
which occur at higher doses [32-34] are ignored.

6. RECOMMENDATIONS
Recommendations proposed are divided into two temperature domains, i.e. for
below core structure and above core structure. The low temperature
recommendations are made for structures which operate at about 400°C ±7S°C
and the high temperature recommendation for structures which operate at about
550°C ±30°C. Extrapolation of these recommendations beyond the above
temperature ranges is strongly discouraged. This is due to increased irradiation
hardening of steels with decreasing temperature in the lower temperature domain
and to the risk of microstructural evolutions at higher temperatures both of which
are not covered by the current expérimental results.

8 [modal structure of thermal reactors also operate in the tow tempentte down. Le. 300*C.



6.1 Low temperature
Recommendations made here are based on the following observations which are
all relevant to stainless steels irradiated and tested at about 400°C.

1) TENSILE PROPERTIES : A reduction in tensile ductility and an increase in
tensile strength at doses higher than about 0.5 dpa, with the uniform elongation
remaining higher than 5% at doses less than about 2 dpa,
2) FATIGUE PROPERTIES : A slight improvement, if any, in fatigue resistance
and fatigue crack propagation at low doses,
3) CHARPY TOUGHNESS: small changes, but in some cases a reduction in
toughness values, nonetheless toughness values remain higher than » 40 I/cm2 at
doses less than about 2 dpa,
4) FRACTURE MECHANICS : A small reduction in fracture toughness,
minimum fracture toughness remains above 40 KJ/m2 at doses up to 2 dpa
5) WELD AND BASE METALS : In general base metal is more sensitive to
irradiation embrittlement than weld metal, but its properties remain nonetheless
superior to that of the weld.

It is proposed that: "because in most cases design will be controlled by weld metal
properties, the significant changes observed in some base metal properties are
tolerable, and therefore current design rules which incorporate large safety margins
can be applied. Figures 2a and 2b show two examples of sets of data used in
establishment of the above recommendation.

6.2 High temperature
Despite considerable effort made over the past few years for collection and for
analysis of creep and creep-fatigue data relevant to the ACS, it is still felt that there
are insufficient experimental data points to draw a firm conclusion. This is due to
the fact that creep and creep-fatigue tests required for ACS are on one hand long
duration tests and on the other hand a very few laboratories are equipped with
facilities for performing such tests on irradiated materials. Furthermore the exact
damaging mechanisms involved are not fully understood. For instance while
boron distribution or the quantity of helium formed in the steel have been
identified as two of the factors involved, the rote of dose rate, He/dpa ratio, alloy
composition, heat treatment, etc remain to be clarified.



Given the above situation, SG2B has not fixed as yet a reduction factor for creep
and creep-fatigue resistance of 316L, instead it has undertaken additional works
which in time should clarify most of the above questions.
As an interim step and rather conservative measure, however we suggest
utilization of a stress factor, Ir, which is to be applied to Type 316 steel
unirradiated values as a function of the quantity of helium formed in the steel. For
the ACS and an operating temperature range of 500°C-550°C, factors to be used
are (see also Figures 3a and 3b) :

for base metal :

I r(9)=l He ̂ O-4 appm

Ir (8) • 0.787 - 0,0532 logio (He) 10"4 <He < 5 appm

Ir (8) -0.75 5 < He appm

for weld metal :

Ir(8)=l He<10-4appm

Ir (8) = 0.787 - 0.0532 logic (He) 1<H <He < 0.025 appm

Ir (8) = 0.8725 0.025 < He appm

In both cases no reduction factor is applied when He content is less than 10"4

appm or the temperature is less than 500°C. F re 3b shows plots of the above
factors as a function of the helium content. N*»ace the saturation of Ir for weld
metal at 0.025 and for base metal at 5 appm helium.

Application of above factors to strain controlled low cycle fatigue data is more
complex and requires further work or additional assumptions. In addition it has
been remarked that most of the data used in deriving the above recommendations
come essentially from the work carried out at on Type 304 steel and not the
current nuclear grades of austenitic stainless steels, particularly those with
controlled addition of nitrogen such as the 316L-SPH used in Superphénix. There
are also some evidence that the latter grades are less sensitive to high température
irradiation embrittlement than the Type 304 steel. This observation coupled with
some recent long term creep test results which show a smaller difference between
irradiated and unirradiated results indicate that the true reduction factors may be
less severe or the threshold helium level above which undiatkm damage is



observed could be higher than 1(H appm. In sucn the following equation may be
used instead of the former :

l r(6) - 1 -0.358 logic (He)

here the threshold helium level below which no reduction factor is needed is about
1 appm He.
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Steel
316L-SPH

304L
308L

19-12-2

16-8-2
17-8-2

C

<0.030

<O.G30
<0.04

0.050

0.0375
0.080

Si

<0.50

<1.0
<1.0

0.55

<0.50
<0.8

Mn

1.8

<2.0

2.5

1.5
2.15
1.5

Ni

12.2

10.5
10.0

11.5

8.0
8.75

Cr

17.5

19.0
19.0

18.5

16.0
17.5

Mo

2.30
.

0.5

2.05

2.0
2.0

N2

0.07
.
•

•

.
-

B

0.002
(0.001)

•

•

Table 1. Typical chemical compositions of austenitic stainless steels and welds used in
internal components of nuclear reactors (limits are also placed on S. P. and Cu).
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