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L'ING nest pas trange au d6veloppement des
r6actours surg6n6rateurs

par IV. Bennett Lewis

1. L'utilisation future, grande 6cholle de
1'6nergic nucl6aire est i6c aux Etats-Unis et
dans les autres grands pays au d6veloppemen de
r6acteurs surg6n6rateurs rapides.

2. De trles graves probl�mes fondamentaux ont
fait lour apparition au cours des deux derni�res
ann6cs, lesquels limitent la vie, dans le flux
neutronique rapide, aux temperatures convenant
aux mat6riaux comme les m6taux employes pour Io
gainage du combustible lorsqUe lo caloporteur
est du sodium.

3. 11 ost par consequent extrZ�mement urgent
d'avoir des installations permettant de mettre
les mat6riaux � Vessai dans des conditions
coflti-616ot!, de temperature et de flux neutronique
� dc�, niveaux suffi�,amment 6ov6s pour 6quivaloir
OU MZ�Ine surpasser ceux ox-Lg6s pour les r6actours
',L11g6n6rateurs concurrentiels.

4. Wcune des installation-, 'ossai actuelle-
nicnt pr6vues pour les six prochairics ann6es dans
le mondo ccidental n somblo convener pour ces
LonJitions. 1 est surtout difficile d'obtenir
de fa�on efficace et continue un flux noutronique
61CV6.

S. La r6action de spallation dans les 616ments
lourd a 6t6 choisio comme base pour I'ING
(Unftateur do flux noutroniques intenses) parce
que c'est la scule r6action connue promettant
une source de flux ncutroniques rapides plus
dense quo celle pouvant &tre obtenue par la
fission.

6. 11 seralt souliaitable quo plusieurs pays
explorent plus avant la 6action de spallation
dans le but de d6velopper des installations
d'essai pour les flux noutroniques rapides.

7. Par suite de la discontinuation du projet
canadien ING une occasion favorable se pr6sente-
ra au cours des prochains mois pour tous ceux
qui voudront obtenir par contact personnel des
precisions sur 'importanto Ctude ayant 6t6
OffOCtU60 POUT ce projet au cour,, des cinq
dcrni�rcs ann6es.
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8. Si des mat6riaux satisfaisants 6taient
d6velopp6s durant 1'existence des installations
de spallation on pourrait continuer les
employer pour la production d'isotopes choisis
et ce, de fagon plus 6conomique, dans des flux
neutroniques intenses. Les installations de
spallation pourraient btre 6galement utilis6es
pour la pr6-irradiation du thorium devant tre
employs comme combustible nucl6alTe. Quant aux
autres ob)ectifs scientifiques de PING, ils
pourraient certainement btre repris dans ces
installations.

Chalk River, Ontario
Janvier 1969
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IMMEDIATE RELATION OF ING

TO FAST BREEDER REACTOR PROGRAMS

by

W. Bennett Lewis

S U M M A R Y

1. The future large-scale use of nuclear energy is linked in
the United States and other major countries to their fast breeder
reactor development.

2. Very serious basic problems have been discovered within the
last two years, limiting the life in the high fast neutron flux at
appropriate temperatures of materials, in particular of metals suit-
able for fuel cladding in sodium coolant.

3. There is therefore a most urgent need for materials testing
facilities under controlled conditions of temperature and neutron
flux at sufficiently high ratings to match or surpass those required
in commercially competitive fast breeder reactors.

4. None of the test facilities yet planned for 1976 or sooner in
the western world appears to match these conditions. The poblem
is mainly the difficulty of providing the high neutron flux effect-
ively continuously.

S. The spallation reaction in heavy elements was chosen as the
basis of ING - the intense neutron generator, because it is the only
known reaction that promises a fast neutron source density that is
higher than can be controlled from the fission process.

6. It is suggested that several countries will wish to consider
urgently whether they should also explore the spallation reaction
for the purpose of a fast neutron irradiation test facility.

7. In view of the discontinuance of the ING project in Canada a
favourable opportunity will exist over the next few months to obtain
from Canada by direct personal contact details of the significant
study that has been carried on for ING over the last five years.

8. In the event that satisfactory materials are established within
the lifetime of the spallation facilities they may continue to be used
for the production of selected isotopes more profitably produced in
high neutron fluxes. The facilities may be also used for the desir-
able preirradiation of thorium reactor fuel. The other research
purposes planned for ING could also be served.

Atomic Energy of Canada Limited
Chalk River, Ontario

January, 1969

AECL-3251





IMMEDIATE RELATION OF ING

TO FAST BREEDER REACTOR PROGRAMS

by

W. Bennett Lewis

1) Large Scale Nuclear Energy

It has been realized) especially in the United States,
that there is a new objective for nuclear energy to reach such a
low cost on a large scale that it will be used economically for
water desalination., fertilizer production and the winning of metals
and other elements from their ores by power intensive methods.

In the United States and other major countries the hope
of attaining this objective is centred on the fast breeder reactors.
It is therefore of serious moment that a basic materials problem has
come to light in the last two years affecting the economic prospect
of fast breeder reactors. The alternative route to similar large
scale power being developed in Canada does not encounter the same
problem.

2) The Basic Problem of Fuel Cladding Life

It now happens that there is no material known that will
meet the full requirements for fuel cladding in economic sodium-cooled
fast breeder reactors. The development required is not merely a
proof test for the problem is so basic that an extensive succession
of irradiations will be necessary in a planned progressive program.

It has been known for several years that stainless steel fuel
cladding after irradiation in fast reactors exhibits numerous micro-
scopic bubbles or pores and poor mechanical properties. It was thought
that the bubbles were formed by helium aggregating and coming into
equilibrium with the surface energy, (or surface tension) of the metal.
Steps were taken to develop steels with fine precipitates to trap and
fix the nascent bubbles. In November 1967., however, it was shown by
Cawthorne and Fulton'-from examination of stainless steel fuel cladding
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irradiated at a range of temperatures in the Dounreay Fast Reactor
that the amount of helium was in some cases thousands of times too
little to support the explanation mentioned. Moreover, the over-
all swelling due to the voids became more rapid the longer the
irradiation so that no simple extrapolation fom short irradia-
tions is valid. Other observers have confirmed the phenomenon,
and the current consensus is that

(1) Voids are produced in all metals tested

(2) The volume expansion peaks markedly over a limited
temperature range, e.g. 500 to SSO'C in 316 stainless
steel

(3) The volume expansion is non-linear with irradiation
and in some cases appears proportional to the square
of the irradiation

(4) The volume expansion and deterioration of properties
depends also on the stress applied to or developed in
the metal.

(5) It is suspected that the effects are dependent on the
irradiation history involving any changes in temperature,
stress or fast neutron flux.

The probable reaction of design engineers will be to lower
the operating temperature in the case of stainless steel to perhaps
4800C. That, however, will extend the irradiation time and militate
against acquiring information needed for large scale low cost power.
Even so it will be necessary to adhere to a specification that cannot
yet be particularized, because for example, a recent report from Oak
Ridge 2on 304L stainless steel from an EBR-2 fuel element irradiated
to a maximum integrated fast flux of 14 X 1022 n/ CM2 at temperatures
below 472'C showed a density decrease of 017%. If the swelling in
T-act continues proportional to the square of the irradiation that
would indicate 9 expansion at 1013 n/ CM2 which is still low
for a commercial fast reactor. Other 304L samples have been reported
by Battelle-Northwes t3 extrapolating to only 10% density decrease at
io23 n/ CM2 at possibly a higher temperature. Cawthorne and Fulton's
results for 316 S.S. would extrapolate to 14% expansion at io23 n/cm 2

at S100C. None of these results is satisfactory.

The requirements to be met by fuel cladding are well recognised
and are reviewed in the recently published ten volume report
CWASH 1101 through 1110) by the USAEC on their Liquid Metal Fast
Breeder Reactor (LMFBR) program from which Table I below is
compiled from Tables 7-IV (or 6-2-III) and 6-A3-I.
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TABLE I

Design and Service Conditions for Cladding
in Sodium-Cooled Fast Reactors

R E A C T 0 R

EBR-II FFTF Early
Experimental Fast Flux Demonstration Commercial

Breeder Reactor Test Facility Plants Plants

Operating Temp.'F 700-1130 500-1150 700-1200 700-1300
Operating Temp.'C 370- 610 260- 620 370- 650 370- 700

Neutron Fluence 102-103 023 1021 _SX1021n/ CM2 1-2xl 1-3x 2

Residence Full 70-1000 250-SOO 250-SOO 250-SOO
Power Days

Fuel U alloy (UPU)02 Probably Open
(UPU)02

Fuel Burn-up 1-6x 104 4.5_8XI04 04
MWd/tonne S-8xl >lo,

Specific Fuel
Power Rating
kW/kg.fiss(av) 350 630 800 1000-2000

(max.) S90 1000 1200 1400-3200

PU/U 1/3* 1/3 1/5 1/(5-ig

Fuel diameter, in. 0.16 0.25 0.25 0.25-0.35

Neutron Flux)>1.3SMeV 0.39-0.69xlOls
n/cm2 sec. ) Total 2.2 -3.55 101-' 7-1015

Breeding Ratio - - 1.1-1.3 1.3-1.4

*U-23S/U-238 13
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The economic importance of reaching the 105 MWd/tonne
burn-up in the commercial reactors arises in two ways from the
fuel cycle. First there are the direct costs of fabrication,
handling, shipping and reprocessing which by the December 1964
evaluation of the USAEC Chicago Operations Office, COO-279,
amounted to 067 066 061 and 061 mill/kWh for the four
reactor designs, all assuming 105 MWd/tonne. If only 50%
of this target were reached, these contributions would be doubled.
In WASH-1108, Table 8-VII suggests for X 104 MWd/tonne near
term LMFBR Fuel Cycle Costs for the same items 135 mill/kWh.
The second contribution comes from the increased inventory of
plutonium needed because the shipping and processing time is
increased relative to the in-core time. Depending on the
inventory charge rate, the shipping and processing times and
the value assigned to plutonium, the increase would range from
0.05 to 02 mill/kWh. Also the inventory doubling time would
be longer. Although these cost estimates involve setting
costs on operations for which there is no experience and there-
fore the numbers are matters of judgment and opinion, they serve
as a warning that the fuel performance cannot be much degraded
below the target if fast breeders are to meet the competition
such as set by the U + Th valubreeder cycle expected to have a
total fuelling cost in the range 03 to 06 mill/kWh.

Many of the other items in Table I are of significance in
comparing test facilities with commercial reactors. The relation
between burn-up and neutron fluence, although direct, is not
unique. The fission cross-section of plutonium is typically
2 barn so that a fluence of X 1023 II/ CM2 corresponds to only
one FIFA (fission per initial fissile atom). In a fast neutron
reactor, however, the fission of U-238 adds from 12 to 30% to the
Pu fission and to the specific power, depending on the Pu/U ratio
and the hardness of the spectrum. The amount of neutron capture
in U-238* which determines the breeding ratio for a given Pu/U
ratio depends also on the neutron spectrum in the resonance range,
both in the reactor core and in the axial and radial blankets.

Meeting the target irradiation of 2-S X 1023 n/cm2in two
years or less as suggested in Table I for a commercial reactor could,
as seen above, be of crucial importance to meeting the economic
competition. The chance of reaching this target at the required
temperature may be assessed in two parts. First there are the
stresses due to the necessary thermal gradient through the cladding,

*D. Okrent gives average capture cross-section of U-238 in 800 litre
metal fuel reactor as 0202 barn and in a 6000 oxide fuel reactor
0.296 barn whereas the fission cross-section of Pu-239 is only 10%
larger in the larger reactor. See Table 31, p.4S "Nuclear Metallurgy"
IX, pp.1-S6, 1963.
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together with direct mechanical stresses and strain caused by
thermal expansion and irradiation swelling of the fuel. Secondly,
there are all the processes that cause the formation of voids,
swelling of the cladding and deterioration of its mechanical
properties. Not all such processes are known to have been
identified., but they will include crystal lattice damage due to
fast neutrons, hydrogen and helium produced by nuclear reactions,
diffusion and aggregation of gas atoms, vacancies and vacancy
clusters, processes of creep induced by fast neutrons, and other
effects such as grain boundary slip affected by temperature and
stress as well as by dislocations, dislocation loops and tangles.

Fuel Swelling

Most experience has been gained with oxide fuel. It is
known that irradiation-induced swelling is also a problem in
carbide fuel but the detailed mechanism is somewhat different.
For both fuels the high temperature at the centre causes con-
siderable expansion that also cracks the outer cooler parts.
As the irradiation proceeds there is considerable further expan-
sion attributable to the ingrowth of fission products both gaseous
and solid.

To present briefly the most pertinent observation with
oxide fue 14, it has proved possible to measure the ambient pressure
due to fission gas in a fuel element that swelled enough to leave
a residual strain of more than 1% in the cladding, despite the fact
that the ambient pressure was too low to cause any permanent strain.
The provision of a plenum void to contain fission gas at a low
pressure does not therefore guarantee that the cladding will not
be strained beyond its yield point. Only hypotheses are yet
available to explain such swelling. The common feature of these
hypotheses is that in regions of the oxide above 1600'C the fission
gas migrates up the temperature gradient and collects in one or more
bubbles at a pressure that may be considerably higher than the
ambient pressure. Oxide above about 1200% is plastic and transmits
a large fraction of the bubble pressure to the fuel cladding, causing
swelling. When the reactor shuts down and the oxide cools it
hardens and cracks,, releasing the trapped gas. The resulting
increase in the ambient gas pressure is a well-established phenomenon.
To avoid swelling of fuel elements due to such swelling of the oxide
at high ratings taken to high burn-up it would be necessary
periodically to cool down the reactor to allow the trapped gas to
escape. It seems likely that the practical and economic compromise
will be to permit fuel swelling of up to or 2 in diameter, thus
limiting the frequency of shut-down required.
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Cladding swelling and deterioration dLe to voids

It has been known for many years that fast neutron
irradiation knocks atoms out of their lattice positions leaving
vacancies and atoms in interstitial positions. These point
defects migrate; some mutually cancel, but a residue of vacancy
clusters is left. In a stress field produced by a temperature
gradient or otherwise the vacancy clusters migrate more rapidly
and may meet and coalesce to form larger clusters, they may trap
wandering gas atoms or combine with a gas bubble. (Hydrogen and
helium are produced by fast neutron nuclear reactions with most
elements but especially from the lighter elements such as nitrogen
present in the steel). The opposite effect also takes place
by the process known as sinteringvoids shrink and are eliminated.
It is believed that the observed growth of voids takes place above
a certain size that is a function of temperature, stress and the
amount of entrapped gas. This explains why the growth is not
linearly proportional to the irradiation, but also suggests that
the growth may be over a certain range exponential rather than
proportional to the square of the irradiation as has been proposed.

In the absence of significant stress it is possible to
suppose that the growth rate might be limited to the rate of
formation of vacancies b 6 the irradiation. In a fast reactor
total neutron flux of 0 n/cm' sec one estimate"of the rate of
void formation in 316 S.S. is 41 X 1017 vacancies/cm' sec. and
since the atom density is only about 8.5 x 1011 atoms/cm' the
swelling rate could be 40% per day. The opposition by the sinter-
ing forces must be strong, since no such rapid rate has been
observed. On the other hand, the entrapped gas opposes the
sintering process and it seems unlikely that any maximum swelling
rate can be established except by experiment for a material precisely
identified in void density, entrapped gas content, microstructure,
compositiontemperature, stress and irradiation rate.

00servations to date at irradiation levels high enough to
be significant suggest that in the absence of a high stress there
is little volume expansion at low temperatures. At a temperature
of 240'C in aluminum., or 510'C in 316 S.S. the swelling iate and
embrittlement is a maximum. Above 600'C the effect drops off
presumably because of the increasing rate of sintering or annealing.

A clue to the generality of the phenomenon and te role of
the gas comes from studies of the movement of bubbles within solids
at high temperatures where atomic migration is rapid. These studies
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have shown that the rate of bubble movement is much greater than
expected, considering the very rapid increase of rate with tempera-
ture which implies a high activation energy comparable to that for
atomic self-diffusion in the metal. At the lowest temperatures
where observations can be made the rates are from 1000 to 107 times
that expected.r- No complete theory has yet been established, but
it seems clear that the rate controlling'step will be the movement
of an atom and/or vacancy within the bulk solid. The subsequent
steps are numerous and all with progressively decreasing activation
energy ending with a fairly rapid and long movement of an atom or
several atoms over the surface of the bubble in the direction opposite
to the force or stress field moving the bubble. The implication is
that the effective surface energy (or surface tension) establishing
the equilibrium size of the bubble, if such a concept is admissible,
is quite low. Relatively little gas is then needed to stabilize
the bubble. It appears that the mechanism will prove to be complex
and involve a volume of metal much larger than the bubble. Direct
irradiation testin is likely to prove necessary for fuel cladding
material. The gUilelines now being followed are to establish extremely
small grain size, or very high dislocation densities in the metal
with or without fine precipitates to slow the migration of atoms
and vacancies, and to trap vacancy clusters and nascent gas bubbles.

The existence of fast neutron induced creep appears to
confer both advantages and disadvantages. The beneficial effect
of this creep is that quite large strains, such as up to 9 have
been reached in certain alloys without rupture. It appears that
this can be expected for any alloy in which the irradiation induced
creep rate is approximately linearly proportional to the stress.?-
If such an alloy is used for fuel cladding the integrity would be
preserved but the bad effect is that the high distension not only
constricts the coolant passages but also lowers contact pressure
with the fuel, causing the fuel temperature to rise to regain the
required heat transfer rate. Moreover on shutdown the increased
volume within the fuel cladding will allow the cracked fuel to shift,
and then, on start up, chips of fuel may be trapped and impose local
stresses on the cladding beyond its tensile strength.

3) The Need

It follows from the discussion in the previous sections
that, as is well recognized, the fast breeder reactor program
needs materials testing facilities not only to test proposed fuel
assemblies but also to establish the knowledge needed to specify
the proper selection and fabrication of fuel cladding material.
Such facilities must be able to rradiate samples under controlled
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conditions of temperature and fast neutron flux at sufficiently
high ratings to match or surpass those required in commercially
competitive fast breeder reactors. These conditions are identi-
fied as typically a fast neutron flux Of 1016 n/cm' sec. giving
a fuel rating :,- 1500 kWt/kg Pu fiss. at temperatures over the
range 400'C (750'F) to 700'C (1300'F).

Although heavy radiation damage may be produced in metals
by ion bombardment in accelerators, the ratio of the rate of
energy deposition to radiation damage is quite different from that
in fast neutron irradiation. Such bombardment, although an
important aid to understanding, does not remove the need for fast
neutron irradiation facilities.

4. Review of Planned Test Facilities

None of the test facilities yet planned for 1976 or
sooner in the western world appears to meet the requirements.
Perhaps the Fast Flux Test Facility comes closest. From Table I
it will be seen that it is expected, when commissioned in 1974,
to operate at a mean fuel power rating of only 630 kWt/kg fiss.
The peak power rating given in Table I is derived from the ratio
of the max. to mean power density given in Table 6-A3-I WASH-
1106) assuming the core composition to be constant. It is�
however, quite likely that the flux and specific fuel power
would not peak to the same degree. In any case, the discussion
of fuel cycle costs in WASH-1108 makes it unlikely that a
competitive commercial reactor could have a specific fuel power
rating much below 2000 kWt/kg. fiss.

The PFR of the UKAEA appears to have a mean specific fuel
power rating of about 700 kWt/kg fiss so may be in the same class
as the FFTF, although probably less flexible for test purposes.

The fast neutron spectrum in FFTF is planned to be
typical of the large commercial reactors and would therefore
be softer than that in the smaller test reactors. In the
absence of specific information for all the reactors, Table II
below has been compiled from several sources. See also Fig.3.10j".
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TABLE II

Fast Neutron Spectra

Fraction of Neutron Flux having Energy
greater than the lower limits tabulated

Lower
Limit (a)

of (a) DFR (b (b)
Energy DFR Inner Large Large (C)

MeV Core Breeder EBR-II Metal Oxide Fermi

3.668 0.024 0.015

2.225 0.073 0.048 Current Design(c)

1.35 0.163 0.117 0.177)(0.194

1.0 (0.238) d (0.170) d 0.20 b 0.09 0.08

0.825 0.287 0.216

O.S 0.462 0.359 (0.2 )e

0.3 0.630 0.520

0.18 0.775 0.660

0.11 0.877 0.779

0.10 0 9 d (0.794) d 9 b 0 . 76 0 6 2 0.81

0.01S 0.995S OAS6
0.010 (0.9975) d (0.967) d 1.00 b 0.98 0.92

0.005 0.9988 0.976

References

(a) I.R. Birss and T.P. Bishop "The Use of Dounreay Fast
Reactor as a Materials Testing Reactor" UKAEA Report
TRG 1039(D) 1966.

(b) D. Okrent "Nuclear Considerations in the Selection of
Materials for Fast Power Reactors" Table 1, p.3, Nuclear
Metallurgy IX, pp.1-56, Metallurgical Society of A.I.M.E.,
1 9 6 3 

(c) WASH-1106, Table 6-A3-I, P.6-281, 1968.

(d) By graphical interpolation from (a).

(e) Approximate interpolation.
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S. The Spallation Reaction for a Fast Flux Test FaciliLL

The Intense Neutron Generator was planned as the first
device along a route that could lead to much higher neutron fluxes
than can be produced from reactors. Basically, this depended on
the high neutron yield for a given energy in the target from a
spallation nuclear reaction. The selected reaction was between
1000 MeV protons and a flowing lead-bismuth eutectic target. In
the reference design adopted for ING the energy in the target of
48 MW would give a neutron source of 1019 neutrons/sec.* at an
intensity about 15 times the mean intensity of the FFTF reactor.
Since the volume of the target is small, 12 litres, the neutron
flux developed would be less than in a reactor of the same source
intensity. However, the mean neutron energy is rather higher
than from a fission source increasing the fast neutron damage per
neutron.

To assess the neutron damage from an ING-like facility
relative to that from a fast neutron reactor requires more detailed
consideration than presented here, but an approximation can be
reached as follows. The planned target of ING may be represented
as a cylinder yielding 13 X 1017 source neutrons per cm length
at a depth of 21 cm which is about the non-elastic mean free path
for the incident protons. To build up the fast neutron flux the
target may be surrounded by a thick annulus of bismuth. Making
use of an available computer code EPITHET (F.E. DriggersAECL-
1996, 1964 and MJ. Halsall, AECL-1996 supplement, 1966) and Bi
cross-sections from ANL-5800 Reactor Physics Constants, 2nd
Edition., 1963, the fast neutron flux at several radii in bismuth
cylinders of greater radii (R) is illustrated in Fig. 1. The
values shown at R = are the uncollided neutron flux at the
given field position, i.e. 2 times the current from a source
of infinite length.

The source spectrum for these calculations has been the
standard fission source spectrum. The modified spectrum at S cm
from the axis is shown in Fig. 2 for ismuth cylinders of 10 30
and SO cm radius. Also shown for comparison is the spectrum for
the DFR core. It will be noticed that all the spectra in the
bismuth cylinders are significantly harder than that in the DFR
core. Moreover, as shown in Fig.3, the ING target source spectrum
is of considerably higher energy than the fission spectrum.

*The fast neutron fission of plutonium releases 1017 n/MW sec, but
one neutron is absorbed to produce the fission so a net yield of
1019 n/sec. corresponds to ISO MW. However, irradiation damage is
produced by ingoing or outgoing neutrons so the equivalent is
100 IV. In the FFTF the power density is O.S MW/litre or S X 1016

n/litre sec. or 6 x 1017 n/sec. in 12 litres.
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There is no agreed measure of the radiation damage in
different spectra. The literature on the subject is still
developing and some idea of the status may be obtained from the
coefficients shown in Fig. 4 (Note that the energy scale is the
same as in Fig. 3 but the coefficients are on a logarithmic scale
so the slopes are to be compared. The absolute scales have a
different significance for each of the four plots). The line
marked nE - a , is straight above 0.01 MeV but deviates at

I ii E

lower energies; with the scale on the left it represents six times
the number of lattice vacancies produced by a neutron isotropic
collision in iron for which n = 4M/(l+M)2 = maximum fraction of
the neutron energy E transferred in the collision; a is the
energy required to produce a vacancy assumed to be 2S eV. n
0.0697 for iron with M = SS.85, a mean for isotopes with A = 
and S6) n/ = 2789 MeV_1. The vacancy production per collision

V(E) [nE _ 
a nEJ

is derived by Rossin, Nucl. Sci. & Eng 9 No.2, 137, 1961. The
number of vacancies per incident neutron-as derived by Rossin in
the same paper is given by the plot marked a ., the cross section
in barns for vacancy production derived from av(E = V(E)a el tr (E)
where a el tr (E) is the elastic transport cross-section for

iron for neutrons of energy E. Revising the data on a el tr for

iron and renormalizing in terms of a Radiation Damage Unit, R.D.U.8-
led Rossin in Nucl. Structural Engineering No.1, 76, 196S to
the plot marked R.D.U. It will be noted Sat the relative damage
at high neutron energies is significantly reduced. By including
the damage resulting from inelastic collisions, part of the
difference is restored; this was done by W.F. Sheely, Nucl.Sci.& Eng.
29 6 1967. More recently tese theoretical calculations have
Fe-en improved by including the effects of interaction between the
knocked-on atoms and electrons using the theory of Lindhard et al.
Matt. Phys. Medd. Dan. Vid Selsk 33, No. 10, 1963. The only
available results including electron interactions and inelastic
neutron collisions are those for zirconium (Zr) derived by
G.R. Piercy, AECL-3086, April 1968. The lower branch at high
neutron energies shows the effect of omitting the contribution
from inelastic collisions. The plot continues to rise at high
neutron energies and may also do so for iron, although Sheely's
plot flattened above about 4 MeV.

The resulting damage in a given neutron spectrum may be
assessed from the appropriate coefficient such as in Fig. 4 and
the integrated spectrUffl such as in Fig. 3 Owing to the
uncertainties, only a very sketchy comparison is shown in Table 1II.
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TABLE III

FAST NEUTRON IRRADIATION COMPARISONS

DFR FFTF Prototype Commercial ING
Core Breeder Breeder Device

Peak Flux 10" n/ CM2 sec. 2.S 7 8.S 10 to 22 20 to 30

Assessed RDU for iron 0.55 0.46 0.42 0.39 to 0.83
0 3 3

Iron damage Flux
1015 n/cm'sec. 1.4 3.2 3.6 3.3 to 16 to 25

Peak Flux x RDU 8.6

A fundamental weakness of all the theory outlined is the
supposition that the rate of production of vacancies gives a measure
of the damage. This may be valid for the two purposes for which the
theory was developed, namely to correlate with experiments near
absolute zero temperature and to assess the damage in steel pressure
vessels at temperatures in the range from room temperature to 200'C
at low irradiation exposures such as 1020 to io2l n/cm 2. For the
fast breeder reactor we have seen above that 40% of all atoms may be
displaced every day, so the rate of recovery due to thermal annealing
and to high vacancy density is significant. Moreover, the troublesome
characteristic., namely the continued and increasing rate of growth of
voids of the Cawthorne-Fulton type and the dependence on their size
poses fundamental problems for the solution of which knowledge of
the rate of vacancy production, although important, is far from
sufficient.

6. Improved fast neutron irradiation test facility

Several countries committed to the development of economic
fast breeder reactors may wish to consider possible improved test
facilities. The TnteTise Neutron Generator was not designed specially
for fast flux testing and it appears its design could be improved
for this purpose, perhaps with some reduction of the power demand or
alternatively raising the flux or the available volume.

One suggestion is that mercury might be considered for
the target since the heat transport can be much greater for a given
diameter pipe due to the larger range of temperatures and possible
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inclusion of heat of vaporization. The target might become a
smaller diameter pipe surrounded by bismuth or bismuth-lead as
a tamper at controlled temperature.

Accelerator design applicable to ING promises to change
and perhaps radically if current electron ring acceleration studies
are successful.

7. Current Situation

The discontinuance of the ING project i Canada leads
to the suggestion that the not inconsiderable expertise built up
over several years of study should be a very valuable base from
which to launch a fast neutron test facility.

Early action is called for before the Canadian team is
dispersed and diverted to other interests. Within the next six
months it is believed that the Canadian experience could be
transferred usefully, but earlier action would be more rewarding.

8. Other uses of the facility

If it should happen that a satisfactory material for
economic fast reactor fuel cladding is developed, or if national
programs divert to alternative reactor systems, the value of the
investment in the high neutron flux test facility would not be
lost. When developing the Intense Neutron Generator its many
applications became almost embarrassing, as a meson factory,
isotope factory, and for basic materials research and perhaps
ultimately developing electrical breeding of fissile material
and a power system dependent solely on thorium. 9.
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IMMEDIATE RELATION OF ING

TO FAST BREEDER REACTOR PROGRAMS

by

W. Bennett Lewis

SUPPLEMENT

Although there is a realization current among the experts
that the Cawthorne-Fulton void phenomenon most directly relates to
recovery, or failure to recover from radiation damage, almost all
if not all the published analyses try to relate it to total imposed
radiation damage, e.g. to fast neutron fluence (n/ CM2) with only
subsidiary relation to temperature, radiation damage rate, stress
or thermal gradients.

A simplified but more realistic approach to the expected
relation to temperature, and damage rate (or fast neutron flux) is
presented below.

Starting with an amplification of the reference on page 6
of DM-97 to Huebotter et al, their estimate of 41 x 1017 vacancies/
cm3 sec. from a fast reactor neutron flux Of 1016 n/CM2 sec. referred
to the Combustion Engineering 1000 MWe reactor design (Ref. 1 of
DM-97). This assignment which may be alternatively stated as 41
vacancie S/CM3 produced by n/cri? in the Combustion Engineering
spectrum of Fig. 3 is not inconsistent with Fig. 4.

As indicated on page 6 of DM-97 in a fast reactor total
neutron flux of 1016 n /CM2 sec. the vacancy production rate corres-
ponds to about 40% of all atoms per day. Since the swelling
phenomenon might be at the most 1% of volume in 10 to 20 days it
seems unwise in view of the complexity of all such solid state
processes to attempt to cover the whole range with one analytical
expression. For a first approximation we may split the phenomenon
into two stages, a short term equilibrium and a long term growth.

Since the long term growth is related to the growth of
voids (or pores containing little gas) the aspect of the short term
phenomenon that is of interest is the equilibrium density of net
vacancies, i.e. total of lattice sites vacant, whether single or in
small clusters less the total of interstitial atoms. Moreover
since almost all the recombination must take place in a time short
compared with a day, the daily average net vacancy concentration is
all that need concern us. Since two entities, a vacancy and an
interstitial atom, are concerned in each recombination event to a
first approximation, the daily average recombination rate can be
written k2n2 where k2 is a constant at a given temperature and nv v
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is the number of vacancies/ 3 2 = 41� ... (1)

cm At equilibrium k2n
where is te total fast neutron flux in n /CM2 sec. v Also to a first
approximation the .net vacancy concentration nvn (by definition nvn
nv - ni where n is the concentration of interstitial atoms)
will be proportional to n so we can write

IC2,,n2 41� ... (2)Vn
or n �2

vn (41�/k2n) ... (3)

A more sophisticated treatment of the short term pheno-
menon could bring in short term swelling of a nature that tends
towards an apparent saturation, but all this appears unnecessary to
our concern with the long term growth.

To approach the problem of the long term growth of voids
stimulated by fast neutron irradiation, consider first what is known
about void behaviour in the absence of irradiation with and without
the presence of gas. The information comes from studies related to
the sintering of metals. Its relevance may be questioned on the
grounds that the main interest in sintering is for production pro-
cesses that to be economic must be accomplished in minutes rather
than in thousands of hours. The relevance of the theories of sinter-
ing may be even more questionable than some of the observations.

It has been known for a long time that with extended sinter-
ing some large voids tend to grow while small voids disappear. The
weight of evidence suggests that the small voids disappear pre-
dominantly by shrinking to a size below the limit of observation,
although some disappear by coalescence with larger voids or free
surfaces. A study for copper completed in 1949 appears relevant
because it extended to times of 1000 hours at temperatures of 800'C,
9000C and 10000C under hydrogen, vacuum and argon. It is reported
by F.N. Rhines, C.E. Birchenall and L.A. Hughes "Behaviour of Pores
during the sintering of Copper Compacts" J. of Metals Trans. AIME
188, 378, 1950. Between 100 and 1000 hours small pores of equivalent
tilde dimension of 4 Wm or less diminished in number in all cases,
whereas pores of 25 m side or greater all increased in number.
(Note these pores are all large relative to the Cawthorne-Fulton voids
of 025 m dia.). Density measurements were also made and on a
logarithmic time scale the rate of densification expressed as per-
cent porosity continuously decreased and in the cases of sintering in
argon at 9000 and 10000C turned upwards (decreasing density with time).

It is concluded that under such circumstances there is a
net flow of vacancies away from the smaller voids and a net capture
of vacancies by the larger voids. It also follows that if Fick's law
applies to the diffusion of vacancies, then the net vacancy
concentration is highest just close to the surface of the smaller
pores. It would also seem that the vacancy concentration is lower
near the surface of the large pores than in the bulk of the solid, but
this may not be a correct conclusion. If the activation energy for
vacancy migration is diminished close to a surface, then Fick's law
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needs modification to relate to the activity instead of simply the
concentration of vacancies. Indeed the known effect of intense
radiation in shrinking small gas filled pores suggests that this
lowering of activation energy close to surfaces may be important.

In any case the observed phenomena seem to require an
equilibrium between the rate of capture and escape of vacancies at
surfaces. Any control over the net rate of growth of voids implies
modification of this equilibrium.

In the fields of sintering, additives have been sought that
would "activate" or increase the rate of sintering. Unfortunately
the results concerning the late stages of densification after all
pores have closed and spheroidized are neither spectacular nor very
suggestive of theoretical explanations. An important principle was
enunciated by A.W. Postlethwaite and A.J. Shaler (in "Shrinkage of
Synthetic Pores in Copper" presented to a symposium convened by Syl-
vania in August, 1949, published by McGraw Hill in 1951 under the
title "The Physics of Powder Metallurgy" ed. W.E. Kingston) that
"Densification requires shrinkage of the perimeter of a rigid skeleton
of metal passing through a compact without touching the surface". it
follows that, however large a role so-called surface diffusion processes
may play in the sintering process, for densification (without high
pressure), when pores are closed, atomic (or vacancy) migration through
the solid or via grain boundaries is necessary, and likely to be rate
controlling at any temperature much below the melting point. Under
these circumstances any effective activating agent must be a component
that influences such diffusion. To activate the sintering, nickel,
nickel oxide and nickel carbonyl in increasing order of effectiveness
have been used and found to activate sintering of powdered iron but
most notably in the earlier stages. Manganese has been found to lower
the rate of densification but it remains possible that the effect may
be reversed in the late stages. oxygen and perhaps carbon may also be
effective. A brief but broad review of Activated Sintering by
A.J. Shaler appears in "Sintering and Related Phenomena" ed. Kuczynski,
Hooton and Gibbon, published by Gordon and Breach, N.Y., 1967.

Considering now the effect of fast neutron irradiation, from
the short term equilibrium the net density of vacancies is increased
throughout the solid so it would appear that those pores large enough
to be growing would grow more rapidly and those small enough to be
shrinking would shrink less rapidly. Such a conclusion, however,
would probably not be of general application alone because of the
larger effect of the increased vacancy density close to surfaces in
reducing the activation energy for vacancy migration. The effect of
increasing the rate of vacancy movement is to increase the evaporation
rite of those pores that are shrinking and the vacancy accretion rate
of those that are growing.

Temporarily leaving aside this last effect the increased rate
of trapping could be written k3n En r 2 ... (4) (an alternative

vn p T)
assumption would make the rate k3n vn npr p ) where the pores are

treated as approximate spheres of radius r and n is their density
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or number/cm' assumed constant over the range under study. k3 is a
function of temperature.

The rate of trapping vacancies by the pores may be related
to the volume expansion (attributable to the pores) by writing

6V 4 iT En r3 VO ... (5)
3 

where V is the original volume containing n AatOMS/CM3.

To simplify the subsequent analysis we can note that because
of the dependence of 6V and because the small voids shrink and
disappear, all the small voids can be neglected in their contribution
to W Furthermore to eliminate the complexity of the summation we
will assume that a common radius r can be applied that is an effective

2 3 pmean both for r and r
p p

Then dV = k3n n r 2/n ... (6)
dt vn A

2

and from (5) = k3n n V (I ) A/n
vn p 4 TrV A

�/3 2
n 3 �/3 /3

and from (3) = k3( P (It ) 6V (7)
k2n n 0

Since only large pores are involved in 6 and 7 we can
bring in the radiation effect of increasing the rate of vacancy move-
ment by making k3 not only a function of temperature but also of 
We will suppose it corresponds to a lower activation energy than k2n
and at a given temperature varies as �C where < 5.

dV 33 �_I +
Then from 7 = 6VTt

where k is a function of temperature that will pass through a maximum
over a certain temperature range determined by the activation energies
of k 2n and k3- (Note k2n and k3 are not simply of the form kexp[-W/kT]).

2\ssuming is constant integrating*equation (8) leads to

6V (kC)3 (�t 3 (1-20
. . . 9

3

For the alternative suggested for expression 4 the result is

6V = (kC)3(�t)3 �_2+3F_ ... (10)

3

*The integration requires only the standard relation
n+l

fXndX X
n+l
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Either relation seems to accord very reasonably with the
major points 2 and 3 quoted as the current consensus on page 2
of DM-97. Moreover they indicate two points that might have prac-
tical importance in the search for an acceptable material, namely
that should be small and, related to this, the activation energy
of k3 should be high so that k3 is small whereas that for k2n which
is greater than that for k3 should be as low as possible making k2n
as large as possible.

The relations also show that for a given fluence the swell-
ing should be less at a high flux if < 5 for relation 9 for
E < 23 with relation (10).

An attempt has been made to introduce the minimum of detail
into the model, so that the relation to observed phenomena can be as
dependable as possible in what are inevitably complex processes.
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