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The 14~MeV neutrons produced in a fusion reactor result in different
irradiation damage than the equivalent flueance in a fast breeded reactor,
not only because of the higher defect generation rate, but because of the
production of-.significant conceatrations of helium and hydrogen. Although
no fusion test reactor exists, the effects of combined displacement damage
plus helium can be studied in mixed-spectrum fisslon reactors for alloys
containing nickel (e.g., austenitic sta&pless steels). The presence of
helium appears to modify vacancy and int;}stitial recombination such that
microstructural development in alloys differs between the fusion and
fission reactor environments. .

Since mechanical properties of alloys are related to the
microstructure, the simultaneous production of helium and displacement
damage impacte upon key design properties such as tensile, fatigue, creep,
and crack growth. Through an understanding of the basic phenomena
occurring during irradiation and the relationships between microstructure
and properties, alloys can be tailored to minimize radiation—-induced

swelling and improve mechanical properties in fusion reactor service.

*Research sponsored by Office of Fusion Energy, U.S. Department of
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Introduction

Fusion power together with‘ p;_e_eggr reactors and solar energy is a
candidate to solve mankind's long-term energy requirements. The raw
materials for fusion power are deuterium from water andllithium, which is
used to produce tritium, from slat deposits. Both are sufficiently
abundant to provide for projected worldwide enetgy demands for centuries.
The product of the fusion reaction is helium, a valuable resource. There
will be neutron activation of the reactor structure during operation; but
the exposed séructure will decay to moderate levels of activity in a few
decades, so that the waste problems of a fusion economy are small in com-
parison to those of fission reactors. ‘Shus, if it can be. made to work
economically, fusion offers enormous be;efit to mankind.

At present the primary obstacle to fusion power is plasma
confinement. Plasmas have been produced and confined, but not yet to the
point of a self-sustained fusion process. A variety of confinement tech-
niques are being explored, including tokamaks, tandem mirrors, and iner-
tial confinement systems.ls2 It is likely that the Tokamak Fusion Test
Reactor being built at Princeton will demonstrate energy breakeven before
1985. The feasibility of mirror reactors should be established soon
thereafter. It will then remain to demonstrate the system that will lead
to the most economical commercial power.

The materials demands for fusion reactors are severe. An idecalized
blanket and shield segment of a tokamak, shown in Figure 1, illustrates
the functional requirements that materials must satisfy in a fusion power

system., In this design, a niobium alloy is the structural material; and



lithium is both a breeding material and coolant. Graphite is a neutron
reflector and moderator. Watea ?pﬁ_}g;d are both shielding materials.
Directly outside the shield is the superconducting coil that ﬁrovides the
toroidal field. This coll consists of the superconductér imbedded in a
normal conductor. The temperatures at which the components operate 1in
this design are indicated.

The blanket structure, coolant, sreeding material, neutron moderator,
and shielding materials are common to all fusion devices. In a few
designs, neut;on-multiplication systems are required for breeding. 1In
magnetically confined systems, limiters inside the first wall both inter-
cept the plasma under off-normal condig{ons and protect the blanket.
Inertially confined systems do not requ:re limiters or superconducting
magnets, but they have unique components such as powerful lasers or other
intense energy delivery systems, complex optical systems, and target
pellets.

The first-wall structural material provides vacuum containment at
1079 torr (130 nPa) before fueling, and also contains the breeding
material, coolant, and reflector materials. It is desirable to operate at
a reasonably high temperature (>400°C) for good heat transfer and
efficiency. Unless a protective coating is used; the wall material must be
compatible with the plasma environment of photons, energetic ions, and
neutral atoms. It must also be compatible with the coolant and breeding
materials. That part of the structure that faces the plasma operates
either in a high vacuum or in a hydrogenic environment at different stages
of the burn. The external reactor structure may be exposed either to air,

to an inert atmosphere, or to a vacuum.



The harshest environmental condition faéed by the first-wall struc-
ture ié the intense radiation f1é1d.” Fusion reactions in a tokamak pro-
duce 3.5-MeV (0.55-pJ) alpha particles, which heat the plasma, and
14.1-MeV (2.25-pJ) neutrons, which heat the blanket and breed tritium.
Since the postively charged alpha particles and emitted in an inéense
magnetic field, their orbits are confined within the plasmd. After they
heat ions and electrons within the plasma, their energy is transferred to
the first wali primarily by bremstrahlung and line radiation. This heat
flux, 0.2 to 0.8 HW/mz, is deposited on the first wall. 1In éontrast, the
neutrons have a mean free path of 0.3 m or more in the blanket, so that
their energy is deposited throughout tﬁﬂ blanket. The enérgy density of
the neutron current through the first wall, called the "wall loading,"” is
in the range 1 to 4 MW/mz, or 4.43 to 17.7 x 1017 neutrons/(mz's).
Scattering of these neutrons adds to the flux at the first wall, creating
a total flux in the range 3 to 12 x 1018 neutrons/(m2+s). These fluxes
are lower than the peak flux in a fast breeder reactor, about 5 X 1018
neutrons/(mz's), but the neutrons are more energetice.

Two consequences stem from the high-energy neutrons. First, they
displace atoms in the lattice. Secondly, inelastic collisions occur, to
produce high helium and hydrogen concentrations within the lattice.
Damage measures for type 316 stainless steel in a typical fusion reactor
and in various available irradiation test facilities are compared in
Table I. The helium production rate in a fusion reactor first wall maﬁe
of stainless steel is at least 40 times that in a fast breeder reactor.

As Table II shows, the extent of damage assessed by each index varies



from metal to metal; but for all candidate materials for fusion reactors,
the ratio of helium production to displacement per atom (dpa) production
is much higher than it is in a fast reactor. ‘

As the neutrons pass through the blanket and shield materials, atoms
are knocked out of their equilibrium lattice sites, producing many
vacancy-interstitial (Frenkel) pairs. Many defects are quickly
annihilated, but some survive to interact with each other and with solute
atoms to form.dislocations and/or cavities, with affect the properties of
the material.: The effects are particularly important in the structural
materials, which must perform well at the elevated temperatures and
stresses required. The high concentrag{pns of helium, together with
atomic displacements, often lead to swe;iing and degradation of mechanical
properties, with the result that the life of the structure is considerably
shortened. It is imperative that radiation effects be understood and
materials optimized for fusion service if fusion power is to be economi-
cally feasible.

In this paper the present approach to the problems and the
vnderstanding of radiation damage in fusion systems will be discussed.
Some of the basic processes taking place in the metal lattice will be
described. Then, ways to optimize the alloys for improved ductility and
reduced swelling are proposed.

Approach to the Problem

The alloys for fusion service are generally selected on the basis of
reactor design studies. Some of the earliest reactor studies utilized
very high temperatures; consequently, niobium and molybdenum alloys were

the materials of choice. Other studies focused upon the use of existing



commercial alloys, leading to the choice of austenitic stainless steels
and nickel-base alloys. When qyg@?gigywas placed on the desire to mini-
mize radioactive inventory, aluminum and vanadium alloys and siC were
selected. Recently the potential advantages of ferritié stainless steels
were recognized and they were added to the set of candidate alloys being
studied for fusion. Titanium alloys have also Been considered for fusion
because of their many desirable properties. A comparison of various
alloys for an important set of reactor performance criteria is given in
Table III. Tﬁe specific alloys now being studied are described in a
recent review of alloy development for fusion.3

The fact that no high flux fusion,igactor test facility now exists
hinders alloy development for fusion. Af*present, simulations must be
used, requiring extrapolation to fusion reactor conditions. Various
low-flux, 14-MeV facilities exist such as the Rotating Targef Neutron
Source (RTNS) at the Lawrence Livermore National Laboratory. These facili-
ties permit the study of the evolution of the damage microstructure, and
of properties sensitive to low fluences, but cannon produce fluences that
match those of the fusion reactor environment. Fast-—spectrum fission
reactors can be used to evaluate the effects of displacement damage alone.
Irradiation with dual beams of heavy ions and helium in accelerators may
permit study of the swelling beshavior and the microstructural evolution of
various alloys, but do not provide specimens for the effective evaluation
of mechanical properties.

A high flux deuterium—-lithium source, the Fusion Materials
Irradiation Test Facility (FMIT), to be built in Richland, Washington,

will be available in 1985. Its primary mission will be to verify methods



developed to correlate the fusion environment with that in fission
reactors. It will also be used, to generate design data on a few selected
high-priority materials. In the 1990s a fusion materials tesﬁ reactor may
be built. '

Fortunately, a way exists to simulate the fusion reactor environment:
nickel-containing alloys, such as austenitic stéinleés steels and nickel-
base alloys, can yield helium by a two-step process to be discussed later.

In a mixed-spectrum fission reactor with both high-fast and high-
thermal neutr;n fluxes, fast neutrons produce the displacements, while
thermal neutrons produce helium. Typical facilities available for alloy
development are the High Flux Isotope E%actor (HFIR) and the Oak Ridge
Reseacﬂ Reactor (ORR). Since most of tﬁé results to date have been
obtained on the austenitic stainless steels, especially type 316 and modi-
fications thereof, the remainder of the paper will focus on éhese alloys;
however, many of the principles should apply to other alloy systems as

well.

Basic Radiation Effects

Before getting into the detalled behavior of austenitic stainless
steels in the mixed-spectrum fission reactor tests, it is helpful to
review the basic radiation effects. A schematic.diagram of a neutron
interacting with a metal lattice is shown in Figure 2. An energetic
neutron enters the lattice from the left and interacts elastically with a
lattice atom which then becomes a primary knock-on atom. The neutron con—
tinues along its deflected path and creates other primary knock-on atoms
until it no longer has sufficient energy to displace an atom, or umtil it

is absorbed by a nucleus, creating a fransmutation product. The primary



knock-on atom at first loses much of its energy through interactions with
electrons. Then, as its energys decrezses, nuclear cross sec;ipns increase
and the atom causes many atom displacements as it traverses the lattice,
creating isolated vacancies and interstitial atoms, replacement collisionms,
and finally a depleted zone rich in vacanciles surrounded by an excess of
interstitial atoms at the end of its range. In austenitic stainless
steels at room temperature or above, the interstitial atoms are very
mobile; and most recombine with vacancies with no lasting effect. A few
interstitials are attracted to dislocations, grain boundarieé, and other
sinks, leaving an excess of vacancies in the lattice. Interstitials may
also cluster to form two-dimensional plygelets, called interstitial loops.

Vacancies are less mobile than inter%titials, but are observed to
migrate at significant rates at temperatures above 0.3 of the absolute
melting temperature. Like interstitials, vacancies may be annihilated at
a variety of sinks such as dislocations, grain boundaries, and
precipitates. Varancies may also cluster and grow into cavities, causing
swelling; or they may also form dislocation loops.

Helium Effects

The presence of helium in the lattice can modify the response of the
material. Interstitial helium, like a self-interstitial atom, is highly
mobile; but it is also insoluble. Therefore, helium is quickly trapped by
vacancies, dislocations, and other sinks. Vacancies containing helium
atoms may be moblle. The exact mechanisms of motion are not known, but
there is ample evidence that helium and vacancies flow in a éoupled
fashion at reactor damage rates (1076 dpa/s). Since vacancy clusters are

stabilized by helium, the formation of cavities normally occurs much

Fat



earlier in a fusion reactor than in a breeder reactor where little helium
is produced. Also the concentration.onf cavities is sometimes much higher
in the case of the fusion reactor. The result is that swelling should
begin earlier in a fusion reactor. The rate of swelling, however, is
lower at highvfluences in austenitic stainless steels, particularly when a
high concentration of helium—filled cavities acés as'the dominant sinks
for point defects in the sysfems.

High congentrations of helium—-filled cavities in the matrix have
little effect on the propert%es of austenitic stainless steels at room
temperature; but, at temperatures above 400~500°C, helium can migrate and
collect at the grain boundaries, seriouily reducing ductility and causing
intergranular failure. Figure 3 shows a ‘scanning electron micrograph of
the fracture surface of annealed Inconel 600 irradiated in HFIR at 650°C
to a fluence that produced 1780 at. ppm He in the structure.A The sample .
fractured at room temperature in a brittle manner. So muchk helium accumu-
lated at the.grain boundaries that metallic bonding was provided only by
thin webs (white in the photograph). One strategy for application of
materials to fusion service is to design an alloy that reduces the helium
concentration at the grain boundaries.

Effects of Helium on Mechanical Properties

The effects of helium on mechanical properties can be studied by
introduction of helium either before or simultaneousiy with irradiation in
much the same way that microstructural evolution is studied. The major
difference lies in the fact that mechanical properties are largely bulk
properties and must be studied with larger specimens than are used for

electron microscopy.



As was discussed earlier, helium formed from {7,a) reactions from
fusion neutrons is an inescapaglg”pist‘of the fusion environment. The
effects of helium can be studied by irradiation in 14-MeV-neu£ron
accelerators, which better simulate the fusion environmént than any other
device currently available. However, this technique suffers from two
serious disadvantages: the high-flux volume is so small that only a few
specimens can be irradiated at a time, and the fluxes available are so low
that the regime of helium embrittlement has not been attained. Even when
a large high—élux neutron source becomes available (FMIT in 1985), the
irradiation space will be so limited that only experiments that correlate
14-MeV—-neutron effects with simulationsﬁwill be performed. Simulation
techniques that allow larger numbers ofwspecimens to be studied will be
necessary to develope the mechanical properties data base necessary for
the design and construction of a fusion reactor.

Simulation Techniques. The techniques being used at the present time

for fusion simulation may be grouped into two classes: those that intro-
duce helium prior to irradiation and those that introduce helium simulta-—
neously with irradiation. In the first category are the following:
{1) accelerator implantation and (2) tritium trick doping. Methods
introducing helium simultaneously with irradiation are: (1) dual-beam ion
irradiation and {2) transmutation—-produced helium from thermal neutrons
in mixed-spectrum reactors.

Accelerator implantation consists of bombarding very thin (~0.25 mm)
specimens with high-energy a—particles in a manner that distributes the
a-particles uniformly throughout the specimen thickness. Implantation can

be followed by neutron irradiaticu to complete the simulation of the



fusion environment. This method has the advantage that it can be used
with any alloy system. It suffers from the disadvantage that only thin

4 e

specimens that are subject to extraneous surface effects and corrosion
can be employed.

Tritium trick doping is a clever technique that takes advan%age of
the decay of tritium to 3He with a 12-year half-life:. Tritium is intro-
duced into the specimens by equilibration with a tritium atmosphere. The
tritium is then allowed to decay long enough to produce the desired
concentratioﬂiof helium, and then the excess tritium is allowed to diffuse

out. The method results in a uniform distribution of helium in large

specimens but suffers from the disadvantage that it applies only to metals

Sy

with high solubilites for hydrogen. Thfﬁ limits the method to refractory
metals such as niobium and vanadium and to titanium. Concentrations are
limited by the decay time to tritium and the solubility.

Dual~beam ion irradiation employs a beam of heavy ions to produce
atomic displacement damage and a beam of o-particles to deposit helium.
The helium implantation is similar to accelerator implantation previously
described. The simultanecus ion bombardment provides rapid results with
simultaneous helium and displacement damage in specimens of minimal
radioacitivty. This method is useful for fundamental studies of helium
effects, and can be used with any alloy system, but is not as close a
simulation to the fusion environment as neutron irradiation.

Transmutation-produced heliuwa from thermal neutrons in mixed-spec;rum
reactors permits simultaneous helium formation and displacement damage
production. The use of fission reactors permits large numbers of a large-

size specimens to be irradiated and, therefore, lends itself to support



the mechanical properties base of a large alloy development program. Only
59Ni has a sufficiently large cross section for thermal-neutron absorption
to be of use in helium producti;é:»w;he transmutation begins with 38Ni
(n,a) 9Ni which is followed by 59Ni (n,a) 36Fe, with both reactions
occurring with thermal neutrons. This method results in a homoggneous
distribution of helium in any practical-size specimen (size limited only
by reactor space and dissipation of nﬁclear heating). However, it can be
used only with nickel-bearing alloys. Concentrations of several thousand
parts-per—miliion helium can be attained, thus permitting the effects of
helium at fusion reactor first-wall expésures as high at 40-50 MWyr/mz.
In fact, such high concentrations rzu be attained that thg quality of the
fusion environment simulation is in queglion for nickel-base alloys and
even in stainless steels, because of too high a helium~to-displacement per
atom ratio. To more properly simulate the fusion environment, special
techniques such as adjusting the ratis of fast—to-thermal neutrons (called
spectral tailoring) are used to achieve the proper ratio of atomic displa-
cments to helium concentration. Transmutation doping can, therefore, be
used to study the effect< of end~of-life helium concentration and study
the effects of a closer simulation to the fusion environment. It suffers
from the disadvantages that only nickel-bearing ailoys may be studied and,
as with any fission reactor irradiation, the fact that specimens are
highly radioactive.

As can be concluded from the previous discussion, in order to engage
in a compressive alloy development program encompassing several alloy

classes, several methods of fusion irradiation simulation must be used.



Moreover, all of these methods (even accelerator-based l4-MeV-neutron
generators) are only simulations of fusion reactor service. Therefore,
their results must ultimately be correlated with service in an actual

fusion device.

Results of Fusion Simulations. Nickel ions accompanied by

a—pérticles in a dual-~h2am accelerator have been used to study the effects
on microstructure of preinjected helium as compared with continuously
produced heli_um.5 Significant differences between preinjection and
continuous injection were observed in stainless steels in both phase
stability and cavity nucleation.

Preinjection resulted in a finer m%prostructure than- simultaneous
injection; both dislocation loops and voids were smaller and nore
numerous. Although mechanical propertie; were not measured, a wore
refined microstructure such as results from preinjection isvéxpected to
cause higher strength accompanied by lower dwctility.

Preinjection of helium followed by neutron irradiation in EBR-II was
studied in V202 Ti by Tanka, Bloom, and llorak. 6 They observed essen-—
tially no change in strength in the range of 400~700°C, but a substantial
drop in ductility at temperatures above 600°C for 90 and 200 at. ppm He
and intergranular fracture at 700°C. Siuce comparison samples without
helium injection do not indicate any significant loss of ductility, the
observed loss of ductility is attributed to helium. However, the refined
microstructure observed in stainless steel in ion irradiation studies does
not appear to apply to V20X Ti, since no change in strength was observed.
The loss of ductility is then not attributed to limited plastic flow

resulting from dislocation pinning, but rather from the helium. Had



significant strengthening been observed, no conclusions about the effect
of helium could have been drawmw. --It.can, therefore, be seen that the
results of preinjection experiments must be interpreted cautiously.

The method of tritium trick doping was used to investigate helium
embrittlement in another vanadium alloy, V-15% Cr-5% Ti, by Mattas et
al.? Yield strength was unaffected by helium concentrations up to 35 at.
ppm, but ultimate tensile strength and elongation were decreased by the
presence of helium especially at 700°C and above. Also consistent with
the work of Tanaka et al., helium led to a tendency for intergranular
fracture.

Mixed-spectrum fission reactor ir:idiations have yielded the largest
amownt of data on helium effects. The trends of large reductions in duc-
tility at hizh temperatures contirues to hold for mixed-spectrum reactor
irradiations. However, strength may be increased or decreaséd, depending
upon temperature and initial microstruwcture. The effect is dramatic in
Inconel 600, where ductility drops from 16X to less thar 1X upon irradia-
tion at 600°C and the fracture mode transforms from ductile rupture to
intergranular.8 Type AISI 316 stainless steel? is more resistant to
helium embrittlement but nonetiieless exhibits very low ductility above
600°C after 40 dpa and approximately 4000 at. ppm He. The trends in both
annealed and 20% cold-worked type 316 stainless steel have been summarized
by BIoom,lo who characterized the irradiation by the heliuwm—to-displacement
ratio. A high He/dpa ratio is considered to e approximately 60-80
obtained in the HFIR, while the term "low He/dpa™ implies a ratio less
than 1, obtained in fast reactors. Figures 4 and 5 show both yield stress

and total tensile elongation for annealed and 202 cold-worked type 316



stainless steel. The increase in yleld strength saturates at about 10 dpa
and decreases with increasing temperature for both high and low He/dpa
valves. Ductility is significantly lower for the case of the high He/dpa
value. In the annealed condition, ductility remains low throughout the
temperature range studied, whereas a continuous decrease in ductility with
increasing temperature is exhibited by material in the cold-worked
condition. For type 316 scainless steel in both annealed and cold-worked
condition, y{gld strength is lower for the high He/dpa value. Lower
strength acco;panied by lower ductility is characteristic of radiation and
helium embrittlement.

Fatigue will be a major considerarépn in fusion reactors that operate
in a cyclic mode. Fatigue in type 316 sfainless steel in the
20%-cold-worked condition has been irvestigated following irradiation in
the HFIR to produce helium levels as high as about 1000 at. ﬁpm and
disnlacement levels up to 15 dpa (ref. 11). For irradiation and test tem~
peratures of 430°C, a reduction Iin fatigue life by a factor of 3 to 10 was
observed (Figure 6). However, at 550°C, no significant effect of irra-
diation on low-cycle fatigue life was observed. At both temperatures, the
irradiation reduced the strain-range level of the 107—cyc1e endurance
limit from 0.35 to 0.30%Z. However, 0.30% is sufficiently high for the
normal operation of &ll preser: conceptual designs for fusion reactors.
Accident conditions must still be evaluated.

Various simulation techniques have been discussed, and some results
obtained with each method have been described. It remains to validate
each of these techniques, even the mixed-spectrum reactor experiments and

the l4-MeV-neutron accelerator experiments, the two closest simulations of



the fusion environment. A step in this direction has been taken by
Vandervoort et al.,12 who compated  tensile properties of specimens irra-
diated in two types of neutron accelerators [Be(d,n) and T{d,n)] and a
fission reactor. As predicted, the high-energy neutrons from the accel-
erators had a larger effect on strength and ductility per unit fluence.
However, when expressed in terms of damage energy, the effects on mechani-
cal properties were found to be equivalent. It should still be kept in
mind that the-fluences in these experiments were too low to yield signifi-
cant amounts of helium. For fluences producing appreciable helium, the
helium is expected to dominate. By the time FMIT or a fusion test faci-
lity becomes available, perhaps the efficts of helium will be sufficiently
understood to make the outcome of verific;tion experiments simply a

necessary check.

Techniques for Minimizing the Effects of Helium

The metallurgist has available a number of tricks to minimize the
dejeterious effects of helium. One technique that works well in type 316
stainless steel is cold work. Cold work produces a high concentration of
dislocations in the lattice that act as trapping sites for helium.

Figure 7 shows a comparison of cold-worked and annealed steel irradiated
at termperatures in the range 450-500°C so as to produce 42-53 dpa and
30003800 at. ppm He (ref. 13). In the cold-worked material, numerous
small cavities are observed with a total of 2% swelling. In annealed
steel, there are fewer, larger cavities and a total of 9% swelling.
Calculations show that the amount of helium present in the samples can
be accounted for in both cases by assuming that the cavities are

equilibrium helium bubbles with internal pressure, P, given by
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p=2L,

(1

where Y= surface tension of the metal and » = bubble radius. Smaller
cavities contain helium at a higher pressure and result in less swelling
for a given helium content.

The effect of temperature on the swelling rates of cold—worked and
annealed type 316 stainless steel irradiated in HFIR is shown in Figure 8.
From 375 to about 550°C the swelling of both cold-worked and annealed
samples is fairly independent of temperature, but both showed signifi-
cantly more swelling at 680°C. At this'temperature recovery of the cold-
worked microstructure occurs, so that annealed and cold-work samples
behave about the same. Increased heli&yﬁin HFIR often caﬁses earlier
swelling than observed in the breeder reactor (EBB-II), but void swelling
in EBR-II can be greater than bubble swelling in HFIR at higher
fluences.l% Even though the swelling was about the same in cold-worked
samples below 550°C, the bubble concentrations and sizes were different,
as Table IV shows.

The use of controlled precipitation in an alloy can be more effective
than cold work in mitigating the effects of helium. In austenitic
stainless steels, titanium monocarbide (TiC) has been found to be an
effective trap for helium.13 Since the TiC is also rich in molybdenum,
vanadium, and niobium, it is usually referred to as metal monocarbide (MC).
Figure 9 shows a micrograph of solution—annealed type 316 stainless steel
with 0,23 wt X Ti after irradiation in HFIR at 600°C to 30 dpa and 1856
at, ppm He. Although the MC phase is heavily decorated with helium, the

Laves phase, a normal precipitate in type 316 stainless steel, is free of

N



helium. In ordinary cype 316 stainless steel, the Laves phase is an

effective trap for helium as Figure-Il shows; but the bubble size is

larger.

The primary reason the MC phase attracts helium migrating in vacan—
cies is that it is an oversize misfit phase, having about a 70% increasse
in atomic volume compared with untransformed austenige. Helium—laden
vacancies are preferentially attracted by the large compressive stress
around the HC{particles. In addition, MC is much finer than the other
precipitate phases, like Laves, reducing the migration distance. The

overall result is that swelling is reduced and helium is kept out of grain

boundaries. %,

Discussion

The presence of helium formed by nuclear reactions in alloys during
irradiations in the fusion environment can have serious consequences and
must be taken into consideration. Techaiques that can be used {and
illustrated with austenitic stainless steel in this paper) including cold-
working and controlled precipitation of phases that act as helium traps.
The same techniques can be used in other alloys, but the specific methods
will vary for each alloy system. For all systems grain growth after
helium accumulation must be avoided. There will also be a fluence limit
beyond which the helium effects are expected to become overriding in any
alloy system. Nevertheless, optimized alloys will extend the lifetime of
fusion reactors, considerably, with large economic benefits.

There is, at present, a large alloy development program for fusion
that was recently described elsewhere.3 Many years of experimental and

theoretical work will be required to fully understand the effects of



displacement damage alone and the combined effects of helium and displac-
ment damage on the behavior omegggyggls. Once the materials are
understood, optimized alloys can then be developed. There will remain a
large testing program to generate the full data base required for engi-
neering design and code qualification. Although our present knowledge is

meager, there is every reason to be optimistic that good alloys for fusion

service can be developed.
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Table I.

pamage production in available irradiation facilities

—a——

| FLUX DAMAGE PRODUCEDP 22 Y&ap2.
: FACILITY >0.] MeV  dpec |
| ' (n/m?s) Ao /YF)’/"* pmz(yr"f-'aippm%w)"-—
! Fusion Reactor® 2.7 % 1018 12 ;' 144 532
: Mixed=Spectrum Flsslean 15 35 19004 440
‘ Reoctor (HFIR) y - '
t Fast-Breeder Reactor 25 35 5 270
5 (EBR-1) |
Rotating=Target' 0.02 0.2 5 10

Neutron Source

9Typical design, neutrenie wall loudlﬁg 1.0 MW/m
bAssumes 100% duty faeter en all factlities.

CDisplacements per @t

Helium produchon fn HEIR 1s not linear with Fluence.
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DRAFT 4

e 1. RADIATION DAMAGE IN ALLOYS TYPICAL
i OF THE ALLOY SYSTEMS PROPOSED
FOR FUSION FIRSTWALL APPLICATIONS

KN ORI L S,

e

o R PER MWy/m?
ME'fAL G‘H ALLOY | dpa  at. ppm H  at ppm He

- ALUMINUM 14 206 316
? Ti-6 'Al4 V- 16 ;175 142
rerrrrTrc STEEL 11, 450 - 110 '
(SANDVIK HT-9) RN |
- AUSTENITIC 8S (316) 11 . 532 - 147
NICKEL-BASE ALLOY 12 780 240
(NIMONIC PE-16) - |
V15 Crb TI SEERTEE PV 47
NIOBIUM - i .7 108 29

i€ UOISIAIQ SIonpald jensip
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Table III. Comparison of candidate first-wall structural materials
Austenitic
stainless Ferritic High-nickel Cb
Requi rement steels steels alloys (Nb) V Mo Ti Al
Availability and cost E E G F P F E E
‘Fabricability and weldability E G E F. P 6 E
High-temperature mechanical
properties E E E E E G P
Thermal-stress resistance F F E E E G £
Lompatibility with:
Lithium G G p E E E E P
Hydrogen E F E F F E P G
Fused salts G G E P P G P P
Helium (realistic purity) E E E [ P G G E
Steam E G B P P P E G
Sodium or potassium E E F E F E E P
Air E G E P P P G E
Low tritium permeability G F G P P E P G
Low neutron activation P F P P E P G E

Note.

E, excellent; G, good; F, fair; and P, poor.
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Fig., 7. Cold Work Reduces Cavity Size and Swelling for Irradiation in HFIR to High Helium Levels.
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Table Iy. Microstructural swelling data on irradiated type 316 stainless steels

Irradiation Displacement Helium Cavity con-
temperature damage content  Swelling centration Diapeter
Condition (°c) (dpa?a (appm)b (%) (No./cm3) (k)

20% Cold-worked 380 49 3320 2.2 1.8 x 1016 95
450 54 3660 2.0 6.6 x 1015 170

550 42 2990 1.4 2.4 x 1015 210

600 60 4070 5.0 3.3 x 1014 647

680 61 4140 16.8 6.3 x 1013 1100

Annealed 480 42 2950 8.8 1.4 x 1015 386
550 42 2990 8.5 4.4 x 1015 500

680 61 4140 - 15,2 4.6 x 1013 1083

3pisplacements per atom.

bAtom parts per million.
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Fig. 10. Helium Trapping at a TiC Particle in Type 316 Stainless Steel.
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