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RADIATION FACILITIES FOR FUSION REACTOR FIRST HILL AHD 
BLANKET STRUCTURAL MATERIALS DEVELOPMENT 

R. L. KLUEH and E. E. BLOOM 

ABSTRACT 

Presenc and future irradiation facilities for the study 
of fusion reactor irradiation daaage 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 daaage equivalence between high-
energy neutrons and fission reactor neutrons. Once equiva­
lence is demonstrated, the large voluee of test space 
available in fission reactors can be used to study displace­
ment daaage, and in soae instances, the effects of high-
heliua concentrations and the interaction of displacement 
daaage and helium on properties. Ion bombardment can be used 
to study the mechanisms of damage evolution and the interac­
tion of displacement damage and helium. These techniques are 
reviewed, and typical results obtained from such studies are 
examined. Finally, future techniques and facilities for 
developing daaage levels that more closely approach those 
expected in an operating fusion reactor are discussed. 

1. INTRODUCTION 
Before fusion power reactors become a rea'.lty, many technological 

problems must be solved. One of the most important involves the choice 
of materials for first wall and blanket structures. The lifetime of 
these structural components will have a major effect on the economic 
viability of fusion ene-gy. 

During service the first wall and blanket structures will operate 
at elevated temperatures in a corrosive environment (e.g., Li, li-zQ 

Li7Pb2> within a strong neutron radiation field. Many realtor designs 
call for pulsed operation, which then leads to cyclic stresses, temper' 
atures, 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 and blanket structures. 
These Include the high-strength Fe-Ni-Cr superalloya and alloys baaed 
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on niobium, vanadium, and titanium, as jell as wore conventional alloys 
such as austenitic stainless steel (e.g., type 316; and chromium-
molybdenum ferritlc (martenaitlc) steels. Austenitic stainless steels 
are presently seen as the waterlal most likely to be used for first-
generation reactors. 

It is the exposure of the first-wait and blanket structures to 
unique radiation conditions that has caupud the Materials specialists 
the west concern. In the extensive testing prograas that preceded the 
development of therwal and fast fission s-*wer reactors, prototypic test 
reactors were available well in advance o*. the construction of the first 
demonstration power reactors. No such pr ttotype reactor is presently 
available for the fusion program, and none will be available until the 
1990s (a demonstration reactor is planned »\>r early In the twenty-first 
century). Thus, the challenge is to use existing facilities to develop 
and qualify Materials for the first fusion rt.ictors that produce signif­
icant power. To do this, the irradiation effects that are expected to 
be produced by the intense high-energy neutron flu*: generated in an 
operating fusion react-?r oust be "simulated." These simulations oust be 
carried out by irradiating water lb Is in existing fission facilities or 
by irradiating with other techniques (e.g., tto irradiation) that allow 
for the generation of daaage similar to that «j*€cted in a fusion 
reactor. Because all facilities short of a fusion reactor have signif­
icant shortcomings, it will also be necessary i develop an understand­
ing of radiatlon-daaage mechanisms so that the effects developed during 
simulation can be correlated with those formed -ti s fusion reactor 
environment. 

2. IRRADIATION DAMAGE IN A FUSION FACTOR 
For at least the first generation fusion reactor*, energy will be 

derived from the deuterium-tritium P>T) fuel cycla through the 
following fusion reaction: 

D + T * H e + n + energy , (1) 
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Approximately 17.6 MeV of energy results, 3.5 MPV as kinetic energy of 
the alpha particle (helium) and 14.1 MeV as kinetic energy of the 
neutron. Host of the energy from the helium is deposited in the plasma 
and transferred by electromagnetic and charged-particle radiation to 
surfaces facing the plasma. ..athough this may give rise to materials 
problems, due mainly to high heat loads, they will not be discussed in 
this paper. It is the disposition of the remaining energy (~80Z) 
carried by the high-energy neutron that causes the irradiation efiects 
that are the subject of this paper. 

Irradiation damage studies of metals and alloys exposed to fission 
reactor neutrons have demonstrated a considerable effect on physical 
and mechanical properties; the most important effects involve the loss 
of ductility and the swelling of the Irradiated material. The objec­
tive of the irradiation-effects studies under fusion reactor conditions 
is the determination of the effect on the properties of potential 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 14.1 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 displacement 
damage per neutron Interaction with a lattice atom. Displacement implies 
the displacement of an atom from its normal lattice position and is 
Initiated by the collision of i neutron with a lattice atom, which 
results in a vacancy (vacant lattice site) and an interstitial atom. 
When the displaced atcm has sufficient energy it can displace other 
lattice atoms. The extent of the displacement damage Is 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 displacement damage, neutrons In both fission 
and fusion reactors give rise to transmutation reactions. These reac­
tions produce solid products and helium and hydrogen gas within the 
structural materials. Some solid transmutation products of Interest 
that have been considered Include manganese, vanadium, and titanium in 
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Fig* 1. Meutron-energy spectra for various fission reactors end 
the apectrua at the firat wall of a lithiua-cooled fusion reactor. The 
prlaary difference between the spectra of the fiaaion and fusion real­
tors occura above 10 7 eV. 

auatenitlc atalnleaa steels and silicon in alunlnus (1). In a recent 
review, tfiffen and Stlegler concluded that at present there are no 
lndicatlone of a detrlaental effect of solid transformation product* on 
propertlea [1]. It la also generally felt that hydrogen will have 
little effect on the properties of fualoa reactor coaponenta [1,2]* At 
the operating teaperaturea of fusion reactors (250-550* C), the hydrogen 
ahould readily dlffuee froa the structures. Although some ion-
Irradiation studlee have Indicated that preInjected hydrogen aay have 
an effect on cavity nucleation (3,4), atudies where hydrogen and hellua 
were Injected elaultaneouely with nickel ions Indicated little effect 
of hydrogen (5]. Solid tranaautatlon producte and tranaautatlon hydro­
gen will not be further discussed In thla paper. 

Troa fiaaion reactor radiatlon-daaage studies, it la known that 
aaall aaounts of tranaautatlon hellua produced within the lattice can 
have pronounced effect* on properties (6,7). Reliua la essentially 
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insoluble in aetals and alloys. As a result, the helium atom affects 
void cudeatton and swelling; at elevated temperatures the collection 
of helioa gas on grain bouo*!««riee le.ids to a loss of ductility — helium 
embrlttlement. In Fig. 2 the cross section for the (n,a) reactions for 
ironc nickel, and chromium are shown as a function of neutron energy* 
As a result of the high cross section at neutron energies corresponding 
to those present in the fusion spectrum, much larger concentrations of 
transmutation helium are produced by a fusion reactor neutron spectrum 
than by a fast fission reactor (Table 1). The evolution of the micro-
structure during irradiation depends in large measure 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 an operating reactor. 

ORNL-DWG 81-12479 
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Table 1. Atom-Displacement Rates and Helium-Production Rates 
in Fusion and Fast-Fission (BBR-II) Reactor Spectra 

Fusion Reactor8 at EBR-II 
1 Mf/a 2 (Row 2) 

Material 
dpa/s at. ppa He/s dpa/s at. ppa Be/s 
10r7 i0-7 l ( r/ 1 0-7 

Type 316 stainless steel 3.6 47 10.0 6.1 
Vanadium 3.6 15 12.0 0.4 
•Many current conceptual designs call for neutron.* c wall loadings of 
2-3 Mff/a2. 

The econoaic viability of a fusion reactor will re strongly 
influenced by the length of time the structural Materials can survive 
the reactor operating conditions. With this in wind and assuaing that 
radiation daaage »» Halt 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 Mtf*y/m2 at a temperature which allows the 
reactor to operate with conventional liquid metal steam generators 
similar to those contemplated for uoe in breeder reactor systems" [8]. 
(The 40 M?*y/m2 wall loading refers to the product of plasma neutron 
wall loading in megawatts per square meter and the lifetime in years; 
reactor designs call for plasma neutron wall loadings of 1—3 Mtf/m2.) In 
recent years design studies have indicated that fusion reactors may be 
economical at integrated wall loading values less than half the 
40 MV*y/m2. Also, designs for water or helium heated steao generators 
have been considered. Regardless of the economic criteria, one of the 
objectives of any alloy development program will ultimately be the 
testing of materials to an equivalent reactor service time and beyond 
(20-40 M»»y/m2). 

The remainder of this report will be devoted to a review of the 
techniques and facilities that are presently being uee.1 to simulate, 
study, and understand the type of irradiation effects expected in the 
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first veil and blanket structures. He will review the types of results 
generated In existing irradiation facilities and the limitations of 
these facilities. Finally, we will eraaiue the facilities and tests 
that will eventually allow for studies on Materials at irradiation con­
ditions that begin to approach the neutronic wall loadings expected in 
a fusion reactor. 

3. DUtADIATIOR DAMAGE STUDIES IB EXISTIH5 FACILITIES 
An ideal irradiation test system should have a fusion neutron 

spectrum (Fig. 1), which would be peaked at 14.1 MeF with a neutron 
flux In the range 5 x 10 1 7-5 x 10 1 8 neutrons/(m^-s). Such a facility 
should have a teat volume of up to 10 liters to enable large numbers of 
test speciaene (mechanical properties and micros, opy specimens) to be 
irradiated simultaneously. Because no such facility exists, radiation 
damage studies auat presently rely on existing fission recctors and 
other simulation techniques (e.g., accelerator-based neutron sources 
and ion accelerators) to understand the underlying processes that occur 
during Irradiation. The results of these studies will then be used to 
extrapolate material behavior to fusion reactor conditions. Eventually, 
facilities are expected to become available that will allow the testing 
of materials at conditions comparable to those expected in a fusion 
reactor. 

Fission reactors are the only available facilities that provide 
the large volume of test space required to develop improved radlation-
reslstaat materials or to qualify materials for fusion reactor service. 
Before existing fission reactors can be used to simulate the radiation 
damage, however, the equivalence of the lattice dsasge caused by 14 MmV 
neutrons and neutrons of lower energy generated In a fission reactor 
needs to be established. Such studlec have been conducted In acceler­
ator based high-energy neutron sources. Because of the small irra­
diation volume and the low-flux gradients of such facilities, only 
limited numbers of small speclaens can be irradiated. The low fineness 
of Irradiations In accelerator-based high-energy neutron sources 
preclude the formation of significant amounts of helium. 
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Once damage equivalence i s established, Che larger t t s t specimens 
needed Co carry ou: mechanical properties studies aust bt irradiated in 
fission reactors. Fast-spectrum f lss lc \ reactors can be used to simu-
late Che displacement damage expected i'i a fusion reactor during i t s 
lifetime. However, in a fast reactor where the average neutron energy 
i s less Chan 1 MeV, this displacement damage occurs without Che buiHop 
of Che high concentrations of transmutation helium that occurs in a 
fusion reactor. Under certalu conditions, helium can be generated in 
mixed-spectrum reactors in Che amounts expected in a fusion reactor. 
I t i s also possible, under certain circumstances, to achieve Be/dpa 
ratios similar Co chose expected in fusion reactors. 

Ion bombardment offers another technique for studying Che effect 
of helium and displacement damage. Heavy ion bombardment can be used 
to study displacement-damage effects , and with dual- or triple-beam 
techniques, simultaneous displacement damage and gas effects can be 
determined. 

In this section these three types of irradiation fac i l i t i e s will 
be examined; the types of results Chat are obtained from each faci l i ty 
wi l l also be discussed. 

The accelerator-based Rotating Target Hsutron Source (RXHS-II) i s 
the only available 14 MeV neutron source presently available to tue 
fusion program. To generate Che high-energy neutrons, deuterons are 
accelerated Co 400 k?. A 150-nA beam of these deuterons strikes a 
rotating, water-cooled copper target; Che target i s coated with t i ta­
nium trlt lde. The 14.1 MeV neutrons are produced by the T(d,n) reac­
t ion. When the deuteron beam is focused on a 1 cm2 spot, Che resulting 
neutron beam flux i s - 1 .3 * 1 0 1 7 neutrons/(n 2»s) [9,10]; Che usable flux 
depends on the distance from the source (Fig. 3 ) . The primary test 
space in the KTNS-II i s about 2-«n thick by 10-ms diameter. Over this 
volume, chs flux ranges jfrom 1.3 * 10 1 7 to 5 " 1 0 1 5 neur.rons/(m2*s) [ 9 ] . 
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Fig. 3 . Constant-flux contours of the neutron field of the 
RTNS-II source (taken froa -ef. [9 ] ) . 

A second sethod for generating high-energy neutrons la the 
deuteron-berylllua (d-Be) source, In which an accelerated beaa of 
15-40 HeV deuterons Is stopped by a berylllua target. The deuteron 
breakup reaction [Be(d,n)J then results in a neutron beaa with a 
spectrua broadly peaked near 15 HeV, although i t includes energies 
from theraal to 30 MeV [11-13J. As with the RTNS-II, the usable flux 
for such a source is quite low, In the range 2 * 1016—1 x i o 1 7 

neutrons/(a 2*s) (E > 1 MeV). Likewise, the test volune i s small ( l e s s 
than that available in RTNS-II). 

The RTNS-II and Be(d,n) sources have been used prlaarily to cor­
relate the daaage produced by high-energy neutrons with the daaage 
produced by lower energy neutrons in fission reactors. Because of 
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the Halted availability of high-energy neutron sources, most Irra­
diations have been confined to ambient temperature, lr:« fluences, and 
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 understood from studies of low-energy neutron 
effects. Many of the early studies Involved measurement of physical 
properties such as resistivity [1]. 

An energy transfer of a few tens of electron volts from a bombard­
ing neutron to a lattice atom can lead to displacement damage: lattice 
atoms are removed from their nornal lattice positions, resulting in the 
formation of vacancies and interstitlaid. The primary knock-on atom 
(PKA.) that results from such a neutron collision can cause other 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 14 MeV 
neutrons i» substantially different from that of lover energy neutrons. 

The work that has been completed to date shows excellent correla­
tion between displacement damage produced by 14.1 MeV neutrons and that 
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 neutrons of several hundred ke'% the PKA can trausfer energy to 
surrounding atoms. Some of these atoms are displaced, and can, In 
turn, displace other atoms. The end result Is a displacement cascade 
In t'.ie region around the path of the original PICA. A displacement cas­
cade can be described in terms of the vacancies and interstltlals 
created by the collision of the PKA and secondarily displaced 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 PKA 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 spectrum and those 
from a fission reactor Involves the difference between the formation of 
subcascades and cascades. 
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The results of quantitative transmission electron microscopy studies 
that compared the damage caused by 14 BfeV neutrons with lower energy 
neutrons revealed no unexpected damage structures for the high-energy 
neutrons [12-16]. Although there sere differences In size and distribu­
tion of the damage, the nature of the damage was essentially the same. 
Damage at the low temperatures calces the 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 interstitlals 
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 that essentially any 
collision with an energy transfer that exceeds 50 keV will produce a 
dislocation loop that is visible by transmission electron microscopy 
£ 14). Different energies 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 HBV 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 neutron source and a fission reactor were compared by 
Roberto, Hsrayan, 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-clustei behavior was essentially independent of 
neutron energy [13]. When compared on a damage-energy basis, it was 
found that damage levels were similar for equivalent deposited damage 
energy. (Damage energy 1» defined as the fraction of the bombarding 
particle's energy that is available Co produce displacements; it is 
closely related to dps). 

For most metals and alloys, cascades and subcascades are not direct­
ly visible by transmission electron microscopy; only the dislocation 
loops can be observed. Recently, however, English and Jenkins showed 
Chat zones of reduced long-range order formed at a cascade site in wall 
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ordered GU3A11 could be directly iaaged by transmission electron micros­
copy [15). In this alloy system, the Investigators were able to obtain 
quantitative Information on individual cascades. This work Involved 
irradiation by 3.5 IfeV protons, fission neutroas, and fusion neutrons 
from RTHS-II and wfc.s an elegant confirmation and extension of earlier 
work. 

The initial studies on the effect of neutron energy on the room-
temperature yield stress of niobium and copper by Mitchell tt al. [16] 
Indicated identical qualitative effects of 14 MeV neutron and fission 
reactor irradiation. The dislocation loop structure produced by buth 
types of irradiations resulted in rapid strengthening after an 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 approximately 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 2S*C by neutroas from the RTNS-II and a Be(d,n) 
source and at 60°C by neutrons iron a iisslon i^'ctor (Livermore Pool 
Type Reactor). They compared the damage produced by -a&ch source and 
deteralned the effect of the irradiatfon on yield strength and ductility. 
Like Mitchell et al. [16], they found that the 14 MeV neutron Irradiation 
produced greater strengthening than the other two sources when compared 
on a fluence basis — that is, the curves were displaced [Fig. 4(a)). 
When compared on a damage-energy batiis, however, equivalent effects were 
noted (Fig. 4(b)]> Similar results were obtained foi ductility and 
defect-cluster density (Fig. 5) when examined as a function of fluence 
and damage energy. The observations on defect density help explain the 
effect on the yield strength. That is, for equivalent fluences, the 
high-energy ututrons produced more defect clusters than fission neutrons, 
while the number of defect clusters for a given damage energy are essen­
tially the same for the neutron* produced in the three sources (17). 
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Work continues on BTHS-II to further refine our understanding of the 
damage processes and the effect of high-energy neutrons en phyalcal and 
mechanical properties. Data have also been obtained fro* an In situ 
neutron-induced creep test on niob:um at 550 and 600*C (18). Further 
tensile, microhardness, transmission electron microscopy and in situ 
resistivity aeaaureaents on various alloys are in progress. 

3.2 Fiaaloa temcrors for fuaioa reactor at—1attorn 

The studies using the accelerator-baaed high-energy neutron sources 
have deaonstrated the equivalence of displacement damage (equivalence in 
type, form, and amount) by 14 MeV neutrons and neutrons from flaslon 
reactors when correlated on a damage-energy basis. Because tiie evolution 
of the irradiated structure proceeds from the cascade structure, these 
studies demonstrated the feasibility of using fast-reactor irradiation to 
study the effect of displacement damage on mechanical propertiea and 
swelling. In addition to the displacement damage, the high-energy neu­
trons in a fusion-reactor spectrum generate helium by (n,a) transmutation 
reactions in essentially all constituents of the contemplated first-wall 
and blanket-8tructure alloys [19}. The amounts of helium generated are 
proportions! to the crosa sections of the various elements. Becauee of 
the low-flux limitations of the presently available high-energy neutron 
sources (KTMS-II and d-Be), it la not possible to prodvee the large 
amounts of helium typical of firat-wal; structures under fusion-reactor 
conditions. Thus, other techniques must be used to generate radiation 
damage data at He/dpa ratios expected for fusion reactors. For certain 
alloys, mixed-spectrum fission reactors are appropriate for such studies* 

3.2.1 Fast reactors 

In the Experimental Breeder Beactor (EBR-jil), test materials are 
irradiated in uninstrumantad capsules (~19-am diameter x 330-mm long) 
with temperature controlled by variable-thickness gas gaps or in some 
Instances by heat pipes (in). The peak fast flux of EBR-II is about 
3 x 10 1 9 neutrons/Cm2*a) (E > 0.1 HsV) with s mean neutron energy of 
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~0.85 lfeV. This results in a 41s »l<.ceaeut daaage rate of 10-20 dpa/y 
in stainless s tee l , an exposure equivalent to 0.8-1.8 MH»y/u2 in a fusion 
r e c t o r . Eowever, only about 10- 0 at. ppm He .*re generated, an equiva­
lence of 0.06-0.12 MT-y/a2. I t i» possible to stuey helium effects in 
fast reactors using prelnjected sp ic'-iens. Because of the uncertain 
value of this technique, the EBR-JI io ased primarily to study the effects 
of high displacement daaage on all "ye of ictetast and other aethods are 
used to study heliua effects . 

l a the near future (1982), th Past Flux Test Facility (FFTF) will 
offer another fast-spectrua Irradli tlvn faci l i ty for fusion-slaulatlon 
studies. The FFTF wi l l have a higt iz flnr and larger test voluae than 
EBR-II, and I t wi l l offer the possi j i l i ty of conducting instruaented tes ts . 
For the test space In Row 4 of FFTF, the iiux is ~6 x 10 1 9 neutrons/(a 2*s) 
with average energy ~0.45 MeV. Thl- laauita in a dccage rate of 40-60 
dpa/y, the equivalent of 4-6 Mf-y/a* At such a flux i t will be possible 
to produce the dlsplaceaent daaage e pec re-' fcr 40 Mtf. y/a^ in about ten 
years. However, tills would again oe ar with ^ n o i l helltia-generatlon 
rate relative Ko that for a fusion re <ccor. 

Both EBR-II a*d FFTF have a lowe irra-ilaulon teaperature limitation 
of approxlaately 370°C. This teaperature io determined by the reactor 
coolant inlet teaperature. Because oparatiTg teaperatures for several 
reactor designs are below this teaperature, <rradiation test capabilities 
at lower teaperatures are required. 

3.2.2 Mixed-spectrua reactor* 

Although fast reactors offer the possibility of irradiating materials 
to daaage levels slailar to those achieved in a fusion reactor, It Is not 
possible to slaultaneously generate the transmutation heliua that will 
form in alloys exposed to a fusion-reactor neutron spectrua. However, for 
alloys that contain nickel, alxed-spectrua reactors can be us«d to siau-
late the effect of simultaneous dlsplaceaent damage and transmutation 
heliua formation. 

This simulation relies on a different transaut&tlon reaction froa the 
one-step (n,o) reaction with high-energy neutrons that yields the heliua 
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during fusion-reactor service. Nickel undergoes the following two-step 
hellua transmutation reaction with thermal neutrons: 

S 3"! + n • 59ai + Y . 

5 9 M i + n + 5*Fe + *He 

(2) 

(3) 

This reaction sequence is of importance for nickel-bearing alloys irra­
diated in mixed-spectrum reactors such as the Oak Ridge lesearch leactor 
(OBK) or die High Flux Isotope Reactor (HFIR), where the spectra hare 
both thermal and fast neutrons. 

In Fig. 1 the region of the neutron-energy spectrum where reactions 
(2) and (3) occur is indicated. The relationship of die neutron-energy 
spectra of ORR, HFIR, and EBR-II to a fusion reactor spectrum can also be 
seen. Table 2 shows a comparison of die displacement damage and helium 
production after one year for type 316 stainless steel in a fusion reactor 
first mil (1 Mtf/a2) as compared to those of EBR-II, ORR, and HFIR, die 
three reactors chat have been used most extensively for fusion reactor 
studies. 

The ORB. is being used extensively to irradiate austsnltlc stainle** 
steels and nickel alloys where helium is generated according to reactions 

Table 2. Atom Displacements and Helium and Hydrogen Production 
in Type 316 Stainless Steel After One Tear*s Operation* 

Neutron Dis­
Fluence placements Helium Hydrogen 

Reactor0 (neutrons/a2) 
(>0.1 HsV) 

(dps) (at. ppm) (at. ppm) 

Fusion reactor 0.80 * 10 2* 11.5 144 530 
(1 W/« 2> 
EBR-II 6.9 * 1 0 2 6 37 ~20 300 
HFIR 4.4 * 1 0 2 6 35 1900 c» d 425 
ORR 1.3 x lO 2* 11 80 to 160 135 
•Taken from F, W. WUfen at al,, Metal Science of Stainless Steal, AIMS. 
New York, 1978, p. 146. 

bA high-flux position has been chosen for each reactor, and a duty frac­
tion of 1*0 has been asutmed. Abbreviated reactor designations are 
explained in text. 

cHee«ured value. 
dTlie»e values are not linear in time. 
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(2) and (3). The ORR has six prise positions where instruaented capsules 
60 am x 60 an x 0.61-m length can be inserted. The reactor has peak fast 
and thermal fluxes of 3 x 10 1 8 (E > 0.1 MeV) and 2.4 x 1 0 1 8 neutrons/<-2-i 
respectively. For type 316 stainless steel this results in ~12 dpa and 
120 at. pp* He per year, a first-wall exposure equivalent to 0.9 and 
0.7 IM'y/m2, respectively. 

The HFIR has respective peak fast and dtermal neutron fluxes of 
1.5 x io 1 9 (E > 0.1 MeV) and 2.4 * 10 1 9 neutrons/(a2*s) which in one year 
will generate 34 dpa and 1900 at. ppn Be in type 316 stainless steel, 
corresponding to ~2.6 and 10.7 W-y/a 2. The space in the six water-cooled 
peripheral target positions is 18-am dia x 0.6-a long. Numerous other 
high-flux positions are also available. No instrumentation is presently 
possible in the highest flux regions of HFIR. 

For a fusion reactor first-wall structure, displaceaent daaage and 
heliut concentration are linearly related (Fig. 6). In the ORR or HFIR, 
the ratio of themal-to-fast neutrous remains approximately constant 
during the Irradiation. For a thermal flux + t, the transmutation helium 

MM.-MC rs-MM« 

0 S "0 15 20 29 30 » 
0OPL4CCMCNT DMMGC (*o) 

Fig. 6. Helium concentration »s a function of displacements per atom 
for type 316 stainless steel for a fusion reactor first wall and for 
irradiation In two positions each of HFIR and ORR. Various time Intervals 
at full power are shown. 
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that forms by reactions (2) and (3) increases with time t as (•t*)11 (° 
depends on irradiation time and decreases from ~2 to 1.4 during irra­
diation). The displacement damage (dpa) depends on the fast flux tf *nd 
increases as 4ft. Thus, a He/dpa ratio similar to that achieved in a 
fusion reactor occurs at only one time when the nickel-containing alloy is 
irradiated (Fig. 6). For comparison, the He-dpa relationship for EBR-II 
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 displacement 
damage at ratios similar to those produced in a fusion reactor. Before we 
discuss this problem, however, «e will first examine results that have 
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 conditions, 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 lrradi&tion on 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-II) irradiation on the austenitic 
stainless steels has been reviewed (6,21—23). Changes occur in strength, 
deformation, fracture behavior, and ductility. These changes can be 
directly related to the microstructural changes caused by the displacement 
damage during irradiation and the small amount of transmutation 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, and is reported as 
AV/V in percent. Swelling results when vacancies and Interstitlals are 
accepted by different sinks; volume increases of several tens of percent 
are observed in stainless steel. 

For irradiation temperatures Tj <0.35 1, (~350°C in stainless steel), 
where T a is the absolute melting temperature, Irradiation-produced dislo­
cation loops that result from the clustering of Interstitlals sod/or 
vacancies formed during Irradiation cause an increase in flow stress and a 
decrease in uniform elongation. At high damage levels, a change may occur 
in the deformation mode, from homogeneous to planar or channel deformation 
[61. Between 0.35 T. < T ± < 0.6 T, (-350-700"'C In stainless steel), a 
void and dislocation structure forms to produce swelling. The effects on 
tensile flow properties are similar to those at the low temperatures, 
while creep fractures become intergranular. Finally, at T > 0.6 
T a (~700°C In stainless steel), displacement 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 reactor program, considerable effort has been directed 
at determining the effect of helium on irradiated properties. Much of 
this work has Involved the iiradiation of type 316 stainless steel in 
mixed-spectrum reactors (where large amounts of helium and displacement 
damage tre generated) and comparing the results with those obtained from 
fast-reactor (i.e.. FBR-II) 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 welling results obtained from EBR-II and HFIR 
are shown la Fig. 7. These results show the difference in the swelling 
behavior of solution-annealed and cold-worked type 316 stainless steel 
Irradiated In the two reactors. The cold-worked steel showed considerably 
less swelling than the solution-annealed steel In both the EBR-II and 
HFIR. At the highest temperatures, recrystalllzation and grain growth In 
Che cold-worked steel causes It to lose Its low-temperature advantage. 
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Swelling vs Temperature 
Effect of helium and cold work on the swelling of type 316 Pig. 7 

stainless steel in HFIR and EBR-II. 

The history of the ongoing interpretation of the hellua-effeets 
studies Is Interesting because lc rbows the diff icult ies Involved In such 
studies. Ini t ia l ly , the such greater swelling Indicated for the 
HFIR-irradlated steel (Fig. 7) was attributed to the larger hello* con­
centrations (3000-4300 at. ppa for HFIR, ~15 at. ppa for EBR-II) [24] . 
Because the HFIR-lrradlated Material In Fig. 7 was at a higher displace­
ment daaage level than the EBR-II-Irradiated s tee l , as sore data became 
available the swelling data were re-examined In terms of dps at a given 
teaperature (500*C) (Fig. 8 ( a ) ] . From these results It appeared that 
hellua played a minor role In the swelling process In 20%-cold-worked type 
116 stainless steel (25). 
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Fig. 8. Swelling as a function of fluence for 20i-ccId-worked type 
316 stainless steel irradiated in EBR-II and HFIR at ~50C°C. (a) Data 
are interpreted as i f helium has no effect on swelling [25). (b) Data inter­
preted in terns of cavity growth mechanisms that indicate a heliua effect 
126]. 

Hore recently, Maziasz has examined a large mmber of TEW speciaens 
of 201-coId-worked type 316 stainless steel irradiated to similar dpa 
levels in hoth HFIR and EBR-II [26J. These results indicate that at 500°C 
helium not only affects the swelling behavior [Fig. 8 (b) ] , i t also affects 
the precipitation process. At low dpa for EBR-II-irradiated specimens, 
scattered cavities develop on dislocations and precipitates [Fig. 9 (a ) ] . 
In HFIR-irradiated specimens, c high density of uniformly distributed 
matrix cavities form, along with cavities on precipitates [Fig, 9(b)] . 
This difference i s accompanied by an increased precipitation rate and 
sl ightly Increased swelling rate in the HFIR-irradiated speciaens. At 
higher fluences a similar difference in cavity microstrueture was observed, 
but the swelling rate was considerably greater in EBR-II irradiated speci­
aens [Fig. 10]. However, similar precipitates were now present in both 
specimens. In Fig. 8(b) i t is found that the swelling of 20%-cold-worked 
type 316 stainless steel in EBR-II at 54 dpa is about twice that In HFIR, 
even though there is over 100 times more hellua present in the latter 
case. This difference can be explained in terms of the microstructural 
evolution and rate-theory models for void and bubble growth. 
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Fig. 9. Comparison of microstructures developed in 20Z-cold-worked 
type 316 stainless steel Irradiated in (a) EBR-II at 500-525°C to 8.4 dpa, 
~5 at, pp» He, and (b) HFIR at 465-525°C to 11 dpa, ~600 at . ppa He 
(ref. [26]). 

Mansur 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 Qj v 

Is given by 

_Lii*y_ 
i ,v N 4Trr_ i l , v 

(4) 

For this discussion a cavity is the general tern for either a helium 
bubble or a void. A bubble contains gas at or greater than equilib­
rium pressure, p > 2y/r (Y i* 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 aicvostructures developed in 20Z-cold-worked 
type 316 stainless steel Irradiated in (a) EBR-II at 500-525°C to 36 dpa, 
-22 at. ppn He, and (b) HF1R at 465-525°C to 54 dpa, -3600 at. ppa He 
(ref. [26]). 

d where Z. is che capture efficiency of interstitials or vacancies by 
' — 

dislocations, L is the dislocation line density, r is the average 
c
 c 

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

For Q » 1, which microstructurally coincides with a dislocation 
sink strength auch 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 cavities. Under these 
conditions, a plot of swelling against dose (dpa) such that 

AV 
- _ « (dose)" (5) 



25 

resu l t s in an n of 3/2 or 3 [27] , depending on whether growth i s assumed 
to be diffusion controlled or surface control led, provided that d i s loca­
t ion density and cavity density do not change with dose, as i s often the 
case for moderate doses in austenit lc s t a i n l e s s s t e e l s . 

When Q « 1, which coincides with a high crvity number density re la­
t i ve to the dis locat ion density, a cavity-dominated swelling mode r e s u l t s . 
The large number of cav i t i e s act as sinks for both vacancies and in ter ­
s t i t i a l s . Because most of the vacancies and i n t e r s t i t i a l s are accepted by 
the same sink, the swelling rate decreases s i g n i f i c a n t l y , and n in Eq. (5) 
decreases to 3/4 or 3/5 [ 2 7 ] . A. Q = 1 coincides with the transi t ion from 
one growth node to the other. Under these conditions the dose dependence 
i s expected to be roughly l inear . 

The theory can qual i tat ive ly explain the large difference in 
swelling behavior at high dpa [Fig. 8(b)] as the difference between the 
k inet ics for bias-driven (EBR-il with Q » 1) and cavity-dominated (HFIR 
with Q « 1) swelling modes. 

I t should be emphasized that the above discussion applies to 20Z-cold-
worked type 316 s t a l i l e s s s tee l at 500°C; a similar re lat ive behavior has 
been observed at 600°C. The temperature dependence of swelling (at a 
given dpa) for 20Z-cold-worked type 316 s ta in le s s s t ee l i s quite compli­
cated: The temperature at which maximum swelling occurs i s different in 
EBR-II and HFIR; thus, the curves cross over, with swelling being greater 
in EBR-II in certain temperature regimes and HFIR in others . Final ly , the 
swelling relationships for solution-annealed type 316 s ta in le s s s t e e l are 
s t i l l being worked out. Just as microstructural differences due to HFIR 
and EBR-II irradiation gave rise to differences in swelling behavior of 20%-
cold-worked type 316 s ta in l e s s s t e e l , the swell ing behavior of so lut ion-
annealed s t ee l i s different from that of the cold-worked materia!. 

The above discussion i l l u s t r a t e s the d i f f i c u l t i e s involved in 
interpreting resu l t s from a small dita base. The i n i t i a l swelling data 
for 20%-cold-worked type 316 s ta in less s t ee l Indicated much higher 
swelling for HFIR-irradiated material (Fig . 7 ) . Only as more data were 
col lected has a clearer picture developed. This discussion also I l l u ­
s trates how theory aids in the data interpretat ion. Final ly , i t i l l u ­
s trates the problems inherent in using f i s s ion reactors to obtain data 
applicable to fusion reactors. 
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The differences in swelling and precipitat ion caused by heliua also 
lead to differences In the mechanical properties of s t a i n l e s s s t ee l s irra­
diated to s i a l l a r dpa l eve l s but with different helium concentrations. An 
exaaple of the difference in t e n s i l e properties of irradiated s t ee l s with 
high and low helium concentrations i s shown in Figrf. 11 and 12 for so lu­
t ion annealed and 20Z-cold-worked type 316 s t a i n l e s s s t e e l . Figures 11 
and 12 arr taken from Bloom [7] who col lected and plotted the data of 
various invest igators . Irradiation and hellus. have di f ferent e f fec t s en 
the strengths of solution-annealed [Fig. 11(a)] and 20Z-cold-worki»H 
[Fig . 12(a)] material . The M>8t Important e f fec t of helium i s noted for 
the d u c t i l i t y , where the s t e e l with the higher helium concentrations has 
a s igni f icant ly lower tota l elongation than that with l e s s he l iua . This 
was true for both the solution-annealed [Fig. 11(b)] and cold-worked 
[Fig . 12(b)] b a t e r l a i . Work i s TOW in progress to expand the data base 
to a greater range of He/dpa r a t i o s . 
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Fig. I I . TensiLe properties of anneaUd type 316 s ta in l e s s s t e e l 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 ] , 
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Fig. 12. Tensile properties of annealed type 316 stainless stael In 
the unirradiated condition and after irradiation In a fast reactor (low 
He/dpa) and a nixed-spectrua reactor (high He/dpa). Taken from ref. [ 7 ] . 

The two-step nickel-to-heliui 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 s tee l . 
Recently, the chromium-molybdenum ferrit ic (mnrtcnsltic) steels have been 
Included as candidates under study for first-wall and blanket structural 
•aterials [301. Because these steels contain less than 0.5% Ni, irra­
diation in a mixed-spectrum reactor results in much less helium than would 
be formed in a fusion reactor. However, if up to 2X Ni i s added to such 
alloys, t'.iey can be irradiated in HFIR to approximately the same He and 
dpa production rates as would be attained for the original unmodified 
alloys in a fusion reactor first-wall structure (Fig. 13). Studies are 
now in progress to determine the effects of helium and displacement damage 
on the tensile and impact properties of 9 Cr— 1 MoVNb and 12 Cr-1 MoW 
steels by irradiating alloys with 0, 1, and 2X NI [31] . 
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Fig. 13. Relationship between helium concentration and 
displaceaents per atom for austenitlc and ferrltlc steels 
Irradiated in HPIR, EBR-H, and the first wall of a fusion 
reactor. 

For alloys of vanadiua, niobium, and titanium, which are also of 
Interest, there are no comparable methods for producing simultaneous 
displacement damage and transmutation 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 prelnjectlon of the alloy with helium prior to irradiation in a 
fission reactor. This will be discussed In a later section. 

3.2.4 Spectral Tailoring Experiments 
The dlscusff'on In Sect. 3.2.3 shows how irradiation studies are 

possible under conditions where the helium is generated by transmutation 
of nickel by thermal neutrons. This leads to a uniform production of 
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helium throughout the alloy. The hellua in the fusion reactor first wall 
and blanket structural asterlaJs La generated by transmutation reactions 
between most alloying eleaents toA neutrons 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) apply, however, it la difficult 
to obtain Be/'dpa ratios appropriate for a fusion reactor. Such 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 stainless steel in a mixed-spectrum 
reactor increase at different rat<*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 (Fig. 6). However, it is 
possible to "tailor" the neutron spectrum of a mixed-spectrum reactor to 
closely match the ratlcs 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, while the 
fast flux determines the displacement damage rate. 

A. hypothetical spectral tailoring experiment for the ORE. is shown in 
Fig. 14; this calculation was made using two core positions in the reactor 
[33]. To change tl:e tg/vf ratio for a given core position, several changes 
would have to be made in the experimental core configuration. These 
changes include: the number of ruel elements in the core, the mass of 
2 3 5 U per fuel element, the thickness and species of moderators that are to 
be placed between the fuel and specimens, and finally, the insertion of 
thin pieces ot aluminum that contain ~10Z 2 3 5 D between the fuel and the 
test specimen [33]. 

In this simple proposal, no attempt was made to optimize th* tailored 
spectrum [33]. It is not known how closely the He/ipa production must 
approximate that of a fusion reactor so chat the same irradiation effects 
are obtained. In theory, it should be possible to tailor the spectrum to 
approach the fusion-reactor hellum-dpa curve as closely as desired. 
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Fig. 14. Helium concentration as a function of displacements per 
atom In type 316 stainless steel for a fusion reactor first nail and a 
calculated "spectral-tailoring" experiment for the ORR. The calculation 
assuaes 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 ret :tor fuel and the test specimens. Taken from ref. 133]. 

A spectral tailoring experiment is presently in progress In the ORR 
(Fig. IS). [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 
corditlons.] Helium production and fast flux are monitored. With this 
Information, detailed neutronlc calculations are made to determine the 
time at which changes in the neutron energy spectrum should be made. 

Because helium production occurs by a two-step reaction with thermal 
neutrons giving a concentration of helium proportional to U t t ) n (n vari­
able as discussed in Sect. 3.2.2) and dpa production Is proportional 
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Fig. 15. Helium concentration am a function of displacements per 
atom in type 316 stainless steel for a spectral-tailoring experiment 
preaently in progress In the ORR. Taken froa ref. (34). 

to die fast neutron fluence (+ft) , It i s necessary to decreaae * t or 
• t / * f as the experiment progresses. This Is accomplished by periodic 
changes in the comporitlon of the region around the experiment ( e . g . , 
water • aluminum • hafnium * hafnium + additional fue l ) . Details of 
these calculations along with an updated status of the experiment are 
published In periodic reports (34,35). 

It Is possible to envision an experiment that co Id more rapidly 
achieve displacement damage and helium-concentration levels appropriate 
for a fusion reactor. Such an experiment would use the HFIR for high 
helium production rates and FFTP for high displacement damage rates 
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(Fig. 16). Although the experimental details could present very difficult 
engineering probleas, the potential significant advance In knowledge aakes 
such an experiaent attractive. Rote that in this proposed experiaent, 
speclaens could be teaoved at various tlaes In the experiaent, thus asking 
It possible to thoroughly explore the effect of hellua conceptratlon and 
displacement dsaage separately, as veil as die Interaction of the two. 

3.3 Ion Irradiation 
Baabardaent by high-energy ions froa an Ion accelerator offers another 

possibility for studying radiation daaage for potential fusion-reactor 
alloys [36]. With tills technique it is also possible to study the interaction 
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Fig. 16. Proposed "spectral-tailoring'' experiaent 
for type 316 stainless steel using the HFIR and FFTF. 
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of displaceaent daaage with gases (hellua and hydrogen). This can be 
done by either first injecting the target speciaen with the gas ions 
followed by heavy-ion boabardaent to generate the dlsplaceaent daaage, 
or the siaultaneous injection of one or two gases with displaceaent 
daaage (dual- or triple-beaa experiments). Numerous types of ion accel­
erators are used for these experiments; the accelerators will 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 with 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). Host studies on 
ion-irradiated material Involve transmission electron microscopy, which 
can be used to characterise the aicrostructure to determine damage 
mechanisms, the nature of the daaage, and the extent of swelling. 

Because of the differences with neutron irradiation, the technique 
has disadvantages. Dose equivalence is difficult or impossible to 
establish — that is, the swelling caused by a given dpa produced by 
heavy ions is considerably different froa that caused by a neutron expo­
sure to an equivalent dpa. To compare the swelling froa ion boabardaent 
with neutron irradiation, it is necessary to increase the irradiation 
teaperature [36). This may affect void nucleation and growth and other 
aicroprocesses. No trsnsautatlon products are formed; gases must be 
Introduced in other ways, if these particular transautation products are 
to be considered. Heavy-ion bombardment creates daaage 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 is highly localized — 
usually within about 1 urn froa 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 alloys, it is possible to develop cor­
relations between the swelling caused by heavy-ion boabardaent and that 
caused by neutron irradiation. Much of the basic Information available 
on the effects of transautation-produced gases and impurities on mlcro-
structural evolution during irradiation has been obtained through 
boabardaent experiments. 

No correlations between ion bombardment and neutron irradiation are 
presently possible for complex multiphase alloys. Rovcliffe, Lee and 
Sklad compared the microatructural evolution of type 316 stainless steel 
during neutron Irradiation and nickel-ion irradiation [371. They found 
significantly different precipitation processes occurred for the different 
irradiation conditions. The difference existed with and without helium 
and led the authors to conclude that it Is probably meaningless to atteapt 
a quantitative correlation between swelling in the two environments in 
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 He and the helium-Injection technique on the swelling of a 
single-phase austenltic alloy (Fe-l7Z CT-16.7Z R1-2.5Z N0-0.005Z C) 
irradiated to 70 dpa with 4 MeV nickel ions at 627°C. (Fig. 17). The 
largest aaount of swelling (18Z) was observed for single-ion irradiation 
to 70 dpa (no helium); the second largest amount of swelling (HZ) was 
obtained for the alloy after dual-beam (helium and nickel ions) bom­
bardment. Helium prelnjectlon led to the lowest amount of swelling: 4 
and 1Z for hellua prelnjected at the irradiation 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 dislocation structure did. The change from faulted 
loops to dislocation networks was retarded in the specimen prelnjected 
at room temperature [34]. 

The difference In swelling was explained by Packan and Farrell [38] 
in terms of Msnsur's theoretical model (Eqs. (4) and (5)J [27]. A plot 
of swelling against dose revealed the differences in swelling rates for 
the different helium-injection techniques (Pig. 18). When the observed 



Pig. 17. Voids produced by single-ion and dual-
ion boabardaent of an austenitlc alloy to 70 dpa at 
627°C. (a) Ho hellua added; (b) slaultaneous injection 
of 1400 at. ppa Be; (c) prelnjected with 1400 at. ppa He 
at 627°C; (d) prelnjected tilth 1400 at. ppa He at rooa 
teaperature. Measured swelling is as shown. Taken froa 
ref. (38]. 

aicrostructural paraaeters (dislocation and cavity nuaber density) were 
evaluated, it was found that for rooa-teaperature preinjection, Q^ v 

« 1 above 10 dpa and cavities were the doalnant sinks (Qj v is the 
ratio of dislocation sink strength to cavity sink strength). For boa-
bardaents with no heliua injection and siaultaneous injection, voids 
and dislocations were found to be about equally iaportant above about 
10 dpa O i v » 1). For preinjection at 627°C, the swelling behavior 
between 10 and 70 dpa caae to reseable that for preinjection at rooa 
teaperature (i.e., a transition to Q t v « 1). 
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Pig. 18. Dependence of swelling on dose for dif­
ferent hellua-injection processes. Taken from ref. (38]. 

Studies such as those of Pactum and Farreii have been conducted on 
numerous materials. For example, a triple-beam irradiation technique 
has been used to examine the simultaneous effects of hydrogen, helium, 
and displacement damage on cavity formation. Hydrogen was found to have 
little effect 15). 

Alpha-particle injection can be used to prelnject specimens with 
helium prior to neutron irradiation, thus making it possible to achieve 
the desired helium and dpa levels. A uniform distribution of helium can 
be obtained by varying the energy of alpha particles bombarding the 
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specimen using a tapered energy degrader [39] and then saving the saaples 
back and forth in front of the degraded alpha-particle beam. 

This technique was recently used to preinject type 316 s ta in l e s s 
s t e e l f V-20Z TI, V-15Z Cr-5Z Ti, and Hiaonic PE-16 with - 7 0 , 90 , and 200 
a t . ppa He at about 25°C, after which the speciaens Here irradiated in 
EBR-II. Examination by transaission electron aicroscopy indicated that 
the aethod used to add hel lua had an e f f ec t on aicrostructural evolution 
[ 2 6 , 4 0 ] . Cavity s i ze and spatial d is tr ibut ion in type 316 s t a i n l e s s 
s t e e l aere found to be auch finer in the EBR-II-irradiated prelnjected 
speciaens than those irradiated in BFIR where s i a i l a r l e v e l s of transmu­
tat ion hellua were produced. It was also found that both the HFIR-
irradiated and hellua-prelnjected EBR-II-Irradiated cavity d is tr ibut ions 
were auch finer than void distributions in unlnjected EBR-II-irradiated 
201-coId-worked type 316 s ta inless s tee l a t higher fluences [ 4 0 ] . Thus, 
i t i s again seen that hellcat and the aethod of inject ion are c r i t i c a l . 

3.4 Other aethods 
Several other techniques have been proposed to obtain the desired 

He and dpa levels. One technique that is being developed is the use of 
stainless steel uniformly doped with 1 0 B (see, for exaaple, ref. [41]). 
During irradiation of such saaples by thermal neutrons, the 1 0B(n,o) 7Li 
reaction occurs. Unfortunately, the boron is transforaed rapidly to 
hellua. Thus, essentially all of the hellua is produced in the first 
10 2 5 n/m2. In essence, the technique then differs little froa a prein­
ject ion technique. Furthermore, transautatlon to hellua is accompanied 
by the formation of lithium, which becomes an impurity in the host 
lattice and can affect the aicrostructural evolution. 

The 1 0 B reaction was used by Gelles and Garner who analayzed hellua 
"halos" to demonstrate the effect of hellua jn void formation [42]. 
They irradiated an austenltlc stainless steel that contained 0.0007Z B. 
Essentially all the boron was contained in small, evenly distributed 
precipitates that formed prior to Irradiation. During irradiation In 
EBR-II, the boron undergoes the 1 0B(n,a) 7Li reaction. As a result the 
precipitates developed well-defined "atmospheres" or "halos" of helium 
and lithium recoil products. By analyzing the halo region high in 
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helium and comparing it with a region of the aatrlx where no heliua was 
deposited (only displacement damage), Gelles and Garner demonstrated the 
importance of the simultaneous production ->f helium and displacement 
damage ou cavity formation [42] . For 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 * 10 2 6 neutroos/m2 (E > 0.1 MeV). This agrees 
qualitatively with the comparison of HFIR and EBR-II-irr&diated 
stainless steel [24]. 

A technique for obtaining heli-̂ t 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 
(i.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
bilities [43,44]. To date the technique has been used to study the 
behavior of hellm in metals and alloys and the effect of helium on 
mechanical properties [32,43,44]. 

In theory, the trftlum trick could be used to study the effect of 
the simultaneous helium and displacement damage production during 
fission-reactor Irradiations; 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 trltlua, which Is difficult to contain. 

Andresen and Harling [45] proposed the use of a capsule that con­
tains 3He; the 3He has a high cross section for thermal neutrons for the 
3He(n,p)3T reaction. It wa* proposed that the 3He be contained in a pres 
surized capsule with the specimens to be Irradiated. During irradiation 
In a raixtH-spectrum reactjr, one could obtain displacement damage from 
far.t ueutrons, while the thermal neutrons produce tritium and protlum. 
The hydrogenlc species would then be introduced into the specimens by 
solution or ion implantation. Beta decay then gives rise to a uniform 
distribution of 3He In the specimens [45]. Various experimental dlfflcul 
ties are Involved with the technique, and to date It has not been used* 
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4 . FUTURE TEST FACILITIES 

The r e s u l t s of the i r r a d i a t i o n s tud ie s in the preceding sec t ions p ro ­
vide valuable ins ight in to the basic i r r a d i a t i o n processes tha t w i l l 
occur in fusion-reactor f i r s t - w a l l and blanket s t r u c t u r a l m a t e r i a l s . 
With FFTF, EBR-II, and HFIR, i t would be poss ib le with l ong - t i a e expo­
sure to obtain displacement-damage I f / e l s comparable to those tha t wi l l 
occur during the l i f e t ime of a fus ion-reactor f i r s t wa l l . Likewise, for 
a l l o y s containing n i c k e l , i t would be poss ib le to use HFIR and ORR to 
obta in helium leve l s comparable to those formed in a f i r s t w a l l . The 
s p e c t r a l t a i l o r i n g experiments offer the p o s s i b i l i t y of obta in ing He/dpa 
r a t i o s appropria te for a fusion r eac to r , but the l e v e l s do not approach 
those of a f i r s t wall during i t s l i f e t i m e . Ion-bombardment techniques 
could be used to rapidly produce helium and dpa l e v e l s appropr ia te for a 
fus ion- reac tor l i f e t i m e . However, we showed in the previous sec t ion 
tha t the i n t e r p r e t a t i o n of ion-bombardment r e s u l t s in a l l but pure 
metals and phase-s table a l l o y s i s fraught with d i f f i c u l t i e s . 

I d e a l l y , i r r a d i a t i o n da ta from appropr ia te wall loadings would come 
from a demonstration fusion r e a c t o r . Such a f a c i l i t y i s s t i l l well in 
the future (probably beyond the year 2000). Indeed, i t would be helpful 
to have information on such damage l eve l s p r io r to the const ruct ion of a 
demonstration p l an t . The only high-energy neutron f a c i l i t y present ly 
envisioned that would allow us to begin to generate data that c o r r e l a t e 
with contemplated fus ion-reactor condi t ions i s the Fusion Mater ia ls 
I r r a d i a t i o n Test (FMIT) f a c i l i t y . This f a c i l i t y i s p resen t ly planned 
for operat ion in the mid-1980s. 

4.1 The fusion materials irradiation t e s t (FNIT) f a c i l i t y 

The FMIT is a high-energy neutron source proposed for cons t ruc t ion 
in the ear ly 1980s to be opera t ional in approximately 1986 [46 ,47 ] . The 
neutrons are created by a s t r ipp ing reac t ion caused when 35 MeV 
deuterons react with l i th ium. Figure 19 shows an overa l l view of the 
f a c i l i t y . 
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ORNL-PHOT0 6182-81 

Fig. 19. Schematic diagram of the overall view of FMIT. Taken 
from ref. 1471. 

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 ~?.5 tU of energy deposited in the lithium by the 
deuteron beam. 

The 100 mA beam of 35 MeV deuterons will produce approximately 
3 * 10 1 6 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 ere shown in Fig. 21. 
The perturbed neutron flux was calculated assuming that c,.e experimental 
regions (modules) were one-half the density of stainless steel. The 
peak flux in the experimental region nearest the target is about 
4 * 10** neutrons/a2•8. Resulting displacement-damage contours and 
helium generation contours (using the unperturbed flux and assuming an 
80Z plant factor) are shown in Fig. 22. The facility will have a 
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Fig. 20. Schematic dlagraa of deuteron bean, flowing lithium 
target, and test aodule Interface and atoa displaceaent-voluae contours. 
Taken from ref. [47]. 

neutron energy spectrua which is peaked near 15 MeV with energies 
extending to as high as 35 MeV. It is a auch closer approxiaatlon of 
the actual fusion spectrua than a fission reactor spectrua, and He/dpa 
ratios In aost materials will be within a factor of 2 of those produced 
In the fusion spectrua. 

Speciaens will be irradiated in four test modules located at 
various distances froa the target (Fig. 22;. Each aodule will have 
Independent teaperature control. The .system has a very small experimen­
tal voluae: 0.139 liter within which tie damage production equals or 
exceeds that of a fusion-reactor first wall operating at 1 HV*y/a2. 
Within the test voluae, large gradients in flux and spectrua exist, 
which preclude the irradiation of the large numbers of large samples 
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Fig. 21. Neutron flux profile along the deuteron beaa 
center line from the front to the back of the test cell. The 
positions of the nodules that will contain test specimens are 
shown. Taken froa 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 microscopy disks (30-mm diameter * 3-am thick) 
and 0.020- and 0.030-mm-diam tensile specimens (20-mm long). Large num­
bers of such specimens can be simultaneously irradiated. 

The primary mission foreseen for FMIT is to develop a correlation 
between material response in fusion-like and fission neutron spectra. 
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These correlations wil l be used to predlc waterlal response In a fusion 
spectrua from that Measured In fast- and mixed-spectrum fission reactor 
Irradiations. In large measure, the correlations will be based on 
•Icrostructural paraaeters and simple mechanical tests such as tensi le , 
hardness, and Irradiation creep. 

5. SSWttRT 

Fusion reactor f irst wall and blanket structural materials will 
experience a large neutron flux with a high-energy component unequaled 
in any 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 , i t will be necessary to determine the effect 
of such an irradiation environment on the properties of the structural 
materials. Because 00 fusion reactor Is presently available, the 
displacement damage and high-helium concentrations must be simulated 
using existing Irradiation fac i l i t i e s . 

Accelerator-based neutron sources (RTNS-II and d-Be sources) have 
been used to examine the details of damage production by high-energy 
neutrons. Ho 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 establish the equivalence of the displacement damage generated 
by high-energy neutrons and the lower energy neutrons from fast-flux 
fission reactors. (Fusion neutrons are created at 14.1 MeV, while the 
average neutron creation energy In a fission reactor is just below 2 
MeV.) Such equivalence has been demonstrated. 

Fast-flux fission reactors are used to develop the high displace­
ment damage levels that will be reached in a fusion reactor. However, 
this damage occurs without the high helium concentrations that are 
simultaneously produced in the fusion reactor. For nickel-containing 
al loys , large helium concentrations can be obtained by irradiation in 
mixed-spectrum reactors. Numerous slxed-spsctrum reactor studies have 
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been carried out on type 316 stainless ateel — a prime candidate fualon-
reactor structural alloy. Such studies can also be used for Che 
chrcmiua-molybdenum steels if nickel la added to the base composition. 

Ion bombardment studies have al&o helped elucidate Che effect of 
displacement deaage and high gas contents (helium or hydrogen) on the 
evolution of the daasge mlcroatructure. It la also possible to use Ion 
boabardsjent to prelnject Materials with helium. Then after Irradiation 
In a fission reactor Che effect of displacement damage and helium can be 
determined. 

By combining theoretical modeling studies with experimental irra­
diation studies using accelerator-baaed neutron sources, fission 
reactors, and Ion bombardment facilities, mi are developing a consistent 
picture of Che proceasea of radiation damage and microstruetural evolu­
tion that will occur In alloys In a fusion-reactor environment. The 
next step Is Che Irradiation of materials Co Incegrated neutronlc wall 
loadings equivalent to Choae expected In an operating fusion reactor. 
One method Co accomplish this for type 316 stainless steel involves Che 
"tailoring" of Che neutron spectrum in a mlxed-epectrum flesion reactor 
or by using Che combined Irradiations of a mixed-spectrum and fast-flux 
reactor. The first type of experiment la in progress. 

In Che mid-1980s, the RUT facility will become available. This 
high-flux high-energy neutron source will allow the study of materials 
»«Mect«sd co fluences similar Co Chose in Che first wall of an operating 
fusion reactor. Becauae of lta limited teat apace, however, it will 
only provide a means of correlating Che material reaponae In fualon-like 
and fission neutron spectra. Until a fusion materials engineering test 
facility (i.e., a facility with a cesc volume of several liters and a 
fusion-reactor spectrum) is available, the materials program must rely 
on this combination of facilities. Each will contribute a part of the 
answer — none of Che facilities can do the entire job by itself. 

ACKNOWLEDGMENTS 
We gracefully acknowledge several people who aided in this work. 

Detailed discussions with F. W. Wlffcn and L. K. Mansur and their 
detailed review of the manuscript ware invaluable and much appreciated. 



46 

P. J. Mulass and R. H. Packan provided figures and inforaatlon on the 
work depicted in the figures. The Manuscript use reviewed by 
M. L. Grossbeck and J. 0. Stiegler. The assistance of E. K. Opperaaa of 
the Banford Engineering Development Laboratory in providing inforaatlon 
on FMIT and obtaining peraisslon to pubHeh Chat Inforaatlon Is 
appreciated. Special thanks are due Frances Scarboro for preparing 
several drafts and then the final copy of the report. 

REFERENCES 

[1] P. V. Hlffen and J. 0. Stiegler, The Technology of Controlled 
Nuclear Fusion, 00HF-760935-P1 (1976), p. 135. 

[2] J. A. Spltznagel, P. IT. Hlffen, and F. V. Nolfl, J. Nucl. Mater. 
85686 (1979) 629. 

[3] J. T. Buswell et a l . , Biyeieal Metallurgy of Reactor Fuel 
Elements, The Metals Society, London, 1975, p. 1970. 

[4] J. B. Whitley, G. L. Knlclnskl, and P. Wilkes, J. Nucl. Mater. 
85686 (1979) 701. 

[51 K. Parrell, M. B. Lewis, and N. H. Packan, Scripta Met, 12 
(1979) 112. 

[61 E. E. Blooa, Radiation Damage in Metale, American Society for 
Metals, Metals Park, Ohio, 1975, p. 295. 

[7] E. E. Blooa, J. Nucl. Mater. 85686 (1979) 795. 

[8] E. E. Blooa et a l . , Proe. Third Topical Meeting on the 
Technology of Controlled Nuclear Fusion, DOE CONF-780508, Vol. 1 
(1978), p. 554. 

[9] Lawrence Llveraore Laboratory, Rotating Target Neutron Source II 
Facility, M-094 (1978). 

[101 J« J« Holaes and J. L. Straalsund, J. Nucl. Mater. 85686 
(1979) 447. 

(11) C. M. Logan, R. Booth, and R. A. Nickerson, Nucl. Inetru. S 
Methods, 145 (1977) 77. 

(12) J. Roberto, J. Narayan, and M. J. Saltaarsh, hadiation Effects 
and Tritium Technology for Fusion Reactors, C0NF-750989 (1976), 
p. 11-159. 



47 

J. Harayan and S. H. Oor, J. Intel. Muter. 63 (1976) 454. 

K. L. Merkle, Radiation Damage in Metale, American Society for 
Metals, Metals park, Ohio, 1975, p. 58. 

C. A. English and M. L. Jenkins, J. Jkicl. Mater. 96 (1981) 341. 

J. B. Mitchell et a l . , Radiation effects and Tritium Technology 
for Fusion Reactors, CONF-750989 (1976), p. H-159. 

R. R. Vandervoort, E. L. Rayaond, and C. J. Echer, Rod. Bffecte, 
45 (1980) 191. 

H. L. Barmore, D. W. Heikklnen, and C. M. Logan, Magnetic fusion 
Energy Quarterly Report, July-September 1979, UCRL-50051-79-3 
(February 1980), p. 41. 

T. A. Gabriel, B. L. Bishop, and F. H. Wiffen, Rucl. Technol. 
38 (1978) 427. 

F. W. Wiffen et a l . , Metale Science of Stainless Steel, AIME New 
York, 1978, p. 146. 

R. L. Fish and J. D. Watrous, Irradiation Effects on One Micro-
etructure and Properties of Metale, ASTM-STP-611, American 
Society for Testing and Materials, Philadelphia, 1976, p. 91. 

R. L. Fish and C. W. Hunter, ib id . , p. 119. 

R. L. Fish, N. S. Cannon, and G. L. Hire, Effects of Radiation 
on Structural Materials, ASTM-STP-683, American Society for 
Testing and Materials, Philadelphia, 1979, p. 450. 

P. J. Maziasz, F. W. Wiffen, and E. E. Biooa, Radiation Effects 
and Tritium Technology for Fusion Reactors, C0NF-750989 (1976) 
p. i-259. 

H« R. Brager and F. A. Garner, Journal of Nuclear Materials, 
to be published. 

P. J. Maziasz and M. L. Grossbeck, Journal of Nuclear Materials, 
to be published. 

L. K. Mansur, Duel. Teehnol. 40 (1978) 5. 

F. W. Wiffen, Effeete of Radiation on Structural Materials, 
ASTM-STP-683, American Society for Testing and Materials, 
Philadelphia, (1978), p. 88. 

[29] D. N. Braskl and F. W. Wiffen, ADIP Quarterly Report, March 31, 
1978, 00E/ET-0058/1, p. 63. 



48 

S. N. Rosenvasser et a l . , / . Hucl. Mater. 85486 (1979) 177. 

R. L. Klueh and J. M. Vitek, to be published in Journal of 
Nuclear Materials. 

R. E. Gold and D. L. Harrod, J. Intel. Hater. 85486 (1979) 805. 

J. A. Borak and J. H. Swanks, Trans. MS 26 (1977) 187. 

T. A. Gabriel, R. A. U l l i e , and B. L. Bishop, ADIP Quarterly 
Report, June 30, 1979, DOE/ET/0058/6, p. 35. 

R. A. U l l i e , R. L. Child*, and T. A. Gabriel, ADIP Quarterly 
Report, December SI, 1980, D0E/ER-0045/5, p. 15. 

K. Farrell, Rod. effects, 53 (1980) 175. 

A. F. Rowcllffe, E. H. Lee, and P. S. Sklad, Froeeedinge of 
Irradiation Behavior of Metallic Materiale for Fast Reactor 
Components, Suppi., Corse, France, p. 1. 

N. H. Packan and K. Farrell, J. Nucl. Mater. 85486 (1979) 677. 

R. T. King, Cyclotron Simulation of Neutron-Transmutation 
Produced Oases in Reactor Cladding and Structural Materiale, 
0RHL-TM-3299 (1971). 

P. J. Mazlasz, B. L. Cox, and J. A. Borak, ADIP Quarterly Report 
March 31, 1980, D0E/ER-OO45/2, p. 35. 

S. E. Best, A. Fadaal, and 0. K. Harllng, J. Nucl. Mater. 
85686 (1979) 835. 

D. S. Gellea and F. A. Garner, ibid. , p. 689. 

W. V. Green, Radiation Effects and Tritium Technology for Fusion 
Reactors, C0RF-750989 (1976), p. 372. 

R. F. Nattas et a l . , The Technology of Controlled Nuclear 
Fusion, CONF-760935-P1 (1976), p. 199. 

H. Andreson and 0. K. Harling, J. Nucl. Mater. 85486 (1979) 435. 

E. V. Pottaeyer, Jr. , J. Nucl. Mater. 85486 (1979) 463. 

E. K. Opperaan, FMIT Experimental Capabilities, HEDL Rapt. 
TC-1633 (1980). 



49 
OSML-5830 
Distribution 

Category 0C-20,20c 

IKTERHAL DISTR1BUTIOH 

1-2. 
3. 

4-6. 
7. 
8. 
9. 
10. 

11-15. 
16. 
17. 
18. 
19. 
20. 

21-23. 
24. 

25-29. 
30. 
31. 
32. 
33. 
34. 
35. 

Central Research Library 
Document Reference Section 
Laboratory Records Department 
Laboratory Records, ORHL RC 
ORHL Patent Office 
P. F. Becker 
J. Bentley 
E. E. Bloom 
R. R. Coltaaa, Jr. 
W. P. Eatherly 
K. Farrell 
M. L. Grossbeck 
P. N. Haubenreich 
N. R. Hill 
J. A. ttorak 
R. L. Klueh 
V. J. Lackey 
Eal H. Lee 
J. S. Lin 
L. R. Hansur 
P. J. Maziasz 
C. J. McHargue 

36. R. K. Hanstad 
37. N. H. Packan 
38. T-K N. Peng 
39. J. B. Roberto 
40. A. F. Rovcliffe 
41. M. J. Saltmarstt 
42. R. T. Santoro 
43. J. L. Scott 
44. T. E. Shannon 
45. J. Sheffield 
46. D. Stelner 
47. J. 0. Stiegler 
48. J. M. Vitek 
49. J. R. Heir, Jr. 
50. F. W. Wlffen 
51. A. Zucker 
52. A. L. Bement, Jr. (consultant) 
53. E. H. Kottcamp, Jr. (consultant) 
54. Alan Lawley (consultant) 
55. T. B. Hassalski (consultant) 
56. R. H. Redwine (consultant) 
57. R. M. Zwilsky (consultant) 

EXTERNAL DISTRIBUTION 

58-278. DOE Technical Inforaation Center, Office of Information Services 
P. 0. Box 62, Oak Ridge, IN 37830 

Given cistribution as shown in T1D-4500 under UC-20,20c 

279-80. Department of Energy, Office of Fusion Energy, Washington, DC 20545 

M. M. Cohen 

T. C. Reuther, Jr. 

281. DOE Oak Ridge Operations Office, P. 0. Box E, Oak Ridge, TN 37830 

Office of Assistant Manager for Energy Research and Development 
282. Department of Energy, Division of Materials Sciences, Office of 

Basic Energy Sciences, Washington, DC 20545 
L. C. lanniello 

283. Hanford Engineering Development Laboratory, p. o. Box 1970, 
Richland„ WA 99352 

E. C. Opperman 

* U 8 OOVfftNMCNT HUNTING OfflCE I t t l M6 067/31* 


