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RADIATION FACILITIES FOR FUSION REACTOR FIRST WALL AND
BLARKET STRUCTURAL MATERVALS DEVELOPMENT

R. L. KLUEH and E. E. BLOOM

ABSTRACT

Presenc and future irradiation facilities for the study
of fusion reactor irradiation damage are reviewed. Present
studies are centered on irradiation in accelerator-based
neutron sources, fast- and mixed-spectrum fission reactors,
and ion accelerators. The accelerator-based neutron sources
are used to demonstrate damage equivalence between high—
energy neutrons and fission reactor neutrons. Once equiva-
lence is demonstrated, the large volume of test space
available in fission reactors can be used to study displace-
ment damage, and in some instances, the effects of high-
helium concentrations and the interaction of displacement
damage and helium on propertiecs. Ion bombardment can be used
to study the mechanisms of damage erolution and the interac-
tion of displacement damage and helium. These techniques are
reviewed, and typical results obtained from such studies are
examined. Finally, future techaniques and facilities for
developing damage levels that more closely spproach those
expected in an operating fusion reactor are discussed.

1. INTRODUCYION

Before fusion power reactors become a real.ity, many technological
problems must be solved. Omne of the most importaant involves the choice
of materials for first wall and blanket structures. The lifetime of
these atructural components wi’.l have a major effect on the economic
viabilicty of fusion ene-gy.

During service the first wall and blanket structures will operate
st elevated temperatures in a corrosive environment (e.g., Li, Li,0
L17Pby) within u strong neutron radiation field. Many rea-tor designs
call for pulsed operation, which then leads to cyclic stresses, temper-
stures, and neutron fluxes. Because of the range of contemplated
operating conditions for proposed fusion reactor designs, several alloy
systems have been considered for the first wall snd blanket structures.
These include the high—strength Fe-Ni-Cr superalloya and alloys based




on niobim, vanadium, and titenium, as well ar more coanventional alloys
such as sustenitic stainless steel (e.g., type 316 and chromium-
molybdenum ferritic (martensitic) steelx. Austenitic stainless steels
are presently seen as the material most likely to de used for first-
generation reactors. ' -

It is the exposure of the first-wal: and blanket structwres to
unique radistion couditions that has caussd the materials specialists
the most concern. In the extensive tesiing programs that preceded the
development of thermal and fast fission - wer reactors, prototypic test
reactors were available well in advance o. the construction of the first
demonstration power reactors. No such pr:totype reactor is presently
available for the fusion program, and mone will be available until the
1990s (a demon.tration reactor is plamned ,J)r eariy in the twenty-first
century). Thus, the chalienge is to use exieting facilities to develop
and qualify materials for the first fusion reictors that produce signif-
icant power. To do this, the irradiation eff-cts rhat are expected to
be produced by the intense high—energy neustro.. flur generated in an
operating fusion react>r must be "simulated.” Thaese aimulations must be
carried out by irradisting materials in existiny fission facilities or
by irradiating with other techniques (e.g., 1w 1irradiation) that allow
for the generation of damage simil-.r to that :xrzcted in a fusion
resctor. Because all facilities snort of a fusicn reactor have signif-
icant shortcomings, it will also be necessary ‘o develop an understaud-
ing of radiation~-damage mechanisms 30 that the :ffects developed during
sisulation can be correlated with those formed .n s fusion reactor

environment.

2. IRRADIATION DAMAGE IN A FUSION REACTOR

Por st least the first generat:-n fnsion veactors, energy will be
derived from the deuterium-—tritium (D-T) fuel cycla th:ough the
following fusion reaction:

‘ D+ T+ He + o + energy . (1)

S —

S Y I

RIRRPR ST DI FET PP T R SO

e B e

ALY




L,
e

T

AR

R

2% %
YW WY

PN NI T e T A T (KB LA B W R wu‘ o Ty o ST Ak S
b : Rl AR T B IR R TIMCR RRRAE R

TR

Approximately 17.6 MeV of energy results, 3.5 MeV as kinetic energy of
the alpha particle (helium) and 14.1 MeV as kinetic emergy of the
neutroa. Most of the energy from the helium is deposited in the plasaa
and transferred by electromagnetic snd charged-particle rsdiation te
surfaces facing the plasma. .ilthough this may give rise to materials
problems, due maianly to high heat loads, they will oot be discussed in
this paper. It is the disposition of the remaining energy (~80%)
carried by the high-energy neutron that causes the irradiation efirects
that are the subject of this paper.

Irradiation damage studies of metals and alloys exposed to fission
reactor neutrons have demonstrated a congiderable effect on physical
and mechanical properties; the most important effects involve the loss
of ductility and the swelling of the irradiated waterial. The objec-
tive of the irradiation-effects studies under fusion reactor conditions
is the determination of the effect on the properties of pc:eatial struc-
tural materials.

The primary difference between the fusion reactor irradiation
environment and that in the core of a fission reactor is the high-energy
component of the neutron spectrum (up to 145.1 MeV) resulting from the
fusion reaction (Fig. 1). (The average creation energy of neutrons in
a fast reactor is about 2 MeV.,) The high energy of the neutrons in a
fusion reactor environment gives rise to larger amounts of displacemeat
damage per neutron interaction with a lattice atom. Displacement implies
the displacement of an atom from its normal lattice position and 1is
initiated by the collision of 2 neutron with a lattice atom, which
results in a vacancy (vacant lattice site) and au interstitial atom.
When the displaced atcm has sufficient emergy it can displace other
lattice atoms, The extent of the displacement damage 13 expressed in
terms of how often an atom is displaced from its normal lattice
position as displacements per atom, or dpa.

" In addition to the displacenent damage, neutrons in both fission
and fusion reactors give rise to transmutation reactions. These reac-
tions produce solid prodacts and helium and hydrogen gas within the
structural materials. Some solid transmutatiun products of intersst
that have been considered include manganese, vanadium, and titanium in
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Fig. 1. MNeutron—-energy spectra for varicus fission reactors and
the spectrum at the first wall of a lithium-cooled fusion reactor. The
primary differeuce between the spectra of the fission and fusion rean-
tors occurs above 107 ev.

sustenitic stainless steels and silicon in aluminum [1]. In & recent
reviev, Wiffen and Stiegler concluded that at present there are mo
indications of a detrimental effect of solid trannformation products om
properties [1). It is also generally felt that hydrogean will have
little effect on the properties of fusion reactor components [1,2]. At
the operating temperatures of fusion reactors (250-550°C), the hydrogen
should readily diffuse from the structures. Although some ion-~
irradiation studies have indicated that preinjected hydrogen may have
on effect on cavity nucleation [3,4), studies where hydrogen and helius
were injected simultaneously with nickel ions indicated little effect
of hydrogen [5}. 8olid transamutation products and transsutation hyiro-
gen will not be further discussed in this peper.

Trom fission reactor radiation-damage studies, it 1is known that
suall smounts of transmutation helium produced within the lattice can
have pronounced effects on propci'tiai 16,7}, Helium is essentially
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insoluble in metals and allcys. Az a result, the helium atom affects
void rucleation and swelling; at eievated temperatures the collection
of helium gas on grain bouvrdaries leads to a loss of ductility — helium
embrittlement. In Fig. 2 the cross section for the (n,a) reactions for
iron, nickel, and chromium are shown as a function of neutrou energy.
As a result of the high cross section at neutrou energies correspoanding
to those present in the fusion spectrum, much larger concentrations of
transsutation helimm are produced by a fusion reactor neutrou spectrum
than by a fast fission reactor (Table 1). The evolution of the wicro-
structure during irradiation depends in large weasure on the interac~
tion of the helium with the displacement damage. For that reason it is
important that irradiation damage studies take proper account of the
helium production rates that are appropriate for am operating reactor.
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Pig. 2. Cross section for (n,a) reactions for iron, chromium, and
nickel as a function of ueutroa energy. '




Table 1. Atom-Displacement Rates and Helium-Production Rates
in Pusion and Fast-Fission (EBR-II) Reactor Spectra

Fusion Reactor? at EBR-1I1
1 mi/m? (Row 2)
Material
dpa/s at. ppm He/s dpa/s at. ppm He/s
107 10-7 157/ 1077
Type 316 stainless steel 3.6 &7 10.0 6.1
Vanadium 3.6 15 12.0 0.4

8Many m:;ent conceptual designs cali for neutronic wall loadings of
2—3 m/ .

The economic viability of a3 fusion reactor will Je strongly
influenced by the length of time the structural materials can survive
the reactor operating conditions. With this ir mind and assuming that
radiation damage w. limit the life of the structural materials in the
first wall and blanket structure, the United States Department of
Energy Fusion Program initially chose the following criteria for eval-
uating structural materials: A satisfactory material will survive an
exposure equivalent to 40 Mi-y/mZ at a temperature which allows the
reactov to operate with convent’onal liquid metal gteam generators
similar to those contemplated for ule in breeder reactor systems™ [8].
(The 40 W-y/uZ wall loading refers to the product of plasma neutron
wall loading in megawatts per square meter and the lifetime Jn years;
reactor designs call for plasma neutron wall loadings of -3 Mi/nl,) In
recent years design studies have indicated that fusion reactors may be
economical at integrated wall loading values less than half the
40 Micy/u2. Also, designs for water or helium heated stean generators
have been considered. Regardless of the economic criteria, ome of the
objectives of any alloy development program will ultimately be the
testing of materiasls to an equivalent reactor service time and beyond
(2040 Mi-y/m2).

The remainder of this report will be devoted to s review of the
techniques and facilities that are presently being used to simulate,
study, and understand the type of irradiation effects expected in the
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first wall and blanket structures. We will review the types of results
generated in existing irradiation facilities and the limitations of
these facilities. Finally, we will eramine the facilities sad tests
that will eventually allow for studies on materials at irradiation con-
ditions that begin to approach the neutronic wll losdings expected in
a fusion reactor.

3. IRRADIATIOR DAMAGE STUDIES IN EXISTING PAC.LITIES

An ideal irradistion test system should bave a fusion neutrom
spectrum (Fig. 1), which would be peaked st 14.1 MeV with a neutron
flux in the range 5 x 10!7—5 x 10'® neatrous/(w2+s). Such a facility
should have a test wlume of up to 10 liters to enaple large mmbers of
test specimens (mectaniral properties and micros.opy specimens) to be
irrsdisted simultaneously. Because no such facility exists, radiation
damage studies must presently rely on existing fission recctors and
other simulation techniques (e.g., sccelerator-based neutron sources
and ifon accelerators) to understand the wderlying processes that occur
during irradiation. The results of these studie. will thea be used to
extrapolate material behavior to fusion reactor conditions. Eventually,
facilities are expected to become available that will ailow the testing
of materials at ccnditions comparable to those expected in a fusion
reactor.,

Fission reactors sre the only available facilities that provide
the large volume of test space required tn develop improved radistion-
resistunt msterials or to qualify -uthlio for fusion reactor service.
Before existing fission reactors can be used to simulate the ~adiaticn
damage, however, the squivaleuce of the lattice dsssge caused by 14 MeV
neutrons and neutrons of lower energy genersted in s fission resctor
needs to be established. Such studiec have been conducted in scceler-
ator based high-energy nsutron eources. Becsuse of the emall irra-
distion voluse snd the low-flux gradients of such facilities, oaly
limited numbers of saall specimens can be :m«luud. The low fluences
of irradiations in accelerator-bssed high-energy ssutrom eources
preclude the formation of significent ssounts of helium.

|
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Unce damage 2quivalence 18 established, the larger t st specimens
needed to carry ou. wmechanical properties studies must be irradiated in
fission reictoro. Fest-spectrum fissic . reacters can be used to siau-
late the displacement dsmsge expected in a fusion reactor during its
lifetime. However, in a fast reactor where the average neutroan energy
1s less than 1 MeV, this displacement damage occurs without the builicp
of the high concentrations of traassutation helium that occurs in a
fusion reactor. Under certaju conditions, helium can be generated in
mixed-spectrum reactors in the amounts expected in a fusion reactor.

It is also possible, under certain circumstances, to achieve Be/dpa
ratios similar to those expected in fusion reactors.

Ion bombardment offers another technique for studying the effect
of heliom snd displacement damage. Heavy ion bombardment can be used
to study dicplace-ent-da-age effects, and with dual- or triple-beam
techniques, simultaneous displaczement damage and gas effects can be
deteruined.

In this section these three types of irradiation facilities will
be exsmined; the types of results that are obtained from each facility
will also be discuesed.

3.1 Higk-essrgy, accelerator-based neazvon sources

The accelerator-based Rotating Target Neutron Source (RTNS-II) is
the oaly available 14 MeV neutron source presently available to tue
fusion program. To generate the high-energy neutrons, deuterons are
accelerated to 400 kv. A 150-mA l;en of these deuteroas strikes a
rotatiog, water-cooled copper ur#et; the target is coated with tita-
nium tritide. The 14.1 MeV neutrons are produced by the T(d,n) reac-
tion. When the deuteron beam is focused on a 1 cw? spot, the resulting
neutron beas flux 1s ~1.3 x 1017 neutrons/(w?-s) [9,10]; the usable flux
depends on the distance fros the q‘outce (rig. 3). The primary test
space in the RTNS-1II is about 2-ma thick by 10-sm dismeter. Over this
volume, the flux ranges from 1.3 x 10}7 to 5 x 10!5 neutroas/(aZ+s) [9].
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Fig. 3. Constant-flux contours of the neutron field of the
RINS-II source (taken from cef. [9]).

A second method for geanerating high-energy neutrons is the
deuteron-beryllium (d-Be) source, in which an acceierated beam of
1540 MeV deute-ons is stopped by a beryllium target. The deuteron
breakup reaction [Be(d,n)] then results in a neutron beam with a
spectrum bruddly peaked near 15 MeV, although it includes ~nergies
from thermal to 20 MeV [11-13]. As with the RINS-il, the usable flux
for such a cource is quite low, in the range 2 x 10!16—] x jpol7
neutrons/(s278) (E > 1 MeV). Likewise, the test wolume is small (less
than that available in RINS-II). |

The RINS-II and Be(d,n) sources have been used primarily to cor-
relate the damage produced by high-energy neutrone with th; damage
produced by lower energy neutrons in fission reactors. Bef:auu of
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the Zimited availability of high-energy neutron sources, most irra-
4iations have been coafined to ambient temperature, lc fluences, aund
relatively pure metals such as gold, copper, niobium, vanadium, and
molybdenum. Pure metals were chosen because they are sensitive to low
fluences and are well unlerstood from studies of low-energy neuiron
eifects. Many of the early studies involved measurement of physical
properties such as resistivity [1].

An erergy transfer of a few tens of vlectron volts from a bombard-
ing neutron to a lattice atom can lead to displacement damage: 1lattice
atoms are removed from their normal lattice positions, resulting in the
formation of vucancies and interstitials. The primary knock-on atom
(PRA) that resvlts from such a neutrzon collision can cause otler dis-~
placement events as the energy of the PKA is dissipated. The maximum
energy of a PKA depends on the energy of the bombarding particle. This
could lead to the possibility that the damage produced by 1§ MeV
neutrons is substantially different from that of lowar energy neutrons.

The work that has been completed to date shows excellent correla-
tion between displacement damage produced by 14.1 MeV neutrons and thai
from other sources, thus providing confidence chat the data derived
from fission reactor studies are meaningful for fusion systems. This
work has been reviewed by Wiffen and Stiegler [14].

For neutrous of several hundred keV, the PKA can trausfer energy to
surrounding atoms. Some of these atoms are displaced, and can, in
turn, displace other atoms. The end r28ult 1is a displacement cascade
in tlhe region around the path of the original PKA. A displacement cas-
cade can be described in terms of the vacancies and interstitials
crcated by the collision of the PRA and secondarily displaczd atoms
with other lattice atoms. Basically, the cascade consists of a vacancy-
rich core or depleted zone that is surrounded by a diffuse shell of
interstitial atoms. Experiment and theory show that when the energy of
the PXA exceeds some threshold value, more then one cascade forms;
these are called subcascades [14]. Thus, the differentiation of the
damage by high-energy neutrons in a fusion reactor epectrum and those
from a fission reactor involves the difference between the formaf.ion of

subcascades and cascades,
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The results of quantitative transaissicn electron microscopy studies
that compared the damage caused by 14 MeV neutrons with lower emergy
neutrons revealed no unexpected damage structures for the high-energy
neutrons [12-16] . Although there were differences in size and distribu-
tion of the damage, the nature of the damage was essentially the same. _
Damage at the low temperaturec takes %he form of small defect clusters or
dislocation loops, regardless of the neutron energy. The loops result
from either a collapse into clusters of vacancies and interstitials
within the cascade or subcascade region, or from interstitials clustering
in the matrix; uncollapsed regions cannot generally be observed [14].

In studies on gold foils., Merkle concluded {i:at essentially amny
colligion with an energy transfer that exceeds 50 keV will produce a
dislocation loop that is visihle by transmigsion electron microscopy
i14). Different emergies are required for other metals and alloys. The
net result of this work is an indication that there is no difference in
the structure of cascades and subcascades. Furthermore, it appears that
the amount of displacement produced by 14 MeV neutrons can be calculated
within a factor of about 2 [1,12-14].

The dislocation loop structures produced in copper and niobium irra-~
diated in a d-Be neutroun source and a fission reactor were compared by
Roberto, Narayan, and Saltmarsh [12]. Electron microscopy and x-ray
scattering techniques were used to show that loop concentrations and
sizes agreed closely for the two neutron spectra for irradiations to
equivalent damage levels. Further work by Narayan and Ohr on niobium
showed that the defect-cluster bdehavior was essentlally independent of
neutron energy [13]. Wwhen compared on a damage-energy basis, it was
found that damage levels were similar for equivalent deposited damage
energy. (Damage energy {: defined as the fraction of the bombarding
particle's energy that is available to produce displacements; it 1is
closely related to dpa).

For most metals and alloys, cascades and subcascades are not direct-
ly visible by traunsmission electron microscopy; only the dislocation
loops can be observed. Recently, however, English and Jenkins showed
that zones of reduced long-range order formed at a cascade site in well
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or dered CuzAu could be directly imaged by transmission electroun micros-
copy [15]. In this alloy system, the investigators were sble to obtain
quantitative information on individual cascades. This work involved
irradiation by 3.5 MeV protons, fission neutrous, and fusion neutrons
from RTNS-II and w8 su elegant confirmation and extension of earlier
work.

The initial studies on the effect of neutron energy on the room-
temperature yleld stress of niobium and copper by Mitchell et al. [16]
indicated identical qualitstive effects of 14 MeV neutron and fission
reactor irradiation. The diglocation loop structure prodiced by buth
types of irradiations resulted in rapid strengthening after am apparent
threshold fluence was passed, However, the strengthening versus fluence
curves were displaced by a factor of 10-20 in strength and the rate of
hardening per unit fluence was appruximately ten times greater for the
14 MeV neutrons.

Recent work by Vandervoort et al. on aanealed type 316 stainless
steel has further quantified the relationship between 14 MeV neutrons and
those from a fission reactor [17]. These investigators examined the
effect of irradiation at 25°C by neutroas from the RTNS-II and a Be{d,n)
source and at 60°C by neutrons irom a fission re-ctor (Livermore Pool
Type Reactor). They compared the damage produced by =ach source and
determined the effect of the irradiat’on on yleld streagth and ductility.
Like Mitchell ez al. [16], they found that the 14 MeV neutron irradiation
produced greater strengthening than the other two sources when compared
cn a fluence basis — that is, the curves were displaced [Fig. 4(a)].
When compared on a damage-energy baiis, however, equivalent effects were
noted [Fig. 4(b)). Similar results were obrsined for ductility and
defect-cluster density (Fig. S) when examiced as a function of fluence
and damage energy. The observations vn defect densily help explain the
effect on the yield strength., That is, for equivalent fluences, the
high~energy u:utrons produced wore defect clusters than fission neutrons,
while the number of defect clusters for a given damage energy are essen-
tially the same for the neutrons ptgduced in the three sources [17].
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Work continces on RINS-II to further refine our undeorstanding of the
damage processes and the effect of high-energy neutrons cn physical and
mechanical properties. Data have alsoc becn obtained fros sn in situ
neutrnm~induced creep test oa nicv um st 550 and 600°C [18). Purther
tensile, microhardness, transmission electron micrascopy and in situ
resistivity measurements on various alloys ace in progress.

3.2 Fission reactors for fusiocan reactor aimmlatiom

The studies using the accelerator-based high-energy neutrom sourzes
have demonstrated the equivalence of displace-eit dawage (equivalence in
type, form, and amount) by 15 MeV neuntrons an’ neutrons from fissiom
resctors when correlated on a damage—-eneigy basis. Because the evolution
of the irradiated structure proceeds from the cascade structure, these
studics demonstrated the feasiblility of using Yast-reactor irradiation to
study the effect of displacement damage on mechanical properties and
swelling. In addition to the displacement damage, the high-energy neu—
trorns in a fusiou-reactor spectrum generate helium by {n,a) transmutation
reactions in essentially all constituents of the contemplated [irst-wall
and blanket-structure alloys [19]. The smounts of hzclium generated are
proportionsl to the cross sections of the various elements. Because of
the low-flux limitations of the presently available high-energy neutrom
sources (RTNS-II and d-Be), it is not possible to prodvce the large
amounts ¢of helium typical of first-wal: structures under fusion-reactor
conditions. Thus, other techniques must be used to generate radiation
daaage dats at He/dpa ratios expected for fusion reactors. For certain
alloys, mixed-specirum fission reactors are appropriate for such studies.

3.2.1 Fast resctors

In the Experimertal Breeder Reactor (EBR~il), test msterials sre
irradiated in uninstrumented capsules (~19-mm dismeter x 330~-mm long)
with temperature contrclled by varisble-thickness gas gaps or in some
{nstances by heat pipes (11]. The pesk fast flux of EBR-II is sbout
3 x 1019 neutrons/(m2+s) (E > 0.1 MeV) with a mesn neutron energy of
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~(0.85 MeV. This results in a Jdie.licemeut damage rate of 10-20 dpa/y

i in stainless steel, an exposure ¢ tuivalent to 0.8-1.8 Mi-y/u? in a fusion
rev:t>r, Lowever, only sbout 10— O at. pps He ~re generated, an equiva-
lence of 0.06-0.12 Mi-y/mw?. It 1: pocsibie to study helium effects ia
fast reaciors uweing preinjected s :ciwens. Becsuse of the umcertain
value of this technique, the EBR-J. is used primarily to study the effects
of high displacement damage oan all 'ye of ﬁte:zst and other methods are
used to study helium effects. .

In the near future (1982), th #ast Fiux Teat P&cility (FFTF) will
offer another fest-spectrum irradi: ticn facility for rfusion-simulation
studies. The FFTF will have a hig}! :z flnr end larger test volume than
EBR-1I, and it will offer the possi ,ility of conducting instrumented tests.
For the test space in Row & of FFTP, the tiux 13 ~6 x 10!9 neutrons/(a2+s)
with average energy ~0.45 MeV. Thi: rcaults in a dcwage rate of 40-60
dpa/y, the equivalent of 46 Mi-y/w* At auch a flux it will be possible
to produce the displacement damage ¢ pecte’ fcr 40 Mi.y/m? in about ten
yeii'c. However, this would again oc ur witih 2 mall helimm-generation

rate relative <o that for a fusion re .ctor.

Both EBR-1I and FFTF have a lowe {rrniiavion temperature lisitation
of approximately 370°C. This temperature 35 determined by the reactor
coolant inlet temperature. Because oparatirg temperatures for several
reactor designs are below this temperature, ‘rradiation test capabilities
st lower temperaturss are required.

3.2.2 Mixad-spectrum rcactors

Although fast reactors offer the possibility of irradiating materials
to damage levels similar to those achieved in a fusion reactor, it is not
prssible to simultaneously generate the transautation helium that will
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fora in slloys exposed to a fusion-reactor neutron spectrum. Hrwever, for
alloys that contain nickel, mixed-spectrum reactors can be usi:d to simu-
late the effect of simultsneous displaceazent damage and transmutation (
helius formation, y
This simulation relies on a different transautstion reaction from the . ,
one-step (n,:a) reaction with high-energy neutrons that yields the helium
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during fusion-reactor service. Wickel udergoes the foliowing two-step
helium transmutation reaction with thermal neutrous:

01 +n+> P +y (2)
5981 + n + 56pe + Sge . 3)

This reaction sequeace is of importance for unickel-bearing alloys irra—
diated in mixed-spectrum reactors such as the Osk Ridge Research Reactor
(ORR) or the High Flux Isotope Reactor (AFIR), where the spectra have
both fherwal and fast neutrous.

In Fig. 1 the region of the neutron-energy spectrum vhere reactions
(2) and (3) occur is indicated. The relationship of the neutror—energy
spectra of ORR, HFIR, and EBR-II to a fusion resctor spectrum can also be
seen, Table 2 shows a comparison of the displacement damage and helium .
production after one year for “ype 316 stainless steel in a fusion resctor
first wall (1 Mi/n?) as compared to those of EBR-1I, ORR, snd HFIR, the
three reactors chat have been used most extensively for fnnionx reactor
studies.

The ORR is being used extengively to irradiate austenitic stainlesnm
steels and nickel alloys where helium is generated according to reactions

Table 2. Atom Diaplacuentc' and Helium and Hydrogen Production
in Type 316 Stainless Steel After One Yesr's Operation®

Neutron Dis-
Fluence placements Helium Hydrogen
ReactorP (neutrons/a?) (dpa) (at. ppm) (st. ppm)
(>0.1 Hev)
Fusion reactor  0.80 x 10%6 1.5 144 530
(1 wi/m?)
EBR-II 6.9 x 1026 37 ~20 300
HFIR 4.4 x 1026 3s 1900¢»4d 425
ORR 1.3 x 1026 11 80 to 160 135

STaken from P, W. Wi.fen et sl., Metal Scieace of Stainless Steel, AIME,
Newv York, 1978, p. 146.

by high-flux position has been chosen for ‘uch resctor, and 8 duty frac~
tion of 1.0 has been ascumed. Abbreviated reactor designations sre
exphinqd in text. ‘

“Mossured value. \

dTlese values arc not linear in time.

L}
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(2) and (3). The ORR has six prime positions where instrumented capsules
60 mma x 60 mm x 0.61-m length can be inserted. The reactor has peak fast
and thermal fluxes of 3 x 1018 (E > 0.1 MeV) and 2.4 x 10'® neutrons/(=2-s),
respectively. For type 316 stainless steel this results in ~12 dpa and
120 at. ppwm He per year, a first-wall exposure equivalent to 0.9 and
0.7 Mi-y/u?, respectively.

The HFIR has respective peak fast and chermal neutron fluxes of
1.5 x 1019 (E > 0.1 Mev) and 2.4 x 10! neutrcns/(w2+s) which in one year
will generate 34 dpa and 1900 at. pl“n He in type 316 stainless steel,
corresponding to ~2.6 and 10.7 Mi*y/m?. The space in the six water-cooled
peripheral target positions is 13-‘, dia x 0.6-m long. Numercus other
high-flux positions are also svailable. No instrumentation is presently
possible in the highest flux regions of HFIR.

For a fusion reactor first-wall structure, displacement damage and
heliwm concentration are linearly reiat.ed (Fig. 6). In the ORR or HFIR,

the ratio of thermal-to—fast neutrous remains approximately constant

during the irradiation.

For a thermal flux ¢,, the t-ansmutation heliwm

1
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Fig. 6. Helium concentration #s a function of displacements per atom
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that forms by reactions (2) and (3) increases with time t as (¢.t)" (n

depends on irradiation time and decreases from ~2 to 1.4 during irra-

diation). The displacement damage (dpa) depends on the fast flux ¢g and
increases as ¢gt. Thus, a He/dpa ratio similar to that achieved in a

fucion reactor occurs at only one time when the nickel-containing alloy is

irradiated (Fig. 6). For comparison, the He—dpa;telationship for EBR-IIX

is also shown in Fig. 6.

This discussion demonstrates that it is possible to use presently
available fission reactors to irradiate and study materials that have
displacement damage (EBR-II and FFTF) and helium concentrations (ORR and
HFIR) similar to those produced in a fusion reactor first wall. The
problem is to achieve simultaneous production of helium and displacexent
damage at ratios similar to those produced in a fusion reactor. Before we
discuss this problem, however, we will first examine results that hLave

been obtained using fission reactors under normal operating conditions.

3.2.3 Materials studies in fission reactors

Although fission reactor irradiations do not allow for the study of
radiation damage effects under prototypic fusion reactor conditicns, most

of the information relative to material behavior under these conditions

has been obtained from studies using fission reactors. A substantial

amount of work has been done in the Fast Breeder Reactor (FBR) program to
determine the effect of fast-spectrum irradiation un candidate fuel-

cladding alloys. In the United States, most work was on austenitic

stainless steels, and in particular, type 316. Cold-worked type 316

stainless steel has been chosen as the fuel cladding for the demonstration

LMFBR. Because of the large amounts of data already available for

type 316 stainless steel, this alloy became the focal point when radia-

tion damage studies began on first-wall and blanket-structure alloys [20].
The effect of fast-reactor (EBR-I1) irradiation on the austenitic

stainless steels has been reviewed {6,21-23}.

Changes occur in strength,
deformatinn, fracture behavior, and ductility.

These changes can be
directly related to the microstructural changes caugsed by the displacement:

damage during irradiation and the small amount of transamutation helium |
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produced. Another important property change is that of swelling due to
void formation, which results in a volume increase, AV, sud is reported as
AV/V in percent. Swelling results whea vacancies and interstitials sre
accepted by different sinks; volume Increases of several tems of perceat
are observed in stainless steel,

For irradiation temperatures Tj <0.35 Ty (~350°C in stainless steel),
vhére Tq is the absolute melting temperature, irradiation-produced dislo-
cation loops that result from the clustering of interstitials snd/or !
vacancies formed during irradiation cause an increase in flow stress and a :
decrease in uniform elongation. At Mgh damage levels, a change may occur :
in the Jeformation wode, from homogeneous to planar or channel Jdeformation
[6]. Between 0.35 Ty < Tj < 0.6 Ty (~350-700°C in stainless steel), a
void and dislocation structure forms to produce swelling. The effects on

N D F——

tensile flow properties are siwmilar to those at the low temperatures,

while creep fractures become intergranular. Pinally, at T > 0.6

Tq {~700°C in stainless steel), displacemznt damage is no longer stable;
flow properties are unaffected by irradiation. However, the ductility ‘
decreases because of helium embrittlement. This occurs even for the low
helium concentrations developed In fast reactors (Table 1).

In the fusion rcactor progras, considerable effort has been directed
at determining the effect of helium on irradiated properties. Much of
this work has involved the frvadiation of type 316 stainless steel in
mixed-spectrus reactors (where large amounts of heliuam and displacement
damage :re generated) and comparing the results with those obtained from
fast-reactor (i.e., FBR-1I) irradiation (where large amounts of displace-
ment damage occur). Note that the displacement damage in HFIR is similar
to that of EBR-II (Table 2).

The first comparative swelling results obtaired from EBR-II ad HFIR
are shown in Fig. 7. These results show the difference in the swelling
behavior of solution-annealed and cold-worked tyre 316 stainless steel
irradiated in the two reactors. The cold-worked steel showed considerably
less weliiug than the solution-annealed steel in both the EBR-II and
HFIR. At the highest temperatures, recrystallization and grain growth in ‘
the cold-worked steel causes it to lose its low-temperature advantage.
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Pig. 7. Effect of heliua and cold work on the swelling ~f type 316
stainless steel in HFIR and EBR-II.

The history of the ongoing interpretation of the helium-effects
studies is interesting because it shows the dilficulties involved in guch
studies. TInitislly, the much greater swelling indicated for the
HFIR-irradiated steel (Fig. 7) was attributed to the larger helium con-
centrations (30004300 at. ppa for HFIR, ~I5 st. pps for EBR-II) [24].
Because the HFIR-irradiated msterisl in Fig., 7 wes at s higher displace-
ment damage level than the EBR-I1I-irradiated steel, as wore data became
available thc swelling dats were re-exsmined in terms of dpa at a given
temperature (500°C) [Fig. 8(as)]. From these results it sppeared that
helium playod: s minor role in the swelling process in 20%-culd-worked type
3716 stsinless steel [25].
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Fig. 3. Swelling as a function of fluence for 202-~ccld-worked type
316 stainless steel irradiated in EBR-II and HFIR at ~S50C°C. (a) Data
are interpreted as if helium has no effect om swelling [25). (b) Data inter-
preted in terms of cavity growth mechanisas that indicate a helium effect
[26).

More recently, Maziasz has examined a large number of TEn specimens
of 20%Z-cold-worked type 316 stainless steel irradiated to similar dpa
levels in hoth HFIR and EBR-II [26]. These results indicate that at S00°C
helium not only affects the swelling behavior [Fig. 8(b)}], it also affects
the precipitation process. At low dpa for EBR-Il-irradiated specimens,
scattered cavities develop on dislocations and precipitates [Fig. 9(a)].
In HFIR-irradiated specimens, ¢ high density of wmiformly distributed
watrix cavities form, along with cavii.tiea on precipitates [Fig. 9%(b)].
This difference is accompanied by an increased precipitation rate and
slightly increased swelling rate in “the HFIR-irradiated specimens. At
higher fluences a similar differencej in cavity microstructure was observed,
but the swelling rate was considerably greater in EBR-1I irradiated speci-
mens [Fig. 10}. However, similar prlecipiutec were now present in boch
specimens. In Pig. 8(b) it {is fcund that the swelling of 20%-cold-worked
type 316 stainless steel in EBR-II at 54 dps is sbout twice that in HFIR,
even though there is over 100 times more helium present in the lacter
case., This difference can be expluined in u;'nc of the microstructural
evolution and rate-theory models fgr“ void md: bubble growth.
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Fig. 9. Comparison of microstructures developed in 20%Z-cold-worked
type 316 3stainless steel irradiated in (a) EBR-II at 500-525°C to 8.5 dpa,
~5 at. ppm He, and (b) HFIR at 465-525°C to 11 dpa, ~600 at. ppm He
(ref. {26]).

Mangur has developed the theory for cavity* growth and swelling [27]
and has shown that the growth rate depends in large part on the ratio of
dislocation sink strength to cavity sink strength, where that ratio Q1,v
is given by '

L Zd
1,V N 47r Zc
c ¢ “1,v

*for this discussion a cavity is the general term for either a helium
bubble or a void. A bubble contains gas at or greater than equilib-
rium pressure, p > 2y/r (v is the surface energy and r the bubble
radius). A void contains no gas or gas at p < 2y/r.
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Fig. 10. Comparison of microstructures developed in 20Z-cold-worked

type 316 stainless steel irradiated in (a) EBR-II at 500-525°C to 36 dpa, *
~22 at. ppm He, and (b) HFIR ar 465-525°C to 54 dpa, ~3600 at. ppm He

(ref. [26]).

where Z:,v is che czpture efficiency of interstitials or vacancies by
dislocations, L is the dislocation line density, ?c is the average

cavity radius, Z:,v is the capture efficiency of interstitials or vacan-
cirs by cavities, and Nc is the cavity void density.

For Q > 1, which microstructurally coincides with a dislocation
sink strength much greater than the cavity sink strength, dislocation-
dominated bias-driven cavity growth occurs. (Such a condition always
exists aL the start of an irradiation when very few cavities are present.)
Vacancies and interstitials are accepted preferentially by different
sinks — interstitials by dislocations, vacancies by cavitiegc. Under these
conditions, a plot of swelling against dose (dpa) such that

AV v
r « (dose)n (s)

T
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results in an n of 3/2 or 3 [27]), depending on whether growth is assumed
to be diffusion controlled or surface controlled, provided that disloca-
tion density and cavity density do not change with dose, as is often the
cagse for moderate doses in asustenitic stainless steels.

When Q < 1, which onincides with a high cevity number density re=la-
tive to the dislocation density, a cavity-dominated swelling mode results.
The large mumber of cavities act as sinks for both vacancies and inter-
stitials. Because wmost of the vacancies and interstitials are accepted by
the same sink, the swelling rate decreases significantly, and n in Eq. (5)
decreases to 3/4 or 3/5 [27]). A Q =l cofucides with the transition from
one growth wode to the other. Under these conditions the dose dependence
is expected to be roughly linear.

The theory can qualitatively explain the large difference in
swelling behavior at high dpa {Fig. 8(b)] as the difference between the
kinetics for bias-driven (EBR-iI with Q >> 1) and cavity-dominated (HFIR
with Q << 1) swelling wmodes.

It should be emphasized that the above discussion applies to 20Z-cold-
worked type 316 staiiless steel at 500°C; a similar relative behavior has
been nbserved at 600°C. The temperature dependence of swelling (at a
given dpa) for 20Z-cold-worked type 316 stainless steel is quite compli-
cated: The temperature at which maximum swelling occurs is different in
EBR-I1 and HFIR; thus, the curves cross over, with swelling being greater
in EBR~-II in certain temperature regimes and HFIR in others. Finally, the
swelling relatiouships for solution-annealed type 316 stainless steel are
still being worked out. Just as microstructural differences due to HFIR
and EBR-1I irradiation gave rise to differences in swelling behavior of 20%-
cold-worked type 316 stainless steel, the swelling behavior of solution-
annealed steel is different from that of the cold-worked material,

The above discussion illustrates the difficulties involved in
interpreting results from a small data base. The initial swelling data
for 20%-cold-worked type 316 stainless steel indicated much higher
swelling for HFIR~irradiated material (Fig. 7). Only as more data were
collected has a clearer picture developed. This discussion also {llu-
strates hgw theory aide in the data interpretation. Finslly, it {llu-
strates the problems inherent in using fission reactors to obtain data
applicable to fusion rea:tors.
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The differences in swelling and precipitation caused by helium also
lead to differences in the mechanical properties of stainless steels irra-
diated to similar dpa levels but with differeat helium coancentrations. An
example of the differeace in tenslile properties of irradiated steels with
high and low nelium coacentrations is shown In Figs. 11 and 12 for solu-
tion anneale’ and 20%-cold-worked type 316 stainless steel. Figures 11
and 12 arc taken from Bloom [7] who collected and plotted the data of
various investigators. Irradiation and heliuz have different effects ca
the strengths of solution-annealed [Fig. 11(a)] and 20%-cold-worked
{Fig. 12(a)] material. The wost Important effect of helium is noted for
the ductility, where the steel with the higher helium concentrations has
a significantly lower total elongation than that with less helium. This
was true for both the solution-annealed [Fig. 11(b)] and cold-worked
[Fig. 12(b)] materfal. Work is 7ow in progress to expand the data base
to a greater raange of He/dpa ratios.
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Fig. 12. Tensile properties of annealed type 316 stainless stzel in
the unirradiated condition and after irradiation in a fast reactor (low
He/dpa) and a mixed-spectrum reactor (high He/dpa). Taken from ref. [7].

The two-step nickel-to-hellum reaction can be used to study the
effect of helium in any alloys containing nickel., Inconel 600 and PE-16
are the only other alloys so studied [28,29). Qualitatively, the observed
property changes were similar to those for type 316 stainless steel.
Recently, the chromium-molybdenum ferritic (martcnsitic) seteels have been
included as candidates under study for first-wall and B}.anket structural
materials [30]. Because these steels contain less than 0.5% N, irra-
diation in a mixed-gpectrum reactor results in much lec‘p helium than would
be formed in a fusion reactor. However, if up to 22 Ni' is added to such
e alloys, taey can be irradiated in HFIR to approxiutely: the sase He and
dpa production rates as would be attained for the origiriml unmodified
alloys in a fusion reactor first-wall structure (Pig. 13). Studies are

SRTLET ye

now in progress to determine the effects of helium and hi-placeunt danmage
on the tensile and impact properties of 9 Cr—1 MOVNb and 12 Cr—1 MOVW
steels by irradiating alloys with 0, 1, and 22 Ni [31].
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Fig. 13. Relationehip between helium concentration and .

displacements per atoa for austenitic and ferritic steels
irradiated in HPIR, EBR-II, and the first wall of a fusion

reactor. .

For alloys of vanadium, niobium, and titanium, whica are also of
interest, there are mo comparable methods for producing simultaneous
displacement damage and transamutation gases in the alloys. Nickel
generally has a limited solubility in refractory metals, and nickel addi-
tions cannot be used. The effect of displacement damage on properties can
be obtained using any of the reactors discussed above. Such studies have
been made and were recently reviewed [32]. At present the best technique
for studying the interaction of helium with displacement damage involves
the preinjection of the alloy with helium prior to irradiation in a
fission reactor., This will be discussed in a later section.

3.2.4 Spectral Tsiloring Experiments

The discuse’on in Sect. 3.2.3 shows how irradiation studies are
possible under eondition'p where the helium 1s generated by ‘tunmutation
of nickel by thermal neutrons. This leads to a uniform production of
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heifum throughout the alloy. The helium in the fusion reactor first wall
and blanket structural materials is generated by transmutation reactions
between most slloying elements a4 n:utrons with energies of 6—14 MeV [19]
(Fig. 2). The effect of helium in the two cases should be similar. Evan
for the alloys where reactions (2) and (3) spply, however, it is difficult
to obtain He/dpa ratios appropriate for a fusion reactor. Suck ratios can
be achieved for stainless steels by "tailoring™ the neutron spectrum of a
mixed-spectrum reactor,

As pointed out in Sect. 3.2.2, helium concentrations and displace-
ment damage production in type 316 staivless steel in a mixed-spectrum
reactor increase at differeat rste=s. Under normal operating conditions in
these reactors, this results i> a one-time-only equivalence of Be/dpa
ratio similar to that for a fusion reactor (Pig. 6). However, it is
posaible to “"tailor”™ the neutrou spectrum of a mixed-spectrum reactor to
closely match the ratics expected in a fusion reactor., To do this it is
necessary to independently control the thermal and fast neutron fluxes.
The helium production will be determined by the thermal flux, whil= the
fast flux deteraines the displacement dauage rate.

A hypothetical spectral tailoring experiment for the ORR is shown in
Fig. 14; thie calculation was made using two core positions in the reactor
[33]. To change the ¢./¢¢ ratio for a given core position, several changes
would have to be made in the experimental core configuration. These
changes include: the number of cuel elements in the core, the mass of
235y per fuel element, the thickness and species of moderators that are to
be placed between the fuel and specimens, and rfinally, the insertion of
thin pleces ot aluminum that contain ~10% 2350 between the fuel and the
test specimen [33].

In this simple proposal, no attempt wes made to optimize the railored
spectrus [33]. It is not known how closely the He/.ps production must
approximate that of a fusion reactor so that the same irradiation effects
are obtained. 1In theory, it should be possible to tailor the spectrum to
approach the fusion-reactor helium—dpa curve as closely as desired.
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FPig. 14. Helium concentration as a function of displacements per .

atom in type 316 stainless steel for a fusion reactor first wall and a

calculated “spectral-tailoring” experiment for the ORR. The calculation

assuses two core positions, E-5 and C-3; the percentage values are for the .
increases in the thermal-neutron flux produced by varying the moderation

between the re: :tor fuel and the test specimens., Taken from ref. |33].

A spectral tailoring experiment is presently in progress in the ORR
(Fig. 15). [The irradiation schedule depicted in Fig. 14 was calculated
for ideal conditions. Under reactor operations, various conditions (e.g.,
other experiments in the reactor) make it impossible to achieve such
corditions.] Helium production and fast flux are monitored. WwWith this
inforsation, detailed neutronic calculations are made to determine the ;
time at which changes in the ncutron energy spectrum should be made,

Because helium production occurs by a two-step reaction with thermal
neutrons giving a concentration of helium proportional to ($,t)® (n vari-
able as discussed in Sect. 3.2.2) and dpa production is proportional
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Pig. 15. Belium concentration as a function of displacements per
atom in type 316 stainless steel for a spectral-tailoring experiment
presently in progress in the ORR. Tasken from ref. [3§).

to the fast neutron fluence (¢¢t), it is necessary to decrease ¢, or
¢¢/é¢ as the experiment progresses., This is accomplished by periodic
changes in the comporition of the region around the experiment (e.g.,
vater » aluminus + hafnium + hafanium + additional fuel). Details of
these calculations along with an updated status of the experiment asre
published in periodic reports [34,35).

It is possible to envision an experiment that co 1d more rapidly

achieve displacement lamage and heliuwm~-concentration levels appropriate

for & fusion reactor. Such an experiment wuld use the HPIR for high
helium production rates and FFIF for high displacement damage rates
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(Fig. 16). Although the experimental details could preseant very difficult
engineering problems, the potential siguificant advance in knowledge makes
such an experiment attractive., Note that in this proposed experiment,
specimens could be removed at various times in the expert-eht. thus making
it possible to thoroughly explore the effect of helium concertration and
displacement dsmage separately, as well as the interaction of the two.

3.3 Ioa irradiation
Bombardment by high-energy ions from an ion accelerator offers another

possibility for studying radiation damage for poteantial fusion-reactor
alloys [36]. With this technique it is also possible to study the interaction
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of displacement damage with gases (helium and hydrogen). This can be
done by either first injecting the target specimen with the gas ioms
followed by heavy-ion bombardment to generate the displacement damage,
or the simultaneous injection of one or two gases with displacement
damage (dual- or triple-beam experiments). MNumerous types of iom accel-
erators are used for these experiments; the accelerators wili not be
discussed here.

The ion-beam technique has the advantages that displacement rates
are much higher than those for neutron irradiations and the irradiated
specimens have no residual radioactivity. This means a high damage
level witk high helium content can be obtained in a specimen in a short
time. The dual-beam technique can be used to study the synergistic
effects of helium and displacement damage on those alloys where reactors
cannot be used (e.g., the refractory metal alloys). Most studies om
ion-irradiated material involve transamission electron microscopy, which
can be used to characterize the microstructure to determine damage
mechanisms, the nature of the damage, and the extent of swelling.

Because of the differenccs with neutron irradiation, the technique
has disadvantages. Dose equivalence is difficult or impossible to
egtablish — that i{s, the swelling caused by a given dpa produced by
heavy ions is considerably differeat from that caused by a neutron expo-
sure to an equivalent dpa. To compare the swelling from ion bombardment
with neutron irradiation, it 1s necessary to increase the irradiation
temperature [36). This may affect void nucleation and growth and other
microprocesses. No trensautation products are formed; gases must be
introduced in other ways, if these particular transautation products are
to be considered. Heavy-ion bombardment creates damage by the introduc-
tion of an extra interstitial or a foreign atom (the bombarding ion);
such species could participate in the microstructural evolution. Under
most irradiation conditions, the damaged region {s highly localized —
ususlly within about 1 um from the free surface. This can give rise to
an interaction between the damaged region and the surface — the surface
can act as a sink for defects and permit the loss of dislocations.
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Despite the above limitations, theoretical studies have shown that
| for pure metals and phase-stable alloye, it is possible to develop cor-
| relations between the swelling caused by heavy-ion bombardment and that
caused by neutron irradiation. Much of the basic information available
on the effects of transautation-produced gases and impurities on micro-
structural evolution during irradiation has been obtained through
bombardaent experiments.
No correlations between ion bombardment and neutron irradiation are
presently possible for complex multiphase alloys. Rowcliffe, Lee and
| Sklad compared the microstructural evolution of type 316 stainless steel
during neutron irradfiation and nickel-ion irradiation [37]. They found
' significantly different precipitation processes occurred for the differeant
| irradiation conditions. The difference existed with and without helium
and led the authors to conclude that it is probably meaningless to attempt
a quantitative correlation between swelling in the two environments in
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terms of a temperature shift and a dose equivalence factor [37].

An interesting example of an ion-bombardment study of gas effects
is the work of Packan and Farrell [38]. They investigated the effect of
1400 at. ppm Ne and the helium-injection technique on the swelling of a
single-phase austenitic alloy (Fe—17% Cr—16.7%7 Ni—2.5% Mo—0.005Z C)
irradiated to 70 dpa with 4 MeV nickel ions at 627°C. (Fig. 17). The
largest amount of swelling (187) was observed for single-ion irradiation
to 70 dpa (no helium); the second largest asount of swelling (117) was
obtained for the alloy after dual-beam (helium and nickel ions) bos—
bardment. Helium preinjection led to the lowest amount of swelling: 4
snd 17 for helium preinjected at the irrad{ation temperature and room
temperature, respectively. It was found that the final dislocation den- :
sity did not -depend on the helium-injection technique, although the :
evolution of the dislocaticn structure did. The change from faulted
loops to dislocation networks wes retarded in the specimen preinjected
st room temperature [34]. |

The difference in ewelling was expliined by Packan and Farrell [38])
in terss of Msnsur's theoretical model [Eqs. (4) and (3)] i27]. A plot
of swelling sgainst dose revesled the differences in swelling rates for
the different helium-injection u‘chniquu (Pig. 18). When the observed
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Fig. 17. Voids produced by single-ion and dual-
ion bombardment of an austenitic alloy to 70 dpas at
627°C. (a) No helium added; (b) simultaneous injection
of 1400 at. ppm He; (c) preinjected with 1400 at. ppm He
at 627°C; (d) preinjected with 1400 at. ppm He at roos
temperature. Measured swelling 1is as shown. Taken from
ref. {38].

msicrostructural parameters (dislocation and cavity number density) were
evaluated, it was found that for room—temperature preinjection, Qv
<< 1 above 10 dpa and cavities were the dominant sinks (Q:l,v is the
ratio of dislocation sink strength to cavity sink strength). For bom-

‘bardments with no helium injection and simultaneous injection, wvoids

and dislocations were found to be about equally important above about
10 dps (4 y = 1). PFor preinjection at 627°C, the swelling behavior
between;lo and 70 dpa came to resemble that for preinjection at rooms

temperature (i.e., s transition to Qg y << 1),
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Fig. 18. Dependence of swelling on dose for dif-
ferent helium-injection processes. Taken from ref. [38].

Studies such as those of Packan and Farrell have been conducted on
nuserous materials. For example, 8 triple-beas irradiation techaique
has been used to examine the simultaneocus effects of hydrogen, helium,
and displacement damage on cavity formation. Hydrogen was found to have
little effect [5]).

Alpha-particle injection can be used to preinject specimens with
helius prior to neutron irradistion, thus meking it possible to achieve
the desired helius and dpa levels. A wnifors distribution of helius can
be obtained by varying the energy of alpha partic'es bombarding the
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specimen using a tapered energy degrader [39] and then moving the saamples
back and forth in front of the degraded alpha-particle beam.

This technique was recently used to preinject type 316 stainless
steel, V202 Ti, ¥15% Cr—5X Ti, and Nisonic PE-16 with ~70, 90, and 200
at. ppma He at about 25°C, after which the specimens were irradiated in
EBR-II. Examination by transmission electron microscopy indicated that
the method used to add helium had an effect on microstructural evolution
[26,50] . Cavity size and spatial distribution in type 316 stainless
steel were found to be much finer in the EBR-II-irradiated preinjected
specimens than those irradiated in AFIR where similar levels of transau-
tation helium were produced. It was also found that both the HFIR-
irradiated and helium—preinjected EBR-II-irradiated cavity distributions
were much finer than void distributions in wminjected EBR-II-irradiated
20Z-cold~worked type 316 stainless steel at higher fluences [40]. Thus,
it is again seen that helium and the method of injection are critical.

3.4 Other methods

Several other techaiques have been proposed to obtain the desired
He and dpa levels. Ome techanique that is being developed is the use of
stainless steel uniforaly doped with !0B (see, for example, ref. [41]).
During irradiation of such samples by thermal neutrons, the loB(n,a)"l.i.
reaction occurs. Unfortunately, the boron is transformed rapidly to
helium. Thus, essentially all of the helium {s produced in the first
1025 n/wl. 1In essence, the technique then differs little from a prein-
jection technique. Furthermore, transmutation to helium is accompanied
by the formation of lithium, which becomes an impurity in the host
lattice and can affect the microstructural evolution.

The !OB reaction was used by Gelles and Garner who analayzed helium
“halos” to demonstrate the effect of helium on void formation [42].
They irradiated an austenitic stainless steel that contained 0.0007% B.
Essentially all the boron was contained in esall, evenly distributed '
precipitates that formed prior to irradiatfon. During irradiation 1n“
EBR-II, the boron undergoes the !0B(n,a)’L{ reaction. As a result the
precipitates developed well-defined "a‘t.novpberec" or "halos” of heltuam
and lithius recoil products. By analyzing the halo region high in
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helium and comparing it with a region of the matrix where no helium was
deposited (only displacement damage), Gelles and Garner demonstrated the
importance of the simultaveous pioduction > helium and Jisplacement
damage on cavity formation [42). Por irradiation at 400°C, they found
that the swelling in the helium halo region was more than three times
that of the matrix at 7 x 10%2% neutrons/w? (E > 0.1 MeV). This agrees
qualitatively with the comparison of HFIR and EBR-II-irradiated
stainless steel [24].

A technique for obtaining helf=u in alloys with a high hydrogen
solubility involves the "tritium trick™ [43]. Tritium decays to 3He
with a half-life of 12 years. Thus, if the tritium is dissolved in the
alloy to be tested, it will decay to 3He. The amount of helium formed
will depend on the alloy, the amount of tritium taken into solution
(i1.e., temperature of solution), and the time over which the dissolved
tritium has been allowed to decay. This technique is especially useful
for the refractory metal alloys, as they have quite large hydrogen solu-
biliti1es [43,44]. To date the technique has been used to study the
behavior of heliuas in metals and alloys and the effect of helium on
mechanical properties [32,43,44).

In theory, the tritium trick could be used to study the effect of
the simultaneous helium and displacement damage production during
fission-reactor irradiaticns; this technique would be especially useful
for niobium, vanadium, and titanium alloys which have a high solubility
for hydrogen [43,44]. However, the experimental procedures involve the
handling of tritiua, which is difficult to contain,

Andresen and Harling [45] proposed the use of a capsule that con-
tains 3He; tie 3He has a high croes section for thermal neutrons for the
3He(n,p)3T reaction. It was proposed that the 3He be contained in a pres-
surized capsule with the specimens to be irradiated. During irradiation
in a mixed-gpectrum reactvr, one could obtain hisplacement damage:fron
fart neutrons, while the thermil neutrons produce tritium and proﬂiun.
The hydrogenic species would then be introducea into the specimens by
solution or ion implantation, Beta decay then:gives rise to a unﬂforn
distributi&n of JHe in the specimens [45]. Various experimental difficul-
ties are involved with the technique, and to date it has not been used,
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4. FUTURE TEST FACILITIES

The results of the irradiation studies in the preceding secrions pro-
vide valuable insight into the basic irradiation processes that will
occur in fusion-reactor first-wall and blanket structural materials.
With FFTF, EBR-11, and AFIR, it would be possible with long-time expo—
sure to obtgin displacement-damage levels comparable to those that will
occur during the lifetime of a fusion-reactor first wall. Likewise, for
alloys countaining nickel, it would be possible to use HFIR and ORR to
obtain helium levels comparable to those formed in a first wall. The
spectral tailoring experiments offer the pogsibility of cobtaining He/dpa
ratios appropriate for a fusion reactor, but cthe levels do not approach
those of a first wall during its lifetime. Ion-bombardment techniques
could be used to rapidly produce helium and dpa levels appropriate for a
fusion-reactor lifetime. However, we showed in the previous section
that the interpretation of ion-bombardment results in all but pure
metals and phase-stable alloys is fraught with difficulties.

Ideally, irradiation data from appropriate wall loadings would come
from a2 demonstration fusion reactor. Such a facility is still well in
the future (probably beyond the year 2000). Indeed, it would be helpful
to have information on such damage levels prior to the c¢onstruction of a
demonsication plant. The only high-energy neutron facility presently
envisioned that would allow us to begin to generate data that correlate
with contemplated fusion-reactor conditions is the Fusion Materials
Irradiation Test (PMIT) facility. This facility is presently planned
for operation in the mid-1980s,

4.1 The fusion msterials irradiation test (PMIT) facility

The FMIT is 3 high-energy neutron source proposed for construction
in the early 19808 to be operational in approximately 1986 [46,47). The
neutrons are created by a stripping reaction caused when 35 MeV
deuterons react with lithium. Figure 19 shows an overall view of the
facility. !




Fig. 19. Schematic diagram of the overall viey of FMIT. Taken
from ref. [47].

A 100 mA deuteron beam is accelerated in a LINAC. The deuteron
beam is focused directly into the open face of the liquid-lithium target
assembly (Fig. 20), which is essentially a "waterfall™ that flows down a
back target wall of stainless steel. A flow rate of about 33 liters/s is
required to remove the ~3.5 M{ of energy deposited in the lithium by the
deuteron beasm.

The 100 mA beam of 35 MeV deuterons will produce approximately
3 x 10!® neutrons/s. The neutrons are forward scattered parallel to the
direction of the deuteron beam. The calculated unperturbed and per-
turbed neutron fluxes on the deuteron beam axis cre shown in Fig. 21.

‘ The perturbed neutron flux was calculated assuming that tue experimental
: regions (modules) were one-half the density of stainless steel. The

‘ peak flux in the experimental region nearest the target is about

: 4 x 1018 neuttons/nz-s. Resulting displacement~damage contours and
helium generation contours (using the unperturbed flux and assuming an

| 80% plant factor) are shown in Fig. 22. The facility will have a
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Fig. 20. Schematic diagram of deuteron beam, flowing lithium
target, and test module interface and atom displacement-volume contours.
Taken from ref. [47].

neutron energy spectrum which {s peaked near 15 MeV with energies
extending to as high as 35 MeV. It is a much closer approximation of
the actual fusion spectrum than a fission reactor spectrum, and He/dpa
ratios in most materials will be within a factor of 2 of those produced
in the fusion spectrum.

Specimens will be irradiated in four test modules located at
various distances from the target (Fig. 22). Each sodule will have
indepeandent t.eipetature control. The system has a very small experimen-~
tal voluse: 0.139 liter within which tie damage production equals or
exceeds that of a fusion-reactor first wall operating at 1 Mi-y/m?.
Within the test volume, large gradients in flux and spectrum exisi,
which preclude the irradiation of the large mumbers of large samples
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Fig. 21. Neutron flux profile along the deuteron beam

center line from the front to the back of the test cell.

The

positions of the modules that will contain test specimens are
shown, Taken from ref. [47].

required for the determination of an engineering design data base. In

order to obtain maximum space utilization, miniature specimens will be

used whenever possible.

Examples of such miniature specimens include

transmission electron aicroscopy disks (30-mm diameter x 3-mm thick)
and 0.020- and 0.030~mm-diam tensile specimens (20-mm long).
bers of such specimens can be simultaneously irradiated.

Large nua~

The primary mission foreseen for PMIT is to develop a correlation

between material response in fusion-like and fission neutron spectra.
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These correlations will be used to predicr material response in a fusion
‘ spectrum from that measured in fast- and miced-spectrum fission reactor
irradiations. In large measure, the correlations will be based on
microstructural perameters and simple mechenical tegts such as tensile,
hardoess, and irradiation creep.

5. SUMMARY

Fusion reactor first wall and blanket structural materials will
experience a large neutron flux with a high-energy component umequaled
in sny existing neutron sources. Extended service in this neutron
environment will lead to high displacement-damage levels and the for-
mation of large amounts of helium within the structural alloys. Before
a fusion reactor is built, it will be necessary to determine the effect
of such an irradiation eanvironment on the properties of the structural
materials. Because no fusion reactor is presently available, the
displacement damage and high-helium concentrations must be simulated
using existing irradiation facilities.

Accelerator-based neutron sources (RTNS-II and d-Be sources) have
been used to examine the details of damage production by high-energy
neutrons. No new forms of displacement damage have been found and the
amount of displacement damage created by high-energy neutrons can be
calculated with reasonably good accuracy. These low-flux sources are
used to estsblish the equivalence of the displacement damage generated
by high-energy neutrons and the lower energy neutrone from fast-flux
fission reactors. (Fusion neutrons are created at 14.1 MeV, while the
average neutron crestion energy in a fission reactor is just below 2
MeV.) Such equivalence has been demonstrated.

FPast-flux fission reactors are used to develop the high displace-
ment dsasge levels that will be reached in a fusion reactor. However,
this dsmage occurs without the high helium concentrations that are
simulzsneously produced in the fusion rsactor. FPor nickel-containing
slloys, large helium concentrstions can be obtained by irradistion in
sixed-spectrus reactors. Numerous sixed-spectrum reactor studies have
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been carried out on type 316 staiiless steel — a prime candidate fusion-
reactor structural alloy. Such studies can also be wsed for the
chromium-molybdenum steels if pickel is added to the base comspositiom.

Ion bombardment studies have also helped elucidate the effect of
displacement damage snd high gas contents (belium or hydrogen) ou the
evolution of the damsge nicrostructure. It is aslso possible to use ion
boabardaent to preinject mmterials with helium., Then after irradiation
in a fission reactor the effect of displacement damage and helium can be
determined.

By combining theoretical wodeling studies with experimentsl irra-
diation studies using accelerator-based neutron sources, fission
reactors, and ion bombardment facilities, we are developing a consistent
picture of the processes of radiation dssage and microstructural evolu-—
tion that will occur in alloys in a fusion-reactor environment. The
next step is the irradiation of materialr to integrated neutronic wall
loadings equivalent to those expected in sm operating fusion reactor.
One method to accomplish this for type 316 stainless steel involves the
"tailoring™ of the neutron spectrum in a mixed-spectrum fission reactor
or by using the combined irradistions of a mixed-spectrum and fast-flux
reactor. The first type of experiment is in progress.

In the mid-1980s, the FMIT facility will become available. This
high-flux high-energy neutron source will allow the study of materials
schiected to fluences similar to those in the first wall of an operating
fusion reactor. Because of its limited test space, however, it will
only provide a means of correlating the material responge in fusion-like
and fission neutron spectra. Until a fusion waterials engineering test
facility (i.e., a facility with a test volume of several liters and s
fusion-Teactor spectrum) is svailsble, the msterials program must rely
on this combinstlion of facilities. Each will contribute & part of the
answer — none of the facilities can do the entire job Ly itself.
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