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The INP (Kazakhstan) activity in the field of Accelerator-Driven Subcriti-
cal Reactors.
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For 40 years Institute of Nuclear Physics (INP, Almaty, Republic of Kazakhstan) deals with
basic researches on nuclear physics and irradiated material science. In past years the extensive
experimental information allowed to solve a number of the important scientific questions has
been accumulated. In our opinion, the part of the experimental data and knowledge acquired
at realization of the basic researches can be used for solving the problems arising at develop-
ment and design of the ADS. In particular, practical realization of the ADS will inevitably
need new information on radiation resistant properties of materials and fission cross sections,
mass, charge, energy distributions of fission fragments in a wide range of incident particle
energies and nucleon composition of fissile nuclei.

Irradiated material science.

At the develpment and design of the ADS one should to overcome such material science dif-
ficulties as radiation embrittlement, swelling, creep, corrosion resistance of structural materi-
als. A promising opportunity on this way could be obtained from the analysis of radiation re-
sistance of the same structural materials operated under severe radiation conditions (damage
dozes up to 83 dpa at irradiation temperatures ~ 300°C) in fast breeding reactors, for instance
BN-350 (Aktau, Kazakhstan).

In this report we present some experimental data on alterations of microstructure, mechanical
properties, corrosion characteristics and swelling of stainless steels of austenitic and ferritic-
martensitic types, which are basic structural materials of shrouds used in this reactor .

It is known that one of the most important feature of fast reactor with a sodium coolant BN-
350 is very low inlet coolant temperature. At the inlet of the reactor core the temperature is
equal to 280°C. For comparison, in the reactor of the similar class EBR-II (USA) this tem-
perature is close to 370°C. It should be noted also that the structural materials exploited in re-
actor BN-350 were up-to-date the most promising stainless steels of three generations, in-
cluding the well-performed ferritic-martensitic steel EP-450 (lCrl3Mo2NbVB). Due to these
circumstances all scientific results in material science investigation carried out with the mate-
rials of reactor BN-350 become unique. Especially, it is related to the experimental data ob-
tained at studying such practically important effects as radiation swelling, creep, hardening
and embrittlement.

By now in the INP the preliminary studies have been carried out with the materials of BN-350
fuel assembly shrouds made of stainless steels 12Crl8NilOTi, 08Crl6NillMo3,
lCrl3Mo2NbVB. The structure of these steels is presented in Fig.l. Several data about the
studied spent fuel assemblies are presented in the table. The maximal damage doze was ~ 84
dpa.

To investigate the features of alteration of strength and ductility characteristics for steels the
INP has facilities provided for necessary radiation safety that allows to deal with high radio-
active materials (see fig. 2).



These facilities are:

1. Universal testing machine "Instron - 1195" supplied with optical-electron extensometer
(for determining true characteristics of strength and ductility) and device for magnetiza-
tion map-recording in the process of deformation of austenitic stainless steels;

2. Testing machine and device for the cutting of shroud located in the "hot" cell;

3. Calvet-calorimeter combined with the micro-destruction machine (for the investigation of
thermal effects in the deformation and destruction processes as well as for determination
of the latent energy);

4. Shear punch facility arranged at base of FP-100/1 machine (for the mechanical tests of the
high radioactive microsamples punching from TEM-objects);

5. Equipment for microhardness measurement;

6. Complex of in-reactor facilities for studying radiation creep;

7. Electron (TEM, REM) and optical microscopes (for studying of microstructure of irradi-
ated materials).

Radiation hardening and embrittlement

For austenitic steels an analysis of the results obtained in the mechanical tests revealed (see
Fig.3) the strong decrease of short-term characteristics of strength and ductility with growth
of swelling that can lead to fracture of fuel assemblies, for instance, during transportation.

Swelling

To evaluate the swelling level in structural materials of shroud tubes of the spent fuel assem-
blies such procedures as measuring a "width across sides", hydrostatic weighing and TEM-
studies were used.

Fig.4. gives the profilograms of FA shrouds for 12Crl8NilOTi and 08Crl6Nil 1MO3 (with the
damage doze up to 45 dpa) obtained before wet storage. From these profilograms one can
conclude that swelling of austenitic chromium-nickel steels of types 16-11 and 18-10 does not
exceed 2.5%.

At the same time, if the same materials were stored in a water pool for a long time the sam-
ples cut out from experimental hexagonal shrouds at measuring by means of the hydrostatic
weighing demonstrates the density alteration equal from 6 to 10%.

Pores were found in the steel EP-450 at the label "-375" by means of the transmission electron
microscopy (fig. 5).

Corrosion

To characterize a corrosion state in stainless steels after irradiation and long-term wet storage
the spent fuel assemblies, which were kept under the worst conditions of irradiation (50-70



dpa) and following wet storage (for 5-20 years), were selected (see the table). The typical ex-
amples of corrosion effects in steels are shown in fig.6.

It was found that the width of a corrosion layer on inner and outer sides of a hexagonal shroud
from steel EP-450 is different. For the inner side, which was intensively passed over by so-
dium during operation and stored in slow water, the width of the oxidized film is essentially
smaller than that of the outer side equal to 50um. It should be noted that some assemblies
from austenitic steel 08Crl6Nil 1MO3 after irradiation kept in water for a long time have de-
stroyed at attempt to take them out. The fracture has been observed near to a weld. One of the
supposed causes for the fracture is deeply penetrated corrosion. Fig.7. shows the SEM-image
of the metallic shroud fracture surface. One can see, in particular, that on one side of the
shroud the corrosion layer is wider than on the other.

Nuclear fission.

Fission of pre-actinide nuclei.

In the ADS of various purpose the reactions of light charged particles with heavy nuclei at
kinetic energies of collisions ~ 1 GeV are supposed to be used for creation of powerful pri-
mary sources of fast neutrons with energies up to 150 MeV.

At such energies (fig. 8) a collision of particles and heavy nuclei through intra-nuclear nu-
cleon-nucleon collisions accompanied by emission of secondary particles leads to formation
of pre-fragments with a wide spectra of excitation energies. In further these pre-fragments ei-
ther become spallation residues by evaporating nuclides, nucleons and y-rays or go fission.
So, the production of radioactive waste in a thin spallation target is defined by both the spal-
lation residues and fission products.

In a thick target the lead nuclei and nuclei lighter than lead with excitation energies above the
fission barrier will be formed not only as a result of spallation reactions on the lead target nu-
clei and also in the interaction of secondary nucleons (protons and neutrons) with lead nuclei.
The number of secondary particles generated in the spallation reactions of nuclei with high-
energy protons exceeds the number of primary protons as a factor of 30-40, and, though only
some part of them have kinetic energies enough to cause fission of lead nuclei, the contribu-
tion of reactions with secondary particles in a general production of radioactive nuclides
(GPRN) in the thick spallation target of the ADS will be predominant. Besides, the strong
competition of fission process with the particle emission (first of all, neutron emission) at
high initial excitation energies leads to that in a reality a nucleus passes over the fission bar-
rier at rather small excitation energies ( < 100 MeV). Under this circumstances, in order to
calculate the GPRN one should involve the information on fission cross sections and fragment
yields from reaction of pre-actinides with particles owing comparatively low kinetic energies.

During last 30 years in the INP an unique experimental data on fission cross sections, angular,
mass and energy distributions of fragments in the fission of pre-actinides from Yb to At at
excitation energies up to 70 MeV is accumulated.

The fission probabilities extracted from this data [1] could be used either directly in semiem-
pirical calculations or for testing the parts of existing models, for instance Bertini-Dresner [2,
3], Cugnon-Schmidt [4, 5] etc, responsible for the calculations of the competition between
evaporation channel of the pre-fragment de-excitation and fission.



Recently [6] the analysis of the accumulated experimental information on fragment mass dis-
tributions in the fission of pre-actinides allowed us to develop a semiempirical model for cal-
culating this distributions based on the statistical approach to the description the level density
with phenomenological taking account the shell effects and effects of pair correlation. The
results of fragment mass distribution calculations within the framework of this model are pre-
sented in fig. 9—10. Fig. 9, as an example, shows the calculation results and experimental
mass yields Y(m) for 2O1T1 in the dependence on the excitation energy above the fission bar-
rier U. One can see that the model reproduced both the Gaussian-like shape experimental data
at higher U, where the influence of shell effects could be neglected, and the strong deviations
from the Gaussian shape interpreted as the manifestation of two deformed neutron shells
formed in the fragments with N « 52 and 68. The model also succeeded to reproduce sharp
alterations of mass distribution shape at low U caused by the shells mentioned above in the
dependence on nucleon composition of fissioning pre-actinides from ' 7Ir to 213At as per-
formed in fig. 10.

Fission of actinide nuclei.

The fission of actinide nuclei is also an objective of the investigations carried out in the INP.
The practical need for precise information on fission cross sections and methods for calculat-
ing mass, charge and energy distributions of fission fragments of these nuclei in a wide range
of excitation energies for the ADS, transmutation of minor actinides, etc is rather great.

The development of the calculation methods, which allow to describe the fission fragments
yields of fissile nuclei, could be accomplished as on account of systematics based on a wide
totality of experimental data and semiempirical models which are also based on the experi-
mental data, but additionally taking into account the main physical factors influenced on the
formation of these yields. One of the main property of fission fragment yields for these nuclei
is their multimodality. This property consists in that the experimentally observed yields mani-
fest itself as a superposition of yields of several independent fission modes. For the fission of
actinide nuclei four fission modes are characteristic:

• A symmetric mode (S) is characterized by strongly elongated shapes of a fissioning nu-
cleus in the vicinity of the scission (rupture) point.

• An asymmetric mode (standard 1 or SI) is due to a close-to-sphere shell formed in
heavy fragments with average mass M « 132 -134.

• An asymmetric mode (standard 2 or S2) is conditioned by shell effects corresponding to
comparatively small deformations of heavy fragments with average mass M « 138 -
140.

• An asymmetric mode (standard 3 or S3) is due to a spherical neutron shell N = 50
formed in light fragments.

According to our expectations, the basic characteristics of a distinct mode have more simple
dependencies on nucleon composition and excitation energy of a fissioning nucleus than those
of the independent modes superposition observed in an experiment. Thus, in our opinion, one
of the most perspective directions towards the development of the semiempirical models for



describing the yields mentioned above is an approach based on a systematic study of the basic
characteristics of independent fission modes, including the data on reactions with light
charged particles.
One should note that in the fission of actinide nuclei the characteristics of distinct fission
modes are determined on base of the multi-component analysis. Recently [7] we have devel-
oped a new method for analyzing the experimental fission fragment mass and energy yields
that has some important advantages in the comparison with the analogous ones. In contradic-
tion to the widespread analytical multi-component methods used the Gaussian distributions
for parameterization of distinct fission mode mass distribution (MD), the new method is free
from any parameterization of the MD of independent mode and, therefore, allows both to in-
vestigate the MD shape for every fission mode and to avoid biased estimations of basic char-
acteristics of modes conditioned by rough parameterization of their MDs.

The results of this method application to the analysis of the MEDs from fission of nuclei from
low energy fission of 226Th to 245Bk are partly presented in fig. 11. Here the experimental
relative mass yields Y(M) and the MDs for independent fission modes are presented.

The basic characteristics of modes are shown partly in fig. 12. In part "A" the average masses
of heavy-fragment group of experimental distributions and average masses of heavy frag-
ments for modes SI and S2 (mode S3 with relative yield < 1 % and mode S with average M =
A/2 according to definition are missed ) from the proton induced fission of target nuclei 232Th
are performed in the dependence on the proton energy. One can see that the dependencies of
modal average masses on A are more simple than that of average masses for experimental
mass yields. This confirms our preliminary expectations that the modal approach to describ-
ing the MEDs from fission of actinide nuclei is very perspective from the viewpoint of devel-
oping a semiempirical model of the MEDs applicable to this practically important region.

In part "B" of fig. 12 the relative contributions W of modes in experimental mass yields in the
dependence on incident proton energy for the target-nucleus 23 Th are shown. One can see
that the contributions W of asymmetric modes SI and S2 conditioned by shell effects decrease
with growth of proton energy, and this value for mode S increases. Therefore, at low energies
of incident particles the fission cross sections for actinides are defined by the fission through
asymmetric modes, and at high energies the cross sections are defined by the fission through
mode S. The different modes are characteristics of different fission barriers and different
spectra of excited states, that means characteristics making the fission cross section and an-
gular distribution of fission fragments, and nobody will succeed to give physically adequate
description of these practically important quantities without taking into account the fact that
actinide nuclei go fission through independent modes.

Summary

1. New results have been obtained on alterations in structure, short-time mechanical proper-
ties, corrosion depth, and swelling for structural materials irradiated in the fast breeding
reactor BN-350.

2. The main contribution in nuclide production in a thick spallation target of the ADS will be
conditioned by the evaporation residues and the fission of target nuclei in the reactions
with secondary nucleons with energies less than those of primary protons. In this connec-
tion, the calculations of fission product and evaporation residues yields in the ADS spal-



lation target should involve the information on the reactions of pre-actinides with particles
measured at low and intermediate incident particle energies.

3. The new method for calculation of fragment mass distributions from fission of pre-
actinide compound nuclei at excitation energies up to 70 MeV has been developed.

4. The modal approach to studying the fission of actinide nuclei gives an opportunity for de-
velopment of semiempirical models for calculations of actinide nuclei fission fragment
mass and energy distributions applicable in subcritical blankets of the ADS, fast neutron
reactors and transmutation of minor actinides. This approach is the only way to obtain
physically adequate description of these nuclei fission cross sections and angular distribu-
tions of fragments in a wide range of incident nucleons energies.
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Irradiated Steels Available from BN-35O

Table

Steel
Composition

lCrl3Mo2NbVB

lCrl3Mo2NbVB
Crl8Nil0Ti+0,l%Sc
08Crl6NillMo3

05Crl2Ni2Mo
12Crl8NilOTi
12Crl8NilOTi

Crl6Nil5Mo3Nb

Crl8Nil0Ti+0,l%Sc

08Crl6NillMo3+0,l%S
c
Crl8Ni9

12Crl8NilOTi

Specific
Component

Assembly
duct

Same
Same
Same

Same
Same

Sb-Be source

Cladding

Welding
material
Welding
material

Reactor ves-
sel

Same

Storage
Condition

Water

Same
Same
Same

Same
Same
Same

Argon
atmosphere

Same

Same

Same

Same

Operating
Tempera-

ture
(C°)

290-465

290-465
290^65
290-465

290-^65
280^20
280-465

280^65

280-465

280-465

280-400

280-420

Maxi-
mum
Dose

(DPA)

50

57
44

Un-
known

84
20
25

50

1

1

0,2-0,5

20

Specimen
Configura-

tion*

Rectangular
plates

(2-mm think)
Same
Same
Same

Same
Same
Same

Dumb-bell
shape

3-mm diame-
ter

30-mm long

Same

Same

Same

Same
*Rectangular plates machined from duct in hot cell; dump-bell specimens pre-machined be-
fore irradiation

Fig.l Microstructure of stainless steels used as materials for FA shrouds
a-12Crl8NilOTi; b-08Crl6NillMo3; c-!Crl3Mo2NbVB (x500)



Universal testing machine " Instron -
1195", provided with optical-electron
extensometer

Calvet-calorimeter combined with the
micro-destruction machine

Shear punch facility arranged
at base of testing machine FP-
100/1 Electron microscope JEM-

100CX

Testing machine and device for the
cutting of shroud located in the "hot"
cell

Optical microscope Neophot 2

Fig. 2



-AW-

The material science complex.
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Fig. 3
The dependency of short-term mechanical properties for the steel

08Crl8Nil 1MO3 MTO (the shrouds of the second type) against swelling
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Fig.5
Pores in steel EP-450 irradiated in the reactor BN-350(label -375, Tirrad

623K, ~ 83 dpa)
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Corrosion in stainless steels: a) Steel 12Crl8NilOTi, 0.5% burn-up, storage in
water for 6 years at 293K (an appearance along the arrow a); b) Steel

lCrl3Mo2NbVB-7.4% burn-up, storage in water for 7 years at 293K (an appear-
ance along the arrow b); c) a shroud of a fuel assembly of the reactor BN-350.
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SEM- i m a g e o f a 7

A shroud from steel 08Crl6Nil 1MO3
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Fig. 9.
Native yields Y, their description, calculated potential energy and its constituents ver-
,us fragment mass for 201Tl at different excitation energies. Part "A": .(o) the experi-
mental yields Y and (—) the proposed description in a linear scale; part "B":.(o) the
experimental yields Y and (—) the proposed description in a logarithmic scale; part
'C": full (—) and liquid-drop (—) potential energies; part "D": calculated shell cor-
xtions in the light fragment group WL (—), in the heavy fragment group WH ( ),

and for the whole nucleus Wf (—).
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Fig. 10
Relative yields Y and their description versus fragment mass for nuclei from 187Ir to

At at an excitation energy U « 10 MeV. The experimental data (o) and the pro-
posed description (—) are shown.
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Fig.11
Mass distributions and results of their decomposition in the fission of nuclei from 233Pa to

245Bk
(-) - the experiment, (•) - SI; (°) - S2; (•) - S3; (•) - S



140

^

£

139 -

138

137

136

135

134

133

80

70

60

50

40

30

20

10

0

o

o

I i 1 i 1

A

B :

6 8 10 12 14 16 18 20 22 24 26 28 30 32

E MeV
p
Fig.12

The experimental and modal averaged masses M of heavy fragments (part "A") and contribu-
tions W of independent modes (part "B") in the dependence on incident proton energy Ep

from the fission of target nucleus 232Th.
(M) - the experimental average masses, (•) - SI; (°) - S2; (D) - S


