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There is much talk in this country today about "energy crisis,” but
there seems 1o be little true understanding of ithose words. Une reason
is uwnat, even when faced with dire statistics and predictions, people find
it very difficult to translate those facts into a true feeling of crisis
and thence into concrete actions. We seem to be able to do that in war
time, but so long as our life style flows along relatively smoothly the

words "energy crisis" remain words.

Herman Kahn is reported to have ssid that the maximum time required
for any technical development is four years. The reason for that is that
four years is the approximate length of modern wars. World War II, in
about four years, produced radar, Jet aircraft, antibiotic medicines,
and nuclear weapons, Those were major technical developments, perhaps

slightly less difficult than fusion--but not much. That's what can be

1’ ]

done in crisis. I don't see that sort of reaction to the "energy crisis'

tocday.

There are a number of ways in which one ce: rank human beings into
hierarchies., You can do it by salary, which is the typical one today;
you can do it by academic degrees, which is probably the one used sub-
consciously by most of the people in this roomj; you can do it by the
kind of automobile one drives; you can do it by the contribution an
individual makes tc society. One of the ways I like to do it is to
consider the time span ahead on which the individual's thoughts and
actions focnus. "Where there is no vision, the people perish." That
0ld Testament proverb has a great deal of truth in it; it is that
kind of view into the future that needs to be taken with regard to

energy.

We are in a crisis. If the world were a hollow sphere filled with

petroleum and the petrecleum use~curve continued to grow as it has recently,
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the sphere would be empty in 300 years, We are todsy celebrating ths
200th anniversary of the United States, This is a sort of facetious
comparison to make but, on the other hand, it does say something has :
to change. Nothing much is changing--population growth isn't changing-- i
it's five billion today and it may level out at twelve billion. The

consumption of energy in the United States took a short down-turn but ;
then it crawled up again, and especially in the use of imported petroleum-- :
the one fuel resource about which we should be most concerned. We are ;
still generating about 40% of our electricity in the United States with

0il end gas.

Energy is the life blood of modern industrial society. It is the

resource by which we huwnans establish dominion over the natural world.

We face today a situation in which the United States is, in a sense,
the world's food supplier of last resort. It takes about ten calories c¢f )
energy in the form of fossil fuels to produce one calorie of food. Every ‘
bushel of wheat we export means deepening the shortage of fussil energy.
That has implications not only for the United States but for all of man-
kind. If we are going to support twelve billion people on the face of
this planet, we simply can't return to a pastoral society. When we had :
a pastoral society the karth supported something like two or three
hundred million people. In that sense, the idea which many well=trained
persons have (at least well trained in terms of degrees) that we simply
conserve and get back to a condition of adequate energy supplies is

falacious.

We all know that a copious supply of energy ha:z a great deal to do
with our material well-being. I would like to show you several viewgraphs
prepared and used by Dr. Chauncy Starr, head of ihe Electric Power i
Research Institute, which underline the very close correlation between
total energy use and material well-being in this nation. (See Figures 1 d
througnh 5.) ;

If you tilk only about electricity, not total energy, there is an %

equally reuaarkeble correlation. The curve of energy use is increasing

more rapidly for electrical enorgy than for energy in total, but the

linear correlation is still apparent.
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The percentage use of electricity is increasing rapidly, from 15%
in 1950 to about 25.€% today, because of the flexibility electricity
provides in generation, in transmission and in use. In all ways,

electricity is an extremely flexible and useful form of energy.

I know that you can argue that this is a chicken and egg proposition
that the availability of energy didn't cause prosperity; that instead,
incre=ased prosperity caused an incresased use of energy and electricity.
That is a question-~which is the chicken and which is the egg--that
we ought not to answer by experiment. We ought not to determine by
pragmatic means ich came first, the chicken or the egg. On the
other hand, we may be making that determination without meaning to

do so.

We are now pumping sorething like 11 or 12 million barrels of
petroleum a day in the U.S., and using something like 18 million;
by 1985, the projection is that we will need something in the
order of 25 million barrels a day and U.S. production will then
be five to seven million. Those are facts generally agreed to
by people working in the energy field and to which the only
significant response to date has centered around whether petroleum
prices are controlled or not. I think that is not looking far

enough into the future.

Very recently there was a fine symposium on energy resources
organized by Oregon State University and made up of working members of
erergy communities in all fields--fossil, nuclear, geothermal, etc.
After three days of discussions, the working members (people
recognized in their fields, not necessarily spokesmen for their
fields and not necessarily representing the business aspects)
concluded that it was probable that by 1985 this nation's status
in the world would change markedly, and that it was highly likely
the Western World would see social and political upheavals in ten
years, solely due to the fact that energy was not available to

maintain industrial society in the way it is accustomed to live.
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There is really no easy way out. There are problems in every
direction we turn in attempts to correct the energy situation. Petroleum,
coal, geothermal, solar--all huve serious limitations and penalties

over the intermediate and long run.

The use of uranium has met widespread opposition which has stopped
further expansion of nuclear power. In 1973, 43,000 MW of nuclear
electrical plant capacity were purchased in this country. So far this
year, 2000 MW were purchased, and that 2000 MW has been wiped out by
cancellations of other plants, so this year's total contracting for
nuclear capacity will likely be zero. As in the case of petroleum,
the supply of uranium is limited, but even so, the development of the
breeder reactor which would remove that limitation has been deliberately
slowed from the national priority status it enjoyed four years ago to

being simply a long=-range option.

In this total context, we in this room must view the development
of fusion as no longer a scientific investigation. Success or failure
will have great practical implications for the future of mankind.

Very likely fusion is a life or death matter for billions of human

beings.

I would like to turn now to a discussion in some detail of the
U.S. fusion program. We believe that our program planning shows
e recognition of the critical nature of energy resources, that it
is an aggressive one aimed at helping to answer the energy resource
problem I have tried to describe to you over the last few minutes.
Fusion energy is one of the most difficult technological challenges
ever accepted, but the benefits which will accrue from its successful
development are so great that we must attack this objective
aggressively. The easily available and inexhaustible supply of
fuel for the fusion process and the relatively slight environmental
effects of fusion justify its consideration as the ultimate energy 2
source for this planet. In the last several years sufflicient data .

have been obtained to lustify the conclusion that fusion is
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scientifically ready for significant acceleration in the research

and developmen®t applied to it. This is not to say that feasibility
has been proven, but rather that now there seems to be clear paths

to such proof. This conclusion is generally accepted in the scientific
community world-wide. Based on that Jjudgment, sirong fusion research
and development programs are under way in Japan, France, the European
community, and especislly in the USSR, The general plans for develop-
ment of fusion are remarkably parallel in the several other national
programs. During the last half of this decade, these plans propose
increasingly large and advanced experiments designed primarily to
further understand the underlying plasma physics. Larger fusion
reactors designed to demonstrate deuterium and tritium burning are
now commencing design and construction for operation in the

early 1980's, This class of reactors is represented by the Tokamak
Fusion Test Reactor (TFTR) being constructed at Princeton, the

T-20 in the USSR, and the Joint European Tokamak (JET), which as

you know is a cooperative Euratom effort.

The next objective in the fusion development program will be
experimental power production in the second half of the 1980's.
The U.S. plans two early power producing plants, the Experimental
Power Reactors I and II which rougl .y parallel the Experimental
Breeder Reactors I and II in the "FBR program. These plants will
be extrapolated from experience zained in TFTR and in similar
reactors abroad. Their design, ccnstruction and operation will
require solutions to many problems on the road to practical fusion
energy; they will provide the bridge between scientific feasibility

and engineering feasibility.

I would like to talk now for just a moment about that bridge
because I have sensed in the fusion reactor program (perhaps not
so much in this group as in those who are involved and have been
involved for years in plasma physics research) a serious concern-——

almost a reluctance~-to start crossing the bridge from scientific
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to engineering feasibility. They are worried that if we start crossing
the bridge the scientific end will collapse under us and we will be thrown
into the stream. On the other hand, there is an urgent need to get to

the other side.

The next viewgraph (Table 1) repeats what I said in the last few
minutes. We hope to demonstrate reactor-like conditions in hydrogen
plasmas in the 1977 tc 1979 period, The PLT at Princeton is about to
come on-~line and should contribute significantly to this objective, as
will the T-10 in the Soviet Union. We hope soon to start constructing
a reactor size deuterium~tritium system, TFTR, to operate b, 1981. We
are in the middle of the early conceptual designs of the Experimental
Power Reactor, which we would stiil hope to get intc operation by
1985, with another larger and more advanced BPR by 1990, Finally,
we plan a demonstration size reactor in 1995-1997. That's the
framework of planning on which the United States fusion program is

placed.

About 60-565% of the total effort is on tokamaks, 15-20% on
theta pinches, and 15-20% on mirrors. The budget numbers for 1975-77
are listed in Table 2. I would caution you that neither the $1L0 million
case in 1976 nor the $212 million in 1977 are yet approved. These totals
are still in the process of decision as to whether there will be $120
or $140 million in FY 1976. But, no matter what happens there is going
to be a significant acceleration in the program. You can see the
operating expenses go from $89 million to at least $120 million to
something like $200 million in the three years 1975-77. This is an
accelerating, but not a "crash," effort and if anyone wanted to spend

more money on fusion research, that could be done effectively.

None of the U.S. fusion program elements is accelerating more
rapidly than the Development and Technology program, which will go
from $42 million in 1976 to something like $7L4 million in 1977. The
Confinement Systems subprogram will increase from $67 million to
$87.5 million in FY-1977, tokamaks from $45 to $58 million, theta

pinches from $10 to $14 million, and mirrors from $11 to $14 million.
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Table 1. Mejor Program Milestones

. DEMONSTRATE REACTOR-LIKE CONDITIONS IN
HYDROGEN PLASMAS IN 1977-1979.

. DESIGN, CONSTRUCT AND CPERATE A REACTOR-SIZED,
DT SYSTEM (TFTR) BY 1981,

. OPERATE AN EXPERIMENTAL ELECTRICAL POWER
REACTOR (EPR-i} BY 1985.

.OPERATE EPR-Il IN 1990.

. OPERATE A DEMO IN 1995-1997 TO DEMONSTRATE
RELIABILITY & ECONOMICS.

Fusion Power Research and Development Program — Operating,
Equipment, and Construction (Dollars in Millions)

FY 1976

AMENDED PROG. DIV.  CONG.
FY 1975 EST. 7O CONG. ESTIMATES AUTH. FY 1977

OPERATING EXPENSES $ 89.0 $120.0 $140.0 $1400 $2120

CAPITAL EQUIPMENT OBS. 19.8 16.0 18.5 20.0

CONSTRUCTION OBS.

43.0

0.2 28.7 20.2 31.8 150.3

TOTAL FUNDING $109.0 $164.7 $1787  $191.8  $4053
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I em sure that you here ere very rwuch interested in what happens
to the materials research budget. The base program goes from $9 million
to $14 million, but most significantly the construction obligations will
increase from $4.5 million to $16.9 million. The reason for that is the
emphasis on getting facilities into operation in which we can investigate
materials at neutron energies similar to those found in fusion systems.
The Rotating Target leutron Source at Livermore is funded this fiscal
yéar at $2.5 million and the Intense lleutron Source at Los Alamos at
$2 million. The projects increase to a total of $17 million in the
next fiscal year. Both of these prciercts are going forward vigorously
with the intention of having the first in operation in 1977 and the
second in operation in 1979. In addition to that, we are carrying on
studies at three different locations on a D-Li source which would have
capabilities roughly another order of magnitude above the INS. It is
the intent in DCTR to go ahead virorously with the D=Li source. With
these three sources we believe that, building on experience in materials
in the fission resctor program, we will be able to go a long way towards
establishing, on a reasonably sound basis, the material requirements
for the experimental power reactor or any other large test reactor which

may come along.

There is considerable parrallelism in the planning which is taking
piace in the world community in fusion development, There are three
different attempts to produce reactor conditions in hydrogen and those
all fall in the 1975-80 period. There are four different attempts to
produce deuterium~tritium burning plasmas and these fall in the early
1980's. The different nations plan EPR's by 1990. Finally, three
nations plan demonstration plants by 1995-2000.

I think one has to look at an Experimental Power Reactor project
from two differing viewpoints. The first one is the benefit of design,
construction and operation of the facility per se. The other is the
effect on the fusion program as a whole. We can already see the focusing

effect on the technology from the conceptual designs which are going
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forward at three different locations., Thus, the EPR is ulready

having a significant effect on tie direction of the U. S, progranm,

The work in magnetic confinement fusion has been a notuble
example of effective international cooperation since the late 1990's
when it escaped rom the security blanket that had been uluced over
it after World War I1I. ilumerous personnel =xchanges have taken bluce
and excellent communications and open discussions have been the rule
in this program, The U.85. signed a bi-lateral agreement witii the
USSR in 1973 which has led t¢ a particularly close and effective

cooperation between these two countries.,

This Confereuce is in itself an excellent example of the
cormunication and cooperation between the nations in fusion energy.
It may well be that there is an understanding cf the impcoriance and
magnitude of the fusion challenge, ~hat we in the U.S. cannct solve
this problem unilaterally--that the whole world needs what we are

attemnpting to develop, and can share in its development.

There has been a significunt relative increase in the amount

of effort spent on supporting technoulogies relative to plasta physics.

There are two reasons for this., The first is that you can't build
larger and larger plasma physics machines like the TFTR without
doing something about the technology. Even the plmsma physicists
recognize tnat eventually they are going to want to put a super-
conducting magnet in a plasma physics test device. Thus, in order

to allow the further intelligent development of the physics, we have

to do the wnderlying technology to allow bigger, more powerful machines

to be buiit. The second is that, if we presume we are going to be
successful at any given time, we ought to be building the technology
base now so that when that success in physics has been achieved, we
can immediately turn to practical application and not wait around for
another ten years to develop the technology. Therefore, it is a

necessity, if fusion is going to live up to its promise on anything

like the time scale we have talked about, that we proceed aggressively

with the supporting technologies.

gy
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of range we are debating. I hope tc hell we don't have the same
questions about tritiwn when we start using tritium in fusion power
reactors., If we are, in ract, heading down that route, it's nigh

time we change that course and find out what are the biological :ifects
of tritium and how to evaluate its societal and envircimeita. considera=
tions. I am afraid that we may be heading for questions like thoss

being debated today about plutonium. We say to ourselves that tritium
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is u relavively benign re -iocactive material, but that's before

Dr. Tamplin or his counterparts commence attacking. We had better
have some facts before we find ourselves 15 or 20 years from now in a
serious and debilitating debate about the biological effects of
tritium.

Lev me now pretend that 1 am lioah for a minute and, having
swrvived the LMFBR flood, give you e few principles which I think
sh“uid be followed in the development of fusion technology if fusion
ij‘to be successfully developed at an early time, These are principles
which in one sense are "motherhood," but in another sense they are not

"motherhood"” because they are often forgotten in programs like ours.

v3

e Tirst thing we need to do is define the requirements. We can't
develop all the interesting materials for all interesting environmental
condlvions at the same time. We must select several candidate materials
and concentrate our efiorts on those candidates for the first wall and
for <he other materials we are going to use in fusion reactors. Our
afforts have to be concentrated on the primary goals, something that

will work in the environment that we are talking about.

The second point is that we have to develop a true technical
base-=-we have to understand thoroughly the materials and the processes
in a fundamental sense if we are going to be successful in applying
them to practical use. I'm sure you are saying that is exactly what
we are doing-=but that may not be true. Too much of what passes
today for research 1s experimental pragmatism, too little aimed at
fundamental understanding of nature., Good starts have been made
in materials understandings--for example, in the LMFBR program and
fusion is building upon that--but a great deal more needs to be done
to understand fundamentals., Let me give you an example--ten years ago
. ez was & large fuels and materials program for breeder reactors.

It corsisted--and here I am exaggerating for effect--in taking cladding
:¥ evzry known alloy and fuel of every known smeared density and

put  ing them into a reactor to uee what would happen. Only when there



was & concentration on a specific set of materials and a specific kind
of fuel and a specifiic target environment and lifetime, with an attempt
made to separate out the effects of the few variables associated with
a specific design, did we finaliy obtain reascnable results. When I
first became associated with ILMFBR fuels, I found that the test
temperatures were not known within = 100°F--and that test powers were
not known within # 25%. 'That can hardly be called science, It is

not "understanding the fundamentals." It was, in fact, a pragmattic
approach to the problem. Froblems of such technical difficulty cannot
be solved that way. One might stumble onto something, he might find
something better than what had beeu tried before., But unless we get
into the deep fundamental nature of materials we are going to have a
hard time in fusion because we are trying to push so much further than

previously has veen done in terns of application of materials.,
P

Third, we must demonstrate our knowliedge of fundamentals in
actual practice, whether in prototype plants or in test fucilities.
That means that we have to build larger und larger devices with
increasingly difficult technical requirements until we reach the
characteristics of practical fusicn temperature, life and stress.,
What is demonstrated in the laboratory is seldom precisely what is
experienced in practical use. That means that bigger and more expensive
and more advanced projects are going to be needed, not only for the
better physics produced but for their assistance in development of

fundamental technology.

Finally, throughout all this technical effort, we've got to
recognize that our efforts are not ends in thewselves, but means to
an end. We've got to take all those steps necessary to be sure that
fusion technology once developed and proven can be applied reliably,
economically, and safely in the larger social and industrial context.
We have to be thinking now that the objective is not the most elegant
technical developmments but the practical application of technology

in a practical environment.
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What I have tried to say over the last half~hour is that there is

vival need ror what we are doing in the fusion community. ‘The wrgency
nd importance associated with cur work will be more obvivus to

the general puvlic and to those in povwer five or ten years I'rom now,
correctly or not, there is a general perceptivn that fusion nolds
great promise. We can consider ourselves very fortunate to have an
opportunity to work in such an exciting field at this crucial time,
But by accepting employment in fusion now we accept & personal

comnitment to something larger than owr own or our leboratory's ends,

Fusion is no longer a scientific curiosity to be explored from
an ivory tower., Definitive results, pro or von, are needed and they
are needed soon. In no area of fusion technology is that more

important than in the two subjects of this Conference.

u
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RADIATION DAMAGE: THE SECOND MOST SERIOUS
OBSTACLE TO COMMERCIALIZATION OF FUSION POWER

G. L. Kulcinski

Nuclea: Engineering Department
Inivérsity of Wisconsin-.
Mudison, Wisconsin 53706

ABSTRACT

The uniqueness of radiation damage associated with 14 MeV neutrons
is discussed in relation to total displacements per atom (dpa), dpa
rate, gas production rate, gas to dpa ratio, and solid transmutation
products. Comparisons are made with both light water and fast reactors
to illustrate that it will be very difficult to use the lattar facilities
to provide information about high power fusion reactors. The one exception
to this statement pertainsto 316 S5 in thermal reactors where the proper
helium gas generation rate is achieved. Examination of the displacement
and transmutation damage with respect to the dimensional, mechanical
and physical properties of metals revealsthat there is very little,
if any pertinent experimental data available. Providing this data will
require a1 massive and time consuming test program that could spread
over a decade or more. Considering the shear number of radiation
damage problems and their magnitude leads one to believe that their
solution will be a major barrier to the commercialization of fusion
power, second only to those problems associated with plasma physics.

INTRODUCT ION

The production of electricity by a controlled thermonuclear reactor
can be one of the most important scientific achievements in the history of
mankind. However, one must also recognize that such an achievement will
require the successful solution of some of the most complex problems ever
encountered by the scientific community. The production and confinement
of a DT plasma will be difficulr, time consuming, and at times, frustrating.
Once that primary carrier 1is overcome, there will be several other
obstacles that must be surmounted before the goal of economic fusion power
can be achieved. These include the successful production, handling, and
containment of tens to hundreds of kgs of t‘ritium in a fusion plant, the

assurance of structural integrity over relatively long periods of time in

I-17
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the face of an extremely harsh irradlation environment, and the engineering
design of systems which are compatible with the resource, environmental

and financial limitations that are facing every country in the world today.
The object of this paper is to illustrate why it is felt that, next to the

solution of the plasma physics problems, the effects of radiation damage

to reactor structural components represent the second most serious obstacle
to fusion power,

Such an exposure of the many materials problems is a colossal under-
taking to say the least and we hope that it is done in a positive sense in
this paper. The main purpose is to insure that scientist:. of all types,
and materials scientists in particular, broaden theilr perspective to con-
sider not only those problems with which they are individually acquainted
with, but also those problems which so often stand between the scientific
feasibility of a particular concept and the engineering feasibility of

that concept.

The format of this particular paper is as follows. The anticipated
irradiarion envircnments of several types of fusion plants are first re-
viewed including the types and functions of warious CTR materials. Next
the displacement damage and transmutation characteristics are discussed,
both as a function of position, and time in typical fusion systems. This
is followed by a brief description of the general types of neutron damage
anticipated in fusion reactors and some observations on state of the art
of experimental data. Finally, the effect of these property changes on
the effective lifetime of reactor components is discussed in terms of

cost, resources, and long term radicactivity problems.

A final point to note is that this work will concentrate on bulk
radiation damage by neutrons and will not be concevned with the surface
damage produced by neutrons, photons, or particles leaking fron the plasma.
This has been amply reviewed in previous (:ont'erences.l—3 Such an
omission should not be construed as implying surface effects are unimpor-

tant, but rather it is a result of the limited space alloted a review of

this type.
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OPERATING ENVIRONMENT FOR VARIOUS FUSION REACTORS
Materials
In contrast to fission reactors where there are perhaps 4 or 5
different classes aof solid materials to worry about (fuel, cladding and
core restraint, reflectors, control rods, and pressure vessels) there
may be as many as 10 in fusion reactors. These general classes are
listed below:
Low Z liners
Electrical insulators
Structure
* Solid tritium breeder material
* Fissile breeder material
* Neutron multipliers
Reflectors
Shielding material
* Magnets

* QOptical systems

The functions of these materials have been reviewed beforel.-6 and we will

only briefly summarize the results here.

Tokamaks may require low atomic weight liners for plasma physics
reasons (mainly to insure that excessive power is not leaked from the plasma
by radiation from impurity atoms).-]-8 Such materials are placed in the
vacuum region between the plasma and the first solid wall and therefore
will be subjected to the most extreme temperature, charged particle,
photon and neutron environments in the reactor. It is importantAthat
“hey st at least as long as the first structural walls in order to

allow some chance for economical commercial operation.

Electrical insulators will be required in all magnetically confined
systems in one form or another and in inertially confined systems (i.e.
E beams). Both mirrors and tokamaks will require fueling systems
(beams or pellets) which will probably rely on electrostatic acceleration.
It will be difficult to shield such systems from the direct bombardment

of neutrons and the associated damage to dielectric properties. Auxiliary
*only required in some systems
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heating in Tokamaks may utilize RF sources which could contain dielectrics
to reduce the size of the wave guides.9 Unfortunately, such wave guides

must "see" the plasma and therefore be subjected to all the radiation
emanating from the plasma. Theta pinch reactors will require electrical !
insulators which can maintain dielectric strengths of up to 100 kV/em
while being pulsed some 3 to 10 million times per year.10 This insulator
must function at temperatures approaching 1000°C while being bombarded
with copious amounts of atomic hydrogen and neutron fluences of up to
1022 n/cmz/yr. Finally, the electrodes of E beam reactors will be subjected
to very high fluxes and the associated degradation of properties has not

been completely appreciated at this time.

The needs for structural vessels which provide vacuum tightness and
are pulsed anywhere from 10 to 108 times per year are fairly well
established and extremely demanding. Reflectors are required for efficient%
neutron utilization and protection of components outside the reactor, ?
Shields are absolutely essential to prevent excessive radiation levels
from occuring outside the reactor and to prevent damage to components

not directly involved in the extraction of energy (i.e. magnets, lasers,

fueling devices, etc.).

Breeding is, of course, absolutely essential for all the D-T systems.
If liquid lithium is not used, then solid lithium containing compounds as
Li,0, LiAl0, or LiSi0, must be utilized.? 1?2 We shall see later that these
compounds have many of the same problems now facing us for fission reactor §
fuels with a few added features which cculd be quite difficult to overcome.
For example, a very large fraction of the total energy is produced in these
materials (normally ceramics) which promotes high temperatures and severe
temperature gradients. In order to avoid large tritium inventories, the
tritium must be constantly removed from the breeder. If radiation damage
and high temperatures iuterfere with the diffusivity and/or the diffusion

path of the tritium, very high tritium inventories could then occur.

The use of solid breeding compounds will almost invariably require ;
the use of neutron multipliers such as beryllium. Ignoring the high cost

per kg of Be and the lack of extensive Be reserves in the world for the
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moment,13 one finds that severe dimensional problems could occur at high
temperature due to high helium gas generation rates, It has even been
proposed to surround the plasma with a blanket containing fissionable
and/or fertile material.14 Presently it seems that the later is more ‘
attractive and this would mean that the assoclated dimensional probleméﬁ
of U and Th compounds need to be considered along with radioactive fission
products and associated safety questlions.

The critical properties of superconducting magnets for tokamaks and
mirrors, and conventional magnets for theta pinches must be maintained.
In the first case, the critical currents, temperatures and fields of
superconducting filaments must not be significantly reduced over long periods
of time by bombardment with neutrons. The cryogenic stabilizers must retain
a low resistivity value to insure safe operation in the event of a quench
in the superconductor. The compression coils of a theta pinch reactor
will be subjected to high neutron fluxes and operate well above room
temperature., Significant transmutation reactions and displacement rates
will result in changes in resistivity over long periods of time. Finally,
one needs to be concerned about non current carrying components of
magnets such as electrical insulators or thermal insulators. Failure of

any of these components could require costly repairs and unacceptable

down times.

The optical systems for laser reactors (such as mirrors and windows)
must maintain extrems dimensional stability (to within a quarter of the
wavelength or ~3000 A) over long periods of time in a commercial system.
Very little is presently known about tne effects of neutron damage on
the surface roughness and the subsequent effects on the efficiency of
pellet compression or, the rate at which implosions can take place. This
area is almost completely lacking in prior information and it is difficult
to even estimate how serious of a problem may be encountered. In the
worst case, the ultimate viability of a laser reactor could critically

hinge on the successful solution of such problems.

An attempt to summarize the preceding discussion has been made in
Table 1 where the potential materials, their functions, operating tempera-

tures, neutron fluxes, and critical properties are listed. A detailed
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Table 1

Materials for Fusion Reactors

Typical Exanples

Austenitic Steels

Zopc

GENERAL
400-650

(AIST 304,316,347,etc.)

Nickel Based Alloys

(PEL6, Inconel, Incoloy,utc. ) 500-700

Refractory Metals
{V.Nb,Mo or alloys)
Aluzainua Alloys
Othar (carbon, $iC)

Be,
Ba0, uzc

L

L1AL

L1A10., 11,0
-

Graphite (Steel)
I.I‘C.Pb.Stul
uzoa,mo
Phenolics
Ge,NaCl,KCl,etc.
GsAs,Cd5s,Cu,T10.
zzozi » » 2

Mylar
Cu, Al

NbT{ NbjSn

Austenitic Steel,
Al Alloye

02, Pudy
v

800-1000

<300
~1000

400~600
400- 1000

300-1000
300-600

600-1500
400-1000

100-300
seecaL

500-800

=270

~100~200

~100

~240-270

-269

-269
=200 to +30

800~1500
<500

ot oimd)” Spectal
14.1 MeV Total Comments
ax10'? 2t
Low L1 Corro-

sion Resistmce

Lov Tensile
Strength
-1 x 1087 110" utgh He Gas
Production
1 x 1087 ~ 1x10' n1gh Gas
Production
4 x 108 a2x10"® uigh He Cas
Prod in €
11 13 . Thermalized
10 0 Spectrus
s x 100 2 x 10 <200 kv/en
6 8 pulsed
10 lo opexration
up to 13 up t Pulsed neutron
4 x 107 2x1084  fluxes and
tesp. loads

varisble variable

-10 ~10
a8~ 108
~10% . 10°
<0f a0
01?10l
108?  apol®

Extrems Dimen-
sional Scabijity
Req. (<3000 A)

High suscepti-

bilicy to gemma
irradietion

Periodic anneal-
ing to R.T. can
remove substan-
tial damage

High Scresees
c2/3 U,)

Temp. Gradients
Gs.a Sweiling



discussion of these numbers is not warranted here because the quantitative
numbers are somewhat design dependent. However, the reader will note the
wide range of conditions and materials involved in fusion systems and

can draw his own conclusions about the extent of the research program to

establish engineering feasibility of CTR reactors.
Burn Cycle and Neutron Flux Effects

One of the most frustrating aspects of this type of analysis is that
there are several potential (at least 5) avenues to fusion reactors and
they all represent drastically different burn cycles. We will try to put
all of these cycles in perspective with respect to the following
quantities (see Table 2).

. time over which neutrons are produced
. time in which damage is done in materiais

. time between burns

The information in Table 2 shows that the neutrons can be produced
in burns which last from 10-9 to 106 sec separated by times of 0.01 to
10S sec. For all systems in which the burn time exceeds the neutron
slowing down time (approximately a microsecond) the damage rate is con-
stant over the burn time. However, in E beam or laser systems, the neutrons
are produced in times much shorter than the slowing down time and
consequently the damage occurs at a relatively long time after the initial

burst of neutrouns.

In principle, the mirror system could run in a steady state so that
precise assessment of burn dynamics is not meaningful. However, it is
unlikely that any system as complex as a fusion reactor could run continu-
ously for more than a month without a mechanical failure which would require
a shutdown of the reactor. Therefore, we have somewhat arbitrarily chosen

3 x 106 seconds as a typical operating time.

The situation for tokamaks is somewhat unclear at the present time
depending on the rate of buildup of impurities in the plasma, or the
amount of flux swing that can be reasonably uncorporated into the trans-
former coils. It is quite possible that if impurity confinement times

are significantly longer than fuel atom confinement times, the D-T burn



Potential

Anticipated
Reactor Neutroa Pulse
Concept Length-sec
Tokamak 100-5000
Micror -3 x 105@
Theta Pinch 0.3
and Solonoids
Laser 1079
E-bean 1077
LWR-Fiesion 6 (a)
Reactor 3x10
LMFBR-Fiasion 6(a)
Reactor 3x1lo

Table 2

Burn Cycles for Various Fusion Reactor Concepts

Time of
Damage pe

100-5000

3 x 10°

0.3

1078

10°°

3x 10

T

Pulse-sec

6

3 x 10°

Time
Between
Burn-Secouds

10-500

-10°

3-10

0.01-1

0.01-1

Number of
Cycles/year
802 P.F.

5000 to 2x10°

10

~10°

10°-10
107-109
~10

~10

Instantanecus 14 MeV
Neutron Flux at an
Ave. 1 MW/m? vall loas

ing over burn cycle(b

~s x 1013

4.5 x 10?

(a) Limited by sechanical failures rather than physics considerations.

(b) Units of n/clzlsec. back scattered neutrons would increase the numbers by
factors of approximately 5.

(c) Max. fluxes core center,

E > 0.1 MeV.
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cycle could be limited to as little as 100 seconds in a reactor. On the

other hand, if the impurities diffuse out of the plasma at a sufficiently
rapid rate, then economic limitations of incorporating flux swings of more
than 500 V-sec may limit the length of the burn to a few thousand seconds

before the magnets would need to be reset.

Theta pinch and solonoid reactors limit their burn times to a few
hundred milliseconds due to a complex trade off between size of the
plasma column, reasonable magnetic fields and rates of field buildup and
assumptions on burn dynamics. It is unlikely that the burn times would
be greater than one second and values of less than 10 milliseconds may be

uneconomical in a magnetically confined system.

1f one assumes that nominally, a time averaged 1 MW/m2 wall loading
is required for economical reactor operation, then one can obtain a rough
approximation of the instantaneous 14 MeV neutron flux (in n/cmz/sec) to
the first wall. This ranges from ~4.5 x 1013 n/cm2/sec for mirrors and
tokamaks to ~4 x 1014 for theta pinch and solonoid reactors, to as high as
4 x 1017 to 4 x 1019 for laser and E beam reactors. Of course, if back
scattered neutrons are included, these values would have to be increased
by factors of ~5 to get total neutron fluxes. We have included typical
values for fission reactors in Table 2, which include all the fast
(E > 0.1 MeV) neutrons. Even if the tokamak and mirror numbers were
adjusted to include back scattered neutrons, we would find that the
total neutron flux is considerably lower than in a liquid metal
fast reactor. However, we shall see later that spectrum effects

alters this picture in ways which are material dependent.

To summarize this section, we cannot state with any degree of
certainty what the burn cycle and neutron flux conditions will be for
the ultimate fusion system. There may be as much as a factor of
106 difference in damage rates not to mention the effect of annealing
time between pulses on the final state of the damage. The best one can
do now is to acknowledge the wide range of possible operating parameters

and adjust research programs accordingly.
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Spectrum Effects

The increased cnergy of the D-T neutron (l4.1 MeV) over those typical
of a fission spectrum makes the quotation c¢f simple neutron fluxes and
fluences of somewhat questionable value for fusion. Not only are there
many more potential nuclear reactions to con"end with (e.g. (n,n'p),
(n,n'a), (n,2n)) but the primary knock on atom (PKA) energy is considerably
higher. An appreciation of the spectral differences can be gained from
Figure 1 where the neutron spectra from a fission reactor,15 a typical
fusion reactor.16 a D-T neutron source17 and a D-Li stripping source1
are given. These numbers are plotted on an absolute scale so as to
reflect the flux level as well as the energy spread of neutrons in these
systems. The fusion spectrum has the traditional peak at 14 MeV followed
by a down-scattered spectrum that peaks over several hundred keV. This is
contrasted to the fission spectrum where the neutrons are emitted with a
mean enérgy of ~1 MeV. Current D-T neutron sources are unable to provide
sufficient backscattered neutrons to cause a significant deviation from
the monoenergetic source while stripping sources such as D-Be or D-Li
provide a broad range of energies which depend on the incident
deuterium energy. For a 33 MeV deuterium on Be the neutron energy varies
from a maximum of ~33 MeV to below 1 MeV with a maximum in flux at

~18 MeV.

The importance of such spectral effects on a few selected nuclear
reactions is given in Table 3 where the spectrum averaged cross section

for the helium gas reactions in metals are listed for a fusion reactor and

a light water fission reactor. This table reveals that the (n,0) cross

section for the metals examined here ranges from 100 to 1000 times higher

in fusion reactors versus fission systems. (This is reversed for Ni con-

20’21) The ratio is even

taining alloys for reasons explained elsewhere.
higher for the (n,2n) reaction in all metals. Such large differences

are partially compensated for by the order of magnitude higher flux in fast
fission reactors, but it is obvious that the magnitude of gas generation

is still much higher in fusion reactors. This is also true for many other

transmutations as we shall see later.
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Fig. 1 - Typical Neutron Spectra for Various Nuclear Facilities

Table 3

Effect of Neutron Spectrum on Helium Production Cross Section

Spectral Averaged Cross Section - milli barns
a

Element LWR CIR
Mo 0.046 4.53
Nb 0.025 2.37
v 0.06 5.24

(c)
31685 ~60 20.4
Al 0.28 32.5

(a) yrir (High Flux Isotope Reactor) core center(lg)

®) tiak-11%) Firer wall

(c) Due to thermal (n,a) reaction in N1-59(20), value here is valid after
one year of exposure.
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The higher neutron energy also produces a considerably different
PKA spectrum as shown in Figure 2. We have used the defect production
code of Gabrisl et al.22 and plotted the PKA energy of Cu atoms in (1)

a light water fission spectrum, (2) a typical CTR first wall spectrum
and (3) a mono-energetic 14 MeV neutron flux. The first point to

note is the large number cf low energy events even in the higher

energy neutron case. The second point is the maximum PKA energy

1s ~500 keV for the fission neutrons and ~2 meV for the fusion
neutrons. The effect of such high energy knock on atoms on

physical processes in metals is not clear at present but

it is conceivable that it could mean increased

resolutioning of fine precipitates, the generation of multiple defect
clusters in close proximity to each other which might be very effective
dislocation barriers or in increased overlapping of displacement spikes.
This question 1s of course of fundamental importance in assessing the
validity of any simulatior scheme,

In summary, it is safe to say that we do not know precisely what
effect the higher neutron energy of a D-T reaction will have on the physical
and mechanical properties of metals at high fluences and at high tempera-
tures. The increased transmutation rates and the higher PKA energies are
not easily incorporated into present radiation damage theories and it would n
be surprising if future experimentation produces a few "surprises" in
materials behavior like those of fuel pellet sintering and voids discover-

ed Iin fission reactors.
Spatial Effects of Neutron Fluxes

At first glance one might think that the neutron flux and energy
spectra vary only with distance into the blanket and shield measured
perpendicular to the plasma. In fact, this is probably true for laser and
mirror reactors which are generally spherical in geometry. It may also be
true for theta pinch reactors which are either cylindrical or toroids
with a very large radius of curvature. However, the small aspect ratio of
tokamaks, the fact that the center of the plasma may not be the geometrical
center in the toroid, and the fact that the plasma may not be completely

circular all combine to produce a complex flux profile in tne noloidal

1

TNV
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23,24 A typical example is shown in Figure 3 where the wall

direction.
loading* is given as a function of poloidal angle inside the cross section
of a torus for the UWMAK-III reactor.25 In this particular example
(except for the divertor slots), the maximum to minimum wall loading is

~2 and the maximum to average ratio is 1.2. Such a variation is further
complicated by a back scattered neutron spectrum which also varies around

the poloidal direction.

The investigation of toroidal neutronics effects is rather new at this
writing but it seems certain to complicate matters for damage predictions
in tokamaks. We shall see later that severe displacement damage and
transmutation gradients will exist in 3 dimensions throughout blanket
structure, This is in contrast to essentially 1 dimensional effects
in spherical and cylindrical geometries. The analysis of such damage
structures in tokamaks will also be more difficult than in fission reacto-

cores where there is generally a 2 dimensional geometry.

DISPLACEM:NT DAMAGE CONSIDERATIONS
A somewhat imperfect, but more reasonable way of comparing the
potential damage rates in fission and fusion reactors is to calculate
the theoretical fraction of atoms displaced per unit time cf exposure
in the irradiatijon environment. This unit, called the dpa for
displacements per atom, does not include transmutation effects or the
amount of spontaneous and thermal recombination of the point defects.
However, it does account for the probability that reactions will take
place initially and the amount of energy which will eventually be trans-—
ferred to the lattice atoms in nuclear encounters. Several authors have
. reported displacement cross section£2’26-%%d we have plotted some
representative values in Figure 4. Note that 14 MeV neutrons have damage
energies which are ~4 times those of 1 MeV neutrons and that the
absolute magnitude of the dpa cross section for heavy elements differ by .
less than 207%. The situation fir the low Z elements (e.g. C, Al) is some-
what different in that there is relatively little difference between 14 MeV

and 1 MeV neutrons with respect to dpa values. This results from the
13

*Defined here as the uncollided 14 MeV neutron flux/4.43 x 10 n/cm2/s.
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predominaace of low angle scattering and the low threshold for ionization
losses in these elements., Such an effect means that, neglecting the spatial
distribution of defects on a microscopic scale and transmutations, 1 MeV
neutrons are nearly as damaging as 14 MeV neutrons and fission -reactors

probably make good simumlation devices for displacement damage in low Z
elements.
Coupling the dpa cross sections of Figure 4 with the neutron spectrum

from a low aspect tokamak reactor like UWMAK-TTI 2& we can illustrate the
macroscopic spatial distribution of damage in a tokamak reactor. The
poloidal variation of dpa damage in the outer blanket is shown in Figure 5
and the variation in dpa with distance from the front wall is shown in

Figure 6, Note that the maximum to average dpa values are close to, but

not quite the same as the uncollided neutron flux due to the spectral

effects mentioned earlier. It is also shown, in Figure 6, that the varia-
tion in dpa rates in the inner and outer blankets are different due to
geometric consideration and different materials in each blanket of UWMAK-~III.
Note that displacement damage is reduced by ~100U in 120 cm of blanket and

reflector regions.

Another use of dpa calculations has to do with the calculation of
the damage rates in various fusion concepts. For example, we know that
the dpa rates in tokamaks are ~10_7 dpa/sec per MW/m2 and roughly the same
for mirror reactors. However, the instantaneous dpa rates in a theta
pinch are ~10 times higher, and those in a laser system are ~106 times
higher. This situation (and the variation thoughout a ~1 meter blanket
model) are summarized in Figure 7 for 316 SS. The displacement rates in
the EBR-I1 reactor are also included in Figure 7 and it can be seen that
they are higher than all of the values for the tokamak but actually an
order of magnitude lower than those in theta pinch first walls and 5 orders

of magnitude smaller than in laser (or E beam) fusion reactor blankets.

The effect of damage rates on physical processes such as void forma-
tion, creep rates, fatigue, etc.,is not very well known at the present time.
It can be dangerous to think that one is simulating pulsed damage in a
fission reactor which can in fact produce the desired total dpa levels but

only in a steady state fashion. We should be sensitive not only to the
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. 5
fact that some instantaneous dpa rates in fusion reactors are 10 to
6 .
10" higher than in fission reactors but also that some are actually
a factor of 10 or more lower. (i.e. tokamak blankets, shields, magnets).

Recent theoretical workzg"31 shows that not only does the rate of

producing damage alter such phenomena as the nucleation and growth of
voids but these phenomena are also quite sensitive to the downtime
(annealing time) between pulses. At the present time, there are no
acceptable facilities in the world to test even the most simple of the
rate theories, let alone try to incorporate the effects of the tl::rmally
induced stresses. The laser and E beam reactor concepts are the ost
vulnerable in this respect and a whole new field of radiation dama,e

theories need to be developed for these concepts.

TRANSMUTATIONS

Because of the higher neutron energy in D-T fusion reactors there
are a much larger variety of transmutation reactions which can take place
than in a fission spectrum. We will first explore some typical trans-
mutation rates in potential CTR materials normalized to 1 MW/m~ wall
loading, then comment on how the transmutation and displacement damage
is related and finally show how the reaction rates might vary with position
in a fusion blanket.

There have been several comprehensive studies on the production of
gaseous and non~gaseous isotopes in CTR materials,12’16'21’23’32’33
We will try to sumarize those results: for both categories here and place
them in perspective to the problems at hand. It is fairly well
accepted that gaseous atoms, in particular, helium, present the greatest
problem to the long term mechanical integrity of metal components., We
have listed typical helium production rates in Mo, Nb, V, Al, C, and
315 SS in Table 4 for both a 1 Mw/m2 CTR spectrum and in a thermal
‘fission reactor core. It is evident from this table that evun at modest :
wall loadings, tens to thousands of atomic parts per million of helium
can be produced per year of operation in fusion reactors. Such rates ;

are 20-200 times higher than in fission reactors. We shall see later

PHCRPYRIN

that at high temperatures (-0.45 to 0.5 Tm) even a few parts per million

of helium can significantly reduce the ductility of metals such that safe

WL Ftarra it
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operation can no longer be assured. Therefore, aside from corrosion,

it is reasonable to assume that the upper temperature limit for scructural
material will be limited by this type of embrittlement and those metals
which produce the greatest amount of helium will have the shortest lives

in a reactor if operated at the same high temperature limit.

Onc point which is often neglected in this area is a consideration of
the contribution of impurities to the gas generation, especially if those
impurities are low atomic numbers with low coulomb barriers (e.g. 1i, C,
0, N, Al, Ti). This effect can be amply illustrated by three examples:

. Pure Nb versus Nb + 2000 wtppm oxvgen
. Pure Al versus Sintered Aluminum Powder (Al + Al,03)

"Ppure' 316 stainless steel and a commercial grade alloy.

The helium production rates of these six systems in the same neutron flux
are given in Table 5. Such calculations reveal that in a metal like Nb,
where the annual helium production is only ~24 appm/yr, the addition of
2000 wtppm oxvgen (presumably by contamination) could increase the helium
production rate by 507%. Vanadium would be somewhat less sensitive to this
vffect because it has a higher intrinsic helium production rate (but
probably the same contamination potential). The addition of oxvgen to
aluminum has a significant strengthening effect but the cxygen is also a
potential helium producer and actually contributes twice the number cf
helium atoms than would the aluminum atoms it replaces. Even in a relatively
complex alloy like 316 SS we find that normal commercial impurities can
increase the helium production rate by ~10-157%Z. It is also worthwhile to
point out that there is another source of helium in fusion environments,
that 1is, the decay of tritium absorbed into the structural material. A
brief example will illustrate this point. Table 6 lists the helium
produced in two positions of a fusion blanket at 1 MW/mz, the solubility
of tritium at a typical operating temperature, and the amount of helium
produced by the decay of that tritium. It is evident from this type of
consideration that Nb and V are very susceptible to helium embrittlement
in the absence of neutron irradiation and such a phenomena may pose a
serious problem for ex-~reactor components such as heat exchangers which

presumably would never "see' a neutron.



Effect
Helium

Table 4

Helium Production Rates in Various
Potential CTR Materials

g_ppm/year(a)
Fusion (®) Fission (e
Mo 47 2
Nb 24 1
A 57 0.3
Al 330 8
316 S8 210 5
C 3000 34

(a) 100% P.F., See Reference 21.
(b) UWMAR-I Spectrum (16), 1 MW/m?.

{c) EBR-II Spectrum (15).

Table 5

of Alloying Elements or Impuritiés on the
Production Rates in Selected CTR Materials

appm He/year

System ar 100% PF apd 1 Mu/my
Nb 24
Nb + 2000 wtppm O 36
Al 365
SAP(10 Wt 7 A1203) 410
316 SS (pure) 210

316 SS (commercial) 235



It is now appropriate to consider the relationship between helium
gas and displacement damage because it is not a function of flux (with
the exception ¢f Ni containing alloys) but only of neutron spectrum.

A convenient method of assessing this relationship is to quote the ratio
of gas atoms produced divided by the number of displacements produced in
the same unit of time. Such a ratio is given in Table 7 for a fast
reactor, a thermal reactor, a 14 MeV neutron source, a D-Li stripping

source, and the first wall in a fusion reactor.*

The data in Table 7 is very important to consider when one is analyzing
data from non-fusion facilities. The synergism between helium and dis-
placement damage is not well understood, but it is well established. For
example, high helium contents can increase swelling at the same dpa level
especially at high temperatures.34 It is known that voids do not even
form in some metals during ion bombardment unless helium is present.

It is also known that helium introduced by the tritium trick does
have a greater effect on the mechanical properties as does helium
introduced along with some displacement damage.36 Therefore, it is
extremely important that experimenters who propose to simulate CTR
damage in non-CTR devices take this synergism into account before
making any conclusions about the viability, or lack of viability of

CTR materials.

One last point to make on this ratio is that it will change as a
function of distance in spherical and cylindrical geometries and in a
poloidal sense as well for tokamaks. This is illustrated in Figure 8a
and 8b where we have plotted the appm He/dpé ratio for Mo through a
typical blanket. Note that even at 100 cm from the first wall the
helium tc dpa ratios for a fusion device are much higher than in a
fission reactor. (Figure 8a and Table 7) An additional feature in
the fact that this ratio can vary by a factor of 2 or more as one
progresses around the poloidal angle of a tokamak reactor. Hence,
the designer is going to be faced with a very complex damage situation

which will require data at not only various temperatures, stresses,
24

* We have chosen the tokamak, UWMAK-III, for this comparison.
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System

Nb - 1lst Wall
-20 cm from 1st Wall

Mo - lst Wall

V - 1lst Wall
~20 cm from 1lst Wall

Al - 1st Wall

316 SS - lst Wall

(a) For typical neutron spectrum - UWMAK-I

Table 6

Effect of Absorbed Tritium on the Helium
Production Rate in Fusion Reactors

Typical Ave. appm He/yr
appm He/yr( ) Operating from Ty
Neutronic ‘2 Tem . °C decay

24 800 23
10 800 23
47 800 < 0.01
57 600 11
23 600 11
365 200 <<0.01
210 500-600 <0.1
(16)

)

Total
appm He/yr

47
33

47

68
34

365
210

(b) Assuming wall absorbs the tritium-to its solubility limit at the average
operating temperature.

System
Nb

v
Mo
Al

31688

{a) BNL-20159, July 1975

Table 7

Calculated Helium Gas to Dpa Ratio
for Various Nuclear Systems

appm He/dpa

LWR
(HFIR)

0.073
0.009
0.012
0.31

95 (c)

{(b) Ref. 24
{c) Ref. 21, after 1 year of irradiation

LMFBR 14 Mev Neutrons D-Li cr (b)
(FFTF) (RINS) (aNL) (a) 1st Wall
0.033 5.4 2.5 3.3
0.004 9.7 4.9
0.05 5.8
0.11 63 24
0.096 36 21
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cooiant environments, and damage levels, but at various ratios of gas
atom production to displaced atoms. This will undoubtedly increase the
cost of research and number of specimens that need to be examined before
one can achieve the same level of confidence about a material's perfor-

mance that we currently have about materials in fission reactors.
So0lid Transmutation Effects

This is a very difficult area to treat in a limited discussion and
the importance of such transmutations are just now being discovered.
The calculation of the transmutation rates is a tedious procedure
involving complex multiple reactions and decay chain considerations.
However, Sung and Vogelsang38 have devised a reasonable calculational

procedure and we will quote a few of their results here.

Table 8 lists the largest transmutation rates of the host
element to a different element in units of appm per year per MW/mz, or
amys for short. The major problem for Nb is the production of Zr at
the rate of 700 amys. This element has a maximum solubility over the
full operating temperature range of approximately 10% which could pre~

2
sent problems if the neutron exposure exceeded 140 MW-yrs/m .

There are no serious problems with Mo except for perhaps Tc-99. The
phase diagram for this system has not been established and should be

investigated before any long term use of Mo is contemplated.

The generation of 8i in Al could have serious consequence once the
2 .
neutron exposure exceeded 2 MW-vrs/m . After that fluence, the Si would

precipitate and could cause the aluminum to be brittle.

Finally, there does not appear to be any solubility problems for 316 SS
but the generation of Mn, V and Ti might cause slight changes in the
mechanical properties of the steel. The behaviour of this alloy is so
complex that is is difficult to anticipate what effects such changes
will have but experimental studies would not be difficult to perform on

unirradiated 316 SS.
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The synergistic effects of displacement damage, gas atom production
and solid impurity atom generation need more careful study. Simple phase
diagrams produced under equilibrium conditions may not be applicable to
the irradiation state of a fusion reactor. If this is so, we had better
know this well in advance of committing large sums of money to develop
any particular metals industry (i.e. Nb or V) specifically for the produc-

tion of fusion power.
SPECIFIC PROBLEMS ALREADY IDENTIFIED IN DT FUSION REACTOR DESIGNS

It will not be possible to discuss, in this paper, all of the pro-
blems related to bulk radiation damage that have been identified thus far.
However, we will attempt to mention what we think are the most important
problems and try to show how they may effect the normal operation of a
fusion plant. It is convenient to discuss them in three separate groupns;

dimensional stability, mechanical properties and physical properties.
Dimensional Stability

As with most complex devices, close tolerances and high quality
assurance will be required to assemble a fusion reactor. Once in
operation it will be important that these dimensions are closely maintained
for vacuum tightness and to prevent the generation of unreasonable stresses.
Because of the sheer size of fusion devices (i.e. 1-2 square meters of
surface area for every Mwe generated) even small percentage changes can
result in large dimensional variations. In the UWMAK series of tokamak
reactors, one finds that a 0.17 dimension change on the outer blanket
structure can result in a 10 cm change in circumference. While the
structure would have to be built to accomodate such strains (which might
easily be imposed by thermal expansion) it is obvious that additional
expansions or contractions, which may be a function of time, will be

extremely difficult to predict, accomodate, and control.

Swelling Due to Voids

There is one major dimensional instability associated with metals
when they are irradiated approximately 25-557 >f their melting pecint.
The generation vacancies at temperatures above which they are mobile and

the preferential absorption of the associated interstitials at dislocations



1-42

produces a situation where the vacancies become highly supersaturated

and tend to precipitate into voids. The metals then decrease in density
with the net result that significant swelling can occur. Values up to
50% have been reported for stcels. This phenomena is rather general as
shown 1in Table 9 where we list some of the materials in which voids

have been observed. Unfortunately, Table 9 includes all the potential
CTR materials proposed for fusion applications so that one must prudently
plan on some limited swelling if the irradiation temperature is high
enough and if the damage level exceeds a few dpa. The exact magnitude

of swelling to be expected may be found elsewhere from fission neutron

39,40 and in many papers of this conference. The basic questions

studies
for fusion reactor designers with regard to voids in metals are the
following:

. What level of uniform swelling can be tolerated without compromising
the vacuum integrity, or causing the flow of coolant to be reduced?

. What level of non-uniform (remember the dpa gradients) swelling can
tolerated in a fusion blanket without compromising the safe opera-
tion of that reactor?

. What effect will high helium generation rates have on the data
already obtained from fission reactor studies?

. What effect will lower (tokamak and mirror reactors) or higher
(theta pinch, E beam, or laser reactors) dpa’rates have on the
nucleation and growth or voids (compared to fission reactors)?

. What effect will periodic "anneals' between burns have on the
resulting microstructure?

. What effect will the solid transmutation products have in the
formaticn of voids?

and finally,

. What effect will stress and/or the cyclic application of stress

have on the resulting propensity to form voids?

None of the above questions have been satisfactorily solved or even
addressed in some cases. Such gaps in our knowledge will be very costly

and time consuming to fill.

ALt standr e v
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Table 8

Major Chemical Changes in CTR Materials
Due te Transmutations

appm Approx. At, %
Tranmueat ion Yrodw/m Solubility at 0.4 Tm
My 400 4
Si 40 0.006
Mn 1200 60
\ 200 20
Ti 50 ~3
Cr 130 S. Soln
Ti 80 70
Zr 700 10
Tc 400 ?
Ru 30 ?
Table 9

Metals and Alloys in Which Neutron-Produced
Voids Have Been Observed After High
Temperature Irradiation

Pure Metals

Al
Cu
Fe

Ni

Alloys
2024-A1, 6061-Al,

304, 316, 321, 347, 348 Stainless Steel
NiAl, Ni-Cu, Incoloy, Inconel

V-Ti, V-Cu-Ti

Nb-1Zr,

TZM, Mo-0.5 Ti



Swelling Due to Gas Bubbles

The generation of insoluble gases (in this particular case, He)

inside of metals at high temperature has been known to promote bubble
formation and dimensional changes associated with that phenomena.

This is not too serious in most metals (except for perhaps steels and Al)
because the amount of gas generated is relatively low. On the other hand,
there are certain materials which have been proposed for non~structural
applications in fusion devices which could have serious problems with
bubbles. Some of these include, Be, B,C, C, and Li compounds such as
Li, 0, LiAl0,, or LiSiO

2 2 2 .
rate in these materials at different positions in a typical fusion

4
for example. Table 10 lists the helium generation

blanket. The important points to note are the very high helium generation
rates, several thousand to >15,000 appm per year at the first wall.

The B4C is unlikely to be that close to the first wall except in special
"burner" designs so that values at approximately 100 cm are more appropriate
Even at that spacing, several thousand ppm of helium would be

generated per year of operation.

The effect of such high helium contents on the dimensional stability

can be estimated as a function of bubble size and temperature from the

following expression

W, _ kT
v % =100 N [2Y + b]

o

number of gas atoms cm

bubble radius

where

1]

temperature

Boltzmann constant

N
r
T
k
Y surface energy
b

Vander Waals constant

Oné can get an idea of how serious this problem might be by calculating
the swelling in LiAlO2 after one year of UWMAK-II exposure. Figure 9
shows that even if the gas atoms collect relatively few vacancies,
swelling values of ~10% might be the characteristic after 1 year. Since

LiAlO2 is not a structural component but rather contained in cans, a
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Table 10

Summary of Helium Production Rates in
Non-Structural CTR Materials

appm/year for 1 MW/tn2 Wall Loadiﬂg(a)

Material
Be 3050
C 2760
BAC 3600(b)
LiAlO 15,500

(a) Use UWMAK-III Reactor, 100% P.F., Baximum
(b) In Shield 100 cm from First Wall

200
100

10

7% SWELLING

| YEAR-UWMAK I

0.2 l l
10 100 1000 10,000

BUBBLE RADIUS -A

Fig. 9 - Calculated Effect of Bubble Size Temperature and Irradiation
Time on the Hellum Gas Induced Swelling in LiAlO2



reasonable amount of dimensional instability can be tolerated. Values of
10% are not unreasonable but values of 50% may be out of the question.
Such a consideration and the desire to achieve at least a one vear life

lifetime limits the maximum size bubble in the mate.ials to:

Calculated Bubble Diameter Limig for
1 year life and 50% swelling ~ A

Be 10,000
B4C 8,000
LiAlO2 2,000

Previous studies in Be detected bubbles of up to 20,000 ; in dia. at
600°C and ~100 appm He.41 Therefore, it appears that the use of Be, LiAlO2
and perhaps carbon near the front walls of a D~T power reactor should be
closely scrutinized. Even using B4C closer than about 80 cm seems
unadvisable above 700°C,

Dimension Change Due to Sintering

This effect would occur in CTR components which are formed by powder
metallurgy techniques such as solid lithium compounds
or BAC‘ The main point here is that irradiation promoted sintering
could initially reduce the available void cpace before gas bubble swelling
takes place. A classic case of this phenomena is the sintering of ceramic
vo, fuel pellets causing a shortening of the fuel column in 2 LWR and
nv;ﬁrually allowing cladding collapse due to external pressures., Similar

sroblems might arise in CTR's, especially if high pressure helium is used

as a4 coolant.

"o irradiation induced sintering also may obviate the low tritium
tivat c - advantage that solid Li compound breeders appear to have.
Parig '+ the low diffusivity that tritium has in these compounds, they

;. .. hricated with extremely small particle sizes (~tens of microns in

di... ;ter) to reduce the diffusion pach (L) the surface from where it can be

~

) A g e
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collected by a carrier gas. The design philosophy is evident from the

following equation
2

Tritium inventory < BYTT

Due to the low thermal conductivity of Li ceramics the temperature profile
in a breeding rod (or spherical particle) can be approximated by a parabola.
(See Figure 10). When the temperature is high enough for T2 diffusion.

then there is also a tendency for sintering which increases the diffusion
path. Hence, it is not clear how the inventory might change (increasing

or decreasing} with temperature.

The major questions (aside from gas induced swelling) that materials
scientists must answer with respect to solid breeders are:

. How does a large temperature gradient effect the overall tritium
inventory?

. What effect will irradiation have on the sintering rate at high
temperatures?

Other questions which need to be answered include,

. What happens in a pulsed reactor during the short, intense pulses,

or - What sort of shock resistance is req.ired to prevent

fracturing?
Growth
With the increased use of carbon in D-T fusion reactors for (1) impurity
8 -
control, (2) radiation damage reductixnﬁ3 45 (3) and neutron refiection,

it is important to understand the nature of irradiation induced growth
mechanism in that material. There have been several reviews on the effects
of fission neutron irradiation on the dimensional stability of graphite?6_47
and even a few assessments of how this data might be translated to fusion
reactoré&s-so In general, neutron irradiation of carbon at elevated temp-
eratures initially causes some shrinkage followed by expansion which eventu~
ally approaches a 'run away" rate. Some typical data on nuclear grade
graphite 1s shown in Figure 11. The purpose of calibrations, 1.4 x 1021

n/cm2 (fission) is equal to 1 dpa. This figure shows that useful lifetimes



1-48

TYPICAL TEMPERATURE PROFILE IN LIAIOp
AND POSSIBLE EFFECT OF SINTERING
ON TRITIUM INVENTORY IN UWMAK~I (12)

100 0-¢ Di'zlnivily
Tec Iggg -7 ulaz/s
800 10-¢
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are typically 10-20 dpa at high temperatures (1000-14000C).

Figure 12 shows the present status of experimental data from fission
reactors. Also included in that figure are damage-temperature regimes that
might be required for reflectors, plasma shields, or neutron spectral
shifters. Note that current fission data (available from fission
reactor graphite) is sufficient to almost cover the needs of the reflectors,
However, only limited data is available {or 1200-1400°C carbon curtain
concepts (roughly 2 years of equivalent dpa levels) and there is no data
available for the very high temperature ISSEC concepts.43—45 Such informa-
tion must be generated before these ideas can be implemented into real
reactor designs. Intuitively, one might think that as the irradiation
temperature is raised above 1300°C the increased annealing would reduce
the residual damage. However, a recent paper by Van Den Berg et al.51
suggests that such a trend wmay not be correct and in fact they are increasing
damage rates up to 1400°C. These results are at odds with thLe data in
Figure 11 and the bulk of previous studies on graphite. Therefore, care-

ful research is needed to understand this mystery.

It should also be stressed that form of carbon used for fusion reactors
may be considerably different that those tested for fusion reactor applica-
tions. Carbon cloths,8 and three dimensional weaves,8 and solid carbon
walls43—45’52 have all been proposed. The reactions of these forms of
carbon to high temperature neutron irradiation may be considerably differ-
ent than for fuel particle coatings (pyrocarbons), or anisotropic graphite
extruded forms. A whole new irradiation program will bc required to
address these materials and methods (which are largely.unknown now) must
be found to correctly simulate CTR conditions until suitable CTR neutron
test facilities can be built.

Mechanical Property Changes that Could be Important in
CTR Materials

This is again one of those areas wich is extremely difficult to summa-

rize in the limited space available here. To be complete one should cover

irradiation effects on such prcperties as,
yield strength
ultimate strength
total elongation
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uniform elongation

ductile to brittle transition temperatures
fracture toughness

creep

fatigue

While all of these properties are important, we will try to briefly relate
uniform elongation, creep, and fatigue to the performance of a fusion

reactor.

Ductility
It is absolutely essential that any massive structure such as a fusion

reactor have the ability to absorb a certain amount of strain energy with-
out plastic yielding or fracturing. This will be required to offset thermal
expansion between burn cycles, finite amounts of non-uniform swelling,

or simple fabrication defects. The fact that the reactor will be extremely
radioactive and therefore inaccessible except'for remote techniques and the
high cost of having a whole power plant off the line because a single compo-
nent failure means that the designers will need as big a "safety margin"

as possible to keep the plant running. It is not easy to establish what
that margin will be until a very detailed reactor design is available.
However, we can take some lessons from the LMFBR prcogram where it is
determined that when the properties of the fuel cladding are degraded

such that more than 0.4% strains will exceed the uniform elongation limit,
then the component must be changed. It would be naive to simply assume

the same limit applies to say a first wall of a fusion reactor which must
maintain absolute vacuum tightness over a 1000 m2 in the face of

changing magnetic fields, temperatures, flow rates, damage rates, and
environments. The probabilities for failure are greater and the time
required to correct the fault will be longer in fusion reactors than that re-
quired to pull out a defected fuel element in a fission reactor. Intuitively,
we would expect the design limit of a fusion reactor would be much more
liberal than for a fission reactor, perhaps as high as 1% uniform elongation,

but no one can say with certainty what it might be today.

There is only one metallic structural material for which we have
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enough data to estimate what neutron irradiation at elevated temperature
might do to the uniform elongation. That material is 316 SS. There is
fast reactor data up to ~10 dpa (only a few appm He) at temperatures up

to 650°C, This data is plotted in Figure 13, It can be seen from this
information that operation up to ~20 dpa would result in U. E. values of
~0.5%. This is hard data (without the appropriate helium however) to show

that the 1% limit would be reached in only a few years of 1 MW/m2 exposure.

A very fine experiment has been conducted at ORNL to establish the
effect of very high helium (“~several thousand appm), high dpa (up to ~90)
and high temperatures (up to 650°C) on the uniform elongation of 316 SS.53
These results are displayed in Figure 13 alsc. Urfortunately, the data
shows considerable scatter with some data points predicting 0.5% ductility
at He levels of <50 appm He at 575°C and others showing the same or better

ductility at ~90 dpa and 6000 appm He. Therefore, it is difficult to
establish a definite wall life unless one were to use the most pessimistic
data. Such an approach would yield 2~3 months life in a reactor like
UWMAK-IT. If one uses the 1% U. E. design limit, then the situation
becomes much worse. In fact, it is quite possible that the wall life
would be<2 years even with the optimistic data. Above 650°C there

is essentially no ductility remaining after 90 dpa and 6000 appm.

The whole point of this exercise is to point out again that the high
helium generation rate will probably place an upper temperature limit on
the first wall life irregardless of the corrosion or straight creep
behavior of the material. Secondly, it says that even for the only materiaﬁ
we have data on, the choice of design limit can oaly change an impossible
situation (wall life <2 months) into a difficult one (wall life of only

a few years) depending on the assumptions of tolerable ductility.

No such information on high helium contents exists for the other
engineering materials (Al, Mo, Nb, V, etc.) because there is no correspondiﬁ
quirk of nature such as the large thermal (n,0) cross section for Ni-59 in i

20
the other metals. Therefore, we must again come up with, as to now, unknd

techniques for testing these materials to provide a back up for the only

v AL 2y 008 i 52743



material on which we have some high helium content data. It is not a very
comnfortable position to be in and could require a great acceleration of the

construction of D-T neutron source facilities in order to solve the problem.

Potential Creep Problems in D-T Fusion Reactors

As with any new energy source, fusion must demonstrate, among other things,
that it can produce energy cheaper and with less envirommental impact than
fossil fuels and fission reactors. The desire for high efficiency normally
means high temperatures and each new deéign of a fusion reactor pushes
its structural material to the stress limit. It is well known that the
combination of high temperatures (close to half the melting point) and
high stresses will cause materials to plastically deform over long periods
of time. It has also been recently demonstrated that a superposition of
neutron irradiation can increase the deformation (creep) rate over the
thermal values. 24 Hence, all three ingredients required for gross
deformation are present in a fusion reactor blanket and we should expect
that creep rupture lifes of candidate materlals will have to be further

lowered over their unirradiated values (Fig. 14).

Bloom and Wiffen >3 have found that creep rupture lives of 316 SS were
reduced 507% compared to their non-irradiated values and there is no particular
reason to expect that this would be different with the refractory metals.
Therefore, if we want to have at least 2 year wall lifes (~17,000 hr) then
stresses should be <10,000 psi in stainless steel. When appropriate
safety factors are included (i.e. factors of ~2) then it is questionable
whether a material like 316 stainless steel can withstand the thermally

induced stresses in the first walls.

Even if the first walls and coolant pipes did not rupture, deformation
of 0.5% may significantly complicate the maintenance procedures. For
example, current reactor designs rely on periodic changing of the first
walls due to radiation damage. This requires that modules can be easily
removed and replaced remotely. A 0.5% shape deformation (e.g. 5 mm in a
1 meter long panel) may cause fir:t wall panels to “stick" or make insertion

of a new one an impossible job.
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Since, at the present time, there is absolutely no irradiation creep
data during 14 MeV neutron bombardment of any material, one must -ask the
following questions and set up research programs to answer these questions.

. What will be acceptable creep levels in tokamak, mirror, theta pinch

E beam and laser reactors?
. What is the effect of dpa rate (from ~10—7/sec steady state to
~107°

creep rate in potential CTR metals and alloys?

-1
and 10 "/sec instantaneously in pulsed systems) on the thermal

. Will the high helium generation rate associated with fusion
significantly reduce the creep rate in metals?

. What effect will solid transmutation products have on creep rates?

. How much of a safety factor ought one apply tc¢ creep-rupture lives
(cnce they are determined) for fusion reactors materials where down
times to replace failed components could be much longer and more

expensive than in fission reactors?

One last comment on the generation of data to answer the above
questions. It is relatively worthless to spend a great deal of money on
post irradiation creep studies. Of all the critical mechanical propertics,
this one should be measured in-situ. Unfortunately, there are very few
fission reactors where even one position in the core is
instrumented to perform such tests. The costs of capsule design and
associated equipment is also quite expensive such that the cost per data
point is truly enormous. A successful irradiation creep study program needs
first of all a realistic neutron source (there are none at this writing
except for perhaps thermal neutron reactors for Ni containing alloys),
secondly, large sums of research money (a million dollars for a capsule
associated equipment and personnel for a few months of testing of one
material is not unreasonable), thirdly, yecars of time are required to
cover all the experimental conditions and materials. Such a program
has not even begun as of 1975 and may represent a severe bottleneck to high

power reactors (e.g. FERF or EPR) operation in 1985.



Fatigue, Perhaps the Achilles Heel of Pulsed Fusion Reactor Concepts

Fatigue, like creep is recognized by everyone as a potential problem
for fusion reactors. Unfortunately, we know even less about the basic
mechanisms of fatigue and the effect uf irradiation on it than we do about E

creep, and there is even less data.

It is fairly clear where the fatigue problems stem from in tokamaks
(5000~10,000 pulses per year), theta pinches (2-3 million pulses per year)
or laser and E beam reactors (30-300 million pulses per year). These
stresses and strains are inherent in the plasma physics of the concept
and only the mirror has the potential for relatively steady state
operation. Unfortunately, the quantitative stress and strain cycles for thes
reactor concepts have not been clearly defined so a detailed analysis of

this problem can not be made today.

Finally, the data for fatigue lives shouvld come from in-situ tests
or tests which closely resemble the operating conditions of particular
reactor concepts. Such tests will again be costly, time consuming and
difficult to simulate using non~-fusion neutron sources. There is very
little LMFBR or LWR data to build cn here in contrast to the case for
creep, ductility, void swelling, growth, etc. Theoretical background
is almost completely lacking and standards for conducting and assessing _
irradiation fatigue tests are largely unknown. In short, there is a long %
way to go in this area and lack of success in it could prevent some fusion §
concepts from ever surpassing the proof of principle phase. %

Some Physical Properties of CTR Materials that D.nund :
on Radiation Damage ' %

Most all of the physical (and thermal) properties of CTR materials willg

rhange somewhat because of 14 MeV neutron bombardment. However, only a

B AR B e

few of them have been identified as significant (perhaps because only a
few have been investigated with fission neutrons, let alone 14 MeV neutrons.;
We will make only a few comments here and fully expect that research in '

the next few years will uncover new problems and perhaps some solutions.




Electrical Resistivity

This property is mainly important for insulators and only of marginal
importance for metals. A comprehensive review of the state of the art has
been recently released >6 and concluded that (1) there is a general lack
of data on in-situ resistivity changes for fission neutron bombardment
and a complete lack of data for 14 MeV neutrons. (2) Isotropic crystal
structures seem to be less susceptible to property degradation then
highly anisotropic structures, (3) rate effects have not been established
and (4) no information is available on the effects of high helium contents

or generation of solid transmutation products.

Electrical insulators are absolutely necessary for theta pinch
reactors to prevent excessive power loss in the first walls. Mirrors
and tokamaks also will require insulators for neutral beam injectcrs
or pellet injectors. It is not clear how much of a neutron exposure
these insulators will experience because there may be a possibility of
some shielding or placing line of sight insulators far back into the
blanket where they would intercept a relatively small solid angle. There
may be another insulator requirement for tokamaks if they use RF heating.
Filling the wave guides with dielectrics can significantly reduce their

size but such effects as high temperature gradients in thick insulator

blocks remain to be investigated.

The field of irradiation effects on dielectrics by high energy neutrons
is not very well established or coordinated, certainly not at the level
required for full fusion reactor development. Theories are essentially
non-existant for the effects of helium (important because most insulators
contains oxygen which has a high (n,a) cross section) on the dielectric
strength. Lack of appropriate neutron sources and in-situ facilities

greatly hamper a successful program in this area.

The electrical resistivity of metals is important in that one would
not like to have large power dissipations in the first walls of tokamaks
or theta pinches during the burn cycle. This is also true for the walls

of waveguides in RF cavities. There is littie high temperature-high
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fluence resistivity data available from fission facilities and again, none

from higher neutron facilities. Moteff et 31.57 have measured the post
22

radiation resisitivty increase in Mo irradiated to 10 n/cm2 at temperature

from 400-1200°C, 1t was found that at that exposure level, the irradiation

induced resistivity increase was <1 micro-ohm~cm which is <3% of the

electrical resistance due to thermal vibration at 1000°C. Hence, it appears

that the production of voids and dislocation loops at these exposures does

not cause an unmangeable resistance increase.

One word of caution before we leave this area, the electrical
resistivity of metals at high temperature should be subject to transmuta-
tions and these are not adequately simulated by fission neutrons. Doping
studies (in the absence of irradiation) may help understand these effects.

Radiation Damage to Superconducting Magnet Materials
This problem, which is peculiar to fusion, luckily is solvable by

increased shielding in the case of tokamaks and mirrors. Of course, this
means higher capital costs and adversely affects the economics of fusion
power. Hence, a relatively straightforward compromise between damage to

magnets and cost of increased shielding and larger magnets will have to

be made in these reactors.

The radiation damage susceptibility of at least five materials will

have to be examined for superconducting magnets as they are now envisioned: !

Super insulation (e.g. mylar)

Structural material (e.g. austenitic steel or Al alloys!

Stabilizer {e.g. Cu or Al)
Superconductor {e.g. NbTi or Nb3Sn)
Electrical insulator {(e.g. epoxy)

Previous analysis of these problems revealsthat the super insulation and

%
i

stabilizer are the most sensitive to radiation effects and Al5 compounds 1ike
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Nb3Sn follow closely behind. NbTi has a rather good resistance to property

degradation as will be shown later.

The problem with organics such as mylar is that they become brittle
and crumble. They could lose the ability to uniformly cover the cold
magnets and hence result in larger refrigeration losses. Thresholds for
observable effects are in the 107 Rad range and a 257 reduction in
ductility occurs at 108 Rads.58 A recent analysisz4 of a tokamak reactor
shows that a 1.5 meter blanket'leaks'<106 rads per year obviously leaving

enough lifetime for even the most pessimistic designer.

The irradiation of pure metals at liquid helium temperatures has been
known for some time to cause an increase in electrical resistance of these
metals. Since the main function of a stabilizer in a magnet is to temporarily
carry the current without significant heating in the event that a supercon-
ducting element goes normal, the increased resistance goes counter to that
objective. The rates of resistivity increase for pure Al and pure copper
have been determined by Horak and Blewitt 39 and are plotted in Figure 15.
Note that it requires ‘-10_4--10“5 dpa before the radiation damage resistance
is of the same order of magnitude as the residual resistance due to impurities,
imperfections and lattice vibrations at 4.2°K. Somewhat arbitrary design
considerations might state that one should remove the damage (by annealing
at a higher temperature) when the irradiation induced resistance exceeds
the residual resistance by 10%. To relate that to real circumstances, we
quote the following blanket and shield thicknesses, and the 807 plant factor

dpa rates for the three most recent UWMAK reactor designs.

Blanket and dpa/vear Time to Exceed
Shield Thickness-m at 80% P.F. po by 10%-yr
UWMAK-1I 150 5 x 10-5 <1
UWMAK-II 190 <1078 <50
UWMAK-III 130 8 x 10°° 3 (A1)

It is obvious that the damuge rate in UWMAK-II is low enough
so that there is no need for periodic annealing. Slight adjustments in
the thickness of the stabilizer were enough to counter the higher resistivity

in UWMAK-I.l6

The next area to consider is the effect of neutron irradiation on the

critical properties of superconductors. There are usually two types of




data that are reported in this regard. (1) Samples which have been irradia-

ted at room temperature (or above) and then tested at liquid helium tempera-
tures cutside the reactor afterwards and (2) samples which have been
irradiated at liquid helium tempevatures and tested at the same temperature
without intermittent warm-up to room temperature., Unfortunately, there is
very little of the latter data and that which comes from the first situation
is not always representative of the true damage state. Not only are there
fewer defects remaining after the higher temperature irradiation, but the
increased mobility at higher temperature will cause the defects to form
clusters or loops which might not occur in the "real" case of irradiation
at liquid helium temperature.

Two properties are of prime importance for superconductor in CTR mag-

nets and those are the critical temperature (Tc) and the critical current

density (Jc). The effects of fission neutron irradiation on the Jc of

NbTi and Nb,Sn are shown in Figure 16 as a function of displacement damage.6

3
Considering the typical dpa rates*(appropriately adjusted for different

atomic weights) one concluded that the Jc is changed by less than 10%
for both alloys in typical fusion environments.

The effect of irradiation on the Tc of several alloys and compounds
*
has been studied by Sweedler et al.61 and is given in Figure 17. For
practically all the Al5 compounds, a significant drop in the Tc occurs at

10-3 dpa. On the other hand, the NbTi is much more resistant to such
degradation and should show no significant degradation until 'le_2

dpa (as ~1000 years of service in a UWMAK reactor).

In summary, appropriate blanket and shield design can reduce and even
eliminate radiation damage as a major problem inléTR superconducting
magnets. However, the price paid is the extra cost of materials and the
larger magnet design. A special effort must be made to verify these trade

offs in integral tests at liquid helium temperatures.

Side Effects of Transmutaticen in CTR Materials
The nuclear reactions that take place with potential CTR materials
not only produce gas and impurity atoms, but they also produce consider-

able levels of radioactivity. This, in_turn, causes high radiation fields
*For purposes of comparison 1 dpa ~3x104‘n/cm<.
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in the vicinity of the blanket, shield and magnets such that all normal

repair and maintenance must be done remotely. The activity levels for
typical CIR materials are given in Figure 18 and after two years of

operation at 1 MW/mz. The blanket configuration and total volume of

material was constant in each case.62 The first thing to note is that

activities of approximately 1-5 curie/watt are typical of all materials

at shutdown. Secondly, the decay of the radioactivity is fastest for

the Al and V alloys, followed by Nb-Ti, TZM and 316 SS in that order.

It appears that a significart amount of radioactivity will be removed

a few days after shutdown such that radiation levels iq Al 574 V systems

might be "tolerable."* Unfortunately, this does not continue indefinitely

and saturation occurs in some metal systems because of long lived isotopes.

The major isotopes which contribute to the short and long lived activity of

these metals are given in Tables 11 and 12 for reference. Contrary to pop-

ular opinion, the reader will see that there is a considerable amount of

radioactivity associated with D~T fusion and society must get used to the

fact that there will be some long lived isotopes which must be stored and

protected from release long after fusion plants are closed.

The decay of this radioactivity causes a great deal of heat to be
generated in the metal and an example of the levels associated with the
radiocactivity in Figure 18 are shown in Figure 19. Note that while the
value is relatively high (;50 MW, in a 5000 th plant) the energy density
is quite low (~0.1 watt/ecm™). Such low values do not present a hazard
for melt down even if the coolant flow, or the coolant itself is lost.63
This conclusion appears to be true for all currently suggested CTR materials:

DISCUSSION OF THE IMPORTANCE OF NEUTRON RADIATION DAMAGE ON

COMMERCIAL CTR POWER PLANTS
The degradation of materials properties by neutrons results in at

least the six following major effects:

* This merely means that with appropriate shielding and weeks of decay,

one might be able to approach the reactor to perform simple hand

operations on the defected components.

B L
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Table 11

Summary of Major Isotopes Contributing to the Radioactivity of Potential
CTR Alloys at Shutdown After 2 Years of Operation

Radioactivity at Shutdown

Radioactive

Isotope Half-Life (Ci/watt)
Na 24 15 h +180
Mg 27 9.5 m 145
Cu 64 12.8 h 137
Al 28 2.3 m .0953
Mo 99/Tc 99™ 66.7 h/6 h 1.512
Mo 101/Tc 101 14.6 /14 m 0.451
Mo 91 15.5 n 0. 0656
Nb g2m 10 d 0.0213
Nb 94" 6.5 m 4,408
Nb 92R 10 4 0.720
N6 95 35 d 0.0168
Y 90 64 h 0.0117
Sc 48 1.8 d 0.039
Ti-51 6 un 0.080
Sc~47 3.4 4 0.009
v 52 3.8 o 1.025
Mn 56 2.6 h 0.353
Fe 55 2.6 y 0.197
Cr 51 28 d 0.100
Co 58 71 [+ 0.091

Table 12

Major Long Lived Radioisotopes in CTR
Materials — 2 Yr. Operation

Major long Lived Radiofsotopes in Potential
CTR Materials - 2 yr. Operation

Half Ci/vatt an(i>ut 109 yr.

Systes Isotope Life-yr. at 100 yr. ox” air/MW
A-202  Al-26 735,000 7.4 x 1078 0.73
316 S5 Co-60 5.2 92200 0.02

Nt-03 02 1.7 x 107¢ 8.3

Ho-93 10,000 4.2 % 10 2
v-20T1 None ——— ———— ————
W-1zr  5r-90 28 3x 1003 0.099

Mb-94 20000 610 0.29
24 Mc-93 10,000 2.1 x 107 2100

(a) ‘BHP = Biological Hazard Petential, Cifwatt divided by the

max{mum permissible conceatration.
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(1) Reduced Efficiency - The generation of helium gas tends to reduce
the maximum temperature that CTR structural, breeder and neutron multiplier
materials can operate at for long periods of time. This in turn reduces
allowable coolant. temperatures which in turn will lower the overall plant
efficiency.

(2) Reduced Plant Factors - The fact that certain components of the
reactor -1ill have to be replaced before the full lifetime of the plant is
reached means that costly shutdowns must occur. The exact down time is
a function of many complex considerations but some perspective on the
costs can be obtzined if one remembers that the revenue from a 2000 Mwe
plant 1is approximately $1,000,000 per day at 20 mills per
kw-hr, Estimates for some reactor designs predict approximately 30 days
per year may be lost due to radiation damage and changing the first walls
costs approximately 30 million dollars per year per 2000 MW plant in
down time alone 6[‘. :

(3) Increased Capital Costs - Spare modules need to be purchased at
the start of the plant to replace those involved in the first change out
(thereafter the costs are included in operating costs). Increased remote
handling equipment will be necessary to minimize the time involved in
plant shutdown. Added hot cell facilities may also be required. Shielding
requirements for gamma rays emitted from damaged components (or good ones
for that matter) will alsc increase the overall plant costs. Waste storage
facilities will have to be expanded beyond those required for components
which fail for "conventional" reasens such as corrosion, machining faults,
etc.

(4) Increased Operating Costs - Items 1, 2, and 3 combine with other
costs to raise the cost of electricity as measured in mills per kw-hr.

A rough idea of the sensitivity of this number to first wall lifetime is
shown in Figure 20 64 This analysis, which is detailed elsewhere for
UWMAK-I and 1I, reveals that if the first wall lifetime gets to be less
than 2 years (at a nominal wall loading of 1.2 MW/mz) the average cost

of electricity rises dramatically. It also shows that the increased cost

of lowering the wall life from 8 to 4 MW/m2 is only approximately 10%

of the total.
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(5) Increases the Volume of Radioactive Waste Which Must Be Processed
and Stored - Most of the major reactor studies to date have made some
assumptions about the first wall lifetime. These are listed in Table 13
along with the metal svstem and the amount of material that needs to be
replaced per ch per year. This number is surprisingly constant con-
siderving the variation in design group, materials, and reactor power
level. A rceasonable average is approximately 0.4 metric tonnes/MWe/year.
1{ we ever do get into a large scale fusion reactor economy, such as
106 MWG by 2020,65 then this means that approximately 400,000 metric
tonnes of radioactive waste would be generated per year, Clearly such
a number represents a potential problem in waste management,

(6) Demand on Scarce Elements - When components become defective
and radiovactive at the same time, it is usually more eccnomical to
compact, process then store them until the radioactive decays to safe levels
than try to retfabricate them, However, we see from Figure 18 that the
decav times can take hundreds, if not thousands of years. Hence, for all
intents and purposces, the replacement of these components will have to
come from new clements.  The disposal of say 400,000 metric tonnes per
vear of 316 8S means that approximately 70,000 metric tonnes of Cr must
be supplied per vear along with appropriate amounts of Mn and Ni. 1In
some cases, e.y. Be, there may be no choice but to reprocess the
radioactive and contaminated metal because world reserves are not

adequate for a "throw awav' eccnomy.

Even if all the components had the same life as the reactor, there
would be the problem of what does one do with the radiocactive structure
when the plant becomes obsolete and a new one must be built. The
blanket, shield, magnets, supports, and all equipment within 3 meters
of the plasma will be too radioactive to dispose
of in a conventional manner. These masses typically amount to
approximately 50 metric tonnes/Mwe and will also place a severe
our limited resources as the second, third, fourth, etc. generation

plants are phased out in the 2lst century.
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Table 13

Summary of Radioactive Waste Amounts for Various

CTR Reactor Designs

Predicted Material
Wall Life Replacement
Reactor System MW-yr/m2 Metric Tonne/MWe-yr
UWMAK-1 316SS 2.5 0.69
UWMAK-T1I 316SS 2.3 0.49
UWMAK-III TZM 3.4 0.31
ORNL Nb~12r >10 0.41
BNL Al 3.8 0.27
LASL-ANL Nb-12r 10 0.33

FINAL REMARKS

This has been a rather broad look at the neutron damage problems
currently envisaged for D-T reactors. Not all the problems have been
discussed and indeed a whole class of conditions for fission-fusion
concepts has been left out. However, it is hoped that the reader
will begin to appreciate the concern of the materials science community
over the growing list of problems to be solved. There will undoubtedly
be more problems identified in the future. We must therefore reluctantly
conclude that next to the plasma physics problems, radiation damage is

the second most serious obstacle to the commercialization of fusion power.
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ION BOMBARDMENT SIMULATION: A REVIEW RELATED TO
FUSION RADIATION DAMAGE

J. L. Brimhall
Battelle-Pacific Northwest Lalforatories

“" 7 Richland, Washington 99352

ABSTRACT

Prime emphasis is given to reviewing the ion bombardment
data on the refractory metals molybdenum, niobium and
vanadium which have been proposed for use in advanced
fusion devices, The temperature and dose dependence of
the void parameters are correlated among these metals.
The effect of helium and hydrogen gas on the void
parameters is also included. The similarities and
differences of the response of these materials to high
dose, high temperature radiation damage are evaluated.
Comparisons are made with results obtained from stainless
steel and nickel base alloys, The ion bombardment data
is then compared and correlated, as far as possible, with
existing neutron data on the refractory metals. The
theoretically calculated damage state produced by neutrons
and ions is also briefly discussed and compared to
experimental data wherever possible. The advantages and
limitations of ion simulation in relation to fusion
radiation damage are finally summarized.

INTRODUCTION

The simulation of neutron damage by heavy ion bombardment has been
used extensively in the past five years. Several excellent review article:
have been written and the reader is referred to thse for details of the
general techniquel’z. The overriding justification for heavy ion bombard-
ment studies is the ability to observe the microstructural damage after
very intense particle bombardment in a rapid, direct and inexpensive
manner. The swelling induced by void fermation has been the major item of
interest. Most work has been directed to the Fe~-Cr-Ni alloy system but

there has also been a number of studies in the refractory metals Mo, Nb,
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and V. The latter have been mentioned as possible first wall materials for !
advanced fusion reactors. These studies on the refractory metals have
proved valuable because of the lack of neutron data in the high fluence
range. The purpose of this paper is to bring up to date the status of void
swelling in refractory metals due to ion bombardment. Only brief mention
will be made of the technique and some of the unresolved questions about
ion bombardment. The correlation of the primary damage state between heavy g
ions, nmeutrons, and other types of particles will be discussed. Prime ;
emphasis will be given to reviewing the experimental data on refractory
metals, correlating the ion data and showing neutron correlations where
possible. The relevance of the work to the CTR program and the direction

of future work are finally summarized.

ION BOMBARDMENT

General Theory and Technique

The first step in determining the lattice damage from heavy ions is to
calculate the energy loss due to interaction with the lattice atoms. The
work of Lindhard and co-workers has been extensively used to calculate this f
energy loss3, which is divided into electronic and nuclear components. Only.
nuclear interactions are assumed to produce displaced atoms. There have
been several computer codes written to calculate the energy expended in
atomic displacementsa’s. The results for 5 MeV Ni++ ions in Mo computed :
from one of these codes (EDEP-1) is shown in Fig. 14. This code also

v et

considers the energy transfers from the primary knock-on atoms (PKO) which
do not result in further displaced atoms, The energy represented in Fig, 1
is, therefore, a true damage energy, i.e., that energy which results in

displaced atoms. A recommended relationship is6:

.81 ;

D
ND ZED NI ' 1)

where TD is damage energy from Fig. 1, ED is the effective threshold energy,

N_ 1s the ion dose, and ¥ _ is the number of displaced atoms per cubic centi-

I D
meter. The number of displaced atoms/atom {(dpa) in molybdenum produced by

}
%
s
a fluence of 3 x 1016 ions/cm2 of 5 MeV Ni'' fons is shown in Fig. 2. §
i



1-75

DAMAGE ENERGY, MeV/u

i }
0 05 1.0 L5
DISTANCE FROM SURFACE, u

Fig. 1. Damage Energy vs. Depth for 5 MeV NiH Ions on Molybdenum.
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Fig. 2. Displacement Damage and Ion Concentration vs. Depth.
5 MeV Nitt Icns on Molybdenum. 3 x 1016 ioms/cm?.
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The curve in Fig. 2 illustrates the very small irradiation volume that !
one must work with in heavy ion bombardment studies. However, sophisticated;
techniques have been developed to extract transmission electron microscopy :
(TEM) specimens from the bombarded region (7-10). The location of the
bombarded region as determined by the depth from the bombarded surface can
be measured with an accuracy of #500 A. The entire damage range can also
be observed hy uigh voltage electron microscopy (HVEM) and the distribution

of the damage analyzed. ?

Swelling due to ion bombardment has also been determined by measuring
the step heights at the edge of a masked off area of the specimen surface11
This technique and TEM are the only techniques used so far to studv ion
damage. Techniques utilizing x-ray analysis may become useful as the

specimen preparstion procedures becone more sopnisticated.
Problems of Heavy Ion Bombardment

Before discussing experimental results, the unigque factors and
problems associated with hezvyv ion bombardment should be mentioned. There
are inherent problems which must be faced and the influence of these factors

on the interpretation of the damage state must be well understood.

The extremely high dose rate used in ion bombardment is the principal
advantage of the technique, but it also produces considerable diffjiculty in :
the correlation with neutron bombardment. The high dose rate produces a
high supersaturation of wvacancies. These supersaturations are typical of
those found at lower temperatures in materials bombarded at a lower dose
rate, e.g. neutron irradiation. For this reasen, a "temperature shift" »
must be used when comparing ion bombardment results with neutron irradiation§
results. Some analytic expressions have keen developed to calculate this :

temperature shift12’13. Sprague et al., have shown experimentally that the
temperature shift is complex and it depends on whether nucleation or growth

of voids 1s the controlling mechanismla. Much more 2xperimental work is

ARG S 1A o Mot £

necessary to fully elucidate the precise nature of the temperature shift and

the role played by all of the different parameters.

As a result of this temperature shift metallurgical changes may occur

in the material at the higher ion bombardment temperature which would not
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ocaur at the lower neutron irradiation temperature. This is particularly
true in alloys in which new precipitates may dissclve at the higher tempera-
tures. The resulting microstructural changes can affect the swelling ia a
manner which is not representative of neutron irradiation. This particular
problem may limit the temperature range of ion bombardment studies for the
certain alloys. The much shorter time at the ion bombardment temperature

somewhat coupensates for the higher temperature.

The possibility of a strong influence of the free surface as a point
defect sink in ion bombardment studies has long been acknowledged. ilowever,
the experimental results have not shown significant defect depletion near
the surface when high dose rates are used and the region observed is not
directly at the surfacels’lﬁ. Recent studies on molybdenum have shown no
surface effect on microstructure in thg temperature range 900-1000°C when

the dose rate was greater than 1 x 107 dpa/sec 17. In general, this type

of surface effect will bhe greatest at low dose rates and high temperatures.

Other effects related to the free surface are solute segregation and
stress., In alloys, radiatiorn induced solute segregation to void and
external surfaces has been observedls. The stress effect arises because
the unswollen part of the specimen will impart a restraining force on the
bombarded scction as it swells. Both of these effects are potentially very

important preoblems in particle irradiation studies.

The bombarding ion itself presents two problems in ion simulation
experiments, The first is the nature of the primary knock-on spectrum
produced by the ions. Verv light ions will produce a considerably different
PKA spectrum than heavy ions. Experimental results comparing carbon ion and
nickel ion damage has shown measurable differencesl6’19.' These differences
were attributed to the difference in the primary knock-on spectrum produced

by the two types of ioms.

The second ion effect is a chemical effect due to the deposi:ion of a
foreign ion in the lattice. Many experimenters observe the siructure at a
depth corresponding co the peak of the damage curve (see Fig. 2). Tn this
region, a considerable concentration of the deposited jon can »esult as

shown by the nickel distribution curve superimposed on the damage curve in



Fig. 2. There is some experimental evidence on impurity effects arising

from the Jeposited ionszo. Self ions will eliminate an ion impurity problem,
however, Evans has shown that self ions produce high concentrations of self-
interstitials which can I.:fluence the resultant void microstructurezl. More

work is definitely needed in this area of foreign jon effects.
EXPERIMENTAL RESULTS ON REFRACTORY METALS

All studies or ion bombardment have utilized TEM to obtain data on
microstructural damage. In the refractory metals, most interest has been
directed toward void formation and swelling although changes in dislocation
densities are also measured., The discussion of the data will include tempers
ture dependence of swellirg and the void lattice parameter, dose dependence

of swelling, and effect of helium and other gases.

Temperature Dependence

fobn

The effect 2f temperature on void swelling for several materials is
shown in Fig. 3. The swelling values have been normazlized so that the
maximum swelling equals one. The temperatures have bz2en plotted as T/Tm
(Tm = melting temperature). The peak swelling temperature varies from .47
to .55 Tm so in this sense there appears to be little correlation among
these metals. The stainless steel shows maximum swelling at a2 higher
temperature than any of the refractory metals. This is most probably due
to the larger ratio of self diffusion energy to melting temperature in
stainless steel compared to refractories. The higher dose rates used in
obtaining the stainless steel curve may also account for a slightly higher
temperature dependence. Niobium shows a unique double peak. This has not
been found on other ion bombarded pure metals and has been tentztively
attributed to an oxygen pick up within a certain temperature range' s Nb -
% 4r alloy also shows the double peak at the same temperatures, but the
zusolite magnitude of the swelling is greaterzz. A double peak has been
cbser-=d in cold worked 316 stainless steel, but this was attributed to
wicovery of the cold work structure at highev temperatureZB. The molybdenum
datz show a hint of a double peak, but more data is needed to verify it. It
is possible there may be a lower peak in vanadium if the data were extended

to lower temperatures.
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Most of the BUC refractory metals show a void lattice after high dose
. . 27 . . .
irradiations”’., It is interesting, however,that none has yet been found in
vanadium. The temperature dependence of the void lattice parameter in

28,29

molybdenum is shown in Fig. & for both ion bombarded and neutron

irradiated ccnditionsBO-Bz. The curve is not linear with respect to 1/T
over the entire temperature range. Both the ion bombarded and neutrow
irradiation show a similar increase in temperature dependence of the void
lattice at higher temperatures; the ion bombardment data is just shifted

to a higher temperature. The curves indiczte that the temperature shift
between ion bombardment and neutron data is considerably less at higher
temperatures than at lower temperatures. This is in agreement with thecret-
ical worle. The rather weak temperature dependence of the void lattice at
the lower temperature is manifested in the weak temperature dependence of
the void size and density both in ion bombarded and neutron irradiated
molybdenum.

It has already been suggested that the void lattice parameter cculd be
used as a temperature indicater in irra
tion curve of laitice parameter vs. temperature were availab1e33. The
temperature shift required to match the void lattice parameters as indicated
in Fig. 4 may be the same as that required to match the swelling values, but

this has not yet been verified.
Dose Dependence

The dose dependence of void swelling for molybdenum and niobium are
shown in Fig. 5. The molybdenum shows a dose dependence W(dose)o'e both at
1000°C and 900°C. The slopes of the curves from the work of Brimhall and
Simonenzs’36 agree with that of EvanSZI, although the absolute magntidve of
the swelling is different. One possible reason for this difference is the
much higher purity of the molybdenum used by Evans. Niobium shows a some-
what greater dose dependence, (dose)m'g, than molybdenum. There is also
evidence of saturation in the swelling in niobium atr higher dose levels,
This hus been ascribed to the formation of a well ordered void lattice. The
void lattice forms in molybdenum, but the tendency toward saturaticn has not
yet been observed. Extension to higher dose levels may be necessary. The

absolute magnitude of the swelling in niobium is greater than molybdenum,
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however the magnitude of the swelling appears to be so strongly dependent

on purity that this cannot be taken as a general rule.

Comparison can also be made between the swelling in Mo and %b and that
in stainless steel. The dependence of swelling oun dose in stainless steel
is much stronger than in either molybdenum or niobium. Stainless steel also
shows no saturation in the void swelling. It is also believed from neutron
irradiation studies that swelling in stainless steel actually shows linear
dependence on dose after an incubation period, althiough this has not been
confirmed by ion bombardment studies. In molyhdenum and impure niobium,
there is a higher void density but smaller void size compared to stainless
steels. The maximum swelling observed in any refractory metal has been
~13% in Nb - 1Z Zr alicy at 1000°C and 50 dpa. The maximum swelling in
molybdenum i{s 3% at 1000°C after 100 dpa. Increasing tie temperature
during ion bombardment of molybdenum may produce swellings comparable to
niobium, In general, the swelling in pure Mo, Nb, and V is considerably
less than in siainleys steel at high dose levels, t.e., 100 dpa.

Effects of Helium and Other Gases

The role plaved by helium and soiuble gases such as oxygen and nfzrogen
is not well defined but can be substantial in certain cases. The effect of
helium appears to be strongest in high purity metals. In high purity
molybdenum, voids formed only part of the time without preinjected heiiux.
With helium, wvoids always formedzl. In molvbdenum of lesser purity, voids
always formed with or without helium23’35. In experiments in which the
helium was injected simultaneously with the heavy ions, the helium was found
to have no effect on void nuclea:ion37. Fig. 6 shows the variation of viid
size under diffarent conditions of helium and heavy ion bombardment. In
these particular experiments the void nucleation rate in molvbdenum was so
high that the helium was not injected fast enough to cause an effect. In
vanadium with 100 ppm pre-injected helium, a bi-modal distriburtion of voids
was observed in which the smaller size were believed to He mainly helium

bubb1e523.

The effect of helium is also dependent upon the dose rate used in the
heavy ion experiments. In other experiments on vanadium, voids could not

be generated in material bombarded at <10.3 dpa/sec without the presence of
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hrliumjs. Iy wanaiicn borbiarded at dose rates -10-2 dpa/sec, voids could

bBe sucledted without the presence of hellum ‘. hese experimental results

are In agrecment with the general theory of Wiedersich and Katz39 dealing
1

with the effect of insoluble pases on vold nuclearicn.

Toe role of soluble gases has beesn studled most in niohium. Oxvgen
was found to increass the veid nucleation in niobiumg. Only in rniobium
that dad a high oxvgen content could the void lattice be detected, The
effect of dissoived gases §s also noted when comparing the woid microstruc-
ture of uiohius after bombardment in a poor vacuum and in a high vacuung'Ba.
In contrast to the vesults on niobium, molvbdenum bombarded with nitroger
W& erpected to show =sceme eifect of the dissolved nitrogen on void nuclea-

o
Liuf; however, w0 systemalic effect of the nitrogen was observed .

Correlation with Neutron Damage

Theoretical vorrelation of the Primary Damage State

e altimate meal of the heavy fon damage studies is to correlate
the Ohmerved microstructuve to that observed alter neuvtron irradiation.

This is currently being Jdone theoretically by comparing the primary damage

states fnduced by various lrradiations and empirically by comparing some
characterintic Yeature of the microstructure such as total void volusze.
Dorasn et al., have done extensive analysis in comparing the defect
spectra in stainless steel from neutrons, heavy fons, protons, and
clectrons O. in teyss of nunber of defects per dispalcement, values for
1 MeV nilckel lony are c¢losest to those expected from a neutron spectra
represceatative of XER-11.  Clesc pair recombinatfon within tie cascades
(cascade annealing) had been considered in this analysis, However, Norgert
has postulated that the {ntroduction of long range replacement sequences
causes the vacancies and interstititals to be separated large distances

41
reducing cascade annealing ~.,

Marwick has also compared the primury recof{l spectrum in iron due to
42 .
neutrons, protons, and nickel fons 7, The nickel ions were also found to

glve the spectrum which best matches a fast neutron spectrum.
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‘Marwick has recently extended this work to compare the PKA spectrum ia
niobium produced by niobium ions and by the neutron spectrum expected in the
first wall of a CTR43. Fig. 7 shows the fraction of damage produced by
PKA's of energy less thar T. 1iIn both heavy ion and neutron irradiations,
most of the damage is caused bv ihe high energy PKA's. As in the case of
fast fission reactor spectra, heavy ions give a reasonablv good simulation
of the primary damzge state in a CTR ncutron spectrum. The experimental

correlaticn will be discussed in a later sectiza of this review.

BulloughAD and Bullough et 31.46 have recenlty analvzed the rate theory
of swelling taking into account the different damage structure produced by
heavy 1lons, electrons, and neutrons. They found that in order to get
reasonable correlation, the effects of the cascades must be considered. The
effects are accounted for bv assuming that cascades collapse into vacancy

loops which subsequentiy emit vacancies that later furm voids.

Experimental Correlation with Neutrons

There has, as vet, been no systematic correlation of the experimental
results from ion bombardment studies with neutron bombardment studies on the
refractory metals. There have been numerous neutron studies, but a wide
variety of purities and irradiation cornditions (mostly low fluence) have

been used.

Some correlations fiave been made using a verv limited temperature and
dose range. Evre et al. compared the damage structure in molybdenum after
640°C neutron irradiation with that produced by ion bomhardment at higher
temperature47. Similar swelling values were obtained if a temperature shift
of about 150°C was used. It was also found that the critical dose in terms
of dpa for void formation was highter in the ion experiments. Further, the
size was smaller and size distribution of the voids was narrower in the iom
bombardment results even accounting for the temperature shift. Comparison
of the swelling data from ion bombarded vanadium with that from neutron
bombarded suggests a 200°C temperature shift23. This comparison was not
made on material of the same pufity, however. Studies in stainless steels

and nickel base alloys generally show a temperature shift of 125-150°C.



1-85

Motef! et al. have measured the bulk densitv in neutron irradiated
molvbdenum and niobium as a function of temperature and found evidence of
a double peak as shown in Fig. 8 48, 21so shewn is some of the ion
bombardment data from Fig. 3. The molvbdenum ion bombardment data is from
the same base material as the neutron irradiated material but the niobium
data is from different investigators. Also, all the ion bombardment data is
obtained from TEM. The shape of the curve For neutron irradiation is the
same for TE¥ or bulk density measurements though the absolute values are
different. Qualitatively there is a reasonable correlation when the
temperature shift is considered, particularly in the case of niobium.
Compilation of other low fluence neutron data on molvbdenum reveals a broad
maximum in the swelling extending from 800°C to 1150°C (0.37 to 0.49 Tm)éa.
The ion bombardrent data on molybdenum from Fig. 8 would appear to extrapo-

late to a maximum beyvond .5 T .
b
The data does show that the temperature shift is greater at lower
temperature than at higher temperatures which is in agreement with the void
lattice parameter resuits. As a consequence of this, the swelling from
neutron irradiation extends over a greater temperature range than that from

heavy ion bombardment.

Correlacion between ion bombardment and neutron irradiation can also
be made by plotting some of the neutron data on the dose dependence curve
of Fig. 5. 1In Fig, ¢, swelling data from two temperature regimes of the
nevtron data for molvhdenum are plotted along with the ion bombardment data
at 900°C and 1N000°C. Most of the neutron data are at a lower dose than the
ion bcombardment dataég. Note that an extrapolation of the ion bombardment
data at 900-1000°C fits reasonably well with the 600-725°C low fluence
neutron data. There is a very poor fit, however, when extrapolating to the
neutron data in the 900-1050°C range. This compar.son implies a 200-300°C

temperature shift for 200-1000°C ion bombardment temperatures.

Other differences such as swelling rate and absolute swelling magnitude
may be very difficult to correlate exactly between the heavy ion and neutron
irradjiations. Currently there are several correlation programs heing
performed on both nickel and iron base alloys and on bce refractory metals
in which a4 reference material is bombarded with several different ions and
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with neutrons. It is hoped that the particular conditions under which
correlations can be made using the different simulation technigues can be

eventually established,

There has been no correlations in the swelling between heavy jon
bombardment and 14 MeV neutron or fusion spectrum irradiations. At thls
time, 14 MeV sources are not of sufficient intensity to provide good data
to correlate with heavy ion irradiations. Since considerable data for the
CTR program on bulk material behavior will probablv be generated in fissfon
reactors, it is still important to correlate the data from heavy {on

irradiations with that from fission aneutron spectrum irradiations.
SUMMARY OF RESULTS

Several important observalions and preliminary cenclusions on the
damage state in refractory wetals have emerged from the heavy ion studies.
Theoretically, heavy ions give a good simulation of the primary damage
state expected from a CTR spectrum. In the isolated experimental compari-
sons that have been made, the ion bombardment gives a reasorable simulation
of the veid swelling expected from neutron irradiation if a temperature
shift is applied. The magnitude of the temperature shift will depend on
the temperature of interest. The temperature dependeace of the void
swelling is complex with evidence of a double peak in the case of niobium.
The peak swelling is generally in the realm of 0.45 to 0.52 Tm. This is
significantly lower than observed in the stainless steel. These results
suggest a low homologous temperature for peak swelling in neutron irradiated
matarial but further studies will have to be done. The rote of swelling is
low in the refractory metals, at least at temperatures less than 0.45 Tm.
This swelling rate may depend on purity level. There is evidence of
saturation in the swelling of niobium. Based on the creation of a void
lattice it is expected that swelling in molybdenum would also saturate at
sufficiently high dose levels. The impurities, particularly soluble gases,
play a major role i determining swelling behavior. Helium is effective
in promoting void rucleation under conditions of low dose rate and/or high

irradiation temperature.
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FUTURE DIRECTIORS

There fs much basic information to be obtained from ion hombardment
studies of advanced materlals. The e¢ffect of cold work, precipitates, and
major and minor ailloying ¢lements on the microstructural changes all need to
be studled in the refractory metals. I1a the {uture these studies will be
directed to rove cowplex and commercial zlloys rather than the high purity

materials which bave been studied so far,

Adviance screening of materials in terms of their resistance to radiation
damage accumulation, particularly swelling, can be done. Since some of these
materials would probably not be used for a considerable time in the future,
there is sufffcient time to investipate a wide rauge of materials bombarded
under a varfery of conditions.

Condirions that are unique to CIH% radiation environments are pulsed
radiation fields and very large helium and hydrogen generation. Pulsed
radiation can be simulated rather easflv using heavy ion accelerators.
lielium or hivdrogen concentrations can also be produced by using a dual
beam of heavy fons and helium ions or protons. Both of thesce techniques
will be used more extensively in the futuze as the facilities become
available.

Finally, correlations with neutros data must be continuvally updated.
There is a definite need to establish the correlations over a wider spectrum

of dose, dose rate, and temperature.
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VOID SWELLING OF Nb, Nb-1 AT.% Zyr, ARD Nb-0.5 AT.%Z O
INDUCED BY 2t™Wit BOMBARDMENT

B. A. Loomis
A. Taylor
S. B. Gerber
Materials Science D;vision
Argonne National Laboratory
Argonne, Illinois 60439

ABSTRACT

The goid swelling of Nb, Nb-1 av.%Z Zr, and Nb-0.5 at.Z O during
3.2-MeV 28Nit irradiation at temperatures between 600 and 1150°C has heen
determined. The void swelling of Nb and Nb-1 at.% Zr determined from
transmission-electron microscopy observations shows a "double peak" at
825 % 25°C and 1000 + 25°C. The presence of 0.5 at.% O in Nb results in
a significantly reduced void swelling of Nb at all irradiation tempera-
tures. Oxygen impurity in Nb was shown to be necessary for the formation
of an ordered void array. The ordered void array is responsible for the
reduced void swelling of Nb A Ti coating on Nb significantly affects
the void size and void distribution.

INTRODUCTION

The void swelling of Wb caused by high-energy, heavy-ion bombardment
has been a subject for recent experimental study.l’2 The primary reason
for these studies is to simulate, by the use of ion bombardment, the
irradiation damage produced by neutron bombardment of Nb in either a
fissjon or fusion reactor. The higher atom displacement rate during
heavy-ion bombardment makes possible the attainment of a high irradiation
damage state in a relatively short time. However, to utilize ion bombard-
ment for simulation of the neutron bombardment of Nb, particularly at
elevated temperature, consideration should be given to the interaction
of intrinsic oxygen, nitrogen, and carbon impurity in Nb with the irra-
diation damage.3 Furthermore, the temperature-dependence curve for void

swelling in Nb during heavy-ion irradiation is displaced 200 to 300°C

*Work supported by the U.S. Energy Research and Development Administration.
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higher than the temperature~dependence curve for void swelling in Nb
during neutron irradiation.l’4 Nb is particularly susceptible to oxygen
and nitrogen contamination at elevated temperature under poor vacuum
conditions.5 Since the irradiation damage produced by heavy-ion bombard-
menit is contained in a layer '\:10—4 cm thick, contamination effects &t
elevated temperature may significantly affect the state of irradiation

damage aggregation.

Loomis, Taylor, and Gerber1 have previouslv reported the vold swell~
ing of Nb and Nb~1%Zr as a result of 58N1+ bombardment at temperatures
between 600 and 1150°C. 1In the present paper, we shall compars these
previously reported results with recent results obtainad on the void
swelling of Nb containing 0.5%0. Also, we shall show the dependencz of
the void swelling in Nb single crystals on the depth in the irradiation-
damaged layer, the effect of a protective Ti layer on Nb, and discuss
the possible implications of these results as indicative of surface-

contamination effects.

MATERIALS AND PROCEDURE

The Nb used for the present study was Marz-grade rod supplied by the
Materials Research Corporation, and the Nb-1%Zr rod was supplied by the
Haynes Stellite Company. These materials were converted to 0.l13-mm-
thick sheet and purified by a procedure described elnewhere.1 Fellowing
purification, the Nb was heated at 120C°C in oxygen at 5 x 10".6 Terr for
S-15 min and then homogenized by annealing at 1200°C for 1 hr. This
procedure resulted in Nb containing 0 concentraticas up &0 0.5%Z. The ¥b-

0.35%0 material was coated with 21600 & of Ti by vapor deposition.

Specimens of Nb, Nb~-1%Zr, Nb-0.5%0, and Nb-0.35%0 coated with Ti
were *rradiated at the Argonre Dynamitron facility with 3.3 % 0.3-MeV
58Ni+ at a nominal displacement rate of 5 x 10_3 dpa/s (atom displace-
ments per atom per second). A more detailed account of the irradiation

procedure is presented elsewhere.”
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Following irradiation, a specimen for transmission-electron micro-
scopy (TEM) observation was perforated from the unbombarded surface by
electrochemical polishing in a HNOBjHF solution. The void distributiou
in the bombarded layer was determined by removal of successive 2000-
3000-2 sections from the bombarded surface in a 2.5% EF-SZ H2504-92.SZ
MeOH solution. For this study, a depth of 4000-600) A in the Jamage

layer was used to evaluate the void swelling parameters in the irradiated

materials.

The irradiatinn-damaged microstructure was examired with a Siemens
Elmiskop 1 electron microscope operated at 10C keV. The void damage
was photographed at a magnification of 45000X. From photographic plates
enlarged four times, the size and number of voids were determined by the
use of a Zeiss particle~size analyzer. The number denmsity of the
irradiation damage was obtained by determining the thickness of the foil
from stereo observation of palrs of photomicrographs obiained from

different orientations of the specimens.

EXPERIMENTAL RESULTS
Effect of Section Depth

The dependence on section depth of the void volume fraction 2V/V,
the average void size 3(100>, and the void number density Zni in
irradiated Nb single crystals with a {100}, {110}, or {111} surface
normal to the ion beam is shown in Figs. 1-3, respectively. The void

volume fraction (4V/V) was Qetcrmined from

3
O ¢ i
v hed ni [kl -T) (100‘."‘1] » (1)

where n, is the number of wvoids per cm3 in a dimension classification
L]

i
range with a void dimemsion range of 30 A, ;fIOO* i is the dimension
of a void in the <100> in a piven dimension classification range, and
KI(T) Is an experimentally determined factor that takes into account

the truncation of the voids in the different crystallographic directions.
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The temperature dependence of the Kl(T) values for Xb and ¥b-lilr is
reported elsewhere,l and the Kl(T) value for Nb-0.57 0O was determined to

be 0.64. The average void dimension, ;(100‘, was determined rrom the

relation

for00- = Gomyty T g 13 )
1 1

~
(%

N~

™~

In Fig. 1, tke deposition of damage energy with the 3,2-MeV SSNi+ range
in Nb is also shown. The damage energy curve was shifted on the abscissa
so that this curve coincided with the 2AV/V curve at the bombarded surface.
In Fig. 1, the void volume fraction in Xb irradiated to ~60 dpa at B803°C
appears to have no significant dependence on the crystal orientation.

The maximum AV/V occurs approximately at the thépretically expécted

depth for maximum energy deposition. However, the maximum depth

(14,000 ;) in the damaged layer at which voids were observed was
substantially greater than would be anticipated from the damage erergy
curve. The average void dimension (Fig. 2) and the void number density
(Fig. 3) in the {110} oriented crystal were significauntly different from
the {100} and {111} orjented crystals. The maximum average void dimen-
sion in each of the crystals was observed near the surface and near the
end of the iorn range (V14,000 Z), whereas the maximum void density was
determined to be approximately at the peak for maximum energy deposition.

In a subsequent section we shall discuss the possible surface effects

that these data may imply.

Temperature Dependence of Void Swelling

The temperature dependence of the void volume fraction, average
void dimension, and the void number demsity in Nb, Nb-1%Zr, and Nb~0.5%0
irradiated to 50 dpa with 3.2-MeV ssNi+ is shown in Figs. 4-6, respective-
ly. The AV/V curves for b and Nb-1% Zr in Fig. 4 clearly show two
swelling peaks centered at 825 + 25°C and 1000 * 25°C. At the tempera-
tures for the swelling peaks, the average void dimension in Nb and
Nb-17 Zr has a relative maximum value (Fig. 5), and the void number

density has a relative minimum value (Fig. 6). The results of adding
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0.5% 0 to Nb are clearly to reduce the average void dimension (Fig. 5)

and to increase the void number density (Fig. 6). These effects result in
a decrease in AV/V for Nb-0.5%7 O as compared with either Nb or Nb~17 Zr

at all irradiation temperatures. These materials have also been irrad-
iated with V+, and, to date, we have determined no significant differ-~

ence in AV/V from the 58N1+ irradiation results.

Microstructure Observations

The microstructures of a few selected irradiated Nb and Nb-0.5% O
specimens, as observed by TEM, are shown in Fig. 7. A most notable
affect of the presence of O impurity in Nb is to cause the formation
of an ordered void array (Figs. 7¢ and 7e). An ordered void array was
not observed in irradiated pure Nb or Nb-1% Zr. The ordered void array
has a bee superlattice that is superimposed on the host Nb bce lattice.
The lattice constant of the void array ranges from 250 ; at 750°C to
550 Z at 955°C. The perfection o the ordered void array is highest
at 775 = 25°C, with tihe perfection decreasing with increasing tempera-
ture for a given O concentration (Fig. 7). The ordcred void array was
observed in Nb containing 0.05% O irradiated at 780°C. However, with
an increase in irradiation temperature, it was necessary to increase
the O concentration substantially to promote perfection of void ordering.
An irradiation temperature of 828°C required 0.8% O in Nb for a more
perfect ordered void array. The ordered void array has also been
observed in Nb-1% 2Zr-0.3% O material irradiated at 785°C. Furthermore,
the ordered void array can be produced in Nb that has been doped with
0.25% N and irradiated at 780°C.

The effect of a 1600—2 Ti coating oa Nb~0.35% O material is shown
in Fig. 8. An ordered void array was observed in the uncoated material
(Fig. 8d, &, and f), whereas no ordering of voids was observed in the
Ti-coated material. No voids were observed in the Ti layer (Fig. Ba).
In Fig. Bb, the void microstructure of the Ti~coated material is shown
at a section depth (2200-3000 ;) just beyond the Ti layer. An x~ray
analysis with a scanning-electron microscope at a section depth of 4%00-
5800 ; (Fig. Bc) showed no Ti present.
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DISCUSSION OF RESULTS

Data cbtained in the present study on the temperature dependence of
void volume fraction in Ni+ bombarded Nb and Xb-1Z Zr at a nomimal
dosage of 50 dpa over the temperature range of 600 to 1150°C show the
existence of two swelling peaks for both materials, with temperature
maxima at 825 2 25°C and 1000 : 25°C, The higher swelling of Nb-1% Zr
as compared with pure Nb, particularly at the low-temperature peak,
appears to be caused by a higher growth rate of voids in the alloy as
seen in Fig. 5. This may be attributed to the "gettering” of O and N
im_uwrities by Zr. This interpretation is supported by the data in
Figs. 5 and 6 pertaining to the Nb-0.5Z O material. These data show
that the presence of oxygen impurity in Nb causes increased void nucle-
ation (Fig. 6.) and decreased veoid zrowth rate (Fig. 5) both cf which
result in decreased swelling (Fig. 4). These effects are clearly the
result of the formation of the ordered void array. A more detailed
discussion of the ordered void array in O doped Xb and ¥b-1% Zr is

presented elsewhere.6

Wiffen4 has analyzed the available void swelling data for Nb on
neutron irradiation, and this analysis shows a maximum 2V/V at 600°C
for a neutron fluence of 5 x 1021 n/cmz. This temperature is 200~
400°C less than the temperature we have determined for maximum swelling
of Nb during 58Ni+ irradiation. The results of tiie present study show
that O impurity in Nb can have a substantial effect on void swelling.
Because of the increased diffusion rate of 0 (and N) in Nb with increased
temperature,7 consideration should be given, therefore, to the inter-
action of these impurities with the irradiation damage when utilizing

ion bombardment to simulate neutron bombardment.

The TEM observations of 58N1+ irradiated specimens always reveal
the presence of an oxide (or nitride) film on the bombarded surface. We
believe this film is formed during heating to the irradiation tempera-
ture (750-1000°C) and during irradiation. The poor agreement between
the void volume fraction curve and the energy-deposition curve in Fig. 1
suggests that the oxide film may be a contributing effect. We have also

observed for a Nb-0.5% O specimen irradiated at 808°C that the void
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volume fraction is highest near the surface and progressively decreases
to the peak-damage energy-deposition depth. We have no unambiguous
explanation for these effects at the present time. However, if surface
contamination is contributing to these effects, then the void swelling
data we have obtained by ion bombardment at elevated temperature may be
in error. This is because we have not determ.ned and made correction
for the thickness of the oxide (or nitride) film in evaluating the void
swelling parameters at the 4000—6000—2 depth. The lower density of the
oxide (or nitride) would result in a displacement of the energy-
deposition profile further into the Nb. In addition, the different void
size and void distribution observed in the uncoated versus the Ti-coated
material suggest that the void swelling may be significantly affected

by surface contamination, Surface contaminaticn of Nb from O and N

impurities 1is presumably minimized by the Ti coating.

CONCLUSIONS

(1) Wb, Nb-1% Zr, and Nb-0.5% O undergo void swelling on ~ONi'
irradiatjion at temperatures between 600 and 1150°C.
(2) The swelling of Nb and "1b-1% Zr at 50 dpa has relative

maximum values at 825 * 25°C and 1000 + 25°C,
(3) The swelling of Nb is reduced by the addition of 0.5% O.
(4) The presence of O impurity in Nb promotes void orderiug.

(5) A Ti coating on Nb can significantly affect the void size and

void distribution.
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THE INFLUENCE OF NEUTRON IRRADIATION TEMPERATURE
ON THE VOID CHARACTERISTICS OF NIOBIUM
AND NIOBIUM-1% ZIRCONIUM ALLOY

H. Jang and J. Moteff

Department of Materials Science
and Metallurgical Engineering
University of Cincinnati
‘Cincinnati, Ohio 45221

ABSTRACT

Voids in Nb and Nb-~1 wt. % 2r alloy irradiated to a
fast neutron fluence of v 1 x 1022 n cm—2 (E » 1MeV) at six
different temperatures between 430 and 1050°C have been in-
vestigated. Transmission electron microscopy observations
revealed the presence of voids in both Nb and Nb-1Zr at all
six irradiation temperatures. The void number density and
size of the niobium specimens appeared unaffected by irra-
diation temperatures betwzen 430 and 700°C; but the wvoid
number density decreased and the size increased at the higher
temperatures. Other observations regarding Nb were that
ordered voids were observed at B00°C with the lattice param-
eter of 685 3, and the maximum void swelling was » 0.5%
which occurred at 1050°C. In contrast, the Nb-1% Zr alloy
specimens showed larger voids and lower number density than
the corresponding Nb specimens. The void swelling of Nb-12r
reached the maximum of v 2% at 800°C. At the irradiation
temperatures of 430, 580, and 1050°C the voids were observed
only in small localized areas resulting in negligible void
swelling. These results are shown to be in fair agreement,
qualitatively, with immersion density data for the same mater-
ials. It has been demonstrated that a theoretical model on
void swelling by Brailsford and Bullough fits reasonably well
with the experimental data on Nb-12r, but it overestimates
the swelling in Nb by a factor of up to ~ 10, especially

at high irradiation temperatures.

1-~106
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INTRODUCTION

Compared to the experimental data available for other
bce refractory metals, void swelling data for niobium and
its alloys are meager in spite of their attractive mechani-
cal and nuclear properties, and their potential use as struc-~
tural materials for an advanced nuclear reactor system.
Early ia 1971 Elenl and Elen et. al.2 have reported voids in
Nb specimens irradiated to a fast neutron fluence of ~ lO20
n cm-2 at temperatures between 470 and 750°C with the resul-
ting swelling values ranging rfrom 0.0l to 0.09%. Similarly
Adda3 has reported voids in Nb irradiated at 600°C; however,
he did not observe voids in the specimen irradiated at 900°C.
Wiffen4’5 and Michel et. al.6 have reported voids in Nb ir-
radiated to fast neutron fluences of ~ 1022 n cm_2 (E > 0.1
MeV) at temperatures between 394 and 790°C. However,
their4’5’6 work on Nb-1Zr alloy revealed voids only at 790°C
and no voids were observed at the lower irradiation tempera-

tures.

In addition to neutron irradiation, a number of charged
particle irradiation experiments have been carried out on Nb
and Nb-1Zr alloy.7'-12 Recently Loomis et. al.lz have reported
voids in Nb and Nb-1Zr alloy after Ni" bombardment at temper-
atures between 600 and 1150°C. They12 observed relative max-
imum swelling values both in Nb and Nb-1Zr at 825 * 25°C and
1000 + 25°C , and they also reported higher swelling values

in Nb-1Zr alloy than in Nb.

The purpose of the present study was to examine the
characteristics of the void formation in Nb and M:-12Zr alloy
irradiated at temperatures between 430 and 1050°C in EBR-II
to a fast neutron fluence of 1 x 1022 n cm_2 (E > iMeV), and
to compare with the irradiation damage that it is produced

by ion bombardment.
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EXPERIMENTAL PROCEDURES AND RESULTS

Commercial purity niobium and niobium-1 wt. % zirconium
were used for this study. Polycrystalline rod specimens,
1.27 mm (0.05 in.) in diameter and 45 mm (1.75 in.) leng of
both materials were annealed In a vacuum for one hour at
1100°C to accomplish recrystallization prior to being utilized
in the irradiation experiment. The specimens were irradiated
in the core of the Experimental Breeder Reactor (EBR-1I), row
7, in six static, inert-gas atmosphere capsules. Nuclear
heating and a helium gas filled gap of different thicknesses
were used to achieve the varicus temperatures in each capsule.
The irradiation temperatures were determined by design cal-
culations and were checked by measurepents of the lattice
expansion of silicon carplde detectors placed near the spec-
imens. The calculated irradiation temperatures were 430,
580, 700, 800, 900 and 1050°C. The fast neutron fluence in
Row 7 of EBR-1II was calculated from the neutron spectrum

. . 1 - "
presented by Kamphouse et. al. 3. The fast ncutrcon flux

013

densities for E - 0.1lMeV and E » 1MeV were 2.3 x 1 and

- - -1
4.2 x 1012 n cm 2 M 1 sec ~, respectively, and the calcu-

lated fast neutron flucnces were - 5 x 1022 (E > 0.1lMeV)

and " 1 % 1022 n cm.2 {L > 1MeV). The irradiated specimens
were cut into 0.5 mm {0.02 in.) thick discs and electropol-
ished for the transmission electron microscopy. The electro-
pelishing technique used in this was basically the same as
that developed by Sikka et. al.14. The specimens were ex-
amined in a JEM 200 A transmission electron microsccpe
operated at 200 kV, equipped with a specimen cold-finger

and a 30° tilt-360° rotation stage. Voids were photographed
in the under~focus condition, and the void number densities
and sizes were determined from a positive print by using a
Carl Zeiss particle size analyzer. For spherical voids the
void diameter was measured from the diameter of the inner

dark fringe, and an estimated measure was used for polyhedral
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The microstructures o as-irradiated Nb specimens, as
observed by TEM, are shown :n Firo. 1, The specimen irrado-
ated at 430°C contained plack spots, disliogation loops, rafss

and dislecations (these are nct shown in the filgure) as woil
s

as high conceantration of small veilds, The veads are unifcrnl
distributed inside the grains, and & narrow region of about
]

400 A along the grain boundaries is denuded of veoids., The
vorld structures of the spoc:imens lrradiate G
are similor to that of the spevimen irradiated at 430°C, but
the rafts were absent in these specimens. In the specimen

irradiated at 800°C the voids were

lattice with the coalculated lattice paramctesr of 685 A,
The lattice parameter of the vold superlattice was determined
by measuring the separation of {ll0; void planes and con-~
verting this value to the parameter for a bce superlattice.
At the higher irradiation temperatures the voids become lar-
ger in size and lower in number density and appear to be
cubical in shape as shown in Figs. l{(e} and 1(f). The void
volume fraction of the neutron irradiated Nb specimens 1s
shown in Fig. 2. The void swelling is minimum, -~ 2.2¢, at

temperatures of 430 - 700°C, and then increases with

W

increasing temperature, reaching a maximum swoilioa of 0.5%
at 1050°C. The microstructures of the noutron i -0: q
Nb-1Zr specimens are shown in Fig. 3. The microsir.o ires
of Nb-1Zr irradiated at 430, 580, and 700°C are very corplex;

these consist of high density unresclvable black s:ts which
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which arc presumably small dislocation loops. At 430°C only

a few isolated voids have been observed, and at 580°C voids
have been observed in one certain area. The specimen irra-
diated at 700°C contains a low density of voids which cre
uniformly distributed throughout the grains. At the irra-
diation temperature of 800°C, the voids are randomly distri-
buted throughout the specimen and no void ordering has been
detected. Compared with the Nb specimen irradiated at the
same irradiation temperature, the void concentration in the
Nb-12r specimen is about one order of magnitude smaller, but
the void size is bigger by a factor of three. 1In the speci-
men irradiated at 900°C, voids are non-uniformly distributed
and the void size is smaller than those in the 800°C specimen.
The specimen irradiated at 1050°C shows several areas charac-
terized by high concentrations of small voids. Fig. 4 shows
the void volume fraction of the Nb-1l2r specimens as a function
of irradiation temperature. The swelling curve is a narrow
bell shape with the maximum swelling of + 2%, which occurs

at 800°C. The swelling values at the irradiation temperatures
other than 800°C are very small. For the guantitative micro-
structural data of the present study it is urged to refer to

a iorthcoming paperls.

DISCUSSION
An attempt was made to compare the theoretical model of
temperature dependent swelling proposed by Brailsford and

Bullough1b with the data obtained in the present study. The

equation for the void swelling is given as:

% & =S K (t-t,) F(n)

({22 dn e {R(3- 1))

where

F(n) =

S
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The definitions of the symbols used in the above equa-
tions are given in the original paperlG. F(r) was calculated
for both Nb and Nb-lZr using Q = 4.06 eV and EY = 0.68 evl’,
and the values of Ts ana Tf were estimated, based on the ex-
perimental data, to be 400 and 1400°C, respectively. The
defect sink term S was determined from the experimental datals,
and the calculated swelling values are plotted, together with
the experimental swelling data, in Figs. 5 and 6 for Nb and
Nb-1Zr, respectively. The model overestimates the swelling
in neutron irradiated Nb by a factor of up to 10, especially
at high irradiation temperatures. However, a reasonable

agreement is shown in neutron irradiated Nb-1Zr alloy.

The vecid swelling data are compared with those obtained
from the immersion density measurements15 which were carried
out on the identical specimens, and plotted in Figs. 7 and 8
for Nb and Nb-1Zr, respectively. Ideally the magnitude of
the vol.. & swelling calcvlated from TEM void parameters should
coincide with that determined from immersion density measure-
ments. The results of this study show, qualitatively, a
reasonable agreement between these two approaches. Quantita-
tively, however, there are significant differences between
them, presumably, for the following reasons: (1) defects,
other than voids might exist and contribute to the volume
change, e.g., coherent precipitates, and (2) a certain por-
tion of the voids might be too small in size to be observed
under TEM.

The neutron data of the present study are compared with
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the ion data available in the literaturelz, as shown in Figs.
9 and 10 for Nb and Nb-1Zr, respectively. The ion datalz

have been adjusted to a damage dose of 21 dpa by use of the

linear dose dependence relationship of the void swelling,

as given by Brimhall and Kulcinskilo. Also the shift in the

effective irradiation temperature was taken into account

tsing the relationship given by Bullough and Perrinls.
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Fig. 9. Void Swelling of Neutron Irradiated and Ni+
Ion Bombarded Nb.
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SUMMARY

(l1). Voids are formed in Nb and Nb-1Zr irradiated to a
fast neutron fluence of 1 x 1022 n cm_z at temperatures be-
tween 430 and 1050°C.

(2) . The maximum swellings occur at 1050°C in Nb and
800°C in Nb-12r.

(3). BAn addition of 1% Zr decreases the void swelling
of Nb at the irradiation temperatures other than 800°C.

(4). A void superlattice is formed in the Nb specimen
irradiated at 800°C, and the calculated superlattice param-

o
eter is 685 A,
ACKNOWLEDGMENTS

This work was supported by the U.S. Energy Research and
Development Administration under contract No. AT{11-1}-2093.

REFERENCES

1. Elen, J. D., Proceedings, Voids Formed by Irradiation of
Reactor Materials, p. 51, BNES, Reading, U.K., 1971.

2. Elen, J. D., Hamburg, G. and Mastenbroek, A., J. of
Nuclear Materials, 39, 194, 1971.

3. Adda, Y., Proceedings, Radiation-Induced Voids in Metals,
p. 31, Albany, New York , 1971.

4., Wiffen, F. W., Proceedings, Radiation-Induced Voids in
Metals, p. 386, Albany, New York, 1971.

5. Wiffen, F. W., Proceedings, Defects and Defect Clusters
in BCC Metals and Their Alloys, p. 176, NBS, Gaithersburg,
Maryland, 1973.

6. Michel, D. Jd. and Moteff, J., to be published in Radiation
Effects.




10.

11.

12,

13.

14.

15.
16.

17.

18.

1-121

Kulcinski, G. L., Brimhall, J.L., Trans. ANS, 14, 604,
1971.

Kulcinski, G. L., Brimhall, J.L., Proceedings, Defects

in Refractory Metals, p. 291, Mol, Belgium, 1972.
Kulcinski, G. L., Brimhall, J. L., and Kissinger, H. E.,
Proceedings, Radiation-Induced Voids in Metals, p. 449
Albany, New York ,1971.

Brimhall, J. L., and Kulcinski, G. L., Radiation Effects,
20, 25, 1973.

Loomis, B. A.,Taylor, A. T., Klippert, T. E., and Gerber,
S. B., Proceedings, Defects and Defect Clusters in BCC
Metals and Their Alloys, p. 332, NBS, Gaithersburg,
Maryland, 1973.

Loomis, B, A. Taylor, A., and Gerber, S. B., J. of Nuc-
lear Materials, 56, 25, 1975.

Kamphouse, J. L., Stuart, R. L. and Moteff, J., J. of
Nuclear Materials, gg, 1l, 1971.

Sikka, V. K., Michel, D. J., and Moteff, J., J. Less-
Common Metals, 31, 31, 1973.

Jang, H. and Moteff, J., to be published.

Brailsford, A. D. and Bullough, R., J. of Nuclear Materi-
als, 44, 121, 1972. '
Kothe, A., Proceedings, Defects in Refractory Metals,

p. 125, Mol. Belgium, 1972.

Bullough, R. and Perrin, R. C., ASTM-STP-484, p. 317,
1970.




HIGH TEMPoLRATURE IRRALIATICN DAMAGE JST..UCTURES
IN FAST RIACTOR IRRADI~T=D NIOBIUM nAib VANADIUM ATLOYJS
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ABSTRACT

The void swelling behaviour of commercial purity niobium and vana-
023 samoles have been examined after irradiation to 2 dose of 3.6 x
1 in the Dounreay Fast Reactor at 450, 550 ard 600°C. In addi-
tion thP irradiation procramme included samples of Niobium % Zirconium,
Niobium 10% Zirconium, zone refined vanadium and V-15:Cr-55Ti, The
irradiated void and dislocation structures were examined using transmis-
sion electron microscory. The most imrortant general result was that
in the alloys examined the void swelling was nerligible. Ir the purer
specimens there was a marked effect of temperature on void concentration
and size but the overall effect on void swelling was small.

INTRODUCTION

The problem of void swelling in materials subject tc high neutron
doses at high temperatures has already been well documented in relation
to Fast Breeder Reactors1'2’3. In the Fusion reactor the same effects
could be expected with the added disadvantage that the 14 MeV peaked neu~
tron spectrum will give considerably more displacement damage per neutron
conpared with the fast breeder neutron environmenth's. In addition, the
increased production of helium from (n,x) reactors could affect the
nuclgation and growth of voids, Nevertheless, the behaviour of materials
in Fast Breeder Reactors is one of the guides at present available to
assess the comparative resistance or otherwise of fusion reactor metals
and alloys to void swellinr, This paper reports some initial results on
Niobium and-Vanadium and some alloys following neutron irradiation in the

Dounreay Fast FP-actor (D.F.R.).
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The vanad:ium »nd niobium topether with their alloyse were produced as

strip from which 3 mm discs were trepanned by snark-erosion. The discs

were ther heat-treated as indicated

in Table 1,

TABLE 1. opecimen Heat Treatments
Material Hleat Treatment
Nk 1 hour at 1600°C ir vacuo
Kb SuZr 1 heur at 1600°C in vacuo
Nb 105Zr 1 tour at 1600°C i vacuo
vV (6PZR) 1 nour =t R00°C in vacuo
V (Commercial) 1 hour at 800°C ir. vacuo
V 15%Cr 5%Ti 1 hour at 1500°C in vacuo

After heat=treatment the

discs were packed ir molybdenum cans with molybdenum powder to ensure

good heat transfer prior to beiryr irradiated in the Dounreay Fast Reactor.

Three temperatures were used, nominzlly 450, 550 and 600°C and the irra-

diations made to a dose of 3.6 x 10

22

fast neutrons/cmz.

After irradiation

specimens were electropolished to porforatior and examined in a Philips

EM 300 electron microscon2 onerated at 100 KeV,

RIGULTS

Vanadium

The main quantitative results available at vrescrt fer the six-pass

zone refined varadium and the commercial varadium are ~iven in Table 2.

The overall increase in void diurmeter and decreane in void densitr with

the rise in irradiation {emrerature is very clear,

In the high purity

vanadium there is a tendenc: for the void swelling to increase wit tem-

. perature but in the commercial material it is comparatively stable,

. . . o, .. . .
However, in both materials, narticularly at 550 and 600 C, the void size

and concentration varied considerably from grain to srain so tast it was
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Fige 1. Void structures in commer- Fige 2. Dislocation structures in
cial vanadium afte 1rrad ation to V1E9Cr 5%Ti after_irradiation to a
& dose ot 3.6 x 1 n/cm in DFR dose of 3.6 x 1022 n/cm® in DFR at
at 450, SS0 and 600°C. 450, S50 and 600°c,

difficult to make measurements of the void parameters with high accuracy.
Typical void structures for the commercial vanadium are shown in Fig. 1
where some of the inhomogeneities can be seen even witnin single grains.
Ir addition, there were marked denuded zones at the grain boundaries, this
effect bein; emphasised by the small grain sizes (between 0.5 and 0.8

microns) in the two materisls.
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TARL. 24 Me:o-ured Yoiad lariret.rs ivn Vonecium

¥aterial Irraidiation Av??age Voic Joic ) .¥oi§
Temperature Dinmeter Zoncentr:ticn awelling-

6 FZR V 450°¢ 50 2 1,35 x 10"7/ed 0.2
6 PZi V 550°7 213 § 1.25 x 10" ferf 0.6
6 PZR V 60c°: 298 2 9.4 x 10 em 0.5
Commercial V 450°¢ 110 & 1.06 x 160/ 0.7%
Commercial V 5:0°C 224 8 1.6 x 1015/an 0.%:
Commercizl V 605°¢C 21 % 3.2 x 10 e Culis

1Ir contrast to tue rure ard commerciai vanadinm the vanacium
alloy, V 1%.wr 5:Ii, showed zero voidage at the three irradiaticn temrera-

. - . . . O,, . .
tures (thoug: isolated voids were seen at 550 C), Irsteac t.e irracistec

s

substructure was cuaracterised by the very nirsh dislocatiorn conternt, as

suown in r'i-e 2. As the irradiation temrerature is increased there is
some coarsenin- of the dizlocations but otherwise the structure aprears

to ve rather stable,

ALl the specimens of 1600°2 heat treated niotium cortainec a fnirly uni-
form distribution of voids, (Fi~. 3), Fear void sizes irncreased and void
number densities decreased with increasizr irradiation temnerature, {(Fi.-.h),
Both parameters werc extremely sensitive to temperature, but the chanres in
void size were matched by the changes in void numbers, resulting in void swell-
ing walues which, over this temperature rangez, were approximately constart at
w28 e Void ordering was not observed in any of the specimens examined,

The dislocatior structure consisted almost entirely of loose tnr-les
(esrs Fime 5(2)) and the dislocation dersit- decreased from .5 x 101C lines/

2 : .'2
cm” at 450%C to 2x10'C lines/em® at 600°C.

In addition to voids and dislocntions, the irradiated specimens also
contained precipitntes identified as Nbl, The precinritntes were either
coarse (resultins in inecrmplete solution of carben durins nre-irradiation

o
heat treatment at 1600 C) or relativ:ly fire, resulting fror the solubility
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Fig. 3. Void distribution in 1600°C heat
treated commercial niobium irradizted to
3.6 x 1022 fast neutrons/cm®.,

of carbon being exceeded at
the temperatures of irradia-
tion. This behaviour is
consistent with recently
published data on the solu-

bility of carbon in niobium6.

The irradiated Nb-Zr
alloys contained either very
few voids (at 550°C and 600°C)
or a complete absence of voids
(at 450°C). In no case was
the void swelling greater
than 0,05%. In this respect
there was no consistent
difference between the two
alloys.

Unlike the niobium
specimens, the irradiated
alloys contained both dislo-
cation logps and tangles,
which were unevenly distrie-
buted, {Fig. 5(b)).
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SISCUSSICH

The most important gereral recult in t.is wori is the lar-e effect of
alloving on the supnression of void swellirngs. As nlready stnted, the
swelling was neflirible in the VIS5.0r ¥ .Ti alloyr and in tae two !Miobium
Zirconium alloys over the temnerature ran-e studie It is wort:s notine
that for vanadium the “50-6OC temrerature ranpe is 0,35 = 2.1 T wiile
for niobium the equivalent firures are 0,27 to 0,32 m. It is net clear

v what mechianism the nwellir~ is suprres:-edy the ?'pn dislocation densi-
ties in the allors could he an imporinnt frector but tae surrression could
nlso be relnted to the nif solid solubilities of niohium nnd vanadium for
oxygen, nitrosen ond carbon, The affinity of there elements for tit=nium
ard zircenium wnu.ld chuse a lar-e dron in their effective concentr tions
anu could therefore suprres.: vnic nucleatinn, (Tre nresence of oxrien
and nitroren, which are surfnce active, car lower the surface ener-v and

tence normally =2id nuclentiorn by mirnimisings the »rotisibility of void shrink-

age by thermal asvapor-tinn), A third rossitility is the ennhnarcement of

recomb‘naticn due tn tne rresence of substit:tionzl solute atoms.

The results on vanadim agree vers closelr wit!ll the work of Corlonder
2
et nl7 and Jiffen wha looxed 2t ~» va-iety of var:iium allors zertairing
caromium and titanium -nd irradi~ted to the same dosze an: temrer:ature

v

s in the -re:sent worke. In all cases the alloys s .ow nerligitle

[t
W

rang

swellin:- and t is clenrly apnears to he a result of teciirnolosicr,l imtortance
a - 10, .

Adda” arnd .len et al hnve the same res:its or vanadium alloys but n:t neu-

tron doses more than an order of marnitude lower,

Wiffeng and Micnhel and Eoteff11 have published data on niobium and
niobium = 1% zirconium alloyvs irradiuted to similar fast neutron doses as
trnose employed here. Thourh the swellirni- vzlue:s reported nre considerably
lower than those rerorted in the rresent paper, Michel siows tint (a, the
void swelling does not vary sigrificantly with temperature between 425%¢
and ?90 C in commercial purity niotium ond (b) the additior of 1¥ zircoriur
reduces the void swellin- to zero at temperatures up to at least SHSOC, but
results in a considerable increase at 79003. wiffen finds the swellirg in
commercial purity niobium =2nd niobium=1. zirconium approximatelyequalat79di
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Thus the trends indicated in the present work are at least in qualita-
tive agreement with the work of Michel and Wiffen wherc the irradiation
temperature ranges overlap, though the absolute swelling values reported

here for commercial purity niobium are significantly higher.

The very marked temperature dependence of void numbers and mean sizes
described here were not observed by Michel. It is possible that composi -
tional differences between the casts of "commercial purity' niobium used
in the investigations could give rise to the observed differences in void

nucleation behaviour,

It thus appears that the addition of only 1% zirconium to niobium
édramatically increases its resistance to void swelling at least up to
~600°C, and the void resistance is then maintained with increasing zirco-

nium additions, at lezst up to 10% zirconium.
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ION SIMULATION STUDY OF VOID FORMATION IN HIGH PURITY VANADIUM

W. J. Weber, G. L. Kulcinski, R. G. Lott, P. Wilkes, and H. V. Smith, Jr.

Nuclear Engineering Department
University of Wisconsin
Madison, Wisconsin 53706

ABSTRACT

Ion simulation techniques were used to study the characteristics of
void formation in high purity vanadium bombarded with 18 MeV Cu ions. The
samples were vacuum annealed at 1050°C (<5 x 10-8Torr) and irradiated at
temperatures from 6060 to 750°C (<1 x 10-8Torr) to damage levels ranging
from 1 to 5 dpa. The damage rate was 3 x 10-% dpa/sec in the analyzed
region, approximately one micron from the front surface. The damage
structure consisted of voids (<35 x 1014cm'3) and precipitates at low
densities, dislocation lcops, and dislocation networks. The precipitates
were analyzed to be face-centered cubic vanadium-carbide (VC} by Auger
and electron diffraction analysis. The degree of precipitation was
found to depend on sample surface preparation. A description of void
morphology, precipitate morphology, grain boundary denuding, and the
temperature dependence of void size, shape, density and subsequent
swelling is given.

INTRODUCTION

Vanadium and vanadium-base alloys are among the refractory metals
considered for use as first wall material in controlled thermonuclear
reactors {CTR's). The first wall of a CTR will experience high 14 MeV
neutron fluxes which produce atomic displacements that can cause changes
in microstructure during the irradiation. At CTR operating temperatares,
these microstructural changes in the form of voids, dislocation loops
and enhanced precipitation produce dimensional and mechanical property
changes which may greatly affect the lifetime of the first wall and the
success of the CTR as a potential energy source.

Studies of void formation in neutron irradiated vanadium are severely
limited by the long irradiation times required in presently available fast
reactors and the difficulty in controlling the irradiation anvironment.

1--5 . . . . . . )
Current data on void formation in neutron irradiated vanadium comes
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from relatively low fluence studies (<1022n/cm2) and is not sufficient

to predict first wall lifetimes. For this reason charged-particle irradia-
tions, with their high damage rates, are used to study void formation in
potential reactor materials. Charged-particle simulation also has an '
advantage over reactor irradiations in that the irradiation environment

is more easily controlled. This is important because of the high
solubility of interstitial impurities, such as oxygen, nitrogen, and
carbon, in vanadium.

Previous investis_z,atic:ms6—9 using charged-particles have already
provided some information on vanadium. In the investigations ai Battelle-
Pacific Northwest Laboratory, 7.5 MeV tantalum ions were usedﬁ, while the
studies at Argonne National Lahoratory were carried out with 3.25 MeV

nicke17’8 and 3.0 MeV vanadium9 ions. 1In the present work, 18 MeV copper
ions were employed.

EXPERIMENTAL METHODS
The high purity vanadium used in this study was ohtained in sheet
form from Oak Ridge National Laboratory.10 Tha substitutional impurity
content of the vanadium was less than 10 wt- ppm and the interstitial
impurity content is given in Table 1., The carbon content of the foil

was independently verified by the McDonnell-Douglas Corp.11

Table 1

Interstitial Impurity Level in Vanadium

Interstitial Amount
Impurity (wt=-ppm)
0 48
c 50
N 71
H

Samples were irradiated in the form of a specially machined strip.
Prior to annealing, the foil strip was cleaned and electropclished to
remove approximately 25 microns from the surface thereby eliminating any

surface contamination from rolling. The foil was washed
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in absolute methyl alcohol and then placed in the irradiation target chamber
where it was given a full recrystallization amneal at 1050°C for 1 hour in
a vacuum of less than 5 x 10_8Torr (total). The residual gas content was
monitored at intervals during the anneal and, as shown in Figure 1, the
main residual gases present during anncaling were hydrogen (46%), carbon
monoxide (407) and water (11%). After annealing, the samples cither re-
rained in the target chawber under vacuum until they were irradiated or
were taken out and electropolished again to remove a 25 micron surface
layer before being placed back into the target chamber feor irradiatiom.
The target chamber, irradiation facility, and sample geometry have been
described previously.

The samples were irradiated with 18 MeV Cu ions at temperatures
between 600 and 750°C to damage levels from 1 to 5 dpa. The residual
gas content was again monitored at intervals during the irradiations.
The main components of the residual gas weve H, (81%) and H,0 (8%), but
CO and CH, (methane) were still-present with partial pressures of
~3 x 10-_1 Torr (see Figure 1). The total pressure was -7 x 10_9Torr at
750°C and ~3 x 10_9Torr at 600°C (ihe partial pressures of the residual
gases dropped correspondingly). The samples were hieated by means of a
radiation furnace and the temperature was measured by two chromei-alumel
thermocouples attached to the Ta holder. The ion-beam intensity at each
specimen location was determined before, at intervals during, and after
the irradiations as described in Ref. 12. The damage energy deposition
as a function of depth was determined using the E-DEP-1 cote of Manning
and Muellerl3 and a threshold displacement energy of 26 eV.14 The
calcuiated displacement danage as a function of depth for 18 MeV Cu ions
incident on V is shown in Figure 2; also shown is the range distribution
of the Cu atoms. The dpa rate was typically 3 x 10'_4 dpa/sec in the analyz-
ed region, 0.8 to 1.8 microns {rom the front surface (sec Figure 2).

Before the irradiated samples were prepared for transmission
electron microscopy (TEM), the irradiated surface wus electropolished
to expose the damage at a predetermined depth. This depth was measured

o

with a precision of 500 A using an interferencc microscope. The damage

analyzed was never outside the region 0.8 to 1.8 microns from the surface.
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In this way the effect of the surface, the damage gradient, and the Cu

atoms may be neglected. After the surface layer was removed, the 3 mm
diameter irradiated areas were cut from the foil and the discs back-polished
for TEM analysis using a single-jet electropolisher. In addition to TEM
analysis, several irradiated samples were Auger analyzed to determine

precipitate composition.

EXPERIMENTAL RESULTS

The main microstructural change observed was the férmation of voids
and precipitates in the irradiated samples (Figure 3). Both samples
shown in Figure 3 were given the same anneal under identical vacuum
conditions and followed the same thermal cycle during the irradiations.

The sample in Figure 3a was left unirradiated whereas the sample in
Figure 3b was irradiated to 1 dpa. Both samples were examined at a depth
of 1.5 microns from the surface.

Significant precipitation was discovered in the irradiated specimen
while no precipitates were found in the unirradiéted area next to the
bombarded region. The precipitates were identified through Auger and
electron diffraction analysis. The Auger analysis indicated that the
precipitates were carbides, but quantitative measurement of the carbon
concentration was not possible. It was clear from the electron diffraction
analysis that the precipitates did not contain copper. The crystal structure
deternined from the electron diffraction patterns was, however, consistent

with face-centered cubic vanadium~carbide (VC). The orientation relation-

ship of the precipitates was

(oon), 1 1 (001),,

{1101, 1 } 1100l . .
v vC

The precipitates usually formed as rods with their axis in the <110>v
direction. At this orientation, the precipitate and the matrix matched

to withid 3% in the (001) plane and have a misfit of 31% normal to

this plane. Because of the good fit in the (001) planes, the precipitates
will initially form ccherently, but later become incoherent as evidenced
by the high dislocation density around precipitates (Figures 4, 9. 10).
In Figure 4, a bright field-dark field pair of micrographs and selected



(a) (b)
Unirradiated Irradiated at 600° ¢
to 1 dpa

Fig. 3. Microstructure of Vanadium Samples with Identical
Thermal Histories. The Irradiated Sample has Precipitates
and Voids as a Result of the Irradiation.
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area diffraction pattern are shown. The extra reflections in the pattern
are from the precipitate shown in the figure and from precipitates in
adjacent areas at different orientations.

Other microstructural features observed included void and precipitate
clustering, void and precipitate denuding around grain boundaries, dis-
location loops, dislocation networks, and dislocation punching. Table 2
summarizes the data for 18 MeV Cu ion irradiated vanadium. The dislocation
density was less than 1 x 109 lines/cm2 in all samples.

The estimated carbon contained in the precipitates, as indicated in
Table 2, was reduced up to a factor of 50 from approximately 3500 to 60 wt-
ppm as a result of removing the 25 micron surface layer after annealing and
prior to irradiation. This reduced carbon contamination in the form of
precipitates, and their eifect on void formation, is illustrated in
Figures 5 and 6.

Voids were observed at all temperatures (600-750°C), but the void
distribution was noticeably more inhomogeneous at the highev temperatures.
The voids were cubes with {100} faces, but some voids were truncated
on either {111} or {110} planes. 1In the sample irradiated at 700°C with
reduced precipitation, (Figure 6b), a small
number of voids (~2%) were elongated with length to width ratios up to
ten. The average void size increased with temperature as has been
observed previously.l-9 The average void size and the amount of
precipitation decreased in the samples with reduced carbon contamination.
This is evident in the micrographs of Figures 5 and 6. The shift to
smaller void size as a result of removing the 25 micren surface layer
is shown graphically in Figure 7. The average void size in the high and
low carbon samples was 700 ; and 410 ; respectively at 700°C. It was
reduced to 370 ; and 160 ; respectively at 650°C.

The peak swelling at approximately 1 dpa appeared to occur at
700°C which was in agreement with previous results.7 The dislocation content
of the samples irradiated at 700°C with different levels of carbon
contamination is compared in.Figures 8 anq_S,»»Thé distribution of large
precipitates and voids in the 7009C,vl“3;; specimen was rather inhomogeneous

at times (Figure 9).



Table 2.

Summary of Data for 18 MeV Cu Irradiated Vanadium

Average Estimated
Void Average Precipitate Precipitate Carbon in Looyp
Temperature dpa Density Void Size av/v Density Vo lume Precipitates Density
(°c) (cm™3) &) ) (cm~d) (X3) (wt-ppm) (em=3)
d
600 1 2.5 x 1014 140 0.1 2 x 10%4 1 x 108 3500 4 x 10'3
1.5 7x 108 270 0.15 3 x 10! 4 x 107 2000 4 x 1013
550 1 1x 10" 370 0.5 2 x 10* 4x 10 1500 2 x 1013
2 1.5 x 1013 750 0.5 7 x 1013 4 x 108 5000 7 % 1012
5 5.5 x 1013 760 2.5 8 x 10°3 4 x 108 6000 1 % 10'2
1® 4 x 10t 160 0.2 8 x 10t 4 % 10° 60 1 x 1013
700 1 a5 x10t 590 1.0 6 x 10'3 3 x 108 1500 <1 x 10
b ‘
1© 2x 102 730 1.0 2 x 10" 1x 10° 3500 5 x 1083
b

3° 1.5 x 107 850 0.1 4 x 1012 4 x 10° 3000 4 x 1013
12 3 % 10%4 410 1.0 3x ot 1x 10 60 <1 x10'?
¢ 11 12° 9 13

750 1 3x10 980 0.03 1x10 3% 10 600 2% 10

a) These samples had a 25 i surface layer removed after annealing.
b) These densities are only for the larger, more visible precipltates,

¢) The voids and precipitates are inhemogeneously distributed in these samples.

d) Approximate

Se1-1



(a) (b)

Fig. 5. Vanadium Samples Irradiated at 650°C with 18 MeV
Cu Ions to 1 dpa.

5a - Sample Irradiated as Annealed.
5b - Surface Layer Removed Before Irradiation.

6£T-1



4(3) R (b)

Fig. 6. Vanadium Samples Irradiated at 700°C with 18 MeV
Cu Ions to 1 dpa.

6a - Sample Irradiated as Annealed.
6b - Surface Layur Removed Before Irradiation.
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(a) (b)

with
8a -~
8b -~

Fig. 8. Microstructure in Vanadium Irradiated at 700°C
18 MeV Cu Ions to 1 dpa.

Sample Irradiated as Anncaled.
Surface Layer Removed Before Irradiation.
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Fig. 9. Microstructure in Vanadium Irradiated as Annealed
at 700°C with 18 MeV Cu Ions to 1l dpa.
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Void walls were observed in several samples which experienced extensive
precipitation and one of these void walls is shown in Figure 10. Void and
precipitate denuding around grain boundaries is illustrated in Figure 11.

DISCUSSION

The most significant observation in this study was the presence
of a large carbon concentration (in the form of VC precipitates) whenever
the samples were irradiated in the as annealed condition. The lower
carbon concentration in the two samples electropolished after anneaiing
and irradiated at 650 and 700°C suggests that the carbon contamination
was associated with the large CO partial pressure (~2 x lﬂ_sTorr) observed
during the anneal. The carbon impurities were probably deposited in a-
thin layer near the surface as evidenced by the fac: that the precipitation
was reduced by removing a 25 micron layer of vamadium. This conclusion
was supported by the bulk analysis of the annealed vanadium which indicated
no appreciable change in the bulk carbon content. The precipitation that
was observed in all irradiated samples must be beam assisted since no
precipitates have been observed in the samples exposed to the same vacuum
conditions and temperature cycle but net irradiated (see Figure 3).

The equilibrium solubility of carben in vanadium15 is ~0.1 at.%
in the range 700-1000°C. However, it is unlikely that suck large amounts
of carbon are generally present and if so, precipitation would have occured
in che unirradiated region. However, the vacancy flux to voids generates
strong segregation of interstitial solutes8 so that solubility limits can be
exceeded locally. In both high and low carbon content samples, small precipi
tates were found in association with voids (see Figures 3,5 & 6) presumably
forming by this mechanism. In high carbon content samples, an additional
rod type of precipitate was found which was much larger and not generally
associated with voids. It is difficult to explain how the carbon solubility
iimit could be exceeded except by some local segregation effect associated
with a defect flux to some sink. However, the precipitates are not
associated with any other observable microstructural defects. One possible
mechanism for the fo¢rmation of the rod shaped precipitates is that they
are nucleated initially near voids and as they grow they compete for the

vacancy flux, eventually causing the voids to dissolve. There is some
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Fig. 10. Void Wall in Vanadium Irradiated as Annealed at
650°C with 18 MeV Cu Icns to 5 dpa.
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Fig., 11. Void and Precipitate Denuding Near Grain Bounda-
ries in Vanadium Irradiated as Annealed st 650°C with 18 MeV
Cu Ions to 5 dpa.
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experimental evidence for this in recent work by Agarwal et al.16
This hypothesis would also be consistent with the denudation of rod
shaped precipitates in the area of void walls (Figure ]0).
The void wall shown in Figure 10 is similar to void walls observed

(17,18)

in neutron irradiated aluminum by Stiegler et al. They accounted

for this by posctulating that the wall of voids mark the position of a
prior grain boundary that had been swept away during annealing and
that the voids nucleate on impurity clusters that remain. There is
no evidence to prove this assumptisn but, as shown in Figure 11,
the grain boundaries in the vanadium are migrating either during
the irradiation or during the anneal.
In general, the void morphology was observed to be cubes with {100}
1-9

faces which is in agreement with previous observations in vanadium.

However, in previous investigations of vanadium where truncation of
the cubic voids was observed, the truncation was reported to occur on
{111} planes. 1In the present study the voids were truacated on {110}
planes, as is evident in Figures 5a and 6a, whenever the amount of
precipitation was large and were truncated on {111} planes as shown in
Figure 6b when the amount of precipitation was reduced. Truncation

on bath {110} and {111} planes was observed in the sample shown in Figure
5b. The eiongated voids were observed only In the sample with low carbon
content and irradiated at 700°C (Figure €b). These "supervoids"
typically has length to width ratios of up to ten. Approximately 27

of the voids in this sample were of this morphology when observed in a
(1380) orientation. The elongated voids were observed to be bounded by
{100! planes and to grow in <100> directions, but their exact morphology
is no¢ known at this time. These elongated voids were hot observed

in the identical sample irradiated at 650°C or in any of the samples

with large carbon content. A temperature threshold for rod-shaped voids
has been previously reported in neutron irradiated high purity al'uminum.s’19
This could explain the absence of the elongated voids at 650°C in the sample
with reduced precipitation. The absence of the elongated voids in the
samples with extensive precipitation may be due to the presence of the
carbon impurities.

The fact that precipitates were still observed in the samples annealed
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in a vacuum of <5 x 10-8Torr, electropolished to remove surface carbon
contaminates, and irradiated in a vacuum of <1 x 10-8Torr suggests that
future irradiations of vanadium should include residual gas analysis for
carbon-containing molecules. The vacuum conditions attained in the
present study are to the authors' knowledge the best reported to date in

icn simulation work.
CONCLUSIONS

1. Present results indicate that in vanadium irradiated at temperatures
from 600 to 750°C the average void size increased with temperature
while void density decreased. The maximum swelling appears to occur

at 700°C for 3 x 10_4 dpa/sec, and amounted to approximately 1% at
1 dpa.

Beam assisted precipitation in vanadium affected void size and density.
Precipitation of VC in the samples was reduced two orders of magnitude
by removal of a 25 U surface layer after the anneal but before irradia-
tion. Even then,precipitation was still observed although the

partial pressure of the carbon containing molecules during irradiation
was ~ 3 x 10-10Torr.

At the peak swelling temperature, the voids were cubes; truncation
occurred on {110} planes in the samples with extensive precipitation

and on {111} planes in the samples with reduced precipitation.

5. The observed precipitates were face-centered cubic vanadium-carbide.
The orientation relationship of the precipitates was
oy, 1 [ (001
[110], 11 (100],,..
6. * Future ion simulation studies of vanadium should include the results

of residual gas analysis, especially for carbon containing molecules.
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DOSE DEPENDENCE CF VOLD-SWELLING IN

VANADIUM IRRADIATED WITH SELF=-1ONS*

S. L. Agarwal
A. Tavlor
Materials Science Division
Argonne National Laboratory
Argonne, I1linois 604139

ABSTRACT

The void-swelling behavicer of HPV irradiated with 3-MeV

Iy jons to damage levels between 1 and 55 dpa at tempera-
tures between 650 and 700°C has been investigated by means of
transmission-electron microscepv. The results suggest that
swelling increases with dese initially, attains a naximum
value at sceme intermediate Jose, and then decreases during
additional irradiation. The decrease in swelling at higher
doses is believed to be due to irradiation-induced precipi-
tates.

INTRODUCTION

An investigation of the temperature dependence of the void-volume
fraction of high-purity vanadium (HPV) bombarded with 3.25-MeV 58Ni+
ions showed that, at a dose level of 60 dpa, the pezk swelling occurs
at 700°C.! Both at and above the peak temperature, precipitates were
interspersed in the void microstructure. The work on dose dependence
of swelling in thié material irradiated with 3-MeV 51V+ icas at 700°C
was initiated by Santhanam et al,? in which two 4 by 4 arrays of 3-um
disks were irradiated to damage levels of 7. -10 and 10-69 dpa, respec~
tively. Results of the electron microscopy of samples with doses below
34 dpa have been reported. It was found that, although the wvoid volume
increased, the void number density decreased drastically as the dose

increased.

*Work supported by the U.S. Energy Research and Development Administration.
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Here we report on the microscopy resuits for the remainder of the
irradiated specimens and those fcr another dose~dependent study carried
ovut at 650°C, The lower temperature was chosen because it was thought

that segregation effects, if present, wculd be more evident.

EXPERIMENTAL

Details of the preparation of annealed TEM disks and the irradiaticn
procedure have been given in a previous paper.3 A 4 by 4 array of speci-
mens was bombarded with 3,0-MeV 51V+ ions at 650°C to a maximum dose of
55 dpa in an ambient vacuum of 5 x 10~8 Torr. The different doses were
accumulated by exposing an increasing number of specimens tc the iorn
beam using a movable mask, Thus, all specimens axperienced the same
thermal history, with all the irradiations extending to the end of the
time at elevated temperature. The specimens were sectioned to a depth
of 8000 A and examined in transmission with a 200~keV JOEL electron
microscope. The vold parameters were obtained from photomicrographs at

a magnification of 150,000X.

RESULTS AND D1SCUSSION

Figures 1 and 2 show the dose dependence of various void parameters
and the dislocation density of the 650°C irradiation. The void-volume
fraction and the averaze size reach a peak near 13 dpa and decrease with
dose at higher doses, implying a reduction in swelling with continued
irradiation., A possible qualitative explanation for this behavior may
be found in Fig. 3, which shows the evolution of microstructure with dose
at 650°C. It can be seen that profuse precipitation begins in the matrix
at approximately the dose at which the void-volume fraction and average
size exhibit a peak. The precipitates primarily form coherently on {100}
matrix planes, and the precipitate density increases with dose. Occasion-
ally, a higher multiplicity of orientations is exhibited by the precipi-
tates, suggesting that more than one type of precipitate may be involved.
Additional experiments are in progress to elucidate the nature and origin

of these precipitates.
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Table 1 lists the void parameters and dislocation densities over
the entire dose range (2-54 dpa) for HPV specimens irradiated at 700°C.
At low doses (to 4 dpa), the void sizes and densities are quite similar
to those at 650°C. At higher doses, more scatter is evident in the 700°C
data. However, the high-dose data (33-54 dpa), when combined with data
published earlier,2 show that, with continued irradiation, swelling does
decrease with dose at 700°C, which is similar to that now observed at
650°C. 1n general, these 700°C data show higher swelling at comparable
doses. This is expected because 700°C was found to be the peak swelling
temperature for HPV irradiated with 3-MeV 58Ni+ ions.! The observed dis-
location densities are quite similar at both temperatures. The high
density of precipitates at higher doses in tu= 650°C specimens makes an
accurate determinatica of dislocation density difficult. Although pre-
cipitate$ were -also observed in 700°C specimens, the degree of precipita-
tion was much less than that found at 650°C. The precipitates are thought
to arise from either redistribution of interstitial impurities (C, O, and
N) during ion bombardment or impurities picked up during irradiation.
Although the total interstitial impurity content of the starting HPV was
the same (15 ppm O, 15 ppm N, and 120 ppm C, by weight) in both cases,
the difference in interstitial impurity-pickup during annealing and/or
irradiation is prohably responsible for the observed differences in the
extent of precipitation. A lower precipitate density could also account
for the observed increase in the average void size with dose in the 700°C
specimens beyond the peak dose value (V14 dpz) at 650°C. 1In the 650°C
case, voids that initially form at lower doses actually seem to shrink
and disappear during irradiation to higher doses simultaneousiy with the
appearance and growth of the precipitates. Finally, strain contrast and
precipitation around voids observed near the peak swelling temperature in
HPV irradiated with 58Ni+ ions! were not evident in self-ion-irradiated
samples at either temperature. The observed segregation in Ni ion-
irradiated samples probably resulted from implantation of the bombarding

ions.,
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Table 1. Void Parancters and Djslgcdliun Densities for

BPV Irradiated with 3-MeV -V lens at 700°C.@
Corrected Average Void Disiovcation
Dose Void Size  Number Densjity  LV/V Density
(dpa) (A) (em™ )x107 ¢+~ (%) (cm™ )=10~-¥
2.4 69 6.0 0.20 3.2
4,26 101 1.84 U.25 2.3
7.3 200 0.45-G,93 0,13-0.2 -
22.2 315375 0.15-0,34 0.9 -1.5 1.5
34,0 344-412 0.23-0.37 1.6 -2.0 0.8
42,5 218-300 0.34-G,93 0.30-0.48 -
54 .4 337-425 0.3 -0,52 0.85 -

8pata were obtained from different areas of the same
foil and the range of values are given.

Recently, one of the specimens irradiated at 650°C to a nominal wose
of 47 dpa was resectionad to a depth of 14,250 ) (correspending to ~1.1
dpa) to examine the depth dependence of damage density and swelling.
Preliminary results, shown in Fig. 4, suggest an average void size of 75 2
compared with 63 A observed at a depth ~f 8050 )1 (w42 dpa). This would
imply higher swelling at greater depths, i.e., at lower dcse, than in

the peak damage region,

The two most important observations that emerge from the results of
the present study are:

1. Interstitial impurities play a d.ominant role in controlling the
void-formation characteristics and asscciated swelling in HPV. It is,
therefore, imperative that the material bheing examined should be unambig-
uously characterized in terms of interstitial impurity content at various
stages during the investigation,

2. The vold-volume fraction in irradiated HPV does not increase
monotonically with dose but does attain a maximum at some intermediate
dose level and then decreases, A reduction of swelling with increase in
dose may imply reversal of the sign of the overall bias, e.g., an excess
of vacancies could be required to accommodate the precipitates leaving a

corresponding number of excess interstitials tc shrink voids.
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Section Depth 14,250 A
1.1 dpa

Fig. 4. HPV Irradiated at 650°C with 3-MeV Vanadium Ions (Mag. 150,000%) .
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DUAL-TON-IRRACIATION SYSTEM*
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J. Wallace B. Okray Hall
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ABSTRACT

Tae derails of the dwval 5 MV Dynamitron - 2=MV Var 4e Graaff
ion~irradiation system at Argonne National Laboratory are
described. The procedures adopted to define the ion flux,
fluence, and temperature of the specimen during an irradiation
are briefly presented together with a standarized specimen-
preparation technique for vanadium,

INTRODUCTION

It is evident that considerable use will be made of charged-
particle bombardment to investigate radiation effects in first-wall

1

materials for prototype fusion reactors. Extensive use has been made

of bombardment with nickel ions to simulate the displacement damage

in core components of breeder reactors.?

In charged-particle irradiation,
the general practice is to simulate the low-level helium-producing (n,o)
reactions by preinjecting specimens with helium ions to levels of 210 ppm.
For the first wall of a fusion reactor, which is bombarded by 14-MeV

fusion neutrons, levels of w500 ppm of He can be anticipated at the end

of the projected service life. At these He levels, we wmay anticipate

that He production, concurrent with displacement damage, will influence

the kinetics of void growth and nucleation. Therefore, it seems prudent

to conduct irradiation studies in which He ions are simultaneously in~

jected during a self-ion bombardment.

#Work supported by the U.S. Energy Research ani Development Administration.
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To facilitate such work, a 2-MV Van de Graaff accelerator has been
installed at the 4~MV Dynamitron Facility in the Physics Division at
Argonne National Laboratory. 1ln addition to providing light ion injection
to damage depths compatible with the Vynamitron, the beam of the Van de
Graaff will also be available to probe radiation effects using backscat-
tering and nuclear y]’.elds.3 Because of the potential use in bce metals
and alloys in the CTR program, the vacuum system of tlie beam transport
and the target chamber of the dual-accelerator facility Las been con-
structed for ultrahigh vacuum (UHV) work. Both beam~line sections are
instrumented so that the beam intensity profiles can be continuwously
monitored close to the target during the irradiations. Automatic stabili-
zation to correct for spatial drift in the acceleration system has also
been incorporated into the system. Given the intrinsic unreliability
inherent in such accelerator systems, various target holders have been
developed to increase information retrieval on dose-temperature dependence
of irradiation-induced microstructural changes when reliable irradiations
are achieved. To obtain quantitative data from these experiments, the
ion fluxes, the fluence on each area of the specimen, and the specimen

temperature must have been accurately characterized throughout the rum,

LAYOUT OF DUAL-ACCELERATOR SYSTEM

The layout of the dual~accelerator system is illustrated in Figs. 1
and 2, The 4-MV Dynamitron, accelerator used to accelerate heavy ions,
is a horizontal imstallation with a Norili-South beam axis 65 in. above
the floor level <f the target room. The target chamher is situated on
the 8°506' West beam line some 400 in. beyond the center of the analvzing
magnet. The 2-MV Van de Graaff accelerator is located on the roof of
the Dynamitron vault, vertically above this analyzing magnet. Its 90°
analyzing magnet is slung from a rotatable mount and can deflect the
light-ion beam to all locations in the target room 24 in. above the beam
from the Dynamitron. The light-ion beam is bent into the target chamber
at an angle of 10° by means of a small deflector magnet. The vacuum
system between the accelerators and the 10° deflector magnet is constructed

with standard 2~ and 4-in., HVEC beam~line components and is maintained
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materials.

Layout (looking West) of Aual-accelerator system for simultaneous
heavy-ion bombardment and helium injection of CTR first-wall
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at a vacuum of -107% Torr with vil diffusion pumps trapped with liquid
nitrogen baffles, The beam drift-line section between the deflector mag-
net znd target chamber, which contains the beam control and monitoring
instrumencation, is a bakeable UHV system operating with a vacuum of
£10-7 Torr. The vacuum svstem lIs divided into several zones, which, in
the event of vacuum failure, are isolated by gate valves controlled from
vacaum monitors attached to each section., The wvacuum attainable in the

target chamber is ~10~° Jorr without bakeout.

HEAVY-ION ACCELERATOR

The 4-MV heavy-ion accelerator is a Radiation Dynamics Inc. Moded
RPcA-4 unit that has been extensively modified to meet the needs of the
Physics and Materials Science programs at ANL.” The accelerator is
equipped with twelve MEC accelerator tube sections and is joined with
decoupling apertures that are 1~1/2 in., ir diameter. The ion source
used for heavy-ion studies consists of a modified Danyfysik type 910 with
either stainless steel or graphite cemponents, Singly charged Ni or V
ions are generated efficiently using the CCl, method in cembination with
metallic elements placed behind the source filament.> Steel source com-~
ponents are used for the production of carbon ions of gaseous elements.
Typically, bezm currents of 1-2 LA of analyzed species at 4 MeV are

obtainable, the limit is set by loading currents in the acceleration

tube,

BEAM-TRANSPORT COMPONENTS

“he principal components of the bheam~transport svstems of both the
Van .e Graaff and Dynamitron accelerators and the instrumentation in the
target, control, and data rooms for beam control and munitoring are

shown schematically in Figs. 3 and 4, respectively.

The energy-con.rol system of the Van de Graaff consists of a con-
ventional slit feedback system operated from the image slits of ths 90°
double-focusing analyzing magnet. Secondary steering and focusing

elements are provided to guide and focus the beam through the 10°
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deflector magnet ontn the slits in front of the target chamber, The

beam is automatically centered between these vertical slits by a feedback
lcop that controls the current supplied to the coils of the deflector
magnet, Beam profile and intensity are measured with a rotating wire
beam scanner and a Faraday shutter, National Electrostatic models BPM5-45
and FCVA~6, respectivelv., A dc sigral pruportional to the current inter-
cepted by the scanner wire is obtained from the preamplifier of the beam
scanner to monitor the beam when the shutter is moved aside. To distri-
bute the helium uniformly through the radiation damaged layer of the
specimen, the helium beam is passed through a degrader foil mounted in

front of the specimen slightly above the path of the heavy-ion beam.

In the heavy~-ion system, two pairs of electrostatic steerer plates
are used to automatically stabilize the position of the unanalyzed beam
between the four-jaw entry slits of the analyzing magnet. Appropriate
adjustments of the voltage levels on each set of plates provide parallel
displacement and deflection of the beam to accommodate mechanical dis-
placements of the ion source during servicing end erratic electrical
deflection of the beam during machine operation, To improve the spatial
uniformity of the ion flux on the target surface, one set of steerer
plates is ac~coupled to the power amplifiers, which permits the beam to
be wobbled* or rastered simultaneously in both the horizontal and verti-
cal directions. Frequencies between 10 and 1090 kHz, with triangular,
saw tooth, or sinusoidal wave forms, could be selected to optimize the
beam uniformity. A third set of vertical deflector plates provides
postacceleration chopping of the beam with a minimum rise time of 100 ns

to control the time structure of the beam during pulsed irradiation
studies,
Reyond the vertical chopping plates, the beam is bent into the 8°50'

west target-room drift line by an analyzing wragnet and then through a

four~jaw image slit system situated V300 in. from the target face. The

*Wobble is defined as a lateral displacement nc greater than a beam
half-width.
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electrical pickup from these horizontal slits is fed back to the accel-
erator inner-loop amplifier to stabilize the ifon-beam energy. Long-term
drift on the generating voltmeter at the accelerator terminal is <0.G5%.
The dispersion of the system measured at the control slits is given by
26 Ap/p in. (where p is the momentum of the particle), is equivalent

to a separation of 0.8 in. between the 58Ni+ and 60N"'&"ions. Generally,
an image slit width of 0.48 in. is used such that a « -fwcused beam

would diverge to a width of 0.6 in., at the target chamber., The hori-
zontal and vertical slits of the chamber are used to monitor the pesition
of the beam at the target during an irradiation. Continuous monitoring
of the beam profile, in both the horizontal and vertical directions, and
the current transmitted to the target chamber is again provided by an
oscillating wire-loop monitor, which feeds the preamplifier output
signals to an oscillograph display and a dc signal to the current recorder.
The total current is also read on a movable shutter that acts as the
back of a biased Faraday cup. Movable quartz viewers and aperturz plates
are installed to facilitate the alignment and the initial set~up proce-
dures, An intensity profile of the Ni isotopes in the focused and

defocused wobbled modes is shown in Fig. 5.

TARGET CHAMBER

The target chamber (Fig., 6) consists of a standard UHV-type Auger
spectroscopv stainless steel bell connected to a 500-liter/s triode ion
pump and a sublimator-equipped cryoshroud. View ports (located 10 and 45°
from the heavy-ion beam axis) permit optical and infrared pyrometers to
bé sighted onto the target surface., A Faraday cup with a fluorescent
quartz screen is mounted in the rear entry port so the ion-beam current
transmitted through the target chamber can be measured and viewed simul-
taneously. The target holder (Fig. 7) can be mounted irnto either of two
6-in., ID side entry points, Vertical and horizontal masks, containing
both rectangular and circular apertures, are mounted in a micrometer-
positioned, bellows—-sealed feedthrough to facilitate the probing of the
spatial distribution of the beam intensity or to mask selected specimens

from the beam. The target holder mount plate has four furnace positions.
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During alignment procedures, the ion beam passes through the center hole
in the mount plate into the Faraday cup at the rear of the target chamber.
Slight misalignments between the holder centerline and the beam axis,
caused by variations in the seating of the copper gasket of the mounting
flange, are compensated for by adjusting the vertical alignment screws.

A Veeco residual gas analyzer and a nude ion gauge are used to monitor

the chamber vacuum during irradiations.

SPECIMEN HOLDERS

The specimen holder shown in Fig. 7 is constructed so that four sets
of twenty microscope specimens can be irradiated at temperatures up to
1400°C. An expanded view of the specimen holders and furnace assembly is
stown in Fig. 8. The tungsten specimen holder is mounted in a cvlindrical
alumina insulator and clamped to the water-cooled mount plate by means
of a stainless steel clamp ring, The specimen holder is heated from the
rear with a diffuse electron beam emitted from a thoriated tungsten fila-
ment, which is maintained at 1 kV relative to the holder. Two Chromel K
stainless steel clad thermocouples are inserted into the holder biock
to measure and control the temperature. The dual-electron-beam furnace
power supply (Fig. 6) is used tec maintain the desired temperature by
repulating the electron-emission current with an electronic contreller.
Furnace thermocouples and power lcads are brought thrcugzh the header
assembly inside a l-in.-dia tube and distributed to the multipin capnon
plugs on the connector box, The header assembly is attached to a
vernier slide, and the vacuum seal is provided by a welded stainless

steel bellows, which can be extended %6 in.

To facilitate rapid screening of the dose~temperature dependence of
radiation-induced microstructural changes, three specimen foils 0.120 by
0.605 in. can be irradiated in the temperature-gradient holder shown in
Fig. 9. This holder is made of molybdenum and consists of a homogenizer
block ard a mask that spans two furnace positions on the specimen-holder
mount plate. One side of the homogenizer block (the colder end) is heat

sunk to the mount plate using a copper mounting bracket, and the high-
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temperature end is mounted on two thin stainless steel screws. The
gradient across the specimens rau be adjusted by independently controlling
the temperature of =ach end of the holder using the dual~furnace-control
unit. The temperature gradient is monitored by three Chromel K thermc-
couples inserted into the homogenizer block from the rear, and the

optical pyrometers can be used to measure the temperature distribution

he specimens and the mask, Additional details of the system are
6

of

cr

discussed elsewhere.

HELIUM INJECTION

A stationary degrader foll was designed to provide a uniform concen-
tration of injected helium in a layer at least 3000 A thick at a depth
of 46000 & in vanadium. It is placed 2,3 in, before the target on the

axis of the heliium bean.

The foil is composed of two thicknesses of nickel and a substrate
of thickness T, on which a nickel layer of thickness T, is rindonly de-
posited. The thicknesses T and Ty the areal fraction of the depcszited
layer, and the helium~beam energy were chosen as follows. For a substratc
thickness T and 2n incident-ion energy Ei, the Brice code RASE 37 output
was used to determine the energy distribution off the tack of the foil.
The distribution was then fitted by a Gaussian, and the energy maxjimum
and half-width were calculated. Moliere's Caussian approximation® was
used to account for multiple scattering and gave the angular distribution
of ions as a function of the degraded energy. The evaluation cof the mean-
square spatial angle involved iniegrating over the intermediate energies
within the foil,9 since the energy loss suffered by the particles in
traversing the foil is of the order of 70... The Brice range and strag-
gling results for helium on vanadium were then used in conjuncticn with
the energy and angular distributions to determine the helium depositi-n
profile in the sample. The range along the incident-ion divection and
straggling were assumed to be unchanged for nonnormal incide:ce. The
energy Ei of the helium beam was adjusted so that the maximur in e

energy distribution transmitted through T, occurred at 335 ke, (for
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Ei = 1,15 MeV and T = 1.45 mg/cm™?), which gave a peak in the sample
deposition profile at 1.0 um. With an additional deposited thickness
1, - 0.37 mg/cm?, the output energy peaks at 135 keV, and the sample
deposition peak <ccurs at 0.5 um. It was found that equal areal frac-~

tions of thicknesses T, and 11+T gave a calculated concentration, uniform

within 10%, from 0.5 to 1.0 um. 2T‘ne deposition profile will bz checked
using the 3He(d,p)“He reaction.!? The fractional intensity transmitted
to the sample surface for a 0,5 by 0.5-in. beam was calculated as 57,
using the Moliere scattering theory. The same type of computation was
also performed for a system with a known transmitted intensity10 and was
found to agree with an experimental determination. Excessive heating of
the foil occurs for beam currents above ~1 uA, which places an upper limit

on the helium deposition rate,

IRRADIATION PROCEDURE

To illustrate now the ion flux, ion fluence, and temperature are
monitored during an irradiation, the specific procedures used at ANL for
bombarding a 4 by 5 specimen array will be brié€fly described using
Figs. 10~13, Figure 10 shows the completed data sheet for a 58Ni+—ion
irradiation of nickel. The gheet summarizes the irradiation conditions
for each specimen. Figure 11 shows the prerun beamprofile data taken
along each specimen row. An annotated portion of the temperature and
jon-current recorder outputs is reproduced in fig. 12. The oscillograph
traces of the residual-gas-analyzer spectrum taken at a gauge pressure of
10~7 Torr and the output from the beam-profile monitor are reproduced in
Fig. 13, Data recorded at each procedural step are listed in the right-~

hand column of Table 1.

No irradiations are performed until the entire accelerator system
is stabilized, and the ion-source cenditions for optimum ion yield are
ectablished. 1In genersl, this takes from 12 to 24 h of continuous opera-
tion, during which time the sample holder is installed in the chamber,

cutgassed, and a vacuum of <10~7 Torr is established.
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Table 1.

Irradiation Frocedyre

Operation

Revord

1. Establish fon encrgy and current for desired
irradiation condition

2. Align beam through slit system o cente? bhean
in target chamber. Align telescope on beam azis

3. Align target holder and masks on beawm axis

4, Profile Beam:
the beam

traverse cach aperture across

5. Adjust beam current and defocused condition
to obtain desired beamcurrent deasity. Repeat
step 4 until satisfactory

6. Heat sample holder to run temperature,  Re-
cord accelerator conditlon, Check beam stabilicy

7. Close Faraday shutter, center furnace, sct
initial horizontal and vertical mask positions,
and align pyrometers on appropriate specimen

8. Commence irradiation:
pyrometers,

Survey specimen with
Progressively expose lower-dose samples

9., Closgse shutter, commence cool down

10. Center target holder and mask apertures.
Repeat step &

Profectile mans ws anaiveing et current

it settings

-

Targel holder posit ion) Horizontal mask positiony
s n N 4
Vertical mask position

Current density v hoerizontal position, row 1-5
(Fip. 11); Faraday shutver carrent (Fig., 4);
Profile monitor current (Fige 12b); Photograph
bean protile (Fig, 13k)

fon energy, magnet current, and steering and
seanning settings; Thermocouple and pyrometer
temperatures and vacuum (Fig, 10)

Comence cont inuous current and temperature
records (Fig., 12)

Faraday shutter current at S-min intervals

(Fip. 12b); Start integprator count, record counts,
and mask positions at successive dosc steps

(Fig. 10a); R.G,A, Spectium (Fig. 13a)

Total time: lrradiation; Integrator counts
(Fig. 10a)

6L1-1
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In procedural step 1, the desived isotope is selected using the
analyzing magnet. The identification of the ion species should be con-
firmed from the known isotopic abundances of the various ions accelerated
from the source. In step 2, the appivpriate iovn beam (e.g., 51V+ and 12C+)
at the desired accelerating voltage is passed through the beam—transport
system to the rear Faraday cup in the target chamber. The centering of
the beam at each slit aperture is recorded by slit ratio meters; the size
of the beam is reduced at each aperture to provide a signal from each
slit. The beam size necessary to irradiate 20 specinens was 0.57 by
0.715 in.* At least two iterations for steps 4 and 5 of the alignment
procedure are normally required at the beginning of a set of irradiatiomns
to obtain the desired mean ion current density on the required group of
specimens, The beam is then profiled by traversing a circular aperture
across the beam and recording the current transmitted to the Fsraday
cup with a function plotter. The individual profiles, total transmittzd
profile, beam-profile-~monitor output, mask positions, and specimen
locations are shovn in Fig, 11. To measure the beam intensity during
the irradiation, the output from the beam-profile monitor is normalized
to the current transmitted to the rear Faraday cup. The Faraday shutter
current is also recorded,as a *Foss check for the normalization. The
proportional curiznt measired by the scan wire is within 1% of the current
measured by the rear Faraday cup when the beam just filled the rectanguiar
mask aperture (Fig. 11). The beam profile Qetermined in this manner and
the profile-monitor trace agreed within the resolution of the scan wire
when the beam divergence from the profile monitor to the target location
was taken into account, Once the desired irradiation conditions are
established, all machine varialbies are recorded, and the sample holder is
brought to the irradiation temperature. The sample holder is brought onto
the beam axis (with the Faraday shutter closed). After surveying the
temperatures and positioning the mask system to expose the desired speci-
men, the irradiation is started. The specimens are progressively exposed
to the beam, with high-dose irradiation first, to avoid void-annealing
effects., Because of beam heating and variations in the specimen-clamping

pressurcsz, a temperature difference of 25°C 1s common. The slight change
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in surface temperature during the 2-s current sampling by the Faraday
shutter can be seen in Fig, 12. At the completion of the irradiation,

the sample holder is cooled at an initial rate of 70°C/min. Beam profiles
are redetermined, and the specimen dose is calculated from the average

of the prerun and postrun profile currents and normalized by the profile
monitor current and;or the Faraday shutter current. The mean current
density for each specimen is then scaied to the total mean current during
the irradiation. The displacement rate within the TEM foil is calculated
by means of the theoretical depth-dependent damage functionm from the

Brice Codes RASE 3 and DAMG 2,7 The total displacement dose was obtained

using the known irradiation time.

PREPARATION OF VANADIUM SPECIMENS

The preirradiation specimen-preparation technigue and the postirra-

diation sectioning, thinning, and quantitative microscopy procedure de~
veloped by the Radiaticon Effecte Group at ANIL for vanadium alliovs are
described below. The radiation damage in a surface layer *1 um is studied
primarily by TEM using a JEOL 200-keV electron microscope. The swelling
can also be assessed from measurements of the step height between the
irradiated and unirradiated regions of the specimen surface. This tech-
nique has been used extensively for determining the swelling of ion-
irradiated stainless steel,!! and in studies of niobium that have been
carried out at ANL.!* To avoid anon..lous surface effects in the TEM work
and to chiracterize the damage at a known dose, foils are prepared from
measured depth beneath the irradiated surface.

2

The specimens were prepared from 0.20-mm-thick grade 1 vanadium sheet
stock obtained from either Wah~Chang of Albany or Materials Research Corp.
Spectroscopic and gas~analvses show that an interstitial impurity level
of 500 wt ppm is typical. The sequence of steps in the specimen-
preparation procedure are shown in clockwise orde: 'n Fig. 14. Disks
3 mm in diameter are punched from the sheet stock, flattened between
flat steel blocks, and annealed in vacuo or high-purity argon gas for 1 h
at 1100°C. The disks are mounted in 1esin, lapped flat, and vibratorily
polished in two stages using grinding slurries of 0.3 and 0,05-ym alumina
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Fig. 14, Spezimen preparation sequence,
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grit, The specimens are demounted by soaking the mounts in acetone and
then thoroughly cleaned in an ultrasonic bath containing acetone followed
by rinsing in successive baths of acetone and ethyl alcohol., Mechanical
polishing damage is removed by electropolishing 1.0 ym of material from
the flat surface in a 207 H, SO, acid and 807 methanol solution at room
temperature, This same electropolishing solution is used in subseguent
electropolishing steps. The absence of surface dislocations is checked
by electron micruscopy. Only specimens with flat surfaces to within

0.05 .m are selected for ion irradiation.

Specimens are mounted in the counterbores of a tungsten mask. An
annealed platinum wire spacer ring of appropriate diameter is placed
in each hole so that the specimen pretruded 0,001 in. above the bark
face of the mask, The temperature homegenizer block was attached to the
mask with two small set screws. Additional mask~to-homogenizer block
clamping pressure is provided during the irradiation by the clamp ring
{Fig. 8). tach irradiated specimen is referenced by the run number
and by its column and row position in a specific irradiation (Figs. 10

and 11},

POSTIRRADIATION EXAMINATION

The irradiated surface of each specimen is examined by means of an
optical microscope, with particular emphasis on determining whether the
sample is satisfactoril; clamped and free of contamination, pitting, or
scratches that might interfere with the electropolishing steps. A typical
postirradiation surface microstructure of a vanadium sample irradiated
at 700°C with 'V ions to a peak dose of 50 dpa is shown in Fig. 15.

The microstructure is not significantly different from that prior to
irradiation, indicating that swelling in vanadium is probably not greatly
grain-orientation dependent. If it were then one would expect to observe

relief of adjacent grains.

After completing the optical microscopy, a region near the edge of

the irradiated surface of the specimen is protected with a thin layer
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of Microshield.? The specimen is then electropolished at rcom temperature
to establish a new surface -1C00 A short of the peak damage depth., The
conditious necessary to reproduce a desired sectioned depth include the
precise location of the electrodes and the placement of the specimen in
the stirred solution. The removal of ~8000 A of vanadium required two

or three quarter-second polishing bursts at 70 V, after each sectioning
burst, the lacquer is removed in an acetone bath, the specimen is rinsed
with alcohol, and the sectioned depth is determined by two-beam interfer-
ence microscopy using a Zeiss interferometer, The position of the sec-
tioned depth in relation to the calculated damage profile and a micrograph
of the interference pattern produced by white iight at a magnification of
400X are shown in Fig. 16. The displacement of 1.8 fringes corresponds

to a sectioned depth of ~.3400 . The straight fringe lines, remote from
the step, indicate s uniform removal of the irradiated surface. The
sectioned depth used in the dose calculations is based on the mean of

the fringe pattern readings taken from both steps near the ceuter band.
After sectioning, the irradiated surface is lacquered, and the specimen

is thinned from the rear using the electropolishing solution at 0°C. The
penetration is done with a South Bavy Technology model 550 Jet Thinning
Instrument to produce a reasonably large region in the center of the disk

that is transparent to electrons,

The electron microscopy of each foil generally included the investi-
gation, in at least three grains, of the microstructure that develops in
areas remote from the grain boundaries, In each area, stereomicrographs
of the void microstructure are taken at a magrnification of 55,000X under
absorption-contrast-underfocused conditions such that the void edges are
delineated by a dark fringe. A typical micrograph is shewn in Fig. 17,
The dislocation structure in the same area is imaged under a two-beam
diffracting condition. In a number of instances, the microstructures
that develop in the vicinity of grain boundaries are also investigated,

In most high temperature irradiations (>700°C) and some low-dase

*Lacquer developed by the Michigan Chrome and Chemical Company.
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Fig. 16. Micrograph of the surface of irvadiated vanadium showing
slight relief of the grains.



Fig.
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Commercial-purity vanadium irradiated to ~20 dpa
at 750°C. Mag. 100,000X; ~(331) foil orientation.
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irradiations, low void-number densities necessitate the use of lower
magnifications (33,000 and 15,000X) to increase the area of each micro-
graph and to improve the counting statistics for the swelling determina-~

tion,

QUANTITATIVE METALLOGRAPHY

The quantitative metallography is carried out on stereomicrographs
printed at a magnification of 165,000X. The foil thickness is determined
in each area investigated using the parallax, measured with a Hilger and
Watts Floating Spot Stereo Viewer, between the upper and lower foil sur-
faces. The tilt angle between the stereopairs and the magnification of
the prints yielded the foil thickness t

R S
T 2M sin 8

t
where R is the parallax, M is the magnification, and & is the tilt angle,
routinely 6°., The foil surfaces were identified by artifacts such as
pits, electropolishing streaks, or voids that were either on or inter-

sected the surface.

The voids present in one of the stereopairs, or possibly a iower
magnification print of the same area, are counted with a TGZ3 Zeiss
particle-size analyzer that has 48 size classes. The analyzer diaphragm
is superimposed over the image of internal voids, approximating their
polygonal shape by a circle. The edge lengths of the cubic voids are

measured.

The internal void~distribution data, foil thickness, area, and magni-
fication are used as input to the computer code "BIBELOT" which corrects
the number of voids observed in each size class to account for the number

that intersected the surface. The expression used is

. n; observed
i 1-4d/t

where di is the mean diameter of size class i, and n, is the true number
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of voids in size class i. The code then calculates the mean void size
and the standard deviation of the mean void size defined as
= |1 2]1/2
o [N PN a):'l

T
i

where Fr = Zni, and d is the mean void diameter. The mass average diameter

is given by

D'=!-T]&—v n d3]1/3

T ii

The void number density is calculated from the total number of wvoids, the

foil thickness, and the foil area. The void-volume fraction is then given

by

>
<

o=

BN

v

<

where Nv is the void number demsity.

Dislocation number densities in the foil are calculated by the line-

intercept method

_ 2NMa
P T

where N is the number of dislocation line intersections, L is the total
mesh~line length, and a is the correction factor for dislocations not

illuminated by the particular two-beam condition used.

The mean dose per unit ion flux in a given region of the foil is
calculated by determining the mean energy deposited in that region, as

shown by the cross hatching in Fig. 16.
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14 MeV NEUTRON DAMAGE IN SILVER AND GOLD¥*

R. L. Lyles and K. L. Merkle
Materials Science Division
Argonne National Laboratory

Argonne, Illinois 60439
USA

ABSTRACT

Displacement damage due to 14 MeV neutrons predominantly take place in
the form of rather energetic displacement cascades. The vacancy clusters
that are directly formed in the depleted zones are observed by transmission
electron microscopy in 14 ‘MeV neutron bombarded gold and silver. The num-
ber densities and structures of cascades will be compared quantitatively
with theoretical predictions and results from cascade studies using self-
ion bombardment. The splitting into subcascades will be demonstrated and
its importance to 14 MeV neutron damage will be discussed.

INTRODUCTION

Components of the deuterium-tritium fusion device, in particular, the
first wall of the vessel surrounding the plasma, will be exposed to intense
irradiation. Of the total flux a considerable fraction at the first wall
will consist of 14 MeV neutrons.1 Since these energetic neutrons have a
significant amount of the total reaction energy, they are expected to be
respeasible for a major portion of the radiation damage incurred by CTR

materials.

3.4 to identify the character

The results of recent investigations2
and nature of the materials problems encountered in 14 MeV neutron radia-
tion damage are largely incomplete. However, these preliminary results
have served as an impetus for suggestions to use proton and heavy ion radi-
ation to simulate the effects of damage by 14 MeV neutrons. It should be
noted that such energetic neutrons are able to transfer a considerable

amount of kinetic energy to the lattice atoms. For simulations to be

*Work supported by the U.S. Energy Research and Development Administration.
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useful, the nature of the resultant radiation damage must be similar to
that found with 14 MeV neutrons. Moreover, it will be necessary to
develop damage producticn cross sections and to obtain the necessary cor-

relations between them.

Since all damage processes involve PKA production, information derived
from comparing the primary recoil distribution and the nature of the dis-
placement cascades of 14 MeV neutron damage with damage caused by heavy ion
irradiation could increase the possibility of accurately predicting simu-
lation corditions. 1In the present investigation, comparative results are
developed for the cascade structurez observed with 14 MeV neutron bombard-
ments. An earlier study5 or. 14 MeV neutron irradiation of Au has found
excellent agreemen* between tYit observed cross sections for the formzation
of visible cascades and the thaoretically predicted ones based on an anal-
ysis of self-ion results. The p.resent study fully confirms these results
on Au. Therefore, the emphasis iz now focussed on the development of the

results in Ag and a comparison with the Au information.

Silver, in addition to Au, was chosen hecause the atomic number is
close to that of metals of prospective first wall materials. Also, silver
is better understood than Au with regards to its defect annealing charac-
teristics. In an earlier sfudy it has been demonstrated that vacancy
clusters in Ag large enough to be visible by transmission electron mi-
croscopy can be observed as a result of energetic self-ion bombardments.6
Although subcascades were not observed, from the correlation of the re-
sults with Au, subcascades would be expected to be found in cascade struc-
tures as energetic as that found in 14 MeV neutron bombardments. This has
been confirmed in the present investigation and, in addition, subcascade

formation has been observed recently by us in self-ion bombardments of Ag.

In order to make a quantitative correlation between self-ion results
and the cascade formation cross section under 14 MeV irradiatiomns, it is
necessary to know the probability of formation of visible cascade struc-
tures as a function of cascade energy. This function has been well estab-
lished for gold. Recent results on the self-ion bombardments of Ag indi-

cate that the probability function is shifted to slightly lower energy
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in the case of Ag. This result is also manifested in the more pronounced
splitting into subcascades in Ag relative to Au for cascades of the same
energy. Moreover, the cascade size in Ag is noticeably larger than in Au
by a factor of 2 in diameter as predicted by the random cascade mode1.7
Also, in Au the random cascade model predicts cascades which are smaller
than those experimentally found. Similarly, we can expect the cascades in

Ag to be larger than that which corresponds to the random cascade model.

For a comparison material, Ag is an excellent choice since the basic
cascade structure is very similar to that in Au, but at the same time,
since Ag is a lighter metal, there should be distinct differences in the

sizes and numbers of cascades present.

The maximum energy transferred by 14 MeV neutrons in an energetic re-
coil is 281 keV for gold and 510 keV for silver. This major difference in
maximum recoil energies offers an excellent opportunity for correlation of
results and with the inclusion of the proper scaling factors, these results

should be useful in scudying other metals.
EXPERIMENTAL

The gold specimens were (100) thin films, which were epitaxially
grown on cleaved surfaces of rock salt. The films were subsequently an-
nealed on the rock salt in air for 30 minutes at 350°C and then mounted

on Au electron microscope grids. Film thickness was accurately deter-

mined by gravimetry.

The Ag specimens were from rolled 0.005" polycrystalline foils (6
9's pure from Cominco American). Microscope grid size samples were

purched out and annealed in vacuum at 600°C for 1 hour.

Each of the specimens were mounted in an Al holder. The individual
specimen holders were then placed into a copper capsule such that the
specimens were spaced over a distance of 56 mm to provide sampling at
different fluences. After loading the samples, tihe copper capsule was
avacuated and back-filled with 1 atmosphere of helium to suppress the

recoils from outside of the specimens.
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The capsules were irradiated at room temperature with 14 MeV neutrons
at the Lawrence Livermore Laboratory RINS. The capsules were positioned
such that the axis of the beam was parallel to the axis of the capsules.
Niobium dosimetry foils were attached to the exterior of both the front and
the rear of each of the capsules. Also, sets of dosimetry foils (Nb, Ni,
Au) were interspaced among the specimens. The fluences of the niobium
foils on the exterior of the capsule were determined at LLL by the method
described by Van Konynenburg.8 Values for both fluence and energy were
obtained from the sets of dosimetry foils inside of the capsule. These
measurements were made at ANL.? Fluence values for the specimens ranged

from 4.11 x 1016 to 6.98 x 1013 n/cmz.

After irradiation, the specimens were kept at room temperature for
several weeks and then decapsulated. The gold specimens were used
directly for electron microscopy. The Ag samples were electropolished
with a cyanide solution10 in a commercial Fischrone jet pelishing appara-

tus.ll

All of the specimens were examined by electron microscopy under kine-
matical conditions. 1In the gold samples charp, well defined black spots
are found within a few degrees of the [001] direction.s Under these con-
ditions, the most accurate measurements of spot size and position can be
made. The polycrystallinity and the variatioas in thickness due to
electropolishing in the silver made the selection of appropriate orien-
tations more difficult. Consequently, these samples were studied under
a variety cf orientations. However, all of the micrugraphs were taken
in bright field under kinematical conditions.

RESULTS

The transmission electron micrographs in Figs. 1 and 2 illustrate
a comparison of the damage from 14 MeV neutron irradiation of Au and Ag.
The characteristic radiation damage defect clusters are clearly distin-
quishable in boih materials. Stereo micrographs of both Au and Ag
specimens demonstrate that the individual clusters are distributed
throughout the thickness of the samples. From the heavy ion results,
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Fig. 1. An example of characteristic 14 MeV neutron damage in Au. Many
distinctly separate cascades are present. The bunching of the clusters
is indivative of subcascade formation.

s
L3

¢

Fig. 2. 14 MeV neutron radiation damage in Ag. Bunching of clusters
exists, although not as pronounced as is observed in Au. The individual

cascade size is somewhat larger than in Au.
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it is inferred that these clusters are of the vacancy type and are expected
to be largely Frank loops on the (111) planes. The nature of the defects
in gold show a distinct bunching of individual spots. Each group of
closely spaced clusters is produced in an individual cascade. At the low
fluence used in Fig. 1, each cascade is distinctly separate in space, and
the probability for overlap is very low. The bunching of these spots is
indicative of subcascade formation. As seen in Fig. 2, the bunching still
occurs in silver, although it is not quite as apparent. The individual
clusters are further apart tham in gold which is expected because of the
larger cascade size and the larger recoil energies in Ag. In fact, even
on the basis of the random cascade model,7 the average cascade size is

expected to be a factor of 3.5 larger for silver compared to Au.

If the defect structures which are observed are a direct result of the
energetic displacements which caused the cascades, number densities of the
defects must be directly proportional to the fluence ¢. This applies to
the number densities of cascades, as well as, the number densities of spots
produced in 14 MeV bombardments. The number densities of the vacancy
clusters as a function of fluence for'Ag is shown in Fig. 3. The straight
line plotted gives a value of 1.47 clusters per cm. The position of the
gold data point shown serves to illustrate that the silver had approxi-
mately three times the number of individual clusters as found in the Au.
The value for the gold data point is consistent with previously published

data.

An observable difference between the defects in Au and Ag was the
tendency in Ag for ﬁresence of triangular shaped defects as shown in Fig.
4. Since these defects are square-shaped near the (001) orientation and
triangular-shaped near the (111) orientation, they are most probably
stacking-fault tetrahedra. The smallest defect with this diszinct
geometry was approximately 335 R. Other observable defects in the Ag,
which were smaller than this size, appeared as the traditional black
spot with no discernable shape. The cluster size distribution in Ag
ranged from approximately 20 to 13C R in diameter with an average cluster
diameter of 56 ;. This is slightly larger than the 48 R average for

clusters found in Au specimens.
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Fig. 3. Number density of defect clusters as a function of fluence ¢.

B

Fig. 4. Micrograph illustrating the presence of the triangular shaped
defect geometry. The smallest defect with this distinct geometry was ap-

proximately 35 8
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ANALYSIS

To calculate the cross section for the formation of visible cascades
by 14 MeV neutron bombardment, one must know the recpil density distribu-~

tion as well as the criteria for the formation of visible cascades.

The latter can be obtained from self-ion bombardments. In this case,
one simply determines the probability for the formation of visible clusters
as a function of cascade energy. In this way a probability function W(E)

for the formation of visible cascades is obtained.

Typically this function reaches a value of 1 slightly above and

- slightly below 40 keV in Au and Ag, respectively. Figure 5 shows an example
of 10 keV self ion bombarded silver. Here only a small fraction of the
cascades produce a visible cluster. On the other hand, multiple clusters
are observed if the cascade energy is increased to values that lie signif-
icantly above the energy at which a unit probability for the formation of
a visible cascade is reached. This splitting into subcascades is illus-
trated in Fig. 6. In this instance a silver foil has been bombarded with
250 keV Ag+ ions and there exists a one to one c;rrespondence between the
bunches of clusters and the number of incident iouns. Although che sub-
cascade formation has not been studied in as much detail in Ag as in Au

it is quite obvious that the subcascade formation is expected to be even

more pronounced in 14 MeV neutron irradiation of. Ag.

The slightly lower effective threshold energy for the formation of
clusters in Ag as well as the considerably higher average reccil energies
under 14 MeV neutron bombardment will tend to result in a considerably

higher number of visible subcascades in the case of Ag as compared to Au.

Figure 7 shows the elastic differential scattering cross sections
doelldQ (ENDF/B data) of Az and Au plotted against recoil energy ER. It
is seen that the Au cascades are on the average considerably less
energetic. The dashed lines in Fig. 7 indicate the recoil density dis-
tribution leading to visible cascades, W(E) - doel/dQ. By integration
the total cross section for the production of visible cascades via elastic

neutron collision is obtained
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Fig. 5. An example of 10 keV self-ion bombarded Ag. Only a small
fraction of the cascades produce a visible cluster and no subcascade
formation exists.

Fig. 6. A silver foil that has been irradiated with 250 keV Ag+ ions.
There is a one-to-one correspondence between the cluster bunches and the
number of incident ions. Subcascade splitting is very pronounced.
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c 47 Tm doel
oel = T ] W(E) aq dE
o

It is found that the integration gives numerically the same value for Ag

and Au, namely % € =5.6x 10-'25 cm2°

1

The total elastic scattering cross sections are Og1 = 2,71 and 2.84%
X 10—24 cm2 for Ag and Au, respectively. Due to the strong forward scat-
tering only a small fraction of the elasticly scattered neutrons give rise
to a visible cascade. In contrast to this, all of the nonelastic scatter-
ing events lead to the formation of visible cascades. This comes from the
fact that the absorption of the neutron gives rise to a recoil energy of
TmIA, while the secondary particle(s) will be emitted with relatively
low energy, such making 2 reduction of the total recoil energy below about
30 keV very improbable. On the average, the nonelastic recoil emnergies

are expected to lie near 80 and 150 keV for Au and Ag, respectively. The

total cross sections o© = ¢ .C 4 ¢ € for the production of visible cas-
c -24 €1,  nomel -24 2
cades are ¢ =3x10 em” and o, © = 2,46 % 10 cem .
Au Ag
DISCUSSION

If the total number of visible cascades can be determined experi-
mentally, this value car be related to the number of recoils during the
irradiation. The procedure that was used to determine the number of cas~-
cades consists of counting the clusters contained in a circular area of a
certain diameter. For gold, this diameter was determined to be 400 R
from the heavy-ion bombardment results. 1In silver, a 1000 Z diameter area
was chosen. The procedure is statistically accurate if the cascade density
in the sample is sufficiently low such that cascade overlap is negligibly
small and if the most energetic cascades are contained within these

circular areas.
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For gold, this method gives a cross section for the formation of
visibie cascade of o, = Nc/N¢ = 3.3 x 10-'24 cm2, where N is the atomic
density and Nc is the number of cascades per cm3.

Similarly, using a 1000 R diameter area for silver, the cascade cross
section is o = 1.6 x 10-23 cmz. This is significantly higher than the
cross section calculated in the previous section from heavy ion data and
the 14 MeV neutron recoil spectrum. The data for silver is in contrast
to that of gold where the experimental cross section and the calculated

cross section agree within experimental error.

There are 3 factors which may contribute to the high cascade density
count in Ag. Firstly, the area used to discriminate between cascades in
determining the cascade density may be too small. Secomrdly, in the case of
silver, the average cascade diameter produced by 14 MeV neutron bombardment
appears to be close to the maximum thickness of the specimen that can be
studied with 100 keV electron microscopy. Thirdly, although linearity is
observed in cluster density over 2 orders of magnitude of neutron fluences,

interstitial cluster formation cannot be excluded in the bulk specimens.

In gold, a 400 Z diameter area was sufficignt to discriminate
between overlapping cascades. If we use the random cascade theory, we
find that the diameter of a cascade for the average recoil energy observed
under 14 MeV neutron irradiaton is a factor of 3.5 larger in silver as
compared to gold. Therefore, an area of 1000 ; diameter is insufficient
to contain all of the defect clusters of a single cascade. Since the
thickness of the silver foils was approximately 1000 R, a fraction of the
cascades were not contained completely in the volume viewed by electron

microscopy. This situation would also result in a high cascade count.

Since we do not expect a valid cascade cross section from the present
result due to the above difficulties, we shall only discuss the effective
cross section for the formation of individual clusters and compare this
with the theoretically expented cascade cross section. From Fig. 3,

Ns/¢ = 1.47 spots/cm which corresponds to an effective cluster cross

section of o, = Ns/N$ = 2.6 x 10—23 cm_z. If this value is compared
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with the calculated cross section for 14 MeV neutron bombardment of
silver, the OS/GC is approximately equal vo 11. This implies that, on

the average, each cascade has 11 clusiers. This appears to be somewhat
high since the preliminary results from self-ion irradiations indicate
that an energy of approximately 30 keV is necessary per subcascade. The
average recoil energy in the 14 MeV neutron irradiations is expected to be
close to 150 keV. Therefore, the number of subcascades observed appears
to be high by roughly a factor of 2. Similar discrepancies regarding the

number of subcascades existed in the results for gold also.

The size of the clusters can give an indication of the number of
vacancies they contain. Figure G shows a typical area in a Ag specimen
with several cascades. These clusters are assumed to be Frank loops on
(111) planes. Since the average cluster diameter was 56 Z for silver,
this corresponds to approximately 468 vacancies per cluster. In Ag,
the average cascade energy, E is approximately 150 keV. The total
number of vacancies produced in a cascadé with 150 keV cascade energy
can be calculated using a simple Kinchin-Pease expression; neglecting

electronic losses the number of vacancies per cascade Nr is

E
N, = 50
\' ZEd
where Ed is the threslold energy for displacement. If we take 28 eV to be

the threshold energy for Ag, then the average cascade should contain nearly
2700 vacancies. 1In the extreme, if the maximum energy, Tm = E = 510 keV

for Ag, is used, the largest cascade should contain over 5000 vacancies.

Likewise, for gold, the average damage energy is approximately 80
keV. With a threshold energy, Ed, of 35 eV, the average cascade in Au
is expected to contain about 1200 vacancies while the largest cascade, Tm

= 281 keV, should have almost 4100 vacancies.

All interactions of 14 MeV neutrons with gold and silver take place
as elastic and nonelastic collisions. Data for both gold and silver show
that the elastic collisions are not responsible for more than 20% of the
cascades observed in gold or for more than 30% of the cascade structures
silver. Therefore, most of the 14 MeV neutron damage is due to nonelastic

neutron scattering events. The average recoil energy is expected to be



Fig. 8. A typical arca in a 14 4oV neutron irradiated silver foii.
1

Soveral cascades are present with 2-6 clusters.
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prester than T /a4 for this kind of event from the resalts obrtained for
™

hoth the pold and the silwver,
CoNCTLUSTONS

Y midet

The recalis of this study allew several conclusfons o

1. The damage observed in gol:d and silver from 14 YeV neutron ir-
radistions Is mainiy produced in the Yorm of enerpetic cascades.

2o Subcascade Tormation is evident in both gold and silwver. From
the croas sectional data, silver sheuld have approximately 11 clusters

ade. Also, dn gold, up te six clusters per cascade was cobserved.

3. The number densities of the clusters agrec gquantitatively with
revious results on pold and the elastic and nonelastic cross section daxa.
P
4. Elastic geutron scattering events do not produce more than 207 of

in gold or more than 307 in silver.

5. Nonelastic coldisions dominate the damage production. It is con-
cluded that virtually evervnenelastic event produces a visible cascade in
wold, as well as in silver. The cascades from the nonelastic events in

silver are e¢xpectsed to be highly split Into subcascades.

6. The average cascade energy, estimated from the number of vacancies
and the number of clusters per cascade are significantly higher than
expected.

7. Differences between the cascades in gold and silver were
manifested in the number of clusters per cascade, the size of the cas-

cades, and the geometry of the individual clusters.

An accurace correlation between the number of visible casc.des
calculated for heavy-ion results and the number of cascades observed :nder
i4 MeV bombardment seems to require a much thicker section tl a1 used in
this investigation. Accurate results may also be obtaiaed b = (hin film
experiment in which a protective atmospherc protcects the spel” ¢ rom

outside recoils.
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HVEM QUANTITATIVE STEREOSCOPY THROUGH THE FULL
DAMAGE RANGE OF AN TON-BOMBARDED Fe=-Ni-Cr ALLOY
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I, M. Baron R. Bajaj
R. W. Chickering

Westinghouse Advanced Reactors Diyision
Box 158, Madison, Pa. 15663

ABSTRACT

The swelling of a Ni-ion irradiated Fe-25ZNi-15ZCr alloy
has been investigated employing high voltage (1 MeV) electron
microscopy. Helium pre-injected sam 1es+uere irradiated to a
maximum dose of 92 dpa with 3.5 MeV ®ONi” ions at 600, 650,

700 and 750°C. By means of quantitative stereoscopy through-
cut the full range of ion damage, the void morphology, swelling
and dislocation morphology as functions of the distance from
the ion~entry surface of the foil were obtained. The dose also
varied as a function of depth and, with this technique,
swelling as a function of dose was determined from a single
sample at each temperature. Swelling, void concentration, and
void size varied with irradiation temperature with the maximum
swelling of 7.4% occuring at 700°C. Several distinct
dislocation configurations could be distinguished progressing
inward from the ion-entry surface. The observations suggest
that nucleation and growth of voids are related to dislocation
densities and possibly to dislocation structure. The swelling-
dose relationships were analyzed using a linear expression for
each apparent swelling regime and the results interpreted in
terms of the Brailsford and Bullough statistical rate theory.
Two distinct steady-state swelling regimes exist at each
irradiation temperature and the difference in the rates is’
attributed to the different kinetic development of the
dislocation structure and densities in the two stages.

INTRODUCTION

The damage produced in metals and alloys by fast neutron fluences has

1,2)

been simulated in many experiments by bombardment with high energy

charged particles. The void formation, swelling, and irradiation-related
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microstructural evolution during these particle bombardments oceur a
thousand fold more rapidly than during neutron exposure., This pernmits
rapid detailed study of the dumage process and of the possible mechanisms
for the avoidance or suppression of sweiling, which can have an important

influence on the design and economics of the first wall for CiR.

The damage from charged particles occurs typically in a band within
one or two microns of the ilon-entry surface of the material., Since this
thickness is too great to achieve an acceptable image resoiution with
conventional (i 200 KeV) transmission electron microscopy, a sample has
to be sectioned to a predetermined depth beneath the ion~entry surface
and then backthinned to obtain regions thin enough for TEM. This requires
several samples tc measure the damage parameters throughout the full
damage region and the depth of each sectioning is subject to considerable
uncertainty. However, the thickness from which acceptable image resolution
can be obtained with 1 MeV elect.~ns is greater than the thickness of the
damage region in materials of immediate interest for CTR and LMFBR
applications, i.e. Fe~Ni-Cr alloys, which have been irradiated with Ni
ions (<5 MeV). By backthinning an jion-irradiated sample directly to the
ion-entry surface, a section is obtained which includes the full damage
range. High voltage electron microscopy (HVEM), quantitative stereo-

(3) 3

SCopYy, and associated computer codes can then be used on a single
sample to study the swelling, void concentration, and dislocation
morphology through this range as functions of the distance from the ion-

(4)

entry surface. The dose also varies as a function of depth and, with
this technique, swelling as a function of dose can be determined from a

single sample.

This work reports such a full range HVEM study in an Fe-25%Ni-157Cr
alloy irradiated with 6“Ni+ ions to a maximum dose of 92 dpa at four irrad-
iation temperatures, This alloy is a base for an experimental alloy
series which was designed to obtain fundamental irradiation damage
information for the development of new commercial alloys for use in

reactors.
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EXPERIMENTAL PROCEDURE
Pre- and Post-Hombardment Sample Preparation

The composition of the alloys used in this experiment is shown in
Table 1. The alloy was fabricated by International Nickel Company by
vacuum melting a 100 pound heat, extruding into 15.9 mm diameter bar
stock, and cutting into 30.5 cm. lengths. The material was then swaged
at toom temperature to about 10.2 mm diameter, annealed at 1093°C for one
hour in a ”2 atmosphere, centerless ground to 9.5 mm dizmeter, copper
plated, and drawn into wire about 3,18 mm diameter. After the copper
plating was removed from the wire, it was solution treated at 1150°C for
1 hour. Disc samples about 0,38 mm thick were cut for the ion bombardment
experiment., The disc surfaces were prepared for bombardment using a
multiple lapping technique. One face was ground on 600 grit abrasive.
The discs were turned over and the second face (the ion-entry face) was
lapped with successively finer diamond abrasive down to 0.lu, resulting
in a final sample thickness of 0.2 mm, Each lapping step was designed
to remove all of the cold-worked surface material from the original
cutting of the disc and from the previous lapping step. However, because
of the extreme softness of this alloy, fine surface scratches were
encountered even with these detailed lapping procedures; therefore, the
surfaces to be bombarded were ion-milled, electropolished, and jetted
over a 2mm. diameter in the foil center. The samples were then indium
bonded to a copper plate and injected with 5 appm He to a depth of ,025 mm.
An additional 0,006 mm, was jetted from the sample surface to remove fine
scratches which were observed after the He injection and demounting from

the copper plate.

The samples were then mounted in tungsten alloy holders and irrad-
iated with 3.5 MeV ®ONi* ions in the ANL Dynamitron at 600, 650, 700, and
750°C to a nominal peak of 90 displacements per atom (dpa)., The peak dose

rate was about 5x10™> dpa per second.

After bombardment, a sample from each of the four irradiation
conditions was demounted from its holder and prepared for HVEM examination

by backthinning to the ion-entry surface.
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Table 1, Composition Of Alloy, Wt. 7%

Fe  Cr M 0 X < o cu  Si Mm

— — -

60.1 14.8 25,04 0.0154 0,0028 0,910 0.014 0,062 0.02 9.005

HVEM Technique

The irradiation-induced swelling in this alloy was measured using
HVEM (on the U.S, Steel 1 MeV electron microscope) and stereoni:ruscopy
techniques so that the entire damage range could be imaged simultanecusly,

This technique is summarized below,

A sample is first positioned in the HVEM in an appropriate orientation
to produ<e the desired contrast conditions and a diffraction pattern and
micrograph are recorded. The sample is then tilted through an angle of
6-9° along the selected Kikuchi band until a companion orientation with the
desired contrast conditions is obtained. The diffraction pattern and
micrograph in this orientation are then recorded. The two micrographs,
constituting a stereo pair, are then mounted in ;n instrumented Hilger-—
Watts tioating spot stereoscope and a magnified three-dimensional image of
the irradiated sample is obtained, Void or precipitate coordinates along
the entire damage range may be recorded on paper tape as transducer
voltages from the instrumentec stereoscope. The QUEST computer code is

utilized to prucess these data and perform the following functions.

The program defines the surface plane of the foil with respect to an
arbitrary origin by using the voltages corresponding to points on the foil
surface. Next, the pt&gram calculates the perpendicular distance of
defects from the foil surface and the defect sizes by using the voltages
corresponding to two sides of each defect. From these computations the
code calculates the following results:

1. Defect number density as a function of foil depth.

2. Size distribution at any foil depth.

3. Volume fraction of defects as a function of depth.

4, Swelling, in the case of voids, as a function of depth.

5. Maximum radius of defects.

6. Minimum radius defects.



7. Averape defect radias,

These results are pavticularly useful in analyzing specimens which
are jon kombarded. In such specimens, the number of displacements pey
atom varies as a function of depth, Therefore, the effects of radiation
damage for 4 fixed irradiation time as a function of total displacements

per atom can be determined from a single specimen,

Ihis technique requires that a surface of the sample, such as the ion-
entry surface, be observable in the sterec image so that a sufficient
number of surface points may be recorded to define it mathematically and
the perpendicular distance of the voids from that surface may be

calculated.

In this experiment the sample surfaces,; in general, were devoid of
markings or stray contaninants such that they were rarely observable when
the foil was imaged in absorption (void) contrast, However, when the foil
was imaged in weak strain (dislocation-void) contrast, the intersection of
dislocations with the surface provided a sufficient number of points to
define the surface analytically. Therefore, the following procedure was
used to analyze the swelling in the foil irradiated at 700°C:

A. Record two stereo pairs of a foil, one pair in absorption

(void) contrast and the other in weak strain contrast.

B. Calculate the swelling in the stereo pair viewed in weak

strain contrast.

C. Compare the swelling versus depth curve from this calculation

to the calculated energy deposition curve.

The results obtained by this procedure are shown in Fig. 1 where the
normalized swelling vs. depth is plotted for the case of weak strain
contrast in which the foil surface position was measured. It can be seen
that the peak in the swelling vs. depth curve occurs at v6700 R, and is
within + 200 R of the calculated peak in the energy deposition curve
(dE/dx vs. x) calculated by the EDEP-1 Code.(s)

An alternative method was developed for approximately determining the
surface plane from the measured void distribution. From the data for a

stereo pair taken in absorption contrast in which the ion entry surface was
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observable and had been experimentally determined, the equation of another
plane was calculated by a least square method which minimized the sum of
the squares of the vertical distances of the voids from this latter plane.
This plane was shown to be parallel to the experimentally determined
surface plane to withir 5°., The swelling vs. depth dependence was found
by an iterative process in which the plane determined from the void
distribution was translated parallel to itself until the calculated peak
swelling occurred at the peak in the energy deposition curve. The
functional dependence of the swelling with depth calculated by the
iterative method was shown to be the same as that calculated by the
method utilizing the experimentaliy determined surface plane.
Subsequently, for those samples where the surface plane was unobservable,

the swelling vs. dose dependence was calculated by the iterative method.

Stereomicroscopic observations of the general microstructure were
made not in optimum dislocation contrast, but at typical deviations of 4g
to 8g such that the gross features of dislocation striicture and void

structure were simultaneously evident throughout the imaged range.

RESULTS
Microstructural Observations

Stereo examination of the HVEM micrographs in weak strain contrast
established that four distinct dislocation configurations, although
spatially mixed, could be distinguished at all temperatures:

1. A coarse dislocation structure within which the path of

individual dislocation line segments could be followed
over large distances,

2, Relatively large, well separated faulted loops

randomly oriented,

3. Relatively large unfaulted loops, randomly oriented.

4, A densely tangled, fine dislocation network.

These four elements were the major components of the observed micro-
structure (in addition to voids), although occasionally small loops lying

within larger loops were also observed.

N
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In those regions where the dislocaiion network was the dominant
feature of the microstructure, the void concentrations were higher than

in the regions characterized by the coarse dislocation structure.

In the weak strain contrast imaging conditions, gross changes in
dislocation densities and structure and void distribution as a function
of depth into the foils were relatively easy to detect visually with the
stereomicroscope. Althkcugh these observations were of a qualitative
nature, they indicated that nucleation and growth of voids is related to

dislocation densities and possibly to dislocation structures.

Fig. 2 summarizes schematically the dislocation and void stvucture
observed at all four temperatures for this material. In all cases, two
regions with different microstructures separated by a transition region
were observed. The region nearest to the ion entry surface has been
termed Region I and that farthest from the ion entry surface, Region II,
The transition region was relatively sharp compared to the whole imaged
range in which damage was observed. The dislocation structure in
Region I appeared coarser and the voids were generally fewer and smaller
than in Region II. Also, the voids in Region-I seemed to decorate the
dislocations. Since the minimum size of the voids was of the order of
100 K, the swelling in Region I camnot be attributed to any hcomogeneous or
inhomogeneous incubation stage relating to void formation as is usually

understood in nucleation.
SWELLING RESULTS

A micrograph of the typical void morphology observed in the irradiated
samples is shown in Fig. 3. This is one-half of a stereo pair on which

swelling measurements were made,

A plot of measured swelling as a function of depth below the ion~
entry surface for each of the irradiation temperatures is shown in Fig. 4
along with the calculzted energy deposition curve., The results of the
stereo measurements are summarized in Table 2, It can be seen that the
peak swelling increased, the void concentration decreased, and the void

size increased with temperature up to 700°C. At 750°C the void
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REGION I Region REGION IT

Void Densities, Dislocation
Densities and Structure

Distance into the foil in dpa.

@ O ~ .~
vOID DISLOCATION
LOOP
Fig. 2 Schematic Illustration of the Microstructural Features of

Region I and Region 1T in Nickel icn Bombarded Fe-257%Ni-15%C:



Fig. 3 Voids in Fe-25%Ni-15%Cr Alloy, Bombarded with 3.5 MeV Ni+ at
700°C, Dose 90 dpa; 1 MeV Electron Micrograph # ™ [oo1i],
Bright field [200] Systematic SSg > 0.
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Table 2, Bombardment Conditions and Results
of Stereo~Measurements for Irradiated Fe-25Ni~15Cr Alloy

AT PEAK DOSE

PEAK AVERAGE AVERAGE Avsg?gs
DISPLACEMENT PEAK VOID DIAMETER
TEMPERATURE DOSE SWELLING CONC. °
(°c) {dpa) (% AV/Vcl (per cm™) (A)
600 + 15 86 + 9 2.0 1.39x10° 300
650 + 15 83 + B 3.5 7.36x10"% 446
700 + 20 90 + 9 7.4 1.30x10" 1003
750 +15 9249 0.6 1.42x10™ 433

concentration increased slightly but the void size was very much smaller
and the swelling was thus greatly diminished. The maximum swelling of
7.4% occurred at 700°C.

Since in Fig, 4 there appears to be a correlation between the spatial
distribution of the measureable damage in the form of swelling and the
energy per ion deposited within the material, it was assumed that there was
a statistical relationship between the measured swelling and the calculated
dose. Swelling vs. dose values were determined from the experimental
data for each temperature and are plotted in Fig. 5. t was further
assumed that, for these ion bombardments, the relationship between

swelling and dose was linear, similar to the swelling caused by neutron

(6)

irradiation where it has been assumed that
AV o, _ o _
VOZ-S-R(F Fop) 1)

where F = the dose in displacements per atom (dpa)
Fth = a "threshold” dose in dpa
R = a steady-state swelling rate in % swelling/dpa

S = the observed swelling in Z.

A regression analysis was performed on the data to develop the
correlation between the swelling and the dose. The following are the

regression equations developed by this analysis:
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600°C Stage I S = ,0098 (F~32) 45 < F < 70 Y = 415 (24)
Stage 11 S = 0874 (F~65) 70 < F < 90 Y = .95 (28B)
650°C Stage I S = ,035 (F~45) 45 < F < 65 Y = .46 (3a)
Stage I1 S = ,17/8 (¥F-64) 65 < F < 82 Y = .97 (3B)
700°C Stage I S = ,03%5 (F-35) 35 < F < 58 ¥ = .87 (4A)
Stage II §$ = ,190 (F-51) 58 < F < 85 Y = .93 (4B)
750°C Stage I S = .007 (F-29) 30 <F < 70 v = .82 (54)
Stage II S = .0194 (F-62) 70 < F < 90 vy = .80 (5B)

where S8 is swelling and F is dose as in Eq. (1) and y denotes the measure

) In Fig. 5 both the data and the regression

of statistical correlation.
lines are plotted. The data points are labeled with A or B indicating
different areas of the foil while 1 indicates a dz2pth less than and 2
indicates a depth larger than that at which the peak occurs. For each
irradiation temperature in Fig. 5 there can be seen two distinct linear
portions of the swelling vs., dose plot. The portion characterized by the
lower swelling rate is hereafter referred to as Stage I and the portion of

higher swelling rate, Stage II,

Interpretation of the Data

Two distinct phases in the swelling process are consistent with these
data at all temperatures. To analyze the nature of the processes contrib-
uting to each phase, some assumptions on .the kinetic evolution of the

microstructure are necessary.

The following fairly conventional picture regarding the nucleation of
loops and voids was adopted., The first sign of radiation damage in this
alloy is probably the nucleation of small interstitial and, vossibly,
vacancy loops. However, the rate of energy deposited into displacement
processes (per unit distance per incoming particle) is larger deeper within
the foil (Region II) than closer to the surface of the foil (Region I).
Therefore, the number of loops nucleated (per unit volume) in region II
would be expected to be larger than the number nucleated in region I and
the mean distance between the loops in region II would be smaller than in

Region I.
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The second kinetic stage probably involves nucleation of small voids
in the vicinity of dislocation loops, their stabilization by helium, and
growth of both voids and loops in both regions. Since the mean distance
berween the loops is larger in Region I, they may be considered as growing
independently without effects of competition between the loops being

8)

appreciable. The loops grow and their bias approaches rather quickly

the bias of straight dislocation line segments,

In Region II, however, due to the presence of a large number of small
loops closely spaced, the interaction between loops soon becomes important,
and with it, effects of competition among loops. This in general will have
the effect of "slowing down" the growth of individual loops thus increasing
the relative bias over and above the value expected for a straight edge
dislocation.(s) Due to the higher loop density in Region II and the larger
bias (as compared with Region I), nucleation of voids will be more probable
and their growth rate enhanced as compared with Region I. The final stage
of microstructural evolution probably involves stabilization of the
dislocation structures first in Region II and later in Region I.

Eventually a "fine" dislocation natowrk will develop in Region II and a

"coarse" dislocation structure in Region I.

Analysis of Swelling-Dose Relationships

Our results, in particular Eqs. 2-5, may be interpreted at all temper-
atures within the framework of the approximate statistical rate theory of
Brailsford and Bullough (B.B.).(g) The basic theory is summarized in the

following equations.

%2=S=uK(t-to)F(n) (6)
whare v
n = 400 exp [- Il .l 1%
KB Ts T
_2 1/2_ n 1_1
Fm) = 2 11+ e1-Denp (- %1; G -3 (®)

and for our case, with no precipitates,



”
a =0, 47 rg CS (GI - Zv)/[(pd + 47 ry Cs) ] 9)

where: AV % = S8 = swelling in percent

characteristic average dislocation line density

u

average void radius

Lo
it

(o]
]

average void density

ZI - ZV = bias in percent
v . .
m — vacancy migration energy

E
kB = Boltzman's constant

Q = activation energy for diffusion by the vacancy mechanism

T = temperature of irradiation in °K

TS = temperature characteristic of the onset of measurable
swelling

T, = temperature characteristic of the termination of measurable

f
swelling

=
]

displacement rate in dpa/sec

time in seconds

Kto = threshold dose

It is assumed that Eqs. 6-9 apply to each linear swelling regime which
can be distinguished experimentally. Thus, the steady state swelling rate
R appearing in Eqs. 2-5 may be thought of as being composed of two distinct
factors:

R = a F(n) (10)

where o is a factor related to microstructure and defined by Eq. (9), and
F(n) is a phenomenological temperature dependent factor defined in Eq. (8).
In practice, when a detailed numerical description of the kinetic evolution
of the microstructure is not postulated, the parameters a, TS and Tf are
adjustable parameters, which are fixed for some given irradiation
conditions. In Fig. 6, F(n) is plotted as a function of temperature using

the activation energy values recommended by B.B., for stainless steel
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(E; = 1.4eV, @ = 3eV) for several plausible choices of the parameters
TS and Tf.

1f Eqs. (2-5) are compared with Eq. (6), the following interpretation
is suggested, At each temperature there are two distinct stages in the
swelling process, both corresponding to steady state swelling. The first
stage corresponds to Region I with parameters R (T) = F(n) and
threshold dose F (1) =K ¢t (1), and the second stage corresponds to

Region II with parameters R, (T) = ay F(n) and threshold dose Fth (2) =
(2)

Microstructural observations and the dynamic picture outlined above
suggest that the threshold doses as well as the two steady state rates at
each temperature are associated with the dynamic evolution of the
dislocation structure in Regions I and 1II. In other words, the difference
in swelling rates Rl and R2 at the same temperature is a reflection of the
fact that the dynamic evolution of the microstructure is different in
Regions I and II. The functional dependence in Eq. (9) substartiates

this observation.

Let us assume for the moment, as a working hypothesis, that Eq. (9)
holds in some average sense for Stage II uniformly, i.e., independent of
temperature over the range investigated here. Thus, the change in swelling
rates between different temperatures in Stage II is viewed as being due
solely to the temperature variation of the phenomenological factor F(n).

A similar assumption is made for Stage I.

If we then plot the experimentally measured rate in Stage I and
Stage 1II as a function of temperature in Fig. 7, we note that the two
curves have very similar temperature dependence. The form of the temper-
ature dependence is characteristic of steady state swelling in both
stages, which is a self-consistent check on our original assumption of
steady state swelling In both stages. Furthermore, if we compare Fig. 7
with F(n) (Fig. 6) the following result is found. Of all the functions
F(n) there are several which are consistent overall with both curves in
Fig. 7. For example, if we base our comparison on the curve F{(n) with
Ts = 773°K, Tf = 1035°K (Fig. 6), which corresponds approximately to onset
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of measurable swelling at 500°C and termination at 762°C (which is
consistent with the experimental data), the following average values are
retrieved for a:
a; = a(Stage I) = 1/11.39 = .09 (11)

a, = a(Stage II) = 1/2.,37 = .42 12)

If this theoretical curve F(n) is accepted with the above parameters,
we may iterate on our working hypothesis (that oy and a, are temperature
independent) and allow the factor u to vary with temperature. Thus better
agreement between theory and experiment may be obtained. Thus refined

estimates based on F(n) with TS = 773 and Tf = 1035 are:

Stage I Stage 1T
al (750°C) = ,23 a, (750°C) = .70
al (700°C) = .09 a, (700°C) = .42
oy (650°C) = .09 oy (650°C) = .42
al {600°C) = .03 a, (600°C) = .32

These results may now be used in conjunction with Eq. (9) to get a
lower bound for the average bias parameters characterizing the dislocation
structure at each temperature for each stage. This can be done by noting
that in Eq. (9) the factor containing the average dislocation densities,
void radii, and void concentrations is bounded by the numerical factor
0.25. Thus for each steady state swelling regime at each temperature we
have

% 9 (1) < .25 (zI - zv) or (3I - zv) >4 a (T) _ (13)

1,2

Thus for Stage 1

(8; - &) > .92% at 750°C

v
(31 - ZV) > ,357% at 700°C
(31 - zv) > .36% at 650°C
(zI - zv) > ,12% at 600°C

and for Stage II
(31 - Zv) > 2,80% at 750°C
(8; - ,) > 1.68% at 700°C
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(-’sI - zv) * 1.68% at 650°C
(zI - 8,) > 1.287 at 600°C

Note that the average bias parameters in Stage II are consistently
lower bounded by larger numbers at each temperature than the average bias
parameters corresponding to Stage I. Slightly different lower bounds on
the bias would be calculated if the analysis is based on F{n) with
different TS and Tf but the relationship between Stage I and Stage II

remains invariant.

This may be taken as an indication of the different kinetics under-

lying the development of the dislocation structure in Stage I and Stage II.

These results may have major implications in the comparison of
charged particle bombardments between various investigations, in the
comparison of simulation data with neutron data, and in the comparison of
neutron data obtained from different reactors. This work has shown that
the swelling rate of Fe-25Ni-15Cr was increased by a factor of five by
the change in microstructure between Stage I and Stage II. Thus,
comparison of swelling results without a simultaneous comparison of
microstructures is of little value. If an equivalent dose value is used,
it must be equated with an equivalent microstructure. It would be
expected that a "saturation” microstructure would evolve under all
bombarding particles at which point swelling rates could be compared.
This investigation indicates that high doses (> 70 dpa) are required to

achieve this microstructure in fully annealed simple ternary Fe-Ni~Cr

alloys.

CONCLUSIONS

1. An Fe-25%Ni-15%Cr alloy, Ni-ion bombarded at 4 temperatures
to 90 dpa and examined by full range HVEM ctereoscopy, showed
maximum swelling of 7.4% at 700°C.

2. A bi-linear swelling-dose relationship appears to hold over
the entire temperature range investigated.

3. The experimental results can be interpreted at all temperatures
using the B.B, statistical rate theory approach to swelling in

irradiated materials.
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4, Application of the B.B. model indicates that the difference
in the swelling rates in the twe distinct swelling regimes at
each temperature is the result of the different kinetic
development of the dislocation structure and densities in the

two stages.
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THE SWELLING EFFELIS TO BE EXPECTED IN MATERIALS UNDER
HIGH TRANSMUTATION GAS GENERATION RATES

R. Bullough and M.R. Hayns

ABSTRACT

The effects of high gas generation rates appropriate to
the first wall of a fusion reactor on the expected swelling at
the peak swelling temperature and above are discussed. The
critical void size is deduced for bias driven swelling and the
rate equations appropriate for the transition to gas driven
swelling are cutlined. Specific results of computations are
presented for cold worked M316 steel for a range of temperatures
and gas generation rates. Very high swelling can occur at high
temperatures.

1. INTRODUCTION

The first wall material in a fusion reactor will be subjected to
very high energy reutron damage (14 MeV) at temperatures at and above
the temperature where void swelling is known to occur. The range of
relevant conditions and the present state of our understanding of the
expected damage processes have been surveyed by Kulcinski]. Since there
is virtually no direct experimental abservation of irradiation damage at
these energies and temperatures it is particularly appropriate to use
our theoretical understanding of the swelling of fission reactor compon-
ents to predict the expected swelling behaviour under the fusion reactor
conditions. This approach will at least provide an indication of the
kind of swelling to be expected and any future discrepancy with obser-
vation can be used to refine the theoretical model and hence help to
develop the necessary complete understanding of the various dominant
damage processes. A physically rigorous model of the swelling and
associated damage processes under fusion conditions is particularly
important since relevant experimental data will largely derive from
simulation experiments with high energy jons or electrons. Experience
has shown that successful correlations between fast neutron data and

I-230
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and corresponding simulation data can only be achieved when a rather
sophisticated model of the damage process is usedz.

Although the range of expected operating conditions for the first
wall is large] the particular differences from the fast reactor core
situation are in the much higher generation rate of transmutation gas
together with a higher homologous temperature (0.3 Tm - 0.5 Tm). The
present discussion will therefore highlight the effects on the swelling
to be expected from these differences. The required extension to the
established "bias" swelling rate theory to permit a simultaneous dis-
cussion and an actual transition to gas driven swelling (such as occurs
in nuclear fuels) will be outlined in section 2. The sensitivity of
the critical void (gas bubble) radius, for bias driven void growth, to
the production rate of transmutation gas will be explicitly derived.
Finally some general effects on swelling of high gas generation rates
will be surveyed, again with reference to M316 steel*.

2. THE THEORETICAL MODEL

The notation used in this section is based on the rate theory
studies of Brailsford and Bu110ugh3’4 and has been recently extended to
include recoil spectrum effects by Bullough, Eyre and Krishan2 and simul-
taneous irradiation creep by Bullough and Hayns5 and Bu]]oughs. Repeti-
tion of definitions will therefore be minimised and the present account
can be usefully supplemented with reference 6.

In general the effects of transmutation gas production on void
growth or gas bubble growth* are only significant at temperatures above
the peak swelling temperature; below such temperatures gas is only

*M316 steel was chosen for convenience only since it has been studied in
great detail as a core component material for the fast reactor. The
results presented should be pertinent to the refractory metals etc. at the
appropriate homologous temperature.

{The term "void" is used for a cavity containing insufficient gas to
balance the surface tension force; when the gas pressure approaches or
equals the surface tension force the cavity may be termed a "gas bubble".
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important as a nucleating agent for the three dimensional morphology of
the void embryoc and its growth is unaffected by subsequent gas production.
This is not the case at higher temperatures7 and the swelling rate can
become acutely sensitive to both the gas generation rate K  and to the
applied stress (if any) c. For a general discussion of the effects of
such gas the void rate equations must be supplemented by the additional
gas rate equation for the rate of loss of a gas into the voids.

3, .
V a—-(n %) kgv g BCvng (1)

where ng is the number of gas atoms per void, b3 is the atomic volume,

Cv is the volume concentration of voids, Dg is the diffusion coefficient
for the gas, B is the resolution parameter 8, kgv is the void sink strength
(with average radius rv) for gas atoms

2 = tnryC (2)

Kgy yoy

and c¢c_ is the steady state gas concentration in the material satisfying
the relation

2
g kg oCq * BCyn g = 0. (3)

In this equation Kg is the gas generation rate in atoms per atom per
second (apa/sec}), kg is the total sink strength for loss of gas given

by

2 _ .2 2 2
kg = kgv + k + kgGB (4)
where )

is the sink strength for gas loss to dislocations and

3
gGB 3'[ gV + ng] (6)

is the sink strength for gas loss to the grain boundaries8 when d is the
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average grain diameter. The rate equation for the swelling S 156
ds _ ,2 _ .2 _
at = kDS - KiyDicy - KD, (7)
where
2 _.,2 _
kvv = kiv = 4nrvcv (8)

are the sink strengths* for the loss of vacancies and interstitials
respectively to the voids, ¢, and c; are the respective vacancy and
interstitial steady state concentrations and

K, = k2T, (9)

is the rate of thermal vacancy emission from the voids. In equation (9)

cy = cve exp[(% - pg) b3/kT] (10)

is the equilibrium vacancy concentration adjacent to a void, where cve

is the defect free equilibrium vacancy concentration, y is the surface
tension and

3b.n
_ 3 v
Pg - 3nng/41r<rv - —-ﬁﬂ) (11)

is the gas pressure exerted by n_ gas atoms within the void satisfying
Van der Waals gas law (bv is Van der Waals constant). The steady state
concentrations <y and c; follow from the usual pair of non-linear simul-
taneous steady state algebraic equations defining the balance between
the rate of formation of the intrinsic point defects with their loss at
the various sinks and by recombination.

To obtain the swelling rate it is necessary to solve simultaneously
the rate equations (1) and (7) together with the associated rate equations

*For simplicity we have omitted the second order correction terms to
these sink strengthss’g.
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for the average interstitial loop* radius and for the density and average
size of the vacancy loops* formed within the displacement cascades. Some
results of such computations will be described in the next section for
M316 cold worked steel.

Before describing these results it is interesting to simplify
drastically the preceding rate equations to the situation when the only
sinks present are dislocations and voids and all the transmutation gas
immediately migrates to the voids (no gas-dislocation or-grain boundary
trapping) and no resolution of gas. In this situation equations (1) and
(3) yield for the number of gas atoms/void at time t

) 3
ng = Kgt/bCy (12)

and with the further simplification of the ideal gas law (bv = 0)
p (t) = 3KTK t/4mroboC (13)
g g vy
With these drastic simplifications the swelling rate equation (7) becomes

e
) (Zi - Zv)pD41rr‘va i Dvcv pD41rr‘va 2y _ ) (A)]-E; (18)
- . &
(4nrCy + op) K(dmr,Cy + o) LV g

&5

where A = Kt and K is the damage rate in dpa/sec. The form of equation
(14) is only valid at the peak swelling temperature or higher when recom-
bination effects should be small.

In order tc integrate (14) for the swelling S the existence of small
void embryos must be assumed containing a number

no = g, (0)2y/3kT (15)

*When the body is subjected to uniaxial stress we must subdivide the
loop populations into aligned and non-aligned varieties since vacancy
emissions is enhanced from the aligned loops. The asymmetry in the loop
distributions also has an impertant effect on the irradiation creep at
the peak swelling temperatures and aboved:6.
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of gas atoms in equilibrium with the initial surface tension Zy/rv(O);

it follows that "8 should be added to (i2) and the appropriate incubation
dose required to generate these gas atoms must be included as the start-
ing dose for the integration.

In (14) the first term describes the bias driven growth of the
voids and the second term, which is only important at high temperatures
{when Cve is large), will be negative when pg < Zy/rv and thereby retard
the void growth by vacancy emission from the voids or will be positive
when pg > 2y/rv and thereby drive the growth of the voids by the excess

gas pressure.

then p_ = 0 a cavity will grow as a void by bias driven swelling
when its radius exceeds a critical radius rvc given by g% (pg =0) = 0;
that is when

C _ 5.3
ry = 2vb

D¢, Sop/ [KkT(Zi -7,) - BYbBDvcvenCv] (16)
As the temperature increases we see that the critical radius increases
and bias driven swelling becomes more unlikely. However, when p_ # 0
and Kg is finite we see that depending on the temperature and magnitude
of Kg two quite different swelling processes can occur. If the tem-
perature is near the peak swelling temperature them a very small K
(say 10']2 apa/sec) will reduce 2y/r'v just sufficiently for the cavity
to grow slowly up to its zero p_ critical radius (16); it will then
grow rapidly by the usual bias driven swelling process. If K_ is
larger then the criticail dose and radius for swelling will be reduced
but the subsequent swelling will be bias driven. On the other hand at
higher temperatures, the bias driven growth, with small Kg, can only
occur atter a very large critical dose; if Kg is large then the second
term is completely dominant and the swelling is purely gas driven. In
this high temperature situation (14) becomes

ds 411rVCVpD Dvcve {kTK A 2y ] a7)

b " K{amn Ty v ep) TRT L3 ?3—5/4ncv)'/3
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To solve accurately this differential equation for S is non trivial and
because we have the complete numerical solution available with all the
sinks fully included it does not seem worthwhile to pursue it. However,
it is worthwhile to point out that at high temperatures cve will become
large and thus for dS/dA to remain finite the resulting swelling can be
obtained by equating the quantity in the curly bracket on the right
hand side of equation (17) to zero; that is

372 3/2
3 LK KT
() ()"

2yKb

which is the expected high temperature, gas driven, swelling result such
as occurs in nuclear fuels from the fission gases.

3. HIGH TEMPERATURE SWELLING IN M316

In this section we shall present some results obtained using the
full rate equations as outlined in the previous section. The physical
parameters used are those appropriate to M316 steel and are given in
detail by Bullough, Eyre and Krishan2 in their study of the correlation
between the swelling in M316 under HVM, VEC and Reactor irradiation. For
completeness we have also included some effects of uniaxial stress as
well as variations of K_and temperature and all the results are for a
dislocation network density of 5.!0]] cm/cm3, corresponding to the cold
worked condition; a typicai fast reactor damage rate K = 10'6 dpa/sec has
been assumed.

The results for the three temperatures 500°¢, 700°C and 800°C and
various K_ values ranging from the typical fast reactor value of 10']2
apa/sec to the high value of 1072 apa/sec are shown in figures 1, 2 and
3 respectively. At 500°C we see the typical high rate of swelling
when Kg = 10'12 apa/sec with a long incubation dose for the slowly grow-
ing voids to reach the critical radius. At larger K_ the critical
radius is achieved at lower doses as expected. The linear swelling rate

at this temperature when Kg is large indicates a rather complex admixture
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Fig. 1. The theoretical swelling at 500°C in cold worked M316 steel for
a range of gas generation rates K_. The damage rate is 10-6 dpa/sec and
the network dislocation density is 5 10]1 cm/cm3. The other physical

parameters are g.ven in reference 2.
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Fig. 2. The theoretical swelling at 700°C in cold worked 318 stv:1 for
a range of gas generation rates Kg. The damage rate is 1C'6 “alsec and
the neiwork dislocation density is 5 10]1 cm/cm3. The other physicel

parameters are given in reference 2.
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Fig. 3. The theoretical swelling at 860°C in cold worked M316 steel for

- - -6
a gas generation rate Kg = 10 10 apa/sec. The damage rate is 10 = dpa/sec

and the network dislocation density is 5 10]] cm/cm”. The otner physical
parameters are given in reference 2.
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Fig. 4. The theoretical swelling at 700°C in cold worked M316 under a
Js1iaxial tensile stress of 100 MPa and gas generation rates of 10-11 and 10~
apa/sec. The damage rate is 10'6 dpa/sec and the netwark dislocation
density is 5 10]] cm/cm3. The other physical parameters are given in

veference 2.

1
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9 apassec

of bias driven and gas driven swelling. Thus even with Kg = 10°
this temperature is too low for the high temperature “genuine" gas driven
swelling exemplified by (18) to occur. At 800°C, on the other hand, as
shown in figure 3, the swelling is gas driven and the accurate swelling

in that figure is closely represented by the simple result (18). It
is clear from figure 2 that increasing the gas generation rate at tem-

peratures above the peak swelling temperature roughly decreases the
critical dose and increases the absolute swelling in direct proportion
to K . If such high Kg values are to be present in the first wall
material then we expect high temperature swelling to be a serious prob-
lem.

Finally in figure 4 we show the simultaneous effect of a uniaxial
stress of 100 MPa. Comparing this with the zero stress results in
figure 2 we note that though the stress has only slightly reduced the
critical dose its presence leads to a much greater swelling rate.
Such dramatic effects of stress at high temperatures have been previously
discussed by Brailsford and Bu]lough7. A realistic assessment of such
stress effects must take account of simultaneous stress relaxation
processes such as thermal creep that may be present at these high
temperatures7.
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THE INFLUENCE OF PRE-INJECTED HELIUM ON VOID SWELLING IN

ION-IRRADIATED STAINLESS STEEZLS
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ABSTRACT

High energy implantation of helium is used extensively

to promote woid formation in ien bombardment experiments

esigned to simulate irradiation damage effects in materials

E potential use in reactors, However, the concurrent
ffects of radiation damage and helium production in

e reactor interact to produce a complex behaviour which
iz difficult to simulate precisely. Such efrects are
cxpected to be more siunifice Lt in a fasion veactcer where
nelium concentritions coild puild up to 1077 atom/atorm.

The likely erfects of pre-ir blantation of helium at ambient

i elevated temperature are liscussed and related to the
ideal simulation experiment in which helium injection and
heavy—-ion irradiation are carriel out concurrentlv.
Experimental TEM results are agiven for annealesl AIST 6
stainliess steel which had been injected with helil
concentrations from 1375 te 177 tom/ator ar ambient
temperature.,  These show that in systirial noo struc
cvolves during C and 700 C and tha
the retained interstirc lal At tion in the loops is
rhe same as the injected helium concentration., This
indicates a stronag effect of helium on evolved structure:

Tihre?

and retiined point-defecrs. Compariscon 2f void swelling at

1

O

in

C and hO“ C showed that

107" atom/atom nelium at

47 dpa in AISI 321 steel after pre- Jnj(ctlon of JO-b 16753

. 3 P . . -1
swelliing 1s much higher in the material implanted with 107

. o b4 ; Sh 31e
He at 6007C, Small helium bubbles were_resolved in 316

- - -t
and 321 steel after implantation of 1072 and 107" atom/aton:
s 1 - ~An2 s . s c Y 3w
nelium at 6€00°C and tne numbersof voids which formed during

stbsequent nickel icn irradiation to 40 dpa at 600 C were
founcé to ce similar to the initial bubble concentration.
The effects on veid formation of t.e various defect

structures which result from helium implantaticn are discussed.

1-240
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INTRCDUCTION

The use of ion bombardment to simulate fast-neutrcen irradiation
damage and vecid formation in both fission and fusion reactors is now
widely useu as a back-up to neutron data in crder to select suitable
materials for core and first-wall components. In both rases helium
is produced within the components as a consequence of nuclear trans-
mutation and in the fusion reactor case can build up to many hundred
atomic parts per million. There is little doubt that the helium so
produced has an important influence on void nucleation and irradiation
damage structure, as discussed by Blcom et al 1 . In the majority
of simulation studies carried out to date the helium has been implanted
prior to irradiation either with samples maintained at ambient
temperature or at temperatures at which the subseguent irradiation is
to be carried out. Some experiments have been reported in which helium
was added incrementally between ion irradiations 2 . In an ideal
experiment, the helium should steadily accumulate as the irradiation
damage proceeds. This can conveniently be achieved by using so-called
dual irradiation facilities where two ion beams are used simultaneously;
such facilities are currently being installed at a number of laboratories

and some results have been obtained 34,5 .

Helium is, in general, implanted into samples at energies in the
range 100 keV to 40 MeV depending on the particular simulation experiment.
In every case the helium will be associated with irradiation damage, and
on average each helium ion will produce something like 100 atcmic
displacements. In other words for an implanted helium concentration of
1073

0.1 and 1 displacements/atom (dpa). Such a dose will produce observable

atom/atom the damage associated with the implant will be between

irradiation damage in stainless steesls and, if heated, the peoint defects
will interact with the implanted helium to form dislocation'6 and gas
bubkle 7 arrays which may well influence the formation of voids which
grow during the subsequent irradiation. In addition, the dislocation
and gas bubble configuration which forms after the helium injection is

likely to be different depending on whether the gas is implanted at
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ambient temperature and then heated, or is implanted at the elevated
temperature. In either case it is cf interest to establish the form oFf
the irradiation microstructure after helium implantation and to avaluate
its influence on the subseguent nucleation and growth of voids. 1In

the present paper we wish to discuss the problems associated with the
implantation of gas prior to irradiation compared with the situatiosn
which is likely to prevail during a dual irradiation and furthe: to

present resulits illustrating some of the points discussed.

EXPERIMENTAL DETAILS

Technigque

The materials used in the experiments were stainless steels having

specifications which fell within the AISI 3l¢ and 32! standard. Cast

analyses are shown in Table 1. Strip foil was prepared from piate ma.erial

Table 1 Chemical Composition of Stainless Steels (Wt%)

Element| . B si | s P | mn |cr Ni [Mo ‘Ti |Fe
Alloy i
321 0.05| - 0.42{0.030.025{i.76 {18.09{9.57| ~ |0.3|Bal
P . . . . . . . .
316 0.0310.002 0.3 - |- i1 f17.5 |11.8i2.5 Bal
(FVSSE) - - - .. - ila - a
]

-

by sequentially annealing and cold-rolling with a final solution anneal
(ST) at 1050°C for 20 minutes in vacuum (< 10_5 torr) followed by a rapid
cool under vacuum to ZSOC. The resultant grain size was 50 um. Strip
specimens 2.4 cm x 1.4 cm were implanted with helium at nominally ambient
temperaiure in the Harwell Variable Enrnergy Cyclotron (VEC) to uniform
concentrations of 1, 10, 100 ~..Gd 1000 appm helium. The method of
implantation involves degrading the energy of a 40 MeV alpha-particle

: s 8 . . .
beam through a moving aluminium wedge . Helium implantation at



tempnerature was carried out in-situ on the rocking target holder in

4 . : i .
tie VEC . Where possible the implanted foils were divided into two

atchies for each helium concentration studied; one was used to evaluate

131 1 1cement microustructure and the ... her identical batch was used for

- L. 6+ | s . .
st oties of vold formation under 46.5 MeV Ni irradiation in the VEC.

The atom Jdisplacements produced during 40 MeV alpha-particle

C . 10 X e -
irplantation were calculated by Matthews using a modified version

P

. . 11 < N .
¢ the: Manning and Mueller EDEP-1 computer code with electronic

. i1 12
i storning data taken from the Northcliffe and Schilling data. A

: irspracement energy of 25 eV was used with the displacement efficiency

X = 4.8 to give the following approximate values of dpa for the relevant

imilanted coacentrations of helium; 0.0001 dpa (1 appm He), 0.001 dpa

"1V appm He), 0,91 dpa (100 eppm He), andé 0.1 dpa (1000 appm He). The

; A . . - -6
vstimated atom displacement rate during helium implantation was 0.5 x 10

N . s - . -9
dpadsec, and the heliw: flux into the steel “2 x 10 atoms/sec. The
3

. . o CE . 5 - -
Jisplacement rate during Ni irradiation was between Z and 3 x 10
ira/sec. Transmission electron microscopy (TEM) observations were
cavries cut usinag Philips Em 300 and 301 electron microscopes at

1

1) kV. Representative electron microgravhs were taken of each specimen

exan:ned and evaluation of the average bubble or void diameter {(aj;

-

bubble (CB) and void (CV) concentration, volume fraction of voids (S')

ari lislocaticon density were made using methods described previously .
Nature of Experiments

The experiments which were carried out were intended to check on
several of the factors discussed in the introduction and comprised the
following:

(i) investigation of microstructure produced in ST 316 steel by

40 MeV alpha-particle injecticn and the effect of post-

lrradiation annealing.

(i1} inspecticn of the microstructure in ST 316 after 100 appm He

implantation at 100, 200, 300, 400, 500, 600 and 7OOOC.

{iii) investigation of the effect of helium pre-injection at ambient
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temperature and at 600°C on subsequent void swelling in

ST 321 irradiated to 40 dpa at 600°C.

(iv) the influence of pre-nucleated helium bubbles on void formation

in ST 321 and ST 31€ steel.
RESULTS AND OBSERVATIONS
Implantation-Induced Microstructure

Some of the TEM results obtained from experiment (i) on the
microstructure produced in ST 316 steel following helium implantation
at ambient temperature and subsequent annealing have been published 6.13 .
These showed that a fine-scale point-defect clustzr structure was
resolvable initially after 100 and 1000 appm implantation, but not
after doses of 1 and 10 appm helium. During post-irradiation annealing
between V550°C and 750°C for various times a structure consisting of
faulted Frank interstitial loops (see Figure 1l{a))and small bubbles
evolved. Annealing at 700°¢C for periods up to 20 hours caused the
interstitial loops to grow initially and then anngal away in samples
injected with 100 appm He or less. 1In samples containing 1000 appm He
the loops grew and unfaulted to createa high density of dislocations
upon which small helium bubbles (diameter N 50 &) nucleated in visible
concentrations approaching 1016 cm_B.Annealing between 750°C and 1100°C
produced slow growth and reduction in numbers of helium bubbles. Smidt

and Pieper 6 have also observed loop and gas bubble formation in helium-

implanted 216,

Additional experiments and analysis of the evolved interstitial
loops in ST 316 have shown that the total calculated interstitial atom
content in the Frank loops after anneals of one hour or greater
correlates with the implanted helium concentration, It was found that
n1%s of the calculated total number of atoms displaced during helium
injection were preserved in the locps which formed during annealing.
If it is assumed that for each self-interstitial atom preserved a

corresponding vacancy remains then the interstitial fraction can be
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Comparison of damage structure in ST 316 steel after helium
implantation (a) Small interstitial Frank loops formed after
a 9 hour anneal at 600°C following 100 appm helium injection
(b} Dislocation loop defects on which precipitates and helium
bubbles nucleate during implantation with 100 appm helium at
600°C. (Arrow indicates large bubbles).
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considered an index of the trapped vacancy concentration, Comparinrg
these vacancy and interstitial concentrations with the respective
injected helium concentrations it is found that to a first approximation
the helium:interstitial or helium:vacancy ratio is unity, as can be
seen in Table 2. Helium is clearly influencing the retention and

agglomeration of point-defects in 316 steel.

Table 2 Comparison of Injected Helium Atom Concentration, Retained
Interstitial Atoms, and Vacancies in ST 316 Steel

Anneal Interstitial . EQUlYale?t Injected helium
atom irradiation-induced |
Temperature . . concentration
concentration vacancy concentration
6500C 6 x 10-6 atom/atom 6 x 10°° 10-5 atom/atom
650°C 1 x 10-4 atom/atom 1 x 10_4 10-4 atom/atom
650°C 9 x 10-'4 atom/atom 9 x 10-4 10_3 atom/atom

”

Post-implantation annealing structure was not investigated in
detail in ST 321 but it was established that an interstitial Frank
loop population similar to that produced in ST 316 was formed in

material annealed at 700°C following 1000 appm He injection at 30%%.

In experiment (ii) the microstructure in ST 316 after 100 appm
He injection was studied as a function of implantation temperature.

A summary of TEM observations is given in Table 3.

No structure was resolved up to 400°C but clusters and small
loops were present after the implantation at SOOOC. At 600°C small
cavities were resolved in grain boundaries; on linear dislocation
lines, and on small irregularly-shaped prismatic dislocation loor
defects, examples of which are seen in Figure 1(b). This defect
structure is different from that which evolved during annealing after
room temperature implantation of helium in that the loops are not
of the Frank type as seen in Figure 1(a). A high magnification

micrograph illustrating the association of cavities and the dislocation
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Table 3 Damage Structure in $1 316 After Hot Implantation of 100 appm
Helium
remp. |100°¢ |200°% |300°% | 400%C 500°¢ 600°¢C 700%
Observed |None |[None |None {(None Clusters & |Clusters & Bubbles on
Structure Loops dislocation dislocation
(a ~100 R} loops and grain
2.0 x 1015 | 6.5 x 10! |boundaries
2 e 2. Bubbles|d 200 &

[

on loops &
clusters

(@ 20-100 &)
5 x 1034 o™

2.4 % 1012
-3
cm

defects is shown in Figure 2(a).

If the sample

is tilted to take the

defects out of contrast it is often possible to resolve many bubbles in

association with them. It is of interest to note that the number of

cavities observed at 600°C correlates closely with :the number of disloca-

tion loops observed.

It is likely

that these dislocation defects were

formed initially as loops and that helium bubbles subsequently nucleated

at the periinery of the loop.

There is also an indication that precipita-

tion is occurring on the defects although extra reflexions attributable

to precipitates could not be seen in hiagh resolution diffracticn pattarns.

Previous observations by Harkness et al

A

have shown that precipitates

form in 304 steel during helium implantation, and furthermore that void

and dislocation loop formation during subsequent reactor irradiation

are affected by the presence of pre-injected helium,

These results show that hot implantation of 100 appm helium in the

o o
range 500 C to 700°C produces an cbservable defect clusters,dislcocation

loops and helium bubble microstructure in ST 316 which could influence

the nucleation of voids etc., during subsequent irradiation within the

same temperature-range.

This will be discussed later.
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Electron micrograph showing helium bubbles on dislocations after
implantation with 100 appm He at 600 C (a) Bubbles associated
with cluster and loop defects seen in figure 1(b) in ST 316

{b) Bubbles on dislocations in ST 321,

Figure 2
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Void Swelling Results

Foils of ST 321 containing U, 1, 10 and 100 appm helium pre-injected
at 130°C were subsequently irradiated to 40 dpa with 46.5 MeV N16+ ions
at 600°C in the VEC. Steel foils from the same parent batch were
uniformly filled in-situ at 600°C on the rocking target in the VEC with
1, 16 and 100 appm He and subsequently irradiated to 40 dpa with 46.5

MeV nickel ions. The results of the TEM observations are given in Table 4.

Table 4 Comparison of Void Swelling in ST 321 Steel afger 40 dpacIrradia—
tion at 600"™C Following Helium Injection at 30°C and 600 C

' - |
Helium Implanted Average void Void | Dislocation
Implantation Helium Void . : :
» . Densit Swelling Density
Temperature |[Concentration{Diameter c ¢ m-¥) S' (%) |A (lines =2,
(°c) atom/atom a & v € = i s cm
o, 420-390 [1.5-5 x 10131 13 |1.0 x 10},
30 1077 400 {1.3  x 101; 4.5 1.0 x 10,]
10_; 285 3.1 ox 10,2 4.4 1.0 x 10},
‘ 10 216 5 x 10 2.7 1.0 x 10
!
1
‘ 14 1 :
0_, 420-490 |1.5-5 x 10], 1-3 1.0 x 100 i
§ 600 10_2 15 |6 x 10), 2.0 |6.0 x 10,7 z
i 10_, 1441 9 x 10, 4.3 9.0 x 1011 :
’ 10 {481 2 x 10 13.4 i11.1 x 10
3

The data relating to ambient temperature implantation of helium

have been published elsewhere 15 .

After the initial implantation with 10 and 100 appm He at 600
bubbles were cbserved on dislocation lines (Figure 2(b)) and in grain
boundaries. Resolution of bubbles after 10 uppm helium implant was
very difficult. Bubble size and concentration determined for 100 appm
samples are given in Table 5. Typical void microstructuresin 321 steel
after 1(J appm He implantation at 10°¢ and 600°C arelillustrated in
Figure 3. Figure 3(b) compares with Figure 2(b} where the pre-void

microstructure is revealed. Figure 4 shows a graph of the void
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in sT 321 after 46.5 Mev Ni®7
irradiation to 40 dpa at ¢00% following (a) 100 appm He
1nC appm He implantation at 600°C.

Figure 3 Typical void distribution

implantation at N307C and (b)
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ST 321 STEEL

VOID CONCENTRATION C,(cm-3)
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IMPLANTED HELIUM CONCENTRATION (Atom/Atom)

Figure 4 Graph of void concentration (C ) versus helium concentration
for constant {40 dpa) dose at %00°% in ST 321 steel.
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concentration (Cv) as a function of helium concentraticn for the two
helium implant temperatures. A lower void concentration in the hot
implant experiments is clearly evident. Void swelling as a function
of helium concentration for the two implant conditions is plotted

in Figure 5 where it can be see:n that a high swelling has resulted in
the samples containing 100 appm He implanted at 600°C, Bubble size is
smaller and void concentration is higher to give lower swelling in

the sample injected with 100 appm He at ambient temperature.

Several results obtained from experiment (iv) on the influence
of pre-~formed helium bubble distributions on subsequent void formation

in ST 321 and 316 are given in Table 5.

It is seen that the initial bubble (CB) and final void (Cv)
concentrations are almost identical in both 316 and 321, but the concentra-
tions of bubbles and voids are a factor four lower in the 316 steel.

This points very strongly to heterogeneous nucleation of voids on the
pre-nucleated bubbles. This conclusion is substantiated by numerous
observations of curved stringers of voids clearly formed on dislocation
lines in a non-random manner. Note also that a high bubble concentration
is only attained thermally by a long anneal at 7QOOC following implantation
at ambient temperature. Estimate of the helium concentration in the
observable bubbles was made using a modified Van-der-Waals equation

of state as follows:
_ L
(4BY/d) +kT
The helium content (m') for the average size bubble (d) was
determined using values of surface energy (y 3,000 ergs cﬁz at s00°C)
extrapolated from zero-creep data for 304 stainless steel 1€ . The

. 7
Van-der~Waals constant for helium was taken from Tsederborg et al !

3 molé.%t 6000C). The helium concentrations calculated

(P = 9.6 cm
{Table 5) are only a rough estimate in view of the difficulty in resolution
of small bubbles and assessment of true image size. The results
indicate that although all the injected helium is not present in

bubbles, more h«lium has precipitated into bubbles in 321 than in 316.
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Table 5 Comparison of Initial Helium Bubble Concentraticn and Veid
Concentration after Subsequent Ion-Irradiation (100 appm He)

Ag:i?:i Vicible He in
Treatment . S Cavities S'% Busiles |
Piameter (2) (C c.) cm t appm |
a & v' tg ® et !
i
He implant ; 15 _
at 600°¢C Bubbles 48 1 x 10 65
ST321
He impéan: !
at 60C¢ voids | 481 2 x10'? 13.4 -
+400dpa |
600°C , -' ;
; ’ i !
T ; !
! ;
He imglant .
at 30°7C , .~15 .
X ; S : . i - 3 !
470 hrs 3 Bubbles 40 1.5 x i0 3 !
i 700 :
: |
| + -
?H ol 1 ‘ . .
{ He implant | 4
: s | [ -
ST316 ° (000 J Bubble 60 5 x 10 30 s
He imp%ant
S :
at 600C s 700 4 x 101 6.7 -
+40odpa !
600°C
DISCUSSION

Althounh we have ma
ougn we have ma

Alth with the possible influence of
helium on void nucleation it should be pointed out that in most steels and
in particular 316 steel, void formation during simulation experiments
occurs readily even with no added gas. On the other hand, in 321 steel

in which titanium has been added as a stabilising agent, void nucleation
is somewhat limited unless helium is added. This difference has been
explained in terms of dissolved oxygen - which acts as a void nucleating

agent - where, in the case of 32! steel, association of oxygen with
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titanium is thought to effectively limit the availability <f free
oxygen. Void nucleation is, therefore, expected to depend more strongly
on helium content in 321 steel than in 316 steel, that is except at

very high helium levels where its influence will outweigh that of the
dissolved oxygen, We will, therefore, concentrate our discussion mainiy

on the role of helium in void nucleation in 321 steel.

Perhaps the most significant result presented in the preceeding
secticn is to be found in Table 4 where the hot-implanted- 321 steel samples
show a lower void density than in the case of the ambient temperature
implants. In all cases shown the wvoid density is significantly greater
than in the samples having no injected helium. These differences are
thought to be a manifestation of the scale on which helium gas bubbles
have been nucleated prior to the void irradiation., 1In this context we
should take note of the pre~irradiation microstructures which ixist in the
100 appm samples. At this stage it is worth pointing out that it is not
possible to see all the helium bubbles which are believed to have formed
prior to nickel ion irradiation, due to the resolution limit (v1S ﬁ)
of small cavities in the electron microscope. For instance, at 600°¢
in 316 and 32! steel it is only at 10 and 100 appm that bubbles have
grown sufficiently large to be resolved and only then after the hot
implant where the assumed lower helium bubble concentration compared with
that of the celd implant allows the attainment of larger void sizes.

The comparison is readily made in 316 where at 700°C the bubbles are
clearly resolvable and observed bubble density is low after annealing

or hot implantation. The general conclusion is that in the high temperature
(i.e. >600°C) implant cases the pre-irradiation resclvakle gas bubble
density is significantly lower than in those foils which have been

implanted with helium at ambient temperature and subsequently annealed

to temperatures similar to those of the ot implants.

Implanted helium is thought to be highly mobile as an jnterstl%géig'zo

immediately after 'slowing down' in the solid from its init:al high erercgy
injection as an ion. Such helium interstitials are then trapped at
vacancies, dislocations and precipitates. At ambient temperatures thne

vacancies created during the implant can build up to high concentrations
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in steels and these nc doubt act as the major traps for the helium as

the results of Tavle 1 suggest. If the temperature of irradiation

is raised steadily, bubble precipitation can occur as a consequence of the
migration of these vacancies through the lattice. The scale of precipita~
tion will depend on the gas concentration and will occur koth homogeneously,
and heterogeneously on the dislocation structure which evolves, On the
other hand, at irradiatior temperatures such as 560°¢ - 650°C and above,
the dynamic vacancy concentration within the lattice is extremely low
relative to the dislocation cdensity which evolves, and to the precipitate
density which might exist. Gas bubble nucleation will therefore occur
almost exclusively in a heterogeneous manner or such sinks, as illustrated
in Figure 1(b) and 2 and as such will cccur at a lower density than
expected for the material annealed after room temperature helium

implantation,

The above difference in nucleation density cbserved in the case of 371
steel has a significant affect on the total void swelling. This is shown
in Figure 5 where it is seen that at high gas concentrations the two
swelling curves diverge widely. This behaviour clearly results from the
different sink densities which exist during the two conditions and is
predicted from current theories of void swelling 2t . Experimental data
at higher (>>100 appm) gas concentrations would be of interest in this
context. This is particularly desirable in the light of recent neutron
irradiation data 22 from 316 steel containing up to 6000 appr transmuted

helium where current models failed to explain high swelling observed at

680°C.

Altnough the scope of the present experiments is limited to single
pre-injections of helium, it is of interest to consider the implications
in the case of simultaneous helium implantation and, say, nickel ion
irradiation of stainless steel. Such dual irradiation experiments will
alwost certainly be carried out at elevated temperatures in the ‘homologous
temperature-range for void formation where the dynamic vacancy concentration
is small compared with other sinks for migrating helium such as the
irradiation-produced dislocation structure. Under such circumstances

nucleation will occur in a similar way to that expected during a hot
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INTRODUCTION

Type 316 stainless steel is a candidate material for the first wall
of fuzion reactors. Previously, cold work had been shown effective in
reducing swelling and maintaining usable mechanical properties in fast
reactor irradiations.! Such irradiations produced low helium concen-
trations. The purpose of tnis investigation was to determine the
effects of high helium contents and high dpa levels on the microstructure
of both 20% cold worked and solution-an:ealed type 316 stainless steel
to simulate accurately anticipated controlled thermonuclear reactor (CTR)
operating conditions. Our experiments approximated the displacement
damage produced after 6 years and the helium produced after 20 years of
fusion reactor operation® at a wall loading of 1 MW/m? (Table I). This
study examined the Lemperature dependence of microstructural changes
in both annealed and 20" cold worked samples for nearly constant gas
content and displacement levei. Since helium acts synergistically with
the displacement level to influence properties?»* it was important to
duplicate as closely as possible the production rates of helium and
displaced atoms in the first wall of a fusion reactor. In EBR-II, only
about 35 dpa and 15 at. ppm He are produced per year. With alipha~
pavticle injection techniques.“ Liigh displacenient damage does not
accompany high helium concentraticns. TFor stainless steel or other
nickel-containing alloys, a irore suitable simulation can be obtaired
using mixed-spectrum fission reactors, taking advantage of a two-step
ruclear reaction of nickel atoms with rhermal neutrons to produce

59

helium: °°Ni(n,v)3°Ni followed by °°Ni(,-.)°®Fe. High-flux reactors
with both thermal and fast components of the spectrum, such as the
HFIR, allow the combination of continuous helium and displacement
production in reasonably short irradiation times to simulate fusion
reactor conditions {Tabhle I), This paper reports the microstructural

information obtained from ctvpe 316 stainless steel samples irradiated

in both the 207% cold worked and solution-annealed condition at irradiation

rerperatures between 380 and 680°C, to exposures of 40—60 dpa, and

30004300 at. ppm He.
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Table 1. Radiation Damage Parameters for
Type 316 Stainless Steel

Rate per Year?
Reactor
dpa He (at. ppm)

CTR (1 MW/m?) 10 200
EBR-I1I 35 5
HFIRP 35 1900¢
3Calculated by Kulcinski et al. (Ref. 2).
PuFIR: damage flux, 1.5 x 10*° n em™? sec™’

(>0.1 MeV); thermal flux, 2.4 * 10'° n cm™? sec™?

c
Experimentally measured value.

EXPERIMENTAL

A description of the HFIR experiments containing these samples and
the swelling and the mechanical properties of these samples havz been
previously reported.s'6 Microscopy disks were cut from samples that had
heen irradiated and then tensile tested at temperatures near the
irradiation temperature. The composition of the type 316 stainless
steel is as follows: 18.0 Cr, 13.0 Ni, 2.58 Mo, 1.9 Mn, 0.05 Ti, 0.8 5i,
0.05 ¢, 0.013 P, 0.016 S, 0.05 N, 0.0005 B, bal Fe. [Values (wt %) are
averages of multiple determinations on this heat.}] The tensile specimens
were produced from rod stock as follows: 12.7-mm~diam (0.5-in.) hot-
rolled rod was annealed at 1200°C and then swaged to 50% reduction in
area, The rod was solution treated for 1 hr at 1050°C in argon and
rapidly cooled. The rod was further reduced by 50% and similarly
solution treated at 1050°C. Annealed specimens were machined frou this
material. Part of the remcining rod was cold worked to a 20% reduction
in area by swaging, and specimens were machined from the rod. The
specimens were 31.7 mm (1.25 in.) long, with the gage secticn 18.3 mm
(0.72 in.) long and 2mm (0.080 in.) in diameter. The irradiation

experiment was uninstrumented, and heating was accomplished by using



a helium-filled gap to provide resistance to radial flow of the heat
produced by nuclear heating. Calculated nuclear heating rates were
checked by using silicon carbide temperature monitors in a calibration
experiment.7 The variation in nuclear heating and in the fast and
thermal flux with distance from the horizontal midplane is shown in
Fig. 1. The effect of a variation in tempera. 're axially along the
specimens was minimized by cutting the TEM dis: near the specimen
center. The uncertainty in irradiatinn temperature is estimated to

be *10% of the temperature above ambient (55°C), but the relative
difference in temperature between samnpies is thought to be more accu-

rate than their absolute temperatures.
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Fig. 1. Variation in Nuclear Heating Rate and Neutron Flux Along
the Half Length of a HFIR Irradiated Experiment. TFlux data from
F.B.K. Kam and J. H. Swanks, Neutron Flur Spectrwn in the NFIR Target
Region, ORNL-TM-3322 (March 1971).
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Values of helium contents were measured for selected samples,
and the helium production cross sections derived from the measurements
were used to calculate the helium concentrations for other samples.
The dpa values were calculated usiag the neutron spectrum frem the
HFIR® and the displacement model recently recommended by the 1AEA.?
These helium and dpa numbers are more accurate than those previously
reported on the same s:-mnples.5'6

Immersion density measurements and then tensile tests in air
preceded the cutting of the microscopy samples. TEM disks were cut
from the gage sections of selected samples, at least 3 mm (0.1i2 in.)
from the fracture section. Because of gamma activity greater than
10 R/hr at contact, most samples were thinned remotely by a two-step
procedure. Dimpling was accomplished with a solution of 120 ml of
water, 700 ml of ethyl alcohol, 100 ml of ethylene glycolmcnobutyl
ether, and 78 ml of perchloric acid at ~20°C and a current density of
about 4 A/cm?; polishing was done with a solution of ethyl alcohel
and perchloric acid at 0—~10°C and a current density of about 4 Alcm?.

The TEM samples were examined in 1-MV and 200-kV Hitachi electron
microscopes. Thicknesses of the sample were determined using stereo-
graphic techniques. Cavity sizes and disiributions were determined on
a Zeiss particle-size analyzer. Thickness measurements and cavity
counting were done on pictures taken in absorption contrast. The
recomendat ions of Riihle!? for determining the true cavity size from
an out-of~focus image were followed while measuring the cavity sizes.
Several fields of view in different grains were observed when available,
and between 2000 and 5000 cavities were counted for each sample. For
the stereo pairs, most pictures were taken by tilting along a Kikuchi
band so that the tilt axis was known and accurate parallax determinations
could be made. Foil thicknesses measured on pictures taken on the
1-MeV microscope ranged from 700 to 7000 A, When possible, precipitate
identities were determined from analysis of the diffraction patterns by
comparing them with known data for various precipitate phases in
type 316 stainless steel.!!*!? piglocation concentrations were measured
knowing diffraction vector and either counting ends or using the line

intercept method in areas with measured foil thickness.
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RESULTS
Swelling

The swelling resulrs are given in Table I1I and Fig. 2. In both
the annealed aid cold worked material, swelling is quite insensitive to
irradiation temperature in the range 380 to ~550°C and then increases
very rapidly at higher temperatures. The swelling remains the same or
decreases slightly as the temperature is increased for the cold worked
samples from 380 to 550°C, from 2.2 to 1.47% respectively. This trend
is confirmed by immersion density measurements of 1.6% at 380 to ~0.0%
at 550°C. The immersion densities appear to differ from the void volume
fractions by 1-2% swelling for most samples, but the former are always
less than the latter. The solution-annealed material shows a fairly
constant cavity volume fraction of ~8.7% at 480 and 550°C.

Data from Brager and Straaslund!?® for solution-annealed type 316
stainless steel irradiated in EBR-1II, where helium levels are relatively
low, show an increase in swelling with temperatures from 395°C and 17 dpa
to 470°C and 21 dpa. The swelling is on the order of-1.0%Z. At higher
temperatures a swelling maximum is reached, and the swelling decreases
to nearly zero at ~6380°C. Limited data from the same heat of stainless
steel used in the present experiments and irradiated in EBR-IT show
similar behavior,!" but shifted to 2 higher temperature than the Brager
and Straaslund data, as can be seen in Table II. A sﬁélling peak is
not defined by this limited data. If the empirical equations developed
by Brager and Straaslund are used for fluence and temperature conditions

14 4 swelling of ~5% in

equivalent to the EBR-II data of Sklad and Bloom,
the temperature range 525 to 535°C and at a fluence of 6.6 x 1022 n/cm?
for annealed type 316 stainless steel is predicted. This is higher than
the 0.47% swelling observed by Bloom and Sklad for the present heat of
steell” (see Table TI). The swelling resistance of this heat of steel
shows that it is important to compare the HFIR data with the limited

EBR-II data on the same heat of steel.



Table I1.

Microstructural Swelling Data on Irradiated Samples

Immersion Density

Irradiation Neutron Fluence, Hellum Displace- Void Volume Cavity v
Condition Temperature 0.1 MeV Content  ment Damage DZ?;Z“’;@' Fraction Concentrat fon® m”:x;"
°C) (n/cz?) (at. ppm)  (dpa) pée ¢3) (no./em™)
Annealed 1 hr at 480 6.10 « 10?7 2950 €2 8.8 ¢ 1.2 1.4 * 0.06 = 10'* 386
.
i°5gFi' trradiated 550 6.18 2990 42 8.5+ 1.6 Gt 1.3 x 0t 500
n HFIR (3.2 + 10*)¢ (3350)¢
680 8.74 4540 61 14,1 15,2 ¢ 1.7 4.6 ¢ 1.2 ~ 101 1083
(.1 2 tat? (6400}
20%7 Cold Worked 380 7.05 3320 49 1.6 2.2+ 0.4 1.8 * 0.4 « 10** 95
after I hr at 4.5 = 10'9) (1110)
o
10507, trradiated 450 7.69 1660 54 0.680 2.0 0 004 6.6t 1.6 1000 170
550 6.18 2990 42 0.0 1.4 ¢+ 0,10 2,4 ¢ 0.4 v 10! 210
600 B,71 4070 60 3.3 5.0 * 0.2 3.3 ¢ 3,0 » 10%* 647
(2.7 = 10'%) (3500)
£80 8.74 4140 61 16.8 16.8 * 3.6 6.3 + 2,6 » 10"} 1100
(1.4 =~ 10'%) (7100)
Annealed 1 hr at 500~535 .6 15 31 0.37 e 4.9 » 102 485
1050°C, irradiated . . 12
to EBR-119 600—660 6.6 15 37 1.53 e 6.3+ 10 1370
202 Coid worked 500~555 6.6 ~i5 V7 ~0 L € 400600
after 1 hr at - e
1050°C, irradiated 0007660 6.6 15 37 0.4 e 6001500

1n ¥BR-179

Aobtatned from fmmersion density measurements.

bobtained from electron photomicrographs.

“The numbers in parentheses are for the large partion

dbata from personal commepication, P. 5. Sklad and F,

€Not available.

of the bimodal distributions observed.
E. Bloom, 1975.

$9Z-1
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Fig. 2. Variation in Swelling as a Function of Temperature for
Both 20% Cold Worked and Annealed Type 316 Stainless Steel Samples
Irradiated in the HFIR. In addition, points from the same heat of steel
irradiated in EBR~II are plotted for reference at low helium content.

The microstructures of the cold worked and irradiated type 316
stainlese steel samples are shown in Fig. 37, and those of the annealed
and irradiated type 316 stainless steel samples are shown in Figs. 8-10.
Agnealed and cold worked samples irradiaved in the HFIR and EBR-II are
compared in Fig. 11.

In both the annealed and the cold worked HFIR samples, swelling
increased rapidly with temperature in the range 550 to 680°C. In the
cold worked material, the cavity volume fraction is 5.0% at 600°C and
~17% at 680°C. It is significant to note that recrystallization of the
cold worked structure had occurred at 600°C and that grain growth
occurred at this temperature {see Fig. 6). Recrystallization will be
discussed in more detail later. For these temperatures both optical
metallography and TEM show massive o-phase formatio:. at the grain

boundaries.
The annealed material irradiated at 680°C has a void volume fraction

of 15.2%. At 680°C, swelling in the cold worked and annealed samples was
comparable (see Figs. 7 and 10).



Fig. 3. Type 316 Stainless Steel, 207 Cold Worked, Irradiated at
380°C to 49 dpa and 3320 appm He. Note the high concentration of very
small (diam ™30 V) cavities.
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Type 316 Stainless Steal, 20% Cold Worked, Irradiated at

Fig. 4.
450°C to 54 dpa and 3660 appm He.



G725 L

Fig. 5. Type 316 Stainless Steel, 0% Cold UVorked,
550°C to 42 dpa and 2990 appm He. (a) Cavities in the matri
at the grain boundary. Note O-phase particle labeled o,




6. Type 316 Stainless Steel, 20% Cold Worked, Irradiated at

Fig.
600°C to 50 dpa and 4070 appm He. (a) Recrystallized region with cavities

preferentially located at the growing grain front. (b) Austenite grain
bot:. v with large cavities. (c) Region in which grain boundary growth
has occurred. Note the iarge cavities at the austenite~sigma interface.
Particles labeled are sigma phase.



Fig. 7. Type 316 Stainless Steel, 20% Cold Worked, Irradiated at
680°C to 61 dpa and 4140 appm He. Note the very large cavities at the
graiu boundaries. :



Fig. 8. Type 316 Stainless Steel, Annealed 1 hr at 1050°C,
Irradiated at 480°C to 42 dpa and 2950 appm He. (a) Matrix with.many
cavities and precipitates. (b) Grain boundary with precipitates.



Fig 9. Type 316 Stainless Steel, Annealed 1 hr at 1050°C, Irradiated
at 550°C to 42 dpa and 2990 appm He. (a) Matrix with rodlike precipitates
and large cavities. (b) Grain boundary with equiaxed precipitates.



Fig. 10. Type 316 Stainless Steel, Anneaded 1 hr ar 1090°¢,
Irradiated at BHOC to 61 dpa and 4140 appm He. () Matrix with cublc
aor poelvhedral cavities., (b)) CGrain boundary with vers large cavities.



Fig. 11. Comparison of Annealed and Cold Worked Type 316 Stainless
Steel lrradiated in the BYIR and EBR-II ot Nearly the Same Temperaturc
and Fluence. (a) Anncaled, irradiated in EBE-I1T at 500-535°C to 3i dpa
and 1% appm He. (b)) Annealed, irradiated in the HFIR at 550°C to 42 dpa
and 2990 appm He. (¢) 20. cold worked, irradiated in EBR-I11 at 500-550°C
to 37 dpa and 15 appm He.  (d) 207 cold worked, irradiated in HFIR at
550°C to 42 dpa and 2990 appm He.
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The cavity concentrations decreasc with increasing temperature
(see Fig. 12). The cavity concantrations are higher in the cold worked
material than in the annealed material at all temperatures, with the
difference becoming less at higher temperatures, Figure 13 shows that at
all temperatures below 680°C, the average cavity diameter in the aunealed
material is more than twice that in the cold worked material (see also
Table 11). Samples irradiated in EBR-I1 have cavity diameters that are
essentially the same in the cold worked and annealed material, but
larger than the diameters for the corresponding cold worked samples

irradiated in the HFIR. Bragcr15

also found similar cavity diateters

in annealed and 207 cold worked samples at each of the irradiation
temperatures of 420, 475, and 580°C in EBR-11. Therefore, at low helium
content, the primary effect of cold working is to reduce the ceavity
concentration whiie having little effect on cavity size and therebwv

to reduce swelling. For the high helium concentrations of HFIR ivradi-
ation, cold work increases cavity concentration and decreases cavity
size, resulting in reduced swelling over the temperature range for which
cold work is effective, up to 600°C. At 580°C the annealed and cold
worked samples containing high helium concentratiens behave similarly
because of recrystallizazion of the cold worked structure.

The samples containing high helium concentrations have larger
swelling than samples with low helium for both the annealed and cold
worked conditions over the temperature range 380 to 680°C (Table II and
Fiz. 2). The cavity diameters are about the same for the annealed
samples irradiated at 550°C in either the HFIR or EBR-II, but the cavi:ies
are several times larger in EBR-IT than in the HFIR for the cold worked
samples (see Fig. 11). Cavity concentrations are about an order of magni-
tude greater for the annealed samples irradiated in the HFIR than for
those irradiated in EBR-11 (see Table II). Another very obvious difference
is the appearance of large cavities, 6 to 7 times larger than the average
cavity diameter and present in small concentrations of 1-3 x 1012 cavities/
cm?®, in the high helium samples at higher temperatures. These large

cavities are exclusively attached to intragranular precipitates at 550°C
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in the annealed material (see Fig. 9) 1and are found exclusively at the
grain boundaries at 680°C in the cold worked and annealed samples (see
Figs. 7 and 10). These cavities contribute about cne-third of the total
8.5% swelling observed in the 550°C annealed sample and about two-thirds
of the total 16~17% swelling observed at 680°C in both the annealed and
cold worked samples. There is a denuded zofie accompanving the large
grain boundary cavities at 680°C of about 0.2 to 2 um for both condirions.
Probably the most important difference in the samples with low and
high helium concentrations is their response to irradiation temperature.
While the swelling increases with temperature to a maximum at low helium
concentrations, it stays fairly constant for high helium zoncentratjons
until about 550 to 600°C and then increases very rapidly with temperature.
This temperature region is also significant because it is the temperature
at which both the annealed and cold worked samples begin to behave
similarly. These points will be discussed later. 1In summary, high helium

= v 1Ad

levels affect the temperature dependence of sweliing for both anncaled
and cold worked materials, increase the cavity concentraticns in both

annealed and cold worked samples, and decrease cavity diameters in the
Jatter. Most importantly, high helium levels increcase the swelling in
both annealed and cold worked materials over the temperature range 380

to 680°C, compared to values observed during fast reactor irradiation.

Dislocation Structure

Only the anneal.d samples irradiated at 480 and 550°C were not tested
after irradiation, and hence only these samples exhibit an as-irradiated
dislocation structure. However, information on as-irradiated micro-
structures can be derived from the irradiated and tested materials, in
some cases, when viewed in light cof the mechanical properties reported

¢ The dislocation density in the control

previously by Bloom and Wiffen.
sample solution annealed for 1 hr at 1050°C is 1.4 * 0.7 x 10° cm/cm®.
There were no loops observed in this sample nor in any irradiated sample
where the dislocation structure was clearly evident. This is in marked
contrast to observations made by Brager et al.!? in which Frank loops

were observed in annealed material irradiated at 600°C and below.
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The dislocation densities in cold worked samples irradiated below 550°C
and annealed samples irradiated at 480°C were very high. No Frank lcops
were present in any samp.es. The qualitative trend in the cold worked
samples is for the dislocation density to decrease and form a cell
structure as the temperature increases up to 600°C, at which point
recrystallization occurs and grain growth begins. In the annealed series
the dislocation density is higher than for the unirradiated controls

and decreases as irradiation temperature increases. After irradiation

at 689°C, the dislocation density is 3.0 * 2.3 « 10° ca/em? and

5.0 © 1.5 - i0® cm/em® for the cold worked and annealed samples, respec-
tivelyv. Both of these samples were tensile tested, but showed essentially
no ductilitv. They failed at the grain boundaries with very small plastic
strains, and the dislocation densities are likely little changed froem

as-irradiated values.

Precipitates and Grain Boundary Features

Ohservations made on precipitate structures are given in Table III
and Fig. 14. in the annealed samples irradiated in the HFIR, the inter-
granular precipitate density decreases with increasing temperature up
to 550°C. At 680°C no intragranular precipitates are observed by TEM,
but coarse precipitation is seen in optical metallography. In the cold
worked samples the intragranular precipitate density increases from
380 to 450°C, and decreases slightly from 450 to 550°C. At 680°C the
cold worked sample is similir to the annealed sample. In the annealed
samples the size of rod and equiaxed precipitates increases as the
temperature increases up to 550°C. In the cold worked samples, rod
precipitates are present for irradiation temperatures from 380 to 550°C.
and equiaxed precipitates are present“from 450 to 550°C.

Electron diffraction patterns indicate the presence of M23Ce¢ type
precipitates. 1t is possible that other phases are present, but they

have not as yet been identified from the diffraction patterns.
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The grain boundary precipitates observed in the annealad sample
at 680°C and the 600 and 680°C cold worked samples were identified by

electron diffraction as an Fe(Cr-Mo) ¢ phase similar to that observed

by Weiss and Stickler.!? This intermetallic phase contains flat, diamond-
shaped cavities and has very large cavities, on the order of 6000~7000 A

in diameter, at the interface of the ¢ and the austenite (see Figs. 6,

7, and 10).
The grain boundaries of the annealed samples indicated at 480 and
550°C have precipitates on them, probably Mz3Cg, which becomes more

equiaxed and larger as the temperature increases. Only the smallest

cavities in the cavity-size distribution are seen adjacent to the grain
boundary precipitates. At 550°C, large cavities are attached to rod-
shaped intragranular precipitates. large cavities do not appear at the

grain boundaries at 550°C (see Fig. ¥).
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The cold worked sample irradiated at 550°C has large particles,
either o or X, appearing along prior deformation bands. This precipitate
microstructure is similar to that of a 207 cold worked sample aged
10,000 hr at 650°C. (The samples irradiated in the HFIR were at temper-
ature for about 16,000 hr.) Irradiation in the HFIR enhanced precipitation
in the ©old worked and the annealed materials. it also appears from
Fig. 11 that the precipitation behavior in HFIR irradiation is different
from that in EBR-II.

The important points are: {a) there are large cavities at the
grain boundaries in both the annealed and cold worked materials at 600°C
and above; (b) the precipitate behavior in the annealed and irradiated
samples and the precipitate and recovery behavior in the cold worked
and irradiated samples are enhanced relative to unirradiated and aged
control samples; (c¢) when there are carbides at the grain boundary, they
are accompanied by large cavities which appear attached to precipitates

in the grains.

Recrystallization

The ccld worked sample irradiated in the HBIR at 600°C exhibits
regions that are recovered, some that are just recrystallized, and some
cellular areas plus massive particles of 0 phase (see Fig. 6). The
grain boundaries and the 0-y interfaces have large cavities. It appears
that growing dislocaticn cells are sweeping the area free of cavities
and helium and collecting them at o~y interfaceé,'or former austenite
grain boundaries, or wherever growing cells meet. The portions of the
sample that show considerable grain growth appeur very much like the
grains at 680°C in both the annealed and cold worked material (see
Figs. 7 and 10). They have large cavities at their boundaries and have
cubic-shaped cavities in the grains that are larger and of lower con-
centration than those in areas where grain growth has not yet occurred.
It is in this manner that the cold worked material makes its transition
from a low-swelling microstructure to a microstructure similar to that
of annealed material. The cavities at the grain boundary probably coalesce
to form the larger cavities seen at the grain boundaries in samples

irradiated at 680°C.
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In summary, recrystallization sets a temperature limit of about
550°C on the effectiveness cf 20% cold work as a means of controlling

swelling during high-fluence irradiation of type 316 stainless steel.

Cavity Nature

The question naturally arises as to whether or not the cavities are

16 ¢ives the relationship oetween

equilibrium helium bubbles. Barnes
gas pressure in a cavity and the surface energy ac P = 2y/ry, where

P = gas pressure in =rgs/cm®, y = specific surface energy in ergs/cm?,

and gy = cavity radius in cm for the stress-free state. The van der Waals
gas equation can be expressed as m” = 8wyr*/3(kTr¢ + 2vb), where m” = the
number of gas atoms in a bubble of radius rg. This reduces to the perfect
gas law for cavities greater than ~1000 A in radius; but many of the
cavities were less than that size, so that the van der Waals reduced
equation must be used. Recent work by Tsederberg et al.!” has shown

that b is temperature dependent and ranges from 1.84 x 10723 cmi/atom at
380°C to 1.57 x 10723 cm¥/atom at 680°C. The results of calculations
over the measured cavity size distributions, using an assumed constant
surface energy of 1500 ergs/cmz,18 are shown in Table IV. The amount of
gds necessary to stabilize equilbrium bubbles is divided by the amount

" ratio

of gas actually measured in the sample, to give a "void bubble
that would be unity if the cavities were equilibrium bubbles, and would
approach zero if the cavities were voids. 1In the cold worked series,
this ratio stays fairly constant with temperature from 380 to 680°C
and is nearly unity. The greatest deviation from unity is in the
annealed sample irradiated at 480°C. The value approaches unity for
annealed samples irradiated at 550 and 680°C.

In the case of the annealed sample irradiated at 480°C, the ratio
is only 0.37, but this could be unity if a lower surface energy, on the
order of 500600 ergs/cm®, is assumed. The surface energy could be lower
than the 1500 ergs/cm2 assumed if surface segregaticn of impurities is

occurring, so annealing studies will be conducted to investigate this

possibility.
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Table IV. Helium Analysis Data

Measured Calculated® Ratio of
Sample Temperature Helium Helium of Measured to
(at. ppm) (at. ppm) Calculated Helium

Annealed 1 hr 480 2950 7949 0.37
at 1050°C 550 2990 4422 0.68
680 4140 4282 0.97

20% Cold work 389 3320 3815 0.87
Z’SESECI hr at 450 3660 4773 0.77
550 2990 2613 1.14

600 4070 4976 0.82

680 4140 5938 0.70

8calculated amount of helium required to stabilize the observed
cavity population in the irradiated samples. Calculation procedure
described in text.

DISCUSSION

The effect of helium produced continuously during irradiatiom of
type 316 stainless steel is to increase the cavity concentration in both
the annealed and cold worked conditions sas compared with wsamples irradiated
in a fast reactor with much lower helium production rates. The effect of
cold Qork is markedly different in the two cases. In fast reactors, cold
work reduces cavity concentration with no effect on size. At high helium
concentrations the cavity size is reduced and the cavity concentration
increased. As a result the cold worked materials swell less than the
annealed material in both cases. The high dislocation density in the cold
worked steel provides cavity nucleation sites, presumably by trapping
helium, since most cavities are observed to be attached to dislocationms.
The high helium conceatration in the cold worked material stabilizes the
many nuclei provided by the high dislocation demsity. For low helium con-
centratfon EBR-II irradiations, there is not enough helium to stabilize a
large number of nuclei. Hence, only a few random cavities grow in areas

of low dislocation density [see Fig. 11(c)]. Once the cavities are stable



in the high heliumn case, they apparently compete for vacancies and grow
more slowly than in ¢old worked material with low heliuwa concentrations
or in annealed material,

There are cavities at the grain boundaries in the cold worked
material at 500°C. As recrystallization occurs, grain growth sweeps
the cavity and helium to the grain boundaries and C-austenite inter-
faces. Once there, they coalesce to form the very large cavities
observed. Grain growth does not occur in the annealed samples; thus the
cavities observed on the grain boundaries must nucleate and grow due to
helium migrating to the grain boundaries.

Rough estimates of the amounts of M23Ce¢ and O phase can be obtained
from TEM and optical metallography and the aging studies done by Weiss
and Stickler.!? Precipitaticn can affect the measured density of the
steel. Calculated densities of 0 and M25(s based c¢n the composition and
structure data of Weiss and Stickler?!? give the awounts of the alloying
elements removed from the matrix by their precipitation. Taking into
account the density change of the precipitates and using the formula for
the density of the type 316 stainless steel as a function of the various

1? 2 densification of

alloying components given by straaslund and Bates,
0.93% was calculated. This would helip explain the discrepancy between
immersicn density and cavity volume fraction at 550°C; since the major
contribution to the calculated densification is the precipitation of

o phase, it also helps explain the swelling discrepancy at 600°C. The
effect of precipitation on the cavity concentration is also important,
because precipitation changes the composition of the matrix, and compo-
sitional changes have an important effect on cavity formation and growth.??
Hen¢e, tvpe as well as composition of the precipitates present in the
micrestructure must be considered and will be studied further.

There is a question as to whether or not the as-irradiated micro-
structures are the same as in the as-irradiated and mechanieally tested
microstructures. Anncaling studies of irradiated type 304 stainless
steel have shown that only minor changes are produced in the microstructure
on annealing at temperatures up to 100°C above the irradiation temper-

ature.?!+22 It can be assumed that the mechanical tests at temperatures
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near the irradiation temperature produced no anrcaling of the as-
irradiated microstructures. It can also be wssumed that the mechanical
tests did not cause much growth in the large cavities because of the
close agreement between the immersion density measured before the tests
and the cavity volume fractions measured by TEM after the tests. Where
plastic deformaticn occurred, however, the dislocation densities can
be expected to have changed.

In a CTR, large amounts of helium will be produced simultaneously
with displacement damage. These results have shown that the helium
strongly influences the microstructural changes produced during irradiation,
and thus the mixed spectrum Sfrradiation such as in the HFIR better
simulates CTR conditions than does fast reactor irradiation such as in
EBR-II. We have shown that prior cold working can significantly reduce
swelling up to 550°C for high displacement and high helium levels. Cold
working also has been shown to improve the mechanical properties as
compared with annealed material for the same irradiation cenditions up

to 550°C.°

CONCLUSIONS

1. A major effect of high helium concentraticns on the microstructure
of irradiated type 316 stainless steel is to increase cavity nucleation
and overall swelling in the temperature range 380 to 680°C, as compared
with fast reactor irradiations.

2. High helium concentrations in cold worked material increase
cavity nucleation and reduce cavity sizes compared with annealed material.
The net result is decreased swelling with respect to annealed material,
but increased swelling with respect to irradiated cold worked material
of low helium content.

3. Cold work produces reduced swelling under irradiation conditions
producing high helium contents and high dpa levels for irradiation
temperatures below about 550°C.

4. Swelling in both the annealed and cold werked materials is only
slightly temperature dependent up to 550-600°C. Swelling increases
rapidly with temperature in both conditions for irradiation temperatures

beyond 600°C.



. HRecrystallization ovccurs in cold worked materials during lorg-
term irroaditions between 550 and 600°C and results in loss of swelling
resistan: e,

f. The large cavities associated with grain boundaries and precipi-
tates ot irradiation temperatures above 600°C in both the annealsd and
cold worred material are responsible for a large portion of the swelling.

7. The cavitivs observed in most samples are probably equilibrium

bubb les.
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NUCLEATION OF VOIDS IN A NEUTRON ENVIRONMENT

R.M. Mayer, Atomic Energy Board, Pretoria, (2 A
South Africa =
and L. M, Brown, Cavendis." Laboratory, Cambridge
England

ABSTPACT

A model of void nucleation in a neutron environment is
formulated based on chemical rate theory. The resulting
set of first order differential equations is numerically
integrated using a computer. The swelling due toc voids in
nickel, copper, alpha iron and molybdenum is then compared

with experiment.

INTRODUCTION

The major feature of high temperature irradiation in
metals is the swelling due to the agglomeration of vacancies
into voids. Vacancies as well as interstitial atoms also
agglomerate into two dimensional platelets called loops.

Any theory of void nucieation must take all these competing

processes into account.
NUCLEATION PROCESSES

It is known that in many metals both the vacancy and
interstitial loop concentrations increase with irradiation
time. These loops cannot be homogeneously nucleated because
homogeneous nucleation leads to a saturation of loop density

within a short irradiation time.!

There is strong evidence that the vacancy loops arise
from vacancy agglomerates formed at the end of the track of
the primary knock-on atom?. Since vacancy loops are normally

e
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observed rather than three-dimensicnal agglomerates, there
must be a collapse process which converts the latter into
the former. In this paper, the collapse time of the vac-
ancy cluster is taken to be the square of the number of
vacancies in the cluster divided by the jump frequency of
the divacancy.

Not all the vacancies in the cluster will be in the
loop resulting from the cluster's collapse. The ratio of
vacancies in the loop to those in the original cluster is
called the cascade efficiency and its value will depend on
how efficiently the focussed collision sequences separate
the interstitials from the vacancy cluster. On the basis
of evidence from electron microscopy, we have taken the
size of a freshly formed vacancy loop to be 20%. Speci-
fying the cascade efficiency then gives the initial size
of the vacancy cluster.

Our theory treats these nucleation processes
phenomenologically, i.e. every PKA has a certain probab-
ility ('defect yield’) of creating a vacancy cluster or
interstitial loop. We take the defect yield for vacaacy
clusters to be unity. Interstitial loops are allowed to
nucleate by random agglomeration of two interstitials and
by athermal production in the damage cascade. The yield
of the latter is taken to be zero, but we have also
considered a yield proportional to time to the one third
powerl*,

The total defect generation rate has been derived
from the formulae described by Robinson3:* in accordance

* This does not affect the results presented here in any
signiiicant manner.
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with the proposals of the IAEA working party. The partition
of the defects into single defects and clusters is fixed by
the parameters discussed above.

ROLE OF GAS ATOMS

Hydrogen and helium are generated via (n,p) and (n,a)
transmutation reactions. We assume that whilst single
vacancies can act as shallow traps, the uncollapsed
vacancy agglomerates will act as sinks. From a variety of
evidence, it is accepted that the gas stabilises the ag-
glomerate. We shall assume that one gas atom is sufficient
to prevent the agglomerate collapsing thereby nucleating a
void. Thereafter the void can absorb gas atoms up to the
number required to form an equilibrium gas bubble; this is
included in the programme explicitly.

Whereas hydrogen will diffuse interstitially, helium
diffuses substitutionally, which is a much slower process,
and we therefore assume hydrogen to be the nucleating agent.

What is the role of the gas present initially in the
material? If it is bound to other atoms or at pre-existing
cinks it will be immobile. If the gas is mobile however
it could assist the void nucleation process in the same way
as we assume hydrogen to do.

RESULTS

We shall describe elsewhere the formulation of the
equations® and their numerical integration using a computer5,
Whilst the theory can be applied to any material, we con-
sider here the irradiation of four pure metals, copper and
nickel (fec) and alpha iron and molybdenum (bcc). A homo-
logous temperature (i.e. the ratio of the irradiation to
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the melting temperature expressed in degrees absolute) of
0.40 has been taken for Fe, Cu and Ni and 0.25 for Mo.

The variation in void density and void radius with
time is similar for all these metals (fig. 1). The rate of
nucleation of voids is constant with time and decreases as
soon as the voids start to grow. The void growth increases
monotonically after a certain period ('incubation time')
at which time the vacancy flux (defined in the usual way as
the product of the vacancy concentration and its velocity)
exceeds the interstitial flux into the vcid nucleus.

The incubation time is critically dependent on the
preferential drift, Z, of interstitials over vacancies to
dislocations, and on the cascade efficiency. 1In order to
obtain void growth after a reasonable time interval we
have assumed a cascade efficiency of 0.5 and taken Z to be

in the range 1.2 - 1.4.

The nucleation rate depends upon the gas generation
rate. Ni, Fe, Mo and Cu have successively decreasing (n,p)
cross-sections and inspection of fig. 1 shows that at short
times the nucleation rate decreases in the same order. A
further indication of the importance of gas generation rate
is to increase it by a factor of ten - the nucleation rate
is also increased though the incubation time for growth is

unaltered (fig. 2).
DISCUSSION

We have used chemical rate equations to describe the
various interactions between point defects, defect clusters
and gas atoms. The set of first order differential
equations (16 of them) need on average only five minutes
to be numerically integrated up to a dose of 1023n/cm2.
and the output is in a form which is directly comparable

with experiment.
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Fig. 1 Computed variation in void density and radius

14 n/cm2 at the following

with time for a fast flux of 10
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Fig. 2 Computed variation of void density and radius
with dose in copper irradiated at 250 C for different gas

generation rates.
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The variation of void density with time is similar to
that found experimentally - for Ni and Cu where data at low
doses exist, the initial slope is linear and then decreases”’
whiist for Mo? the void density increases as time to the

20 2

one-half power round 10 n/cm”.

The variation of void radius with time is also similar
to that observed experimentally. Often a linear variation
of the swelling with dose is found, which means that the
void radius increases to the one-third power if the void
density is constant or less if the void density slowly

increases.

In view of the good gualitative agreement between
theory and experiment, one must comment on the absolute
values as well. A full analysis must await a detailed
survey of this formulation®, but it is readily discernible
that the predicted void density is three orders of magni-
tude too low in Mo and two orders of ‘“magnitude too low in
Cu, whilst for Ni and Fe there is reasonable agreement.

The only sustainable conclusion is that extra gas is
available to nucleate the voids over and above that gener-
ated in the transmutation reactions. . Both Cu and Mo are
known to contain gas. In Mo where the solid solubility is
high, there seems no reason why this gas should not be
available to stabilise vacancy clusters from collapsing.
In Cu where the solid solubility is very nuch lower, the
gas is more likely to be bound to impurity atoms. If we
suppose that there is 1 ppm gas, then the displacement
rate of these gas atoms will be two orders of magnitude
higher than that due to the (n,p) reaction.

Increasing the gas gereration rate does not alter the
variation of void density with time, but increases the
nucleation rate (fig. 2). The incubation time before wvoid
growth commences is unaffected whilst the void size is
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if anything less at high doses.

A feature of chemical reaction rate theory applied to
the void problem is the crucial importance of the incubation
time before void growth commences. This time depends upon
the difference between the vacancy and interstitial flux,
and depends mainly upon temperature, dislocation preference
for interstitials, and the cascade efficiency. Anything
which affects the relative mobility of vacancies and inter-
stitials plays an important role; in principle, alloying
elements can be chosen either to increase or to decrease

the incubation time.
CONCLUSIONS

1) It appears probable that chemical rate theory can be
developed to predict the swelling of matefials in high
neutron fluxes as a function of temperature and dose. The
critical assumption is that the void nucleus consists of

one gas atom in an uncollapsed vacancy cluster.

2) The equations reflect our current state of knowledge
regarding fundamental radiation damage processes. Current
knowledge seems capable of explaining a wide range of
experimental data.

3) The essential input data consist of the binding
encrgies and energies of motion for the various defects.
The output data are the void number and size as a function

of dose.
The effect of varying all other parameters of the

radiation can be studied.
We acknowledge the labour of Mr. P. B. Kruger in
programming this set of equations over an extended period

of time.
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SUPPRESSION OF VOID FORMATION IN NEUTRON IRRADIATED TZM
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ABSTRACT

A TEM study of the damage structures in Mo (2 purities)
and TZM alloy neutron irradiated in the temperature range 330°C
to 850°C to fluences of 1 to 3 x 10?0 fission n - cm ° has
revealed that at the lower irradistion temperatures the struc-
tures in all three materials consist of a fine distribution
of voids plus a dislocation component of icops and networks.
The structures generally coarsen with increasing irradiation
temperature but in TZM this tendency is reversed at irradiation
temperatures of 750 and 850°C where the damage structure
consists of a high concentration (~3 x 101° cm ) of disloca-
tion loops (~200A diemeter) with an almost complete absence of
voids and thus a very low value of swelling. Contrast experi-
ments have shown that these loops are, remarkably, vacancy in
nature. A munmber of observations - the presence of vacancy
loops as the major component of the damage structure in the
alloy only, the stability and shrinkage behavior of the loops
during postirradiation annealing and TEM observations which
suggest both slight modifications of the loop strain fields
and an increased value of the loop glide stress - all imply
a strony interaction between impurities and the dislocation
loops. The observations can be understood in terms of
segregation of oversize alloying elements to the dislocation
cores. The very low value of swelling is an important result
for CTR technology since it occurs in a candidate material for
the first wall at typical proposed operating temperatures.

*
Presently at Metals and Ceramics Division, Oak Ridge National

Laboratory, Osk Ridge, Tennessee 37830 USA
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INTRODUCTION

In a detailed and systematic series of experiments performed at
Harwell,122s754s5 the behavior of the damage structure in molybdemum
neutron irradiated at 77 and 473°K was shown to depend sensitively
on material purity and irradiation conditions. A study of the recovery
of these structures on postirradiation sanealing again revealed a strong
dependence on these parasmeters as well as annealing conditions. The
experiments have been extended to higher irradiastion temperatures and
the range of materials broadened to include TZM.€>758 In this paper
we report observations of the structures in TZM and show how they differ
from molybdemum particularly for high irradiation temperatures.

EXPERIMENTAL

The starting material for this investigation was "Climelt" arc-cest
molybdemum rod and TZM alloy rod supplied by the Climax Molybdernum Company.
Fron the molybdemum rod high-purity single crystals were grown and,
together with the as-received materiai, were snnealed in high-purity
oxygen to reduce the carbon content. The TZM specimens were given a
recrystallization anneal of one hour at 1600°C. The materials were
fully characterized by electron microscopy, spark source mass spectrometry,
and gamma activation techniques. Disc specimens of all three materiais
were irradiated at 330, 475, 575, 650, 750, and 850°C to integrated
fluences of ~1 and ~3 x 102° fission neutrons cm > in the PIUTO reactor
at AERE Harwell. Specimens were packed in melybdermum tubes and these,
together with iron flux monitors, were sealed under one atmosphere of
helium in stainless steel containers. The containers were mcunted in
fully instrumented irradiation rigs which were equipped with heaters and
loaded into hollow fuel elements. The temperatures of the containers
were monitored contirmually by thermocouples. On some specimens post-
irradistion annealing was performed under a vacuum of ~5 x lO'Ttorr,
the specimens being first electropolished briefly and wrapped in tantalum
foil. Disc specimens were thinned for examination by TEM using a two



stage technique of first dimpling with a jet of electrolyte and then
thinning to perforation in a vath of 25% sulphuric acid in 75% methenol
at ~8V. Thinned specimens were examined in Philips EM 300 (100 kV)
and AET EM7 {high voltage) electron microscopes both equipped with *30°
double tilt stages.

RESULTS

The more important features of the development of the rather complex
damage structures in the irradiated samples are described first. In the
4PZR Mo there is a general coarsening of the damege structure with
increasing irradiation temperature. The dislocation substructure de-
velops from one consisting of "rafts" plus a fine distribution of small
mainly vacancy-type loops to one of large resolvable interstitial loops
plus network dislocations (see Fig. 1). Voids are observed at all
irradiation temperatures, the concentration decreasing and the size
increasing with increasing irradiation temperature. The behavior of the
AR Mo is similar to that of the 4PZR Mo except that the dislocation
substructures occur on a finer scale and the voids are larger and occur
on a coarser scale. The behavior of the TZM, however, does not fellow
the same pattern as the mclybdenum., With increasing irradiation tempera-
ture the dislocation substructure initially coarsens from "rafts" plus
fine loops to large resolvable interstitial loops plus networks, but at
irzadiation temperatures of 750 and 850°C the dislocation substructure
becomes finer again, consisting of a high concentration of small dis-
location loops plus a very low density of network dislocations (see
Fig. 1). In the regions near the grain boundaries the loops are larger
and in higher concentration than in the grain interiors with a demuded
zone immediately adjacent to the grain boundary as shown in Fig. 2. In
TZM significant void formation is limited to the intermediate irradiation
temperatures; in particular at irradiation temperatures of 750 and 85C°C

voids are virtually completely absent.
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4 PZR Molybdenum TrM Alloy
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Fig. 1. Electron-micrographs Showing the Dislocation Substructure in Zone
Refined Molybderum (a to c¢) and TZM Alloy (d to f) Irradiated to ~3 x 10°°
n.cm ° at Temperatures of 330°C (a and d), 575°C (b and e) and 750°C

(c and f). Diffracting conditions, z = '023], g = 72007, w_> 0. PFig. 1
(a,b,d,e,f), 100 keV, £ = 8 £ (~1B00 }). TFig. lc, 600 K&V, t ~ 1 um.
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Scale markers = 0.5 um.
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The size distributions and concentrations of the dislocation locps
occurring in TZM irradiated at 750 and 850°C were obtained. Data were
obtained for the regions near the grain boundaries where enhancement of
loop formation occurs as well as for regions within the grain imteriors.
A summary of the results is presented in Table 1. It can be seen that
within experimental error there is no great difference between the
structures following irradiation at 750 and 850°C for a given doss2
but there is a significant increase in the loop concentration with

increased dose.

Analyses of the dislocation loops were carried out following the
principles of Maher and Eyre.! (110) and {211) diffracting vectors
were used to obtain the direction of +b from g - b = O invisible or
residual contrast images. Both 4g and —g diffracting vectors were
used so that the invariance in position and strength of contrast of
ineges satisfying g - b = O conditions could be confirmed. (310) dif-
fracting vectors which gave g - b =2 conditions for the appropriate
loops were used for the inside/outside contrast experiments to determine
the sense of b and thus the nature of the loop. For the smaller loops
g * b = 2 weak beam images with diffraction conditions (310) ({620)) with
8310y = 2.4 t0 2.9 x 107 1! (Ewald sphere intersecting the reciprocal
lattice 1/4 to 1/2 of the distance between the {620) and {930) points)
were employed for the inside/outside contrast.® More than 300 loops
were analyzed and in all analyses the loops were found %o have
b =1/2 <111> and to be vacancy in nature.

The observation of weak "anomalies” in the loop contrast together
with the unexpected result of the loops being of vacancy type prompted
a full investigation into the detailed contrast behavior of the loops
but this failed to reveal observations of stacking-fault type fringes
or indeed of any contrast which would be inconsistent with vacancy loops
woving b = 1/2 (111).

It view of the surprising result of the loops being of vacancy type,

g1 ling treatments were performed primarily to obtain data on the
;hermal stability of these locps. Bulk postirradiation amneals were



Table 1. Measured Loop Parameters for As-Irradiated TZM
Irradiation Fluence _, near grain boundaries _grain interiors
Tempsrature (fission n.cm™ ) loop concentration mean loop locp concentration mean loop
c (cm=3) radiusa (cm™3 radjus®
(R)
750 1 x 10%° ~+9 x 1013 100 1-6 x 1013 52
750 3 y 1020 4ed y 1013 130 4.1 x 1013 76
850 1 x 1020 2:3 x 1017 115 1.0 x 1013 80
850 3 x 10%° 3.4 x 1017 125 3.1 x 101° 72

BRadius of loop of mean ares,

oy

£0e-1
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performed on specimens of TZM irradiated at 750°C to 3 x 10°° fission
neutrons cm.z each for one hour at temperatuves of 900, 1000, 1100, and
1200°C., Micrographs of the structures formed on annealing are presented
in Fig. 3. The size distributions and loop colicentrations were cbtained,
a summary of the deta being presented in Table 2.

Table 2. Measuredi Loop Parameters For Irradiated-Annealed TZM

near grain boundaries grain interiors
Annealing loop mean loop loop mean loop
Temperature concentlz"ation ratiiua“ concentration radius?
(°c) {em™) (i) {em™) (3)

Small Loops

irrgziated 4ed x 1013 120 4e1 x 10%° 76

1000 4.3 x 103 126 3.9 y 10!° 71

1100 4.2 x 1013 142 3.5 x 1013 45

1200 3.7 x 10%° 86 4.2 x 1017 31
Large Loops

1100 2.9 x 0% 360

1200 1-3 x 104 460 2.2 x 1013 520

8Rradius of loop of mean area.

From Fig. 3 and Table 2 it can be seen that little change occurs at
annealing temperatures up to 1000°C. Following annealing at 1100°C,
however, it is noticeable that the size of the majority of the loops in
the grain interior has decreased ("small loops") while the size of a
limited number has increased markedly ("large loops") so that a double
population develops. On increasing the annealing temperature to 1200°C
the size of the small loops continues to decrease, their concentration
remaining approximately constant, The concentration of large loops in the
grain interiors also remeins approximately constant, but their size
increases. Near the grain boundaries this same type of behavior of the
small loops shrinking and the large loops growing is also apparent after



1100°%

1200°C

Fig. 3. Electron-micrographs Showing Typical Structures Formed Near
Grain Boundaries and in Grain Interigrs After Annealing TZM (neutron ir-
radiated at 750°C to ~3 x 10°° n.em °) For 1 Hour at 900°C (a and b),
1000°C (¢ and d), 1100°C (e and f), 1200°C (g and h). Diffracting
conditions z = [023], g = [200], vy > 0, 100 keV, scaie marker = 0-5 um.
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annealing at 1220°C. A new component to the structure within the grain
interiors also gppears in the form of a uniform coarse distribution of
voids. Figure 3 also shows several examples of large loors intersecting
the foil surface. Loor analyses carried out on the irradiated-anneszled
specimens showed that both large and small loons were of vacancy ty;e with

b =1/z a1,

A thinnad specimen of TZM which had been bulk annealed for 1 hr at
1200°C was amnealed for a further 15 min at 1200°C undsr the same conditions
as used for the bulk annesals in an attzmpt to obserw: directly any loor
shrinkage. Deterioration of the svecimen condition ~as very marked.
However, loops present before the amneal could be iuentified after the
anneal and their image diameters compared to pre-anneal rmeasurements
obtained under identical imaging conditions "z, g (sen:e) and W, all

constant]. In all cases no measurable differences coulu be found either

for large or small loops.

kT

Finally, specimens of T7M nsutron irradiated at 750 and 857°C were
irradiated with 1 MeV electrons at room temperature in the HVEM. At this
“emperature interstitials are motile but vacancies are not. though a
high c¢~ncentration of black spots formed, presumébly small interstitial

loops, shrinkage of pre-existing vacancy loops did occur,
DISCUSSION

The formation of vacancy loops ir TZM irradiated at elevated tempera-
tures has not previously been observed although vdids in TZM have been
observed following ion irradiations’®s*! at temperatures in the range
600 to 1000°C, following neutron irradiation®? at temperatures in the range
465 to 680°C, and in a Mo~0.5% Ti alloy following neutron irradiation’? at
temperatures in the range 585 to 790°C. BRrimhall et al.'* observed void
formation after irradiation to ~ 5 y 102° neutrons cm~2 at 635°C whereas
after irradiation at 720°C no voids were formed but high densities of
small defects were observed which exhibited black-white contrast when
imsged at the Bragg conaition and which Brimhall et al. concluded were
precipitates, These results show some, although not exact, measure of

agreement with the present more detailed observations.



The mean cice of whe loojrs (. 1.7 I radius) is such that they could
not. form as a result of zhe 20llz:ne of single cascades since the marimum
number of wvacancles esected ln the lergest cascades on a Kinchin and
Pease'' model iz only ~ 1 whereas a loop of 120 1 radius contains
~ 1 waeancies, This imylies thet even if the loops form initially by
cascade ccllapse they muss underpo further growth, The growth of vacancy
locys, especially when ther are the maior component of the damege
structure, secms “o contraidict *he corner stone of wvoid growth theory,
namely that dislocations atiract more interstitimls than vecancies and
indicates that the ;reference term has been reversed, These dislocation
loops therefore attract more vacancies than interstitials. The observa-
tion that +<his behavior osccurs only in TZM and that the behavior of the
PR and AR molybdenun irradiated under identical conditions is normal,
(in the sense that voids ald a dislocation substructure consisting mainly
of networks is olizerved), suggests that impurities are having & marked
effect on the clustering of roint defects in TZM., A comparison of the
materials anal:sis results shows that the only major difference between
the compositions of TZM and AR molybdenum is that the alloying elements
Ti (0.5%) and 2r (C.087) and a much higher preportion of carbon are

present in the TZM,

The .ntrast associated with these vacancy loops suggests that the
strain field may be slightly modified from that expected for & loop with
b= 1/2 (111y. However the majority of the observations of the contrast
behavior of the loop imeges — the appearance of residual images, the
occurrence of strong contrast and large image shifts when g « b= 2 and
the absence of any stacking-fault fringes when examined under bright-
field and veak-beam imaging conditions — all suggest that any change in
the strain field from that expected for loops with b = 1/2 (1113 is very
small.

The structures formed following bulk post-irradiation annealing
treatments of TZM irradiated at 750°C to 3 x 1020 fission neutrons cm™?
showed that the loops were very stable. No observable changes in the
structure (even near grain boundaries) occurred at anneal ing temperatures
of ¢ 1000°C. This is to be contrasted with the cbservations in molybdenum
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of Eyre et al.”»° who observed large changes in irradiated structures
involving vacancy loop growth at an annealing temperature of 900°C.
Another important feature of the annealing results is that at tempera-
tures of 1100 and 1200°C although many of the locps shrink and feed the
large loops (and veids at 1200°C) the number of small defects remains
approximately constant (i.e., the loops shrink to a small size but do
not disappear). This contrasts with the normal behavior cecurring in an
"Oswald ripening" type diffusior controlled growth mechanism in which the
smallest defects shrink the fastest and disappear so that the concentra-

tion of defects decreases.

One other interesting feature observed in the bulk-annealed specimens
is that meny examples were observed of large loops intersecting the foil
surfaces. This contrasts with the structure of TZM irradiated at lower
temperatures(475 to 650°C) which also contained large loops but in which
no loops intersecting the surface were observed. This behavior of loop
loss near the foil surfaces is usually attributed to loops gliding to the
surface under the action of image forces and so the value of the glide
stress for the large locps in the bulk-annealed specimens appears to be
very large compared with the value of the glide stress for interstitial

loops of the same Burgers vector in the same material.

Although no actual loop shrinkage was observed in the thin foil
annealing experiment, using the experimental error in measuring the size
of the loop as a maximum value of shrinkage implies an activation energy
for self-diffusion of » 5 eV when the rate-controlling fector is self-
diffusion. '6s° This result should be compared with the valuel” in
molybdenum of 4.1 eV and with the analysis of the results of the kinetics
of vacancy loop growth in molybdenum occurring on bulk annealing at 200°C
where the results® fitted a value of ~ 4 eV. The pres-.t results thus
imply’ a vacancy-impurity binding energy of » 1 eV which is very high.
Observations of the widths of grain boundary denuded zones suggest & more
reasonable value of ~ 0,1 eV. It is more likely, therefore, that the
rate-controlling process for shrinkage of these loops in a thin foil is
not self-diffusion but rather the emission of the vacancies from the loop.
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The observations and preceding conclusions can all be understood
in terms of segregation'®>'” of oversize alloying elements to the
diletation side of the vacancy loop cores (the Goldschmidt atomie redii
of Mo, Ti, and Zr are 1.4, 1.47, and 1.60 L, respectively), as outlined in
Table 3.

Table 3. Explanation of Observed Vacancy Lcop Behavior

in Terms of Solute Segregation

Observation Deduztion Explanation

Vacancy loop growth - Bias reversed Interstitial flow to core
decreased

Loop contrast Modified strain field Modified strain field

Thermal stability Emission controlled Difficult jog nucleation
and/or propagation

T.oops intersect surface High glide stress Peierls stress increased

Shrinkage Stable loop nucleus Impurity cluster

Interstitial atoms are attracted and approach the core of the dislo-
cation from the dilated side whereas vacancies approach from the compres-
sive side. The presence of the large impurity atoms is then to reduce the
ease Wwith which the interstitials are able to approach the dislocation
core and be annihilated whereas the vacancies are practically unaffected.
Thus the model can explain the reversal in the preference term and makes
dislocgtions with these associated oversize impurity atoms more efficient
sinks for vacancies than for interstitials. The strain fields around the
loops will not be too drastically affected by the segregation of impurities
since the large impurity atoms would be expected to be in substitutional
positions, the regions near the core on the dilatation side of the dislc-
cebion then being more "clese-packed" than the eguivalent region in pure
molybdenum, The stability of the loops upon annealing can also he
explained by the presence of segregated impurities making jog nucleation
end/or propagation difficult. The same impurities would also be expected
to lead to a higher value of the loop glide stress due to increases in
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the Peierls stress. Finally, the observation that the loops do not
shrink completely when annealed can be understood as the formation of a
highly concentrated nucleus of impurity atoms remaining in the central
dilated region of the small dislocation loop and vreventing furthrer
shrinkage until the temperature is high enough to overcome the binding
energy of the impurity atoms to the dislocation and so cause the impurity

atoms to diffuse away.

It is to te emphasized that the above model is only very simple and
that the real situation is expected to be very much more complex, possibly
involving Ti-Zr-C vacancy complexes. However, on the vasis of the limited
data the present model appears to be reasonable and capable of explaining
the observations. The formation of vacancy loovs as the major component
of the visible damage structure and the assoclated suppression of swelling
is an important result for CIR technolcgy since ‘it occurs in a candidate
material for the first wall at typical proposed orverating temperatwres.
Whether the suprression will continue at higher fluences and in the
presence of higher helium production rates remains to be seen but it
would seem that the formation of impurity ctabilized vacancy loops may be

an effective way to reduce swelling,
ACKNOWLEDGMENT S

The authors wish to thank A. F. Bartlett and E. A. Terry for their
assistance in this work and one of us (JGB) wishes to acknowledge the
UKAEA, AERE, Harwell, for financial assistance during the course of this

work in the form of a research studentship.
REFERENCES

1. D. M. Maher and B. L. Eyre, Phil. Mag. 23, 409 (1971).

e

B. L, Eyre, D. M, Maher, and A. F. Bartleti, Phil, Mag, 23, 439 (1971).

3. D. M. Maher, M. H. Lorettc, and A. F. Bartlett, Phil. Mag. 24, 181
(1971). -

4. D. M. Maher, B. L. Eyre, and A. F. Bartlett, Phil. Mag. 24, ‘%5 (1971).
5. B. L. Eyre and D, M. Maher, Phil, Mag. 24, o7 (1971),

6. J. Bentley, B. L. Eyre, and M. H. Loretto, Eighth Intern. Congr. on

Electron Miecroscopy, Vol. 1, Canberra, 1974, p. 612,




1-311

L3

. J. Bentley, rh.lL. Thesiz, tniversity of Zirmingham, 1974,

8. J. bBentley, B. L. Eyre, anl M. H. Loretto, to be published in
Proc. Intern. Conf. on iniamental As:ects of Radiation Damage in
Metzals, Gatlinburg, Tenn., October 5-17., 1275.

%. R. C., Perrin and B L. Eyre, 7. Microscopry £, 220 (1973).

10. J. H. Evans, Fad, Effects 1, -~ (1773).

11. G. L. Kulcinski, .7, L. Zrirzh ., and H, E, Kissinger, Radiation-
Induced Voids in Metals, . .-+, ed., by J. Ww. Corbett and
L. C. Tanniello, AEC Symiosium Jer, .-, CONF-"10AC1, April 1972.

12. B, L. Eyre, Defects in Refractory Metals, p. 311, ed. by R. deBatist,
J. Nihoul, and L. Stals, SCK CEI Moi, Zeigium, September 1971.

13, F. W, Wiffen, Radiation-Induced Veids in Me*als, z. 287, ed. by
J. W. Corbett ané L. C. Tanniello. AEC Zymrosium Zer. 27,
CONF-"10¢C1, Arril 17 7.

14, J. L. Brimhall, H. E. Kissinger, and G. L. Xulcinski, Radiation-
Induced Voids in Metals, :. 337 ! 7
L. C. Tanniello, AEC S:;mrosium

15. G. H. Kinchin ani 7. 5. fease, Fe;. rrogr. Phys. 18, 1 (1933).

1¢. P. 5. Dobson, F. .. Gooihew, ani F. E. Smallmen, Phil. Mag. 16, 2
(19r7).
17. J. Askill and D. H. Tomlin, Phil. Mas. 2, o7 (19:3),

18. T. R. Anthony, Radiation-Iniuced Voids in Metals, . ¢3C, ed. by
J. W. Cortett and L. C, Ianniellc, AEC Symrosium Ser. 20,
CONF-"/10¢C1, April 1 ..

19, D.I.R, Norris, The rhrsics of Irradiastion Produced Voids, p. oy

ed. by R. 3. Nelson. A%RE-r" 3., Sertember 1974,




DAMAGE STRUCTURE IN NEUTRON IRRADIATED TZM

A. G. Pard
K. R. Garr

Atomics International
A Division of Rockwell International
Post Office Box 309
Canoga Park, California 91304

ABSTRACT

Transmission electron microscopy (TEM) has been used to study the
damagg structure OESTZM gfter irradiation in EBR-II to fluences of 3.8
x 10°° and 8 x 10°° n/m“ (E > 0.1 MeV) at temperatures of 500°C and
600°C. The damage structure consists of individual defect clusters,
rafted detfect clusters, dislocation loops and line segments, and voids.
Swelling was negligible in all cases. The nature and disposition of the
damage structure as a function of irradiation temperature and fluence is
discussed.

INTRODUCTION

The formation of defects and defect clusters in stainless steel and
some fcc metals has been extensively studied in recent years. Quantita-
ative data on the effects of irradiation temperature and fluence caused
by neutron and high energy particle irradiations is vo]uminousl. Mean-
while, the study of irradiation induced defects and defect clusters
in refractory metals has been mainly limited to relatively Tow neutron
fluences (< 3 x 1026n/m2) and heavy ion bombardment to simulate high
fluence neutron damage2'6. In this paper we present some TEM observa-
tions on TZM, a dilute molybdenum alloy, irradiated to a relatively
Tow and a moderately high neutron fluence.
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EXPERIMENTAL

The TZIM specimens used in this study were in the form of thin
sheets (3.7mm x 3.7mm x 0.127mm thick). The vendor's chemical analysis
is listed in Table 1. Prior to irradiation, the specimens were annealed
in vacuum for ore hour at 1400°C. Specimens were irradiated in EBR-II
(S/A X100) to fluences of 3.8 and 8 x 10%%n/m? at 500°C and 600°C.
Fluences quoted in this report are for E > 0.1 MeV except where noted.
After irradiation, the foils used for electron microscopy were obtained
by jet thinning in the usual manner. A1l electron micrographs were
taken using an AEI EM6G electron microscope, operated at 100 kV, equipped
with a goniometer stage.

RESULTS AND DISCUSSION

The preirradiation microstructure contains few dislocations and a
heterogeneous distribution of precipitate particles, see Figure 1. The
average grain size is approximately 60 microns.

Results of the microstructural examination are summarized in
Tables 2 and 3. Voids were observed in the specimen irradiated at 600°C
to a fluence of 3.8 x 1026n/m2 and in both specimens irradiated to a
fluence of 8 x 1026n/m2. Typical void structures are presented in
Figures 2, 3 and 4. Generally, the void array is random in the specimens
irradiated to a fluence of 8 x 1026n/m2. Exceptions to this can be
found in the specimen irradiated at 600°C; some local areas, though
small in comparison to the total specimen examined, do show evidence of
void alignment, see Figure 4. The typical ordered void structure is
present in the specimens irradiated at 600°C to 3.8 x 1026n/m2, see
Figure 2. No voids were observed in the specimen irradiated at 500°C to

a fluence of 3.8 x 1026n/m2.

The planar defect structure is summarized in Table 3. The predom-
inant damage structure in the specimen irradiated at 500°C to a fluence
of 3.8 x 1026n/m2 is the rafting of small defects and black spot clusters,
see Figure 5. The specimen irradiated to the same fluence at 600°C has
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pical preirradiation microstructure

{

Micrograph showing ty
of TIM.

Micrograph showiag ordered void structure inGTZM jrradiated
in EBR 11 at 600°C to a fluence of 3.8 x 10¢° n/mc.

(E > 0.1 MeV).
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A

Micrograph showigg random void Sstructure in TZM_irradiated
in EBR 11 at 500°C to a fluence of 8 x 1026 n/m? (E > 0.1 Mev).

Micrograph showiBg random void structure }g TZM_irradiated
in EBR 11 at 600°C to a fluence of 8 x 102% n/m? (E > 0.1 Mev,.
Note area of ordered voids near bottom right corner.
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5 Micrograph showing rafted aBd clustered defects in TZM
irradiated in EBR II at 500°C to a fluence of 3.8 x 1026 n/m2
(E > 0.1 Mev).
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an obvious decrease in the number and size of rafts and clusters present.
Upon close examination, one can see many small loops in strong diffraction
contrast, see Figure 6. Rafting and clustering of individual defects at
500°C and 600°C at the higher fluence, 8 x 102%a/m’
Figures 7 and 8, respectively. In all cases, an obvious decrease in
number density of precipitate particles, compared with the control

, is minimal, see

specimen, was observed.

If one assumes TZM to be very impure molybdenum, then the present
results compare favorably with those of other investigatorsz'e. The
swelling values are in good agreement with those reported by Sikka and
Moteffs, Brimhall et a14, and tyre and Bartlett6. The ordering of voids
in the specimen irradiated at 600°C to a fluence of 3.8 x 1026n/m2 is
not unexpected since the tendency for void ordering in refractory
metals’ 10 is well established.

Although no loop analysis was performed, it is reasonable to assume
that the planar defects are interstitial in nature. Arguments that
suggest their interstitial nature are given in work reported by Sikka
and Moteff5 and Eyre and Bart]ettﬁ. Growth of these defects is both by
diffusion of other interstitials to existing defects and loop coalescence
as a result of glide and climb. Work reported by Eyre and MaherH has
shown that growth by the latter process is dependent on the lattice
impurities present because of their influence on the loop mobility. The
high impurity concentration in our material could easily account for the

high rumber density and size of the planar defects present.
CONCLUSIONS

The defect structure of TZM irradiated in EBR-II to neutron fluences
of 3.8 and 8 x 10%%n/m? (E>0.1 Mev) at 500°C and 600°C consists of
a high density of planar defects.

2. Voids were observed in all specimens except the one irradiated at
500°C to a fluence of 3.8 x 102%n/m? (E>0.1 Mev).

-
.
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Microggaph showing planar defectszgn
at 600°C to a fluence of 3.8 x 10

TZM ircadiated in EBR I1I
n/m (E >0.1 Mev).

Micrograph sh8wing planar defects in T%g irrgdiated in

EBR Il at 500°C to a fluence of 8 x 10

n/m¢ (E > 0.1 Mev).
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MicrogBaph showing planar defects in TZM irradiated in E3R 11
at 600°C to a fluence of 8 x 1026 n/m? (E > 0.1 Mev).



3. A comparison of these results with those obtained by other workers
from purer molybdenum shows that the impurity content has some

influence on the number density dand size of the planar defects.
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Table 1. Chemical Analysis of TIM

Table 2. Void Data in Neutron Irradiated TZM

Temp | Fluence Void Density Void Size Swelling
(°c) (n/n° 0.1 MeV) /m’ () Yy )
500 3.8 x 10%° a - -
600 3.8 x 1020 7.6 x 10%2 5.4 0.79
500 8 x 10°° 0.3 x 10% 3.2 0.01
600 8 x 10°® b b ]

a - iHone were observed.
b - Most voids were too small to obtain meaningful data.
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Table 3. Summary of Planar Defects in Neutron Irradiated TZIM

T Fluence
nm@(E>&lMW)

Nature of 3.8 x 10%° 8 x_10%°

Defect 500°C 600°C 500°C 600°C

Rafts Many Some Some Some

Clusters Many Some Some Some

Loops High Density/ High density/ High density/ High density/
very, very very small small very small
small

Dislocation None Some Some Some

Segments Observed

Voids None Ordered Random Random*
Observed

* Generally random but some local areas where ordered voids are present.
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KINETIC STABILITY AGAINST VOID COARSENING IN MOLYBDENUM
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ABSTRACT

The measured rate of increase of void size in molybdenva
with annealing time is found to be slower than expected
from the Wagner analysis of diffusion-controlled coarsen-
ing, The Wagner theory of surface-reaction-control is

also compared with ripening data. The determined surface
kinetic parameters are compared with vacancy diffusivities
and are found to be not unrealistic. Furthermore, a
measured decrease in void volume during annealing indicates
that total void volume is not conserved. These observa-
tions support the conclusion that vold coarsening is
influenced by more than one rate controlling mechanism.

A numerical solution to the void annealing problem is
obtained and the specific role of volume diffusion, surface
kinetics, and annealing of vacancies to sinks other than
voids 1s calculated.

INTRODUCTION

Radiation induced voids and the associated metal swelling has been a
subject of zoncern in high fluence reactor material applicationsl’z. The
growth and dissolution of voids in metals is dependenc on both the irradia-
tion environment and material properties. Although the principal concern
in modeling void behavior has been void growth during 1rradiation3, some
consideration has been given to the response of volds during post irradia-
tion annealinga’s. Annealing in the absence of irradiation is of interest
for the practical reason that CIR first wall meterials will be subjecf’to
periods of frradiation and post irradiation annealing. Furthermore void
annealing experiments present a unique opportunity to study void kinetic

behavior in the absence of self interstitials and in the presence of a low
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vacancy supersaturation. The purpose of the present work is te study the
response of voild size distributioms to post irradiation amnnealirg so as to
determine rate controlling mechanisms. The Wagner6 analysis oi particle
coarsening for velume-diffusion~control and surface-kinetic-control 1s
compared with annealing data. In addition, a numerical solution of the
same problem is cobtained and compared with data assuming measured size
distributions, combined volume-diffusion and surface-kinetic~control, and

the influence of vacancy sinks other than voids.
THEORY

The Wagner6 theory of particle coarsening describes the kinetics of
small particles dissolving at the expense of large particles due to the
higher surface to volume ratio of smaller particles. Both volume-diffusion~
control and surface-reaction-control were considered by Wagner. The analysis
includes the assumption that the particles are the only sinks present in the
matrix and, in addition, the total particle volume is conserved. A quasi-
steady-~state distribution and ripening rate is predicted after an initial

incubation period. The rate of coarsening for volume diffusion control is

given by : .
_ 3YDSQ tj{1/3
r=rx 1+ 6%;§E;f . 193]
¢

T is the average void radius at time t and ;0 is the initial average radius.
The surface energy, self diffusivity, and atomic volume are represented by
Y, Ds’ and Q, respectively. The absolute temerature is T and Boltzman’s

constant is kB.

Surface-kinetic-control is dascribed by

©

yic t]1/2
- _ = 8.2 e
r=r 1+()——'2-—,£———— . (2)
J
Ev is the vacanc, transfer wvelocity across a void surface and . is the
equilibrium vacancy concentration. Thus coarsening behavior by either

volume diffusion or surface-kinetic—control is characterized by the shape
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of the size distribution and the rate of increase of the average particle

size with anneaiing time.

In the pre~ ¢ analysis of void coarsening and annealing some difficul-
ties with the above analytical models are encountered. Firstly, the coarsen-
ing conditions are such that the incubation period may not be complete thus
the long-time solutions shown in Eqs. (1) and (2) may not be appropriate.
Secondly, an observed reduction in total void volume during annealing
suggests that vacancies are lost to sinks other than voids. Finally the
influence of volume diffusion, surface-reaction-kinetics and annealing to
alternate sinks will have a2 combined control resulting in kinetic behavior
not expected by any of the single controlling mechanisms. To deal with the
above difficulties a numerical description of the void size distribution was

used.

Central to the particle coarsening problem is the calculation of the
time rate of change of the particle sizzs distribution function, f, subject

to the expression

3 _ _ a(fE)
it r  ° (3

where the void radius, r, has a first derivative with respect to time, t.
In the numerical solution to Eq. (3). a forward difference equation was
used to describe the distribution of dissolving voids and a backward
difference equation was used to describe the distribution of growing voids.
This procedure results in boundary conditions at tie critical size, and
thus no boundary restrictions are placed on the smallest or the largest

void size considered in the calculation.

The forward difference equation for dissolving voids is
E(r,t40 = £(r,t) - £ {£(r+h, )F(r+h,t) - £(z,0E(r,0)), (4)

where r < rc ~ h. The time interval is k and the size interval is h. Here

r represents the critical void radius. The backward difference equation

for growing voids is

f(r,t+k) = f(r,t) - %'{f(r,t)f(r,t) - f(r-h,t)t(r-h,t}}, (s)
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when r > r, + h. As a boundary conditior for dissolving voids the following

restriction applies to the largest size class of dissolving voids:

£(r,tH) = E(r,t) + £ £(r,0(r,0) ()
for r, - h<rc«< rc.

Similarly, the smallest size class of growing voids obeys

k s
f(r,e4+k) = £(r,t) - E—f(r,t)r(r,t) N

forr <r<r_ + h.

c c
Eqs. (6) and (7) represent boundary conditions at the critical void size.
These conditions are consistent with the restriction that a void of critical
size, L neither grows nor dissolves.

Solutions for Eqs. (4) through (7) can be obtained if the time rate of
change of void radius, £{r,t), is known. The rate is determined from the

void sink efficiency and a vacancy flux balance at the void surface. The

equilibrium concentration of vacancies, cz, at a void having a radius, r,
is given by
r _ 2yQ
c, ce(l + 5P 8

From the void growth model of Brailsford and Bullough3, it can be shown that
for a finite vacancy transfer rate at a void surface the sink efficiency of

veids, Sv’ is given by
S, = Anrpvlll + DV/rKv]. 9
Dv and¢% are the vacancy diffusivity and the void nuamber demsity, respective:
A vacancy flux balance at the void surface results in
ZYDSQ r _
r(r,t) = - FQE;T'[I - ;:]/[1 + Qv/rKv]. (10)
The critical radius, rc, is determined from Eq. (8) and is

2yﬁce

r =TS . (11)
¢ (cv ce)kBT
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The matrix vacancy concentration, cv, is obtained from an expression of

conservation of vacancies

z lmfnrnpv(cv - c:n) 2

- ! ax

1+D/rK M (cv ce)kv 0, (12)
vinv

2
where k; represents the sink efficiency of all vacancy sinks excluding voids.
The first term in Eq. (12) represents the net vacancy loss to voids and the
second term represents the net vacancy loss to alternate sinks. Hence, from

Eq. (12) the matrix vacancy concentration is
4nf r p
k,2 + anv 1+ 2y Q
v 1+D /xR r kT
c =c v.nv n B
v e 2 41f r p
x4 nn v
v 1+D /X
vinv

Eqs. (4) through (13) describe void annealing behavior for the combined

. (13)

influence of volume diffusion, void surface kinetics, and annealing to

alternate sinks.

Solutions to the finite difference equations Eqs. (4) through (7) are
stable if k < Ih/imaxl where imax is the largest dissolution rate used in
the calculation., The time interval is thus a function of the smaliest void
size included in the solution. In the present analysis a radius of 6.67 A
was the smallest considered with h equal to 1.67 8. The largest void
considered in the analysis was approximately twice the largest void observed
in the particular experimental size distribution of interest. For th% 1100°C
anneal k was chosen to be 3 seconds and at 1000°C, k equal to 40 seconds was
used. With these choices of time and size increments, the solutions Jere
found to be stable. A discontinuity in the distribution function occurs at
the critical radius in this finite difference treatment. The magnitudé of

the discontinuity vanishes, however, as the size interval, h, 1s reduced.
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EXPERIMENTAL RESULTS
Three samples were bombarded with Ni++ ions to a dose of 6 dpa at

16 voids/

cm3 having an average size of 38 A. The dislocation density was approxi-

1000°C. The as irradiated void microstructure consisted of 6 x 10

mately 3 x 109 cm_z. A two hour vacuum anneal at 900°C resulted in no
microstructural change, whereas at 1000°C the annealed void size increased

to 45 & with no significant change in the void number density after a six

hour anneal.

The neutron irradiated specimens were irradiated to a fluence of
3 x 1019 n/cm2 (E > 1 MeV) at 800°C. The as irradiated microstructure
consisted of a dislocation demnsity of about 3 x 109 cm-z, an average void
size of 53 R, and a void number density of 1 x 1016 voids/cma. One ‘specimen
was annealed at 1100°C for two hours and another was annealed for twenty
hours. The two hour anneal resulted in an average void size of 65 K and a

number density of 2 x 1015 voidslcm3, whereas the twenty hour anneal

resulted in an average void size of 67 A and a number density of 2 x 1014
voids/cm3. The two anneals at 1100°C were considered separately in the

analysis due to the large uncertainty in the measured void size.
ANALYTICAL INTERPRETATION

The analytical model of Wagner6 describes the rate of coarsening of
particles for volume diffusion control as described by Eq. (1). Table 1
indicates the choice of self diffusivity that would rationalize the observed
coarsening for the three annealing conditions considered. A surface energy
of 1000 ergslcm2 was assumed throughout this investigation. The observed
ripening kinetics are less than expected based on experimentally determined

self diffusivities of molybdenuma.

The Wagner interpretation of surface-kinetic-control for rfv << Dv was
considered using Eq. (2). The results for surface-reaction-control indicate
that the activation energy for vacancy transfer is greater than that for
vacancy migration by an amount shown in Table 1. AEm is defined by the

relationship
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of Analytical Calculations

Ds(predicted)
Aaneal Conditions Control Ds(experimental) AEm(ev)
Volume -1
Diffusion 1.78 x 10
2 hrs
1100°C
Surface
Reaction 0.520
Volume -2
Diffusion 2.15 x 10
20 hrs
1100°C
Surface
Reaction 0.773
Volume -1
Diffusion 2.31 x 10
6 hrs
1000°C
Surface 0.416

Reaction
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- D

v
K =3 exp(~ AEm/kBT), (14)

where b is the jump distance. It is assumed that the surface influence
increases the activation enerzy for a vacancy jump at the surface by an
amount AEm. Surface kinetic control could account for the retarded
coarsening kinetics for transfer kinetics defined by Eg. (14) and AE
values from Table 1.

NUMERICAL INTERPRETATION

A numerical analysis of the void data was undertaken to describe the
incubation period for coarsening and to include the combined control of
volume diffusion, surface kinetics, and annealing to altermate sinks. The
incubation period for void coarsening was accounted for by calculating the
increase 1in average void radius numerically for volume diffusion control
using measured size distributions. The predicted self diffusivities are
shown in Table 2. It is noted that the predicted diffusivities from the
numerical analysis, Table 2, are nearly the same’as predicted from the
analytical analysis, Table 1. This indicates the slower than expected
experimental rates are not due to the nature of the initial distribution,

i,e., the incubation period.

A second difficultly with the coarsening analysis is the annealing out
of vacancies to alternate vacancy sinks. This efig~t is included with the
sink term k;z in Eq. (13). The alternate sink strength was determined from
the observed increase in vold size and decrease in total void veolume with
annealing for assumed infinite surface kientics. The calculated alternate
sink strengths and self diffusivities are shown in Table 2, The measured
dislocation sink strength in the neutron irradiated sample was 3 x 109 cm-2
in the as irradiated condition. This sink strength when compared with the
predicted strength for volume diffusion and alternate sink control suggests
that for this interpretation of coarsening all dislocations would have to
be effective vacancy sinks. This 1s unrealistic, thereby indicating a

possible influence of surface kinetics.
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Results of Numerical Calculations

2
]
Ds(predicted) kv
Anneal Conditions Control DS(experimental) cm-2 AEm(eV)
Volume Diffusion | 2.25 x 10! 0 0
Volume Diffusion -1 9
2 hrs Alternate Sink 3.03 x 10 2.5 x 10 0
1100°C
Volume Diffusion 8
Surface Kinetics 1.0 5.0 x 10 0.375
Alternate Sink
Volume Diffusion 2.50 x 102 0 0
Volume Diffusion -2 9
20 hrs Alternate Sink 4.54 x 10 4.0 x 10 0
1100°C
Volume Diffusion 8
Surface Kinetics 1.0 2.0 x 10 0.640
Alternate Sink
Volume Diffusion 2.78 x 10_1 0 0
Volume Diffusion -1 9
6 hrs Alternate Sink 2.78 x 10 <2.0 x 10 0
1000°C
Volume Diffusion 8
Surface Kinetics 1.0 <5.0 x 10 0.300

Alternate Sink
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The influences of surface kinetics, AEm, and alternate vacancy sinks,
kéz, were determined simultaneously from the experimental change in void
size and total void volume with annealing. The experimental self dif-
fusivities of molybdenum were assumed. The annealing behavior of voids
in molybdenum are rationalized using the parameters shown in Table 2 for
volume diffusion, surface kinetic, and alternate sink control. These
results were obtained with only a small fraction of the total dislocation
density acting as effective vacancy sinks. The increase in activation
energy for a surface vacancy jump compared to a matrix vacancy jump was
determined to be a few tenths of an electron volt. Fig. 1 shows the
change in void radius, void number deusity, and fraction of void volume
as a function of time for the two hour anmeal at 11080°C. An alternate sink
strength of 5 x 108 ctn—2 and AEm equal to 0.375 eV were assumed. The
predicted size distribution compares well with the measured size distri-
bution in Fig. 2. A slight discontinuity referred to earlier is seen in
the distribution function at the critical radius. If the alternate sink
strength, 5 x 108 cm-z, and the activation energy increase, 0.375 eV, from
the two hour anneal are used to calculate the void parameters after twenty
hours of annealing, the magnitude of annealing out of void volume is greatly

overestimated.

It is necessary in the above interpretation that vacancies anneal out
to dislocations in preference to voids. Fig. 3 illustrates the void radius
which results in equilibrium between a void ard a dislocation of a given
radius of curvature, Rd' A void and dislocation are in equilibrium with

each other from surface creation and line tension considerations if

Zde )

" ub ln(Rd/5b)’

(15)
where u is the shear modulus. The initial void radius for the 1100°C
(-]
anneals was 26 A, Fig. 3 indicates that voids with radii smaller than
-]
26 A can anneal out to dislocations having radii of curvature greater
than 900 A. Hence, it does appear reasonable that some fraction of the

total dislocation density could act as effective vacancy sinks.
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Fig. 1. Void radius, number density and volume as a
function of annealing time at 1100°C. The alternate sink
strength is 5 x 10% cm~?and AE_ equals 0.375.
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2 HOURS AT 1100°C
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Fig. 2. The predicted and measured void size distribu-
tions after a two hour ammeal at 1100°C, for the combined
influence of volume diffusion, surface kinetics, and
alternate vacancy sinks. The critical void size is 82 §.
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7ig. 3. Void radius which results in equilibrium, as

calculated by Eq. (15), between a void and a dislocation
having a radius of curvature, R .
dislocation
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CONCLUSIONS

The preceding analysis suggests the following conclusions:

1. Volume diffusion control does not adequately describe void
coarsening in molybdenum when void volume is not conserved
during annealing;

2. Alternate vacancy sinks can account for the observed Jecrease
in total void volume and increase in void size during annealing

if void surface kinetics are included in the analysis;

3. Dislocations can annihilate vacancies but are inefficient sinks

due to line tension; and

4. With the present interpretation, the transfer rate of vacancies
has an activation energy a few tenths of an electron volt greater

than that for vacancy migration in the matrix.
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THE EFFECT OF THE FREE SURFACE ON VOID FORMATION
IN TION BOMBARDED MOLYBDENUM

E. R. Bradley and J. L. Brimhalil
Battel}e—ng}fic Northwest Laboratories
"Richland, Washington 99352

ABSTRACT

Heavy ion bombardment is currently being considered as a
technique to simulate neutron damage in CTR components,
especially the first wall structure. The use of heavy ion
borbardment as a neutron simulation technique has been
criticized due to the damage zone being near a free surface
{i.e., <1 micron for 5 MeV Nitt ions in molybdenum). The
purpose of the present investigation was to examine the
microstructure of ion bombarded molybdenum at and below the
bombarded surface utilizing transmission electron microscopy
to determine the influence of the free surface on void
formation. Single crystal molybdenum discs were bombarded
at 1000° * 25°C with 5 MeV Ni't* ions at surfaca dose rates
of 3 x 107, 1.8 x 10~3, and 8 x 103 dpa/sec. The void
size and density were determined as a function of depth
below the bombarded surfaces. Voids were observed within
100 & of the bombarded surfaces and no significant indica-
tions of surface-related effects were observed. The
variations in void size and density are discussed in terms
of the total dose and dese rate at the Vvarious regions of
examination and the results compared with existing ion
bombardment and neutron irradiation data.

INTRODUCTION

The use of high energy, heavy ion bombardment of metal specimens to
simulate the damage produced by neutrons in fission o¢r fusion reactors has
received considerable interest in recent yearsl’z. Although ion bombard-
mer't has been widely used for this purpose, there is stilil some uncertainty
as to the influence which the free surface has on the development of the
irradiation induced microstructure, especially in specimens where the

. . 3
damage zone is less than one micron from the free surface™ ",
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Regions denuded of voids have been commonly observed adjacent to grain
boundaries in neutron irradiated materials and near the surfaces in HVEM
irradiationss. The width of the denuded regions increases with increasing
temperature and decreases with increasing damage production rate. The high
dose rates associated with heavy ion bombardment are thought tc adequately
suppress the influence at the surface, but no systematic study of surface

denuding in ion bombarded materials has been reported.

This paper reports on the characterization of the void microstructures
in ion bombarded molybdenum, at and below the bombarded curface. The micro-
structure was evaluated as a function of dose rate at constant temperature

and ion dose.
EXPERIMENTAL PROCEDURES

Single crystal molybdenum discs approximately 0.25 mm thick and 3 mm
diameter were used in these experiments, The discs were ground flat,
mechanically polished to a smooth £inish and electropolished to remove any
residual surface damage. All specimens were then annealed at 1700°C for

2 hours in a vacuum cf 1 x 1()-7 torr.

The specimens were irradiated in a tandem Van de Graaff accelerator
using 5 MeV Ni++ ions at a temperature of 1000° * 25°C. The vacuum in the
specimen chamber varied between 1 x lO-6 and 5 x 1()-6 torr during the
irradiation. Nickel ion currents of 1 x 1012, 5.9 x 1012, and 2.6 x 1013
inns/cmz—sec were used which correspond to atom displacement rates of

3x 107
total nickel icn dose was 2 x 1016 1ons/cm2 corresponding to “6 atom

, 1.8 x 10-3, and 8 x 10"3 dpa/sec at the bombarded surfaces. The

displacement per atom (dpa) at the surface.

The displacement damage as & function of panetration has been calcu-
lated and is shown in Fig. 1. The energy deposition of the Ni++ ions was
calculated using the EDEP-1 computer code of Manning and Mueller6 and the
atom displacements were calculated using a modified £inchin and Pease
relation. The B factor was take= a5 0.8 and the effective threshold energy
for atomlic displacement in molybdenum was assumed to be 62 eV in accordance

. . . 7
with current recommendations for displacerent calculations .
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Fig. 1. Displacement Damage in Molybdenum as a
Function ot Distance from the Bombarded Surface after
Bombarding with 5 MeV Nit+ Ions to a Total Dose of
2 x 101® ions/em?.
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Electron microscopy specimens were preparec by the standard two step
technique of dimpling and final polishing. The bombarded surfaces were
painted and the specimens were perforated from the back side. Following
examination of this region, approximately 0.3 um * .05 uym of metal was
removed from the bombarded surface and a new perforation was made from the
back side. The amount of material removed from the surface was determined
by measuring the step height at painted off regions. A series of consecu-
tive surface removals and microscope examinations follewed until the entire
damage zone had been examined. The peak damage region was taken as that

region where the void density was a maximum.

The void size and number density were measured from electron micrographs
using stereo techniques to determine the foil thickness. The larger voids
have a cubic shape and this shape was assumed for the smaller voids also.

The void volume fraction was calculated using the relation:

x (void concentration), 1)
where N_ is the number of voids of cube edge di'

i
RESULTS

The void data were obtained from three regions of examination: at the
bombarded surface; approximately 3000 & below the surface; and near the peak
damage zone as shown schematically in Fig. 1. The void microstructures at
the various regions of examination are shown in Fig. 2 for each of the three
dose rates. The spatial distributions of voids in the vicinity of the
bombarded surfaces were determined by stereo microscopy for the intermediate
and low dose rate specimens and are shown in Fig. 3. As can be seen, the
measured denuded region was "50 A wide in the specimen bombarded at the
intermediate dose rate and ~100 A for the low dose rate specimen. The above
distributions are based on measurements of approximately 100 voids in each
specimen. Surface contamination and small void size prevented stereo

examination in the high dose rate specimen.
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LOW DOSE RATE

- .,

HIGH DOSE RATE

SURFACE 3000 A 3000 A
BELOW SURFACE BELOW SURFACE

Fig. 2. Void Microstructures at Three Regions of
Examination in Molybdenum Bombarded with 5 MeV Ni* Ions
at Ton Currents of 1 x 10'2, 5.9 x 10!2, and 2.6 x 10!3
ions/cm?-sec,
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The void data from the three regions of examination for each ion

current used are given in Table 1 and can be summarized as follows:

i, The void size increases with decreasing dose rate at

equivalent dose levels.

ii, The void density increases with increasing dose rate at

equivalent dose levels.

iii. The void size remains relatively comnstant for the low and
intermediate dose rate specimens and increases slightly in
the high dose rate specimen as a function of deptk below

the bombarded surface.

iv. The void density increases with increasing depth below

the bombarded surface.
DISCUSSION

Surface Denudifig

Boundaries are known to act as sinks for point defects and thus lower
the defect concentration in their vicinity. This depletion of point defects
has been used to explain void denuding at grain boundaries in neutron
irradiated metals and surface denuding during HVEM irradiations. The defect
concentration profile adjacent to free surfaces have been calculated by
several investigat:orsa’9 and used to estimate the width of the void denuded
zones in HVEM irradiations. These calculated zone widths are often found

to be less than the experimetally measured denuded zomne widthss.

The vacancy concentration profiles near the free surface for molybdenum
at 1000°C as a function of dose rate have been calculated using the solution
of Lam et al., for a semi-infinite solidlo. Assuming an initial dislocation
density of 108 cm/cm3 and a vacancy migration energy of 2 eV, the above
calculations give denuded zone widths of 1900 A and 1200 K, respectively,
for dose rates of 3 x 10_4 dpa/sec and 1.8 x 10_3 dpa/sec when Foreman's
criteria8 of a2 5% depression of the vacancy concentration is used for
defining the denuded zone boundary. These calculated widths are a factor

of twenty greater than the experimentally measurcd widths and this large
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Void Parameters as a Function of Depth Below

the Surface in Molvbdenum Bombgrded with 5 MeV Ni*tt Ions
at Currents of 1 x 10! , 5.9 x 107, and 2.6 x 103 jons/cm?-sec.

Reglon of Dose Dose Rate Void Void Void Volume
Examination (dpa) (dpa/sec) Size Density Fraction
(¢:9) (cm~3) (%)
Surface 6 3.0 x 1074 60 - -
13000 A 8 4.0 x 1072 54 3.0 x 10 47
Peak Damage 20 1.0 x 1073 59 4.8 x 100 .98
Zone
Surface 6 1.8 x 10“3 43 - -
3000 & 8 2.6 x10°2 | 47 | 3.2 x 10! .33
Peak Damage 20 5.0 x 1072 44 7.4 x 1010 .63
Zone
Surface 6 8.0 x 10 ° 30 - -
3000 2 8 1.0 x 1072 36 4.6 x 106 .21
Peak Damage 20 2.7x10% | @ 9.4 x 10° .65

Zomne
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discrepancy is difficult to rationalize on the basis of experimental

uncertainty.

Surface oxidation of stainless steel has been found to greatly reduce
or eliminate the surface denuded regions during HVEM 1rradiation54 and may
offer an explanation for the small denuded regions observed in the ion
bombarded specimens. The vacuum in the specimen chamber varied between
1x 10-6 and 5 x 10-6 torr during the irradiations and may not have been
adequate to prevent oxidation of the surfaces. The surfaces were found to
be contaminated as shown in Fig. 2, but it is impossible to determine if
the contamination was present during the irradiations or introduced during

cooling and subsequent handling of the specimens.

A comparison of width of the denuded regions adjacent to grain
boundaries in neutron irradiated molybdenum with the surface denuding in the
ion bombarded specimens should provide an indication as to whether surface

contamination influenced the ion results. Such a comparison is possible by

Dv 1/2
L~ 7 2)

utilizing the relation4:

where L is the denuded zone width, Dv is the vacancy diffusion coefficient

and P is the dose rate.

Using Sikka et al.ll, data for neutron irradiated molybdenum at 1000°C
and a dose rate of 1 x 10—6 dpa/sec, the above relation predicts denuded
zone widths of 20 A and 50 } for the intermediate and low dose rates used
in the present investigation. These predicted widths are a factor of two
smaller than the experimentally measured widths but the agreement is rather
good when the uncertainties in the dose rate calculations, irradiation

temperatures, and experimental measurements are considered.

Although the agreement between denuded zone widths in the neutron
irradiated and ion bombarded molybdenum indicates that surface contamination
did not influence the present results, final resolution of surface denuding
in ion bombarded materials requires better control of the irradiation

atmosphere.
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Void Microstructure vs. Depth of Observation

Comparison of the void microstructure at various depths in ion bombarded
specimens is complicated by the fact that both total dose and dose rate
increase with increasing depth below the surface. Void size generally
increases with increasing dose and decreases with increasing dose rate while
the void density increases with dose rate and can increase, saturate, or

decrease with dose depending on the dose level.

Void size as a function of dose in ion bombarded molybdenum at 1000°C
has been reported by Brimhall et al., and the data can be approximated by a
dose dependence of (dose)o'z. Using this relation to normalize the present
data to a constant dose level of one dpa, the void size dependence on dose
rate is shown in Fig. 4. The data show a relatively smooth decrease in size
with increasing dose rate up to ’\410_2 dpa/sec and an apparent dose rate
independence at higher rates. This independence of void size on dose rate
at high rates is in qualitative agreement with neutron data where void size

is reported to be independent of temperature at low temperatures .

The dose rate dependence on void size in molybdenum has not been
previously reported such that comparison with the present results is not
possible, However, the major significance of the relationship shown in
Fig. 4 is that the data from all three regions of examination fit on the
same curve, This implies that the void size was not infiuenced by the free

surface nor by the presence of the implanted nickel ions near the peak

damage zone.

An increase in voild density with both dose and dose rate is required
to account for the increase in void density with depth observed in the
present investigation. Brianhall et 31.12, have reported that the void
density in ion bombarded molybdenum saturates at a dose level of 5 dpa
while Evans13 data show the void density increases up to V100 dpa. These
conflicting results prevent any definite conclusions ¢n the variation of

void density with depth of observation to be made.
Comparison with Neutron Data

Siuce the primary purpose of elevated temperature ion bombardment

studies 1s to simulate the damage produced by neutron irradiations, it is
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of interest to compare the results of the present investigation with the
available data from high fluence neutron irradiations. Only the data of
Sikka et al.ll, Wiffenla, and Eyre et 31.15, have sufficient displacement
dose* to enable meaningful comparisons to be made. The Bullough-Perrin
temperature shift was applied to the ion bombardment data in order to
compare the data as a function of the effective irradiation temperature. A
displacement rate of 1 x 10-6 dpa/sec was assumed for the neutron irradia-
tions and the self diffusion energy for molybdenum was taken as 4 eV in the

temperature shift calculations.,

Figs. 5, 6, and 7 show the void size, void density, and void volume
fraction, respectively, as a function of the effective irradiation tempera-
ture for the ion and neutron irradiations. The void volume fraction data
shown in Fig. 7 have been adjusted in order to be consistent with the cubic
shape assumed in the present investigation and have also beer normalized to
a dose of 1€ dpa using the dose dependence reported by Brimhall et 31.12

13,17,18,19

(i.e., AV (dose)0'6). Additional ion bombardment data are also

\Y
included in Fig. 7.

There are large variations in the neutron irradiated data as can be
seen in Figs. 5 and 6. The void size daca from the ion bombarded specimens
are somewhat smaller but agree reasonably well with the void sizes reported
by Sikka et al. A smaller size is expe=cted in the present investigation
since the smallest projected length was measured rather than the largest
projected length as reported by Sikka et al. The void demsities measured
in the present investigations are in better agreement with Wiffen's data
than with the data of Sikka et al,, as shown in Fig, 6. Neither of the above
comparisions have considered the variations in total dose but the corrections
should be rather small.

The correction for dose variations is included in the plot of void

volume fraction as a function of effective irradiation temperature and, as

can be seen in Fig. 7, the scatter in the neutron irradiation data is still

*The dose values reported by the various investigators were corrected to be
consistent with the dose calculations of the present investigation. The
corrected values being V10 dpa for Sikka et al., and Eyre et al., and 12
dpa for Wiffen's data.
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very large. The majority of the ion bcmbardment data are within the
scatter of the neutron data and generally approach the lower limit
established by Sikka et al. However, the large scatter in both the ion
and neutron data make quantitative comparisons difficult,

CONCLUSIONS

1. The width of the surface denuded regions in ion bombarded molybdenum
decreases with increasing dose rate and is less than 100 % for dose
rates gireaver than 3 x 16.4 dpa/sec. The magnitude of the suiface
denuded regions is in reasonable agreement with grain boundary denuding
in neutron irradiated molybdenum when the difference in dose rate is

included.

2. The variation in void microstructures as a function of depth below the
bombarded surfaces can be qualitatively explained by thc fncrcase in
dose and dose rate with in:ireasing depth below the bombarded surface.
Sufficient data are not available for quantitative evaluation, but
thiere dose not appear to be a significant surface effect on the void

miciostructures.,

3. The ion bombardment data are in reasuvnable agreement with neutron
irradiation data when the Bullough-Perrin temperature shift is included.
However, the large scatter in both the neutron and ion data prevent

quantitative comparisons from being made.
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IRRADIATION HARDENING AND ANNEALING IN TRONS
AT A HIGH NEUTRON FLUENCE

T. Takeyama H. Takahashi

N. Yokoya H. Kayano

Lohh v

ABSTRACT

The purpose of the present study is to obtain basic information for
irradiation effect on two kinds of iron with different carbon content;
specimen A (Fe-0.002 wt%C), specimen B (Fe-0.012 wt%C). The behavior of
the lattice defects occurring due to neutron irradiation was investigated
through electron microscopy and mechanical examination. °

After the irradiation, specimen A showed voids of about 500 A in size.
The, void density obtained through direct observation was about 1.0 x 10
fem”. On the contrary, in specimen B the void was hard to observe. It
was concluded that for the formation of voids by irradiation, specimens
with less carbon atoms were desirable. The intriguing observation ob-
tained through void formation showed that the yield stress of specimen A
was higher than specimen B of high carbon ~ontent. The mechanism oper-
ating there may have much toc do with the hardening is caused by void

formation.

INTRODUCTION

Void formation has been studied ir 304 stainless steel and a number
of pure metals and allcys.1 It is reported that irradiation temperature,
fluence, and material purity have deep influence on the formation of
defects. especially, of voids. In gereral, the void occurs in the tem-
perature region from about ¢.3 Tm to 0.55 Tm, where Tm is the absolute
melting temperature. This temperature will De essentizlly determined by
the btehavior of vacancy and interstitial, The threshold fluence level
also seems to be an important factor in forming voids by neutron irradi-
ation. The effect of purity on void formation has been studied in several
metals. Namely, the void 1s formed in pure metals, but not formed in low
purity metals uncder the same irradiation conditions. However, Wirfen

showed that, in vanadium irradiated at 395°C, the void density was
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increased by an increase in the interstitial impurity content of the
material.z’3 Ir the case of pure iron, the void was observed at 450°C

in the EBR-II reactor to a fast neutron fluence and it was suggested that
the threshold fluence is likely to lower as the purity of the metal was
increased.4 The interstitial impurity level in bcc metals has a very
strong influence on the void furmation produced by irradiation, but much
more data is required to determine the behavior.

The purpose of the present study is to obtain the basic information
for the irradiation effect of the two kinds of iron which have different
carbon contents under the same conditions of fast neutron fluence at the
same irradiation temperature. The void formation resulting from the
degree of purity and the effect of the void for irradiation hardening

were studied.

EXPERIMENTAL METHOD

The iron used in this investigation is a re-electrolytic pure iron
produced by Showadenko Co. Ltd. Two specimens were prepared by vacuum
melting. The chemical amalysis of the specimens was given in the Table
1. The material was cold-rolled into sheets ¢f 0.2 mm thickness. It was
then cut into pieces of 15 x 100 mm. The specimens were solution-treated
one hr at 730°C in a vacuum of 5 x 10-5 Torr, and then gquenched into iced
water.

They were irradiated at estimated temperatures of 500 n 550°C with
fast neutrens (E> 1 MeV) to a fluence of 1.2 x 1021nvt.

For electron microscopy, thin films were prepared by jet-electro-
polishing.5 They were then examined in a JEM 200 electron microsccpe
operating at 150 ~ 200 kV.

The tensile test specimens were cut into pieces, 5 x 15 mm. They
were then derusted with dilute hydrochloric acid. Tensile deformation
was performed by using an Instron-type tensile testing machine at a strain
rate 3.2 x 10-4 sec_l. The testing temperatures were -196, -78, rcom
temperature, 150, and 200°C. Isochronal post-irradiation annealing
carried out for one hr in the temperature region between at 100 and 800°C

and specimens were examined at room temperature. More details concerning
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experimental methods and techniques can be found in other publicarien.
RESULTS AXND DISCUSSIOXN

Typical void distribution in specimen A containing 20 ppM carbon
atoms was shown in Fig. l.(&}. As the prciected shape of the dots was
not so clear, it was difficult to determine the morphology of the voids
but, many black and white dots from 200 to B80% ; in size were seen rather
uniformly on the matrix. The black and white contrast varied critically
with the diffraction cenditicens. These dots could be the voids formed
by the clustering of the vacancies. Resides the voids, no precipitates
or point defect clusters were cbserved. The void densitv obtained by

3

. . 14 .
direct observation was about 1.0 x 10" /em™. This number was calculated
o

for an average feoil thickness of 200C A. The size distribution and number
of voids were shown in Fig. 2.

On the contrary, the microstructure of the irradiated specimen B of
120 ppM carbon content was shown in Fig. 1.(b). The precipitates possibly
formed either during irradiation or subsequent cooling were observable,
and also the dislccations developed due to the growth of the precipitates.
The voids as observed in specimen A were not clear. Accordingly, for
void formation by irradiation it is desirable that the specimen has less
carben atoms of the interstitial tvpe.

The vield stress of the irradiated specimens A and B derived from the
stress~-strain curves were plotted against the temperature as shown in
Fig. 2. 1n the whole range of the tesr temperature, the values were
greater in specimen A than in specimen B. This is an intriguing obser-
vation indicating that hardening is caused by void formation.

Both the irradiated specimens A and B were then annealed at temper-
atures from 100 co 800°C and vield stress was obtained as a function of
annealing temperature. Fig. 4. shows the annealing temperature dependence
on the yield stress in the irradiated irons. The high value of the vield
stress in specimen B observed at about 200°C annealing is probably due
to the precipitation of e~carbide. It is obvious that the yield stress
of specimen A in which voids were formed during irradiation was, as a

whole, higher than that of specimen B. This effect seems to be caused



Table. 1
Specimen C Si Mn P 8 Ni N (wt?%)
A 0.002 0.0025 0.0015 0.0011 0.004 0.0059 0.0013
B 0.9012 0.6035 0.0005 0.0011 0.005 0.0061 0.0010

(a) (b3

Fig. 1. (a3 Void distribution in an irradiated specimen A.
(b) Abscnse of voids in an irradiated specimen B only
with precipitation of carbides.
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by void distributien. Microstructural changes of both specimens occurring
during post-irradiation annealing at 200 and 600 C were examined by trans-
mission electron microscopy. Fig. 5.(a) shows the typical void structure
viewed in {012} of specimen A after post-irradiation annealing at 200°C.
The voids with cubic shape were distributed fairly randomly within the
grains, and no specific changes were observed in the structure of the
irradjated specimen A after post-irradiation amnealing. It showed that
the size and morphology of void were not affected at 20G°C. Consistent
morphology of void shapes in iron could not be determined. Fig. 6. shows
the voids having strain contrast around them. At the higher annealing
temperature of 600°C, large voids of low density were observed due to
coarsening as shown in Fig. 5.(b). The size of the voids increased to
about 2000 ; and the number of the voids decreased with the rise of the
annealing temperature. Visible aggregates of defect complex besides the
large voids also did appear in the matrix. On the other hand, no voids
were observed in specimen B with high carbon content as shown in Fig. 7.
(a) and (b).

The effect of solute atoms and point defects has been already studied
on iron irradiated by electrons of high voltage electron microscope. The
carbon atoms dissolved in iron act as a trap for vacancy and interstitial.6
V-C pair is the simplest complex and is considered to have the lower
binding energy. The de-trap temperature of the V-C pair was estimated at
240°C.7

to de~trap from the pair. However, the larger complexes which consist of

Above this temperature, carbon atom and vdacancy can migrate due

various Vm—Cn with different value of m and n and having higher binding
energies could be formed during irradiation. The dissociation temper-
ature of the Vm-Cn complexes is probably higher than that of the V--C pair,
and some of them may be stable even at the irradiation temperature. At
the irradiation temperature of 500 ~ 550°C, although no pairing occurs
between the vacancy and carbon atom, the more stable complexes (ancn)
could be formed for a long irradiation period. In a specimen B, with
higher carbon content, the number of such complexes becomes greater.
Therefore, in the specimen with higher carbon, reduction of free-vacancy

might be expected for the same neutron flux. Furthermore, some of carbon
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(a) (b)

Fig. 5. (a) Specimen A annealed 1 hr at 200°C, showing no

coarsening of voids.
(t) Specimen A annealed 1 hr at 60G°C, showing coarsening

of voids.
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Fig. 6. Specimen A annealed 1 hr at 200°C, showing strain
contrast around voids.

(a) (b)

Fig. 7. (a) Specimen B annealed 1 hr at 200°C, stowing no
structural change.

(b) Specimer B annealed 1 hr at 600°C, showing no
structural change.
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atoms can freely move in the lattice at the irradiation temperature and
nucleate the cementite and/or aggregate on the already formed particles

of cementite. Vacancy may be absorbed on to the cementite-matrix interface
and act to relieve the coherent strain developed during the growth of tne
precipitate. Consequently, the interface can serve as sites for vacancy
annihilation and concentration of free vacancy which is available for

the formation of voids, may decrease more and more. Swelling should be

avoided or delayed to much higher fluences.
SUMMARY

Two kinds of iron with different carbon content, specimen A with
20 ppM and specimen B with 120 ppM, were irradiated to a fluence of 1.2 x
10 n/en? (E> 1 Mew) at 500 ~ 550°c.

1. Voids were clearly seen in the specimen A, but they were not
distinct in the specimen B.

2. The void was stable after one hr of post-irradiation annealing
at 200°C. The void density decreased and the size increased with in-
creasing temperature.

3. Interstitial carbon atoms stabilized the void-nucleation process.
The suppression of void-nucleation in iron may result from reaction at
the interfaca of cementite and the formation of Cm-Vn complex.

4., Due to hardening caused by void forpation, the yield stress of

specimen A was greater than that of specimen B.
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COLLICION CASCADES IN TRON AND NICRBIUM

J. R, Reeler, Jr. M. F, Beeler C., V. Parks

North Carolina State Uniyersity
Raleigh, North Carolina

ABSTRACT

Pefect proausticn by collision cascades in fec iron and
niobium was studied using a computer experiment! approach.
Cascades with energies up to 975 keV and 594 keV were studied
for iron and niobium, respectively. In the case of iron, the
primary defect state produced directly by each cascade was
subjectei to short-term annealing {STA) simulation at 566°C.
Recires for the numters of free defects, defect clusters, mi-
crevoids and interstitial loops after STA, as functions of
cascade energy, were constructed from the annealing computer
experiment results., In the case of niobium, the primary de-
fect state Iis described. For a given PKA* energy, the dis-
rlacerment production in niobium was about 18% smaller than
that in Iron. The cascade size in niobium was about the same
as that in iron up to 100 keV.

INTRODUCTION

The intert of this paper is to describe the defect state produced in
fee iron anrd niobhium by fusion reactor radiation at elevated temperatures.
Th.s description is based on computer experiment results. Attention is
centered on the nature of the defect states producéd by neutron and heavy
ion irradistion., The discussion is self-contained so far as ion irradia-
tion is concerned. In the case of neutron irradiation, however, knowledge
of the P¥A 2istribution in space and energy is a prerequisite for full
ntilization of the defTect production results given here. Parkin and Gol-
andl have developed a computer program that gives the PKA energyv distri-
bution produced by an arbitrary neutron irradiation energy distribution.
The defect types considered are free vacaucies, free interstitials, immo-
bile vacancy clusters, irmobile interstitial :lusters, microuvoids and

interstitial dislocation loops.

*¥Primary knock-on atom. See second section, SCHEMATIC OVERVIEW,
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The maximum energy for PYA prodiced bty 1k.1 ¥eV neutrcns in elast
ceollision events is 975 keV in iron and 59L keV in riobium, Trese upper

limits are larger thran the eff'ective PYA erergy upper

reactor neutron irradiation. In the EER=IT reactor
effective upper limits on PFA energies in ircn and niobium are gbout

300 keV and 188 keV, respectively. The more energetic FKA associated
with 14,1 MeV neutron irradiation initiate cascades whose structures are
substantially diffeerent from those of cascades initiated hy the PKA pre-
duced by fission reactor neutron irradisticn., This difference should be

an important consideration in damage simulation and analvsis studies for

fusion reactor materials.

SCERMATIC OVERVIEW

Fig. 1 is a schematic disgram of the general rediation-induced defect
production process in a metal. Primary radiaticn particies (PRP) from
either an external or an internal scu~ce collide directly with constituent
atoms of the irradiated material. Atoms directly struck by a PRP are

alled rrimary knock-or atoms [FFA). In this paper, PRP include reutrons
and heavy iorns, Fach P¥A that receives enough kinetic energy from & PRF
to be ejected from its normal atorm site initiates a cecllision cascsde., A
cascade is a localized dyvraric disturbance that is active for a brief tirme
{about 10“12 seconds) and then dies out. Some cascades produce vecancies

and interstitiels that remain after the cascade has died out.

Fach additional vacancyv~interstitial pair prcduced is called a dis-

placement event. Given an ejection direction D, there is a threshold

energy Ed(g) for displacement production, If the PHA energy exceeds Ed(D),

at least one displacement will be produced;

[N

£ E < Eg(D), a displacement
event is not possible., When a cascade produces one disrlacement, the re-
sult is called a Frenkel vair. When a cascade rroduces twc or mere dis-
placements, the result is a displacement spike, This distinction arises
because the stability rules for a single vacancy-interstitial pair are
different from those for a collection of multiple pairs. The threshold
energy for displacement spike production will be denoted as EU(Q), Starte

ing with PKA energy in the range Eq(¥) < E < E¥(E), only one displacement
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PRIMARY
RAD!ATION
PARTICLE

CASCADE(I)

PKA,

CASCGADE(2) PKA3

IRRADIATED
MATERIAL

b CASCADE(3)

Fig. 1 PKA production by a primary radiation particle (PRP). PKA
production sites are represented by small open circles. The collision
cascade initiated by each PKA is represented schematically. The PRP
concerned in this paper are electrons, heavy-ions and neutrons. Each

type of primary radiacion gives a different distribution of cascade
sizes and distances between cascades.
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is produced. For E > EU(D), two or more displacements are produced.

COMPUTATIONAL MODELS

Cascade Simulation
'

Two different cascade simulation programs were used in this study.
ne was the CASCADE ProgramQ, anl the other was the COLLIDE Program3. The
CASCADE Program considers only elastic atomic coilisions but subtracts
8 eV at each collision to represent energy dissipated in extracting a
struck atom from its site in the crystal. All CASCADE sinulations were
for cascade energies of 20 keV or less, COLLIDE treets both elastic &n
inelastic atomic collisions. The inelastic collision treatment is basez
on the revised Firsov model developed by Robinson and Torrensh. The
COLLIDE Program simulates atomic ccliisions in an amorphous model of the
metal concerned whenever th= knock-on atom (KA) energy is above ER(D), A4t
lower KA energies, COLLIDE adopts a crystalline model of the metal con-
cerned and locates the vacancy and/or interstitial associaivsd with the
eJected KA at positions given by a dynamical, many-body atomic coiiision
model. The dynamical model results are taken from a catzlog of Frenkel
pair production results given by the DYNAM Programs. The results cbtained
from these two different models are surprisinglr similar. This result
supports the view of Rovinson and Torrens that directional aspects of cas-
cade evolution are not important et high KA energies. The computaticnal
time for COLLIDF is much less than for the fully crystalline solid model
progrem. The direction dependent displacement results for KA with energy
beiow 100 €V in fec iron were ccuputed using the Erginsoy-Vineyard poten-
tialG. Ir the case of niobium, the direction dependent displacement re-
sults for low-energy KA were obtained by scaiing Erginsoy's results for
bee iron using the ratio of the melting temperatures (Tﬁ(Nb)/T&(Fe) = 1,5).
The results are given in Table 1,

The Erginsoy-Vineyard potentiel was used in the binary collision ap-
proximation portion of the cascade simulation for iron. In the os-e of
niobium, the Moliere pctential was used in the binary collisici apprexime-

tion portion of the simulation.
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Displacement Srike Annealing Simulation

Displacemnent spike annealing simulations vere performed using the
RINGO ProgramT. RINGO simulates the simultaneous correlated randco: waliks
of ur to 1000 vacancy and interstitial defects in a bec or fee metal. The
random walk Jump histories of each defect z-e followed on a cubic erystal
atom site lattice, The interaction radii for vacancyv-interstitial anni-
kilation, vacancy clustering and interstitial clustering are those indi-
cated by variational methoéd and dynamical method computer experiments on

defect interactions in a discrete lattice systen,

CASCADE STRUCTURE

Cascade structure in iron is described by the series of figures,
Fig. 2-6. Structurally, a collision cascade consists of a principal tra-
Jectory line from which emanate secondary trajectcry lines. The principal
trajectory line is initiated by the PXA which sets off the cascade. Each
secondary trajectory line is initiated by a secondary knock-on atom (SER)
that is ejected in a collision with the PKA that initiated the cascade.

This is the fundamental structural motif for a2 collision cascade in metals.

The collection of collisions associated with a particular secondary
trajectory line is called a subcascade, Indi;idual differences in the re-
diation effects produced by csscades of different energies are the result
of differences in the density end energy of their subcascades. This comes
about because the elemental defects produced by separate subcascades can
interact during displacement spike production. -This interaction can take
place either by way of focussed ccllision chains or by way of elastic dis-
placement field overlap. Interactions among subcascades determine the de-
fect content and the physical size of the displacement spike produced by a

cascade.

Tig., 3 is a diagram of the subcascade arrangement for a 20 keV cas-
cade in fce iron. Each cirele represents the extent of a subcascade pro-
jected onto the plane of the figure, The central line from which each
cirole diameter emanates is the principal trajectory line of the cascade.

The direction of each circle diameter is the initial direction of the
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DISPLACEMENT IPI¥E ANKEALING IN IRON

Tran

ately begins to slter the

isplecerent spike, Any

spike produced in the cubic metnls Trom vanediwr to nioblum with enersy

sbove 2=3 keV is trunsformed by thermal annealing into a collecticn of a
few {mrobile defeot clusters that is surrounded by & periphersl arrey of
severnl mobile defects, The irmotile clust.rs may be either point defect
clusters or dislccation loops Tormed from large, mechanicelly unsteble

point defect clusters, It pppears as if loops seldom form inm Iiren unless

ver, The mohile defect configureticons

) fe = .
vhe gspize onergy ic 30 xeV or

3 $ ye o . ~ - o o 1 3 - Y <
contain from one 1o three elemental 3efects, Each periphers

Toot goon beromes sulficliently frr removed from hoth the other teritheral

centrsl imroblile clusters thet it is free of significent

velop is called short-terr annesling (STA). The basic reasure for the du-
ration of SUA is the average nuwnber of —igrat‘on Jumps per surviving mo-
bile defect required, Tirplcelly, leOh te 10’ Jumps per surviving mobile
defecet are needed 1o canplete TTA., In iron, at room temperature, this
corresponds 1o sbout L000 microseconds; at 650°C it corresponds to abous
0.6 microsecondz, Interactions among defects are sufficiently strong end
frequent during STA thet ordinary diffusion theory continuum models &are not
apprepriate,  Atomistic medel computer experiments are needed tc describe

STA events,

The primary defect state ina 30-8-thick section of a 50 keV dis-
placenent spike in iron appears in Fig, 7. The defect state in this same
section after STA appears in Fig. 8, The dashed rectsnguiar outline in
Fig., 8 indicates the region where the defects in Fig. 7 were located at

the beginning of STA, The annealed state contains an interstitial loop
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(L126> containing 2€ interstitials, a cluster of three interstitials (I,),
a single interstitial (I]), and a cluster of four vacancies (Vh). This
particular section is clearly interstitial-rich. Other secticns, not

shown here, were vacancy-rich and conteined micrcvoids.

Figures 9 and 1C describe computer exrerirent anneeling of a 20 keV
displacement spike in bee iron, as given by a RINGO Program simuletion.
These figures illustrate why 1oh-105 Jumps per surviving mobile defect
constitute the duraticn of STA for displacement spikes. The nurber of vea-
cancies NVAC is plotted as a function of the number of Jumps per mobile
defect in Fig., 9. Note that the data points fall along two trend lines,
Ll and L2, which intersect at &, corresronding in this instence to 103
Jumps per mobile defect. The number of Jumps (annealing time) esscciated
with A correlates with the beginning of s separetion between interstitial
defects end vacancy defecis, anéd also a separatior tetween mobile defects
and immobile defects. The number of vacancies and hence elsc the number
of interstitials changes very little after 103 Jumps per surviving mobile
defect. This indicates that nearlyv all annihilstion events during ST

< R 3 . -
occur during the first 107 Jurps rer surviving mobile defect.

Fig. 10 gives the fraction of elementel defects in immchile clusters
as & function of the number of mobile defect jumps during STA. Most inter-
stitial clustering activity occurred during the first 103 Jumps, indica-
ting that the csepregation of mobile and immobile interstitisl defects wes
established during this interval. Vecancy clustering continued until 1OL
Jumps, however, indicating a slower segregation of nobile and immobile va-
cancy defects. Supplementary computer experiments showed that the belated
segregation of mobile and immobile vacancy defects is a general trait of
displacement spike ennealing at reactor temperastures. It arises solely
from the initial centralization of the vacency population in & fresn spike
and is independent of the interstitial clustering interaction range and

the vacancy Jump rate provided the vacancy Jump rate is finite.

Isolated displacement spike STA behavior for 1-100 keV spikes exhib-
its the same principal aspects seen in the 20 keV spike STA example de=-
L
scribed above, In the interval 103-10 Jumps per surviving mobile defect,
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the vacancy porulation becares ceparated from the interstitial populetion
to fuch an extent that the mobile vacancy end mobile interstitial defects
is tire can be considered as being Tree defects whose future

cxisting nt

migration his<ory can We well-arproxineted by = continuum theory diffusion

The annealing prccess for the free defects remaining efter ST2 is

culles long-term annesling (LTL). Free defects can undergo extensive @if-
L

sion excursicns during LTA, wherees defect migretion during STA is pri-
m

Tar

mperily rrocess, Yor this reason, LTR is most efficiently de-

& localizec
seribed using & diffusion theory continuum motel simulation method, The
defect source for LTA 15 tle Tree Zelect production rate density coptri-
buctel by PTA. Thne TTH defect sink svster consists cof all extended de-

Tects, immobile defect clusters, and impurity ator configuraticms in the
host metal (glley). The nature of the lefect sink system means that the
boundary conditions tour LTA are determined by the manufacturing process

end *he service history of the structural comronent concerned., Eence, the

crtearme of 1TA nearly alweys is stronely dependent on the srecific engia

“3

troduces s statistical aspect intc radiation effects forecasting that has

not yet been explcored systematically,

DICPLACFIEIT LT PRODUCTS IN TROM

Thie section summarizes the results of comruter experiments on the
products of displacement spike STA in fec irom at 566°C. Fig. 11 shows
the total number of surviving vacancies, free vacancies and free inter-
stitials, BRecipes, gotten by fitting the plotted data points and by
counting the numbers of different defect structures at the end of STA
provide a computational swmmary of these results. The recipes are as

follows:

0.83

3.TE E > 0.3 keV

1. Total Vacancies(TV}: N(TV,F)

1.23g0- 148 E > 0.3 keV

3, Free Interstitials(FI): W(FI,E) = 2.09130'ha E > 0.3 keV

2. Free Vacancies(FV): N(FV,E)
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1000
VACANCIES & INTERSTITIALS IN IRON AFTER
SHORT-TERM ANNEALING AT 566 °C

100
5x10% JUMPS PER
INTERSTITIAL
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=
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’O.I { 10 100

PKA ENERGY, keV

Fig. 11 Total vacancies and free vacancies and interstitials
present after displacement spike short-term annealing in fee iron.



N{LI,E} = 0 E < 30 keV

RILILE® = 1 30 < B < L0 keV
N{LILE) = 1-2 L) « E < 100 keV
G(LILE) = 2-h 100 < £ < 200 ueV

T. Vacenay Loos Tuolei{iilly Compater eypavicevhs fov Tee ivon Indd-
cate that wvacancy loor nuclei are nct formed during isoleted dis-

lacement spike STA. If formed, these locps ere produced during

"

=

(
~tta

. Microvoids(wy):

nimv el =0 T 20 keV

N, E) = 0kl 20 ¢ E < 30 ke¥
1-1.5 30 < F < 100 keV
1.5=2.1 100 < E < 200 keV

e

“acancy and Interstitial Cluster Porulations: The num-
her of clustered vacancies is H(TV)-N{FV), and the number of
clustered interstitiels is X{TV}-I{FI},

B, Disriascement Spikes in the Energy Renge (EI’E?): The distlacement
spike production rate density for racscades initisted by PKA with

energies in the interval (El,Ee) is:

Ez
n{ps) = [ y(E)QE E > 0,070 keV
By

Item YNo. 8 gives the number density of spikes per unit time. All other
items give the defect production per displacement spike, The total number
of vacancies, and the number of free vacancies and interstitisels remaining

in fece iron after STA of a displacement spike are plotted in Fig. 11.

PRIMARY DEFECT STATE IN NIOBIUM

Short-term annealing computer experiments heve not yet been performed
for displacement spikes in niobium, This section briefly describes the
number of vacancies produced by a cascade in niooium and the projected ex-

tert of the vacancy distribution along the initial direction of the
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prineipal trajectory line, i.e., the type of vacancy production extent

shown in Fig. 5 for a 100 keV cascade in iron,

Table 2 1ists the damage energy, damage energy per vacancy, and the
effective displacement energy for niobium cascades. WNote that the damage
energy per vacancy and Ed increase with increasing PKA energy upr to about
100 keV. Above 100 keV, they are constant. This is associated with the
transition from a "low-energy" cascade structure to a "high-energy" cas-
cade structure that is illustrated in Fig. 2-6 for iron. The number of
vacancies (NVAC) produced and the demage energy fraction n(E} are listed
in Table 3 along with the vacancy production extent ZV along the principal
trajectory line initial direction. For a given PKA energy, vacancy pro-
duction in niobjum is T6% and 8T% of that produced in feec iron at 100 keV
and 1 keV, respectively. If roughly the same STA annealing survival frac-
tions apply to niobium as to iron, then about 15% of the vacancies pro-
duced by a 100 keV cascade will survive, and abtout 37% cf those produced
in a 1 keV cascade will survive STA in niobium. These data enable one to
meke an approximate total .vacancies line on a log-log plot for niobium
(see Fig. 11). Tabie 4 compares vacancy production extent for niobium and
iron cascades. Below 100 keV the vacancy extent figures are about the

same. Above 100 keV the niobium production range ¥s more compact that

that for iron.

CONCLUDING REMARKS

Perhaps the most versatile approach to either forecasting or ana-
lyzing irradiation effects in metals proceeds by usirg the PKA production
rate density y(E) as the weighting function for the kinds of defects which
survive short-term annealing of a displacement spike produced by cascades
of energy E. This approach applies to any type of primary radiation par-
ticle field. y(E) for neutron irradiation can be obtained using the
Perkin-Goland program. The defect production recipes given in this paper

for iron appear to be good approximations for niobium as well.



Table

atom portion of cascade simulation in niobium.

1. Displacement energy used in the low-energy ( < 100 eV) knock-on

D is the KA ejection

direction region and Ld(D) is the displacement energy threshold for that

region.

Proc(D) is the prcbability for KA ejection in direction region D.

D E,(D)® Prob(D)
[100] 27 .2L66
{110] 57 .1010
{111] 60 «390k
[ran] o1} 2620

®The direction dependent displacement energy was approximated by multiply-
ing that for a-Fe by T (NL)/T (Fe)

Table

1.5 .

2. Damage energy (FDAM) and damage energy per vacancy (EDAM/NVAC)
E is the PKL energy and Eg is the effective

for cascades in niobium.

displacement energy for use in the recipe, NVAC = 0.3 EDAM/2Eg.

E,keV EDAM, keV EDAM/NVAC EgseV
1 0.90 g3 4o
4,65 105 42
20 18.% 108 43
100 85.7 112 4y
200 163 113 4s
Loc 301 112 45
600 k32 112 45




Table 3.

cascades in niobium.

Vacancy production (NVAC), damege energy fraction {n(E))
and projected extent of vacancy production (ZV) for
E is the PKA energy.

E,keV NVAC n(E) zv,

9 - 15

5 Ly 0.97 Lo

20 170 0.9k 92

100 760 0.87 360

200 1k50 0.82 600

Lo 2690 0.76 1100

600 38ko 0.72 1550
Table 4., Comparison of projected extent of vacancy production

by cascades in niobium and iron.
and ZV is the projected extent.

E is the PKA energy

E,keV Zv( ), A Zvy(Fe) R
15 -
Lo -
10 58 65
20 95 90
50 180 175
100 330 320
200 604 660
400 1100 1250
600 1550 21900
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PROTON SIMULATION OF 14 MeV NEUTRON DAMAGE
AND LOW TEMPERATURE RECOVERY OF 16 MeV PROTON IRRADIATED IRON*
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ABSTRACT

The Total Damage Energy deposited into iron
bombarded with 14.3 MeV and 17.C MeV protons, and 14
MeV neutrons has been computed using scattering theory.
The results suggest the validity of using high energy
protons to simulate 14 MeV neutrcn damage. Measure-
ments are reported of resistivity change and recovery
in a-iron bombarded at 68°K with 16 MeV protons. The
results are compared to fast fission neutron data and
the calculated damage energies.

INTRODUCTION

In recent years, interest in controlled fusion as a future
energy source has rapidly accelerated. Consequently a major emphasis
is being placed upon solving the technical problems related to the
development of fusion power. Of immediate concern is maintaining the
structural integrity of the "first-wall" materials that face the D-T
plasma, One of the major aspects under consideration is the high flux
of 14 MeV neutrons to which the wall material will be exposed.
Currently, considerable effort is being placed in the development of
the high flux neutron sources necessary to study this problem. In
parallel to this,work is underway using simulation techniques such

as ion bombardment.

*Research sunported by Atomic Energy of Canada Ltd. and the National
Research Council of Canada.
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One simulation technique, proposed by Logan and Anderson(l),

suggests 116 MeV protons to simulate the elastic and non-elastic collision
events. Calculations(l) have indicated the recoil energy spectra due

to 14 MeV neutrons on niobium are closely approximated by the recoil
spectra resulting from 16.4 MeV protons. The major discrepancy would
appear to be larger component of low energy recoils resulting from ti.
proton small angle coulomb scattering. However, the defects resulting
from these low energy recoils should be relatively simple and anneal out

at typical "first-wall" operating temperatures.

Cumparison of recent investigations of wall erosion by sputtering
infers the vaiidity of this simulation techniques. Experimental studies
have reported sputtering yields varying from 0.25 * 1(2}01u5510-5(3)
for 14 MeV neutron irradiated Nb. Studies of Fe, Nb and Au bombarded with
the 16 MeV protons(é) were in good agreement with the above neutron

lower value and with the calculated sputtering yields.

In this paper we report the results of scattering calculations for
14 MeV neutron and high energy proton bombardment of iron. This is
presented in relation to resistivity change and recovery measurements for

a-iron bombarded at 68°K with 16 MeV protons.

SCATTERING THEORY

The objective is to determine the fraction of the incident particle
energy that is dissipated in the creation of lattice disorder, i.e. the
Damage Energy. These calculations assume the occurence of no defect

annealing effects.

The procedure is to (i) determine the total primary recoil energy
spectrum from the elastic and non-elastic scattering cross-sections,
(i1) determine the fraction of the primary recoil energy that goes into
atomic collision processes, which allows the Damage Energy Spectrum to
be obtained, then (iii) integrate the Damage Energy Spectrum to obtain

the total Damage Energy.
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Elastic Collisions

For 14 MeV neutrons, the elastic difierential scattering cross-
sections calculated from otpical potentials by Wilmore and Hodgson(s)
were used. The corresponding data for protons (14.3 MeV and 17.0 MeV)
were taken from the results of the optical model used by Perey(6) over
the range 15° < Bem < 175°. For scattering angles greater than 175°

the data has been extrapolated. The differential cross-sections for
scattering angles less than 13° were obtained using the Rutherford cross
sections (do/d),, multiplied by the ratio (dc/dﬂ)/(dc/dﬂ)R from

Melkanoff et al. 7 Using the relationship

do_ _ do 4
b4 »
dE2 daQ EZ(max)

where E2 is the primary recoil energy and EZ(max) is the maximum trans-
ferred recoil energy to a target atom by the incident particle, the
primary recoil energy spectra were determined. These spectra are shown
in Fig. 1.

Non-Elastic Collisions

The non-elastic primary recoil energy spectra, for protons and
neutrons with incident energies, El’ greater than 10 MeV, were obtained

1(8). The values of the

following the method described by Grimes et a
parameters used in the calculations are given in Table 1. Fig. 2 shows
the resultant non-elastic primary recoil energy éﬁectra in iron bombarded
with 14 MeV neutrons and 14.3 and 17.0 MeV protons. Since the most
likely non-elastic event is one in which the ejected particle has almost
Zero energy, the most probable primary recoil will have energy Emaxla(s).
This can be clearly be seen in Fig. 2. The contribution from other
reactions (e.g. (n,a), (n,2n), (p,a)) were neglected in these cal-

culations since they are relatively 10“(10).

In Fig. 3 the elastic and non-elastic primary recoil energy
spectra were added to obtain the total energy spectra. These total
primary recoil energy spectra were converted into Damage Energy Spectra

by multiplying by the primary recoil energy weighted by that fraction
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Fig. 1 Primary recoil energy spectra in iron resulting from elastic

collisions.

Table 1. Parameters used in calculation of Primary Recoil Spectra
for (p,n) and (n,n) non-elastic reactions with iron.

Reactions El(MeV) oR(mb) F(g) n(g) Tn(MeV)(g)
(p.n) 14.3 982 0.11 2 1.2
(p,n) 17.0 1005 0.11 2 1.2

(n,n) 14.0 146019 015 2 1.1
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elastic collisions.
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of the recoil's energy that goes into atomic collision processes. The
remainder is lost in electron excitation. This fraction is determined,

as a functinn of energy, using an approximation(ll)based upon Lindhard's

theory(lz). Integration of the Damage Energy Spectrum gives the Total
Damage Energy. This is given in Table 2 for various lower energy limits
of the integration. Excellent agreement is obiained between 14.3 MeV
proton and 14 MeV neutron Damage Energies if only recoils with energy
greater than 10 keV are considered. The rapidly increasing proton
elastic cross-section for small energy transfer collisions causes recoils
with energies < 10 keV to contribute significantly to thz Damage Energy.
However, as the recoil energy decreases the complexity of the defects
will decrease. Hence at elevated temperatures, where only the more
complex defect clusters survive, it is expected that the contribution
from the small scattering angle proton elastic processes will be

significantly reduced.

EXPERIMENTAL

The above infers that the damage effects in iron bombarded with
14 MeV neutrons can be closely simulated using 14-17 MeV protons,
especially for higher temperature irradiations. However, since the
calculated proton induced Damage Energy is partitioned approximately
equally into damage processes resulting from high energy primary recoils
(> 10 keV) and low energy primary recoils (< 10 keV) it is significant
to obtain information on the effects of the simpler defects. In fact,
reference to Table 2 shows that 7% of the Total Damage Energy for
14-17 MeV protons goes into the production of recoils with energies
< 50 eV, i.e., into the direct formation of single interstitials and
vacancies. One method of studying the simplest of these defects is by
electrical resistivity measurements. Also, since the defects will be
mobile except at low temperature, it was necessary to carry out the
irradiation at temperatures below significant recovery stages. Samples
of 0.002 in high purity (Marz grade) iron wire were irradiated at 68°K
with 16 MeV protons from the McMaster Tandem Van de Graaff, for a total

dose of 5.3x1017 cm-z. A cryocooler was used to cool the sample to
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Table 2. Total Damage Energy calculated down to various lower
recoil energy limits.

Damage Energy (barn-keV)

Lower Limit of

Integration Neutron Protons
(keV) E1 = 14,0 MeV E1 = 17.0 MeV 1-‘.1 = 14.3 MeV
972.2 0 2.97 0.73
600 23.9 20.0 12.3
300 127.4 109.1 81.9
100 217.0 178.7 156.0
10 236.8 271.2 236.2
1 236.8 374.7 252.7
0.5 236.8 405.9 396.9
0.05 236.8 509.3 520.3
0.035 236.8 525.4 539.5
0.025 236.8 540.5 557.5
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the base temperature. Two identical samples were mounted on the

target holder, one for irradiation and the other to serve as a

standard. The resistance was measured using an a.c. technique

employing a lock-in amplifier. Resistance changes 'h10-3Ro (Ro = jnitial
resistance) could be measured. After irradiation, the sample was sub-
Jected to 5 minute isochronal anneals up to 7250°K. The temperature was

measured using a calibrated Au(+0.02%Fe)-Chromel thermocouple.

RESULTS AND DISCUSSION

The resistivity increase (4p) at 68°K as a function of 16 MeV
proton dose is shown in Fig. 4. 4p is observed to increase linearly up
to a dose 2.7 x 1017plcm2. For higher doses, a departure from linearity
indicates that overlap of defect zones is occuring. Using the modified

(13), and the results of the present Damage Energy

Kinchin and Pease model
calculation (Table 2) it is possible to determine the defect pair

conicentration (ND) from the expression

ND = 0.42 EDN¢
Ed ’
where ED = the calculated total Damage Energy for a lower
integration limit of 25 eV.,
¢ = the proton dose,
= the atomic density,
Ed = the displacement energy.

For 16 MeV protons in ironm, ED has been interpclated from Table 2 as
546.8 barn-keV. Using Ed = 24 eV(la) and a total dose of 2.7x1017plcm2,

N = 2.2x1020 defect pairslcm3. For this dose, the observed resistivity

c:ange is 0.8 u9~cm (Fig. 4). Hence the resistivity change/atomic %
defect pairs, AoD, is 3.1 ufi~cm. Previous observations(ls) for fission
neutron irradiation of iron have given ApD = 13 uo-cm/atemic % defect
pairs. This difference is consistent with the higher-order defect
structures, resulting from the more energetic proton bombardment, con-
tributing a smaller resistivity change per defect pair within the cluster

than would be expected for the lower-order clusters due to fission
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Fig. 4 Measured resistivity change in iron bombarded at 68°K with 16
MeV protons as compared to the resistivity change for fast

fission neutron irradiation at 77°K
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neutrons. Moreover, the measured value of ADD for electron irradiation
is 19 upit-cm/atomic % defect pairs(16), the trend being consistent with

the above argument.

(15)

Also shown in Fig. 4 are the results of Minier-Cassayre for
fast fission neutron irradiated iron at 80°K. Damage saturation effects
are seen to occur at about the same resistivity change as for the 16 MeV
protons. Over the linear region (¢ < 8x1017n/cm3) a resistivity change/
fast neutron of 9.8x10-19 pﬁ-cm/(n/cmz) is observed. This is a factor
~3,5 smaller than that for 16 MeV proton bombardment where the

resistivity change/proton is 3.3 x10-18 uQ-cm/(p/cmz).

The results of carrying out 5 min. isochronal anneals are shown
in Fig. 5. Three distinct recovery stages are observed. Approximately
55-60% recovery of the damage induced resistivity occurs at 120°K.
Additional recovery occurs in two steps at “180°K and +210°K. After
250°K anneal, the total observed recovery is 90%. These recovery peaks

an for fast fission

agree with those observed by Horak and Blewitt
neutron irradiated Fe, where three similar recovery stages are observed,
but at slightly lower temperatures (stage I at 115°K, and stage II in
substages at 167°K and 195°K). The magnitudes of the recovery in the
fast neutron damage case are 40-45% for stage I and a total recovery

of 80-85% after 250°K anneal. Since these recovery stages have been
(15’18), then 90%

of the observed resistivity increase after 16 MeV proton bombardment

attributed to the anneal of simple defect structures

results from these simple defects. If these simple defects contribute

(16) ' 2nd their observed resistivity

19 uQ-cm/atomic % defect pairs
contribution is 0.9x3.1 uQ-cm/atomic % defect pair, then the fraction
of the total damage in the form of simple defects is ~15%. This com-

pares reasonably well with the calculated 7% simple defect production.

SUMMARY

1. Comparision between the measured resistivity change per defect
pair created by 16 MeV protons at 68°K and fast fission neutrons at 80°K
suggests that higher order defect clusters dominate the proton induced

damage, these clusters making a relatively small contribution to the
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resistivity change. Anneal studies show that simple defects account for
most of the observed resistivity change since ~90% recovery occurs by
250°K.

2. Calculations based on scattering theory in iron show that
14-17 MeV proton damage is a good simulation of fusion neutron damage
considering only primary recoils > 10 keV. However the calculations
show deviations occur in the range where simpler defects would be pro-
duced directly by the bombarding proton. Measurements of tiiese simpler
defects produced are in reasonable agreement with the calculated values.

3. The 16 MeV proton induced resistivity recovery agrees well

with that resulting from fast fission neutron irradiatiom.
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MODELING OF SYNERGISTIC EFFECTS OF DISPLACED ATOM
AND NTS

G. R. Odette
S. C. Langley

Santa Barbara, California 93106

ABSTRACT

The effect of simultaneous production of displaced atoms
and transmutant helium on damage microstructural evolution is
studied. A range of helium generation rates which encompasses
both fission and fusion reactor enviromnments is treated. The
effect of helium on the damage microstructure at the end of
the nucleation stage is discussed qualitatively and treated in
a growth calculation parametrically. Diffusion limited rate
equations are used to model the growth at bubbles, voids and
loops for various nucleation microstructures and irradiation
conditions. The results of the calculations indicate that
void formation and growth may be severely restricted in fusion
environments at temperatures near or above the normal swelling
peak. This is due to formation of a high density of small
pubbles at high helium generation rates which serve as point
defect sinks and enhance void vacancy emission. At lower he-
lium generation rates characteristic of fission reactors, or at
lower temperatures the influence of transmutant helium on to-
tal void swelling is less.

INTRODUCTION

Significant variables which influence irradiation behavior of struc-
tural materials include composition and microstructure, temperature, par-
ticle type, flux, fluence, and energy spectrum. Of these, only neutron
flux spectra characteristic of fusion reactor conditions cannot be rea-
sonably duplicated in existing facilities*. In hard controlled thermo-
nuclear reactor (CTR) spectra, production rates of hydrogen and helium
:EE_IE_;;;bgnized that the periodic nature of some CTR irradiations may

be an important factor in influencing damage behavior. However, in the
work reported here only continuous irradiations are considered.
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from threshold reactions are generally high relative to those in fission
reactors. These gases may act alone or synergistically with displacead
atom damage to produce radiation damage. Displaced atom defect genera-
tion rates in most conceptual CTR designs do not exceed those in present
fission reactors. Hence, a major difference in fission and fusicn en-
vironments is the ratio of helium (and hydrogen) to displacement produc-
tion rate which is distinctly higher in CTRsl.

Therefore, it is important to estimate the consequences of He pro-
duction rateé on damage microstructural evolution, and hence on dimen-
sional stability and mechanical properties. Although the models are
only approximate, they are useful: in assessing possible gualitative
differences in behavior in varioué environments; in testing and develop-
ing damage correlation procedures; in estimating the relevance tc the
CTR program of available environments; in suggesting useful experiments;

and in analyzing data as it becomes available.
PHENOMENALOGICAL DESCRIPTION Of THE MODEL
Nucleation Microstructure

The model is based on the premise that a nuCleation micrestructure
composed of voids, gas filled helium bubbles, and dislocation loops forms
early in irradiation. The total number density of voids and bubbles, and
also loops is assummed to be constant thereaftexr. Such behavior has been
indicated in nucleation calculations because of the reduced point defect
supersaturation and the lowering of the probability of forming new nuc-
leation sites resulting from the buildup of irradiation induced sink mi-
crostructure.

A model of coupled bubble and void nucleation and growth has been
previously reporte62 and an advanced version has been developed and is
undergoing testing. Hayns3 has reported nucleation calculations for dis-
location loops. Both the previous calculations and preliminary runs
using the advanced model are consistent with the following qualitative
description of the nucleation microstructure for temperatures at or

slightly above the normal swelling peak (nominally ~550°C).
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1. At relatively low helium generation rates, Guu“10'13 aj.a/sec,
and low displacement rates, ud~1o‘° dja/gec, a low density of bub-
bles nucleate and grow to the size where they sct as void nuclea-
tion sites. A large fraction of the bubbles transform to voids
after a time delay associated with bubble growth and nucleation
incubation time. Homogeneous nucleation 1S not significant but
other heterogencous nucleation sites may contribute voids., When
heterogencous nucleation sites are oxhausted and point defect con-
centrations decreasced by the prior irradiation induyced sink micro-
structure, nucleation ceases and the microstructure is primarily
composed of voids, C,"1013-101% void/em?, and ioops, ¢;~1013-151%
loops/cml. Such behavior is characteristic of calculations for
fission reactor environments.

2. At low displacement rates, Gd"m'6 dpa/sec, and high helium
generation rates, Gue~10-11 apa/sec, which would be found in a fu-
sion reactor environment, a significantly higher bubble densigy
form. <rude theory predicts the density to vary approximately as
the sguare root of the generation rateq. At high densities effec-
tiveness of the bubbles as defect sinks is enhanced relative to a
similar helium content at lower densities. Thus lower point de-
fect concentrations result in lower nucleation rates and increased
incubaticn times for void formation. Hence these microstructures
tend to be characterized by a high density of bubbles, Cb"lo15
-1016/cm3, and a low concentration of voids, Cv<1014/cm3, and loops,
cg<10td/em’.

3. At very high displacement rates, Gd>10‘4 apa/sec, which might be
found in charged particle irradiations voids readily nucleate and
grow with or without the presence of helium, although preinjected
helium can result in a somewhat higher void density. However, a
very high density of small bubbles might at moderate displacement

rates, Gd*10’4-10'6, suppress nucleation by lowering defect cunoen-

trations without themselves serving as nucleation sites.
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At high temperatures ( 600°C) a low density of bubbles nucleates
and grows with little void swelling. At low temperatures (<500°C) a
high density of bubbles forms and serves as void nucleation sites. At
still lower temperatures helium is essentially immobile and has little
effect on void nucleation (however, lattice helium might trap vacancies,
hence enhance recombination).

Of course, the specific calculational results are dependent on the
choice of material parameters and model assumptions. Critical factors
appear to include the activation energy for helium diffusion, taken as
~1.5-2.0 eV, and the assumption that a di-helium atom cluster is the
stable bubble nucleus. Since the nature of helium mobility in solids
under irradiation is not well understood and helium-vacancy cluster para-
meters ill-defined, additional experimental and theoretical work is need-
ed to clearly establish the influence of helium on nucleation microstruc-

tures.
Growth Calculations

The description of the nucleation microstructure based on calcula-
tions given above is generaily in qualitative agreement with experimental
observations. However, due to the model uncertainties noted above, the
nucleation microstructure is treated parametrically in this work by as-~
signing some initial density (and size) to bubbles, voids and loops as
input into a growth calculation. These densities are varied along with
cther relevant parameters to study the effect of helium on microstruc-
tural evolution.

- Bubbles are initially taken to be nearly in equilibrium, i.e., in-
ternal gas pressure plus excess vacancy chemical stress is balanced by
surface tension. Conversely, voids are not completely stabilized by
internal gas pressure but, having previously nucleated and grown, are of
sufficient size to undergo continued stable growth.

This behavior is schematically illustrated in Figure 1, where growth
rates of helium vacancy clusters are plotted as a function of cluster
radius. Curve 1 shows a case where the net vacancy flux (vacancies minus
interstitials) at neutral sinks (i.e., bubbles) result in a stable bubble

size ry, and critical void size r¥. A fraction of the bubbles can grow
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from ry to r; by statistical nucleation. However, the nucieation rate
is assummed to be negligable in these calculations. Beyond r§ is a re-
gion of continuous veid growth. The other curves show the effect of in-
creasing either the net vacancy flux or the number of helium atoms in a
cluster. Curve 2 illustrates a situation where the stable bubble and
void size are the same (i.e., there is no nucleation barrier) and curve
3 the case when only void grovth is possible.

As irradiation proceeds bubbles grow at a rate controlled by the
addition of helium, and voids grow at a rate primarily determined by
the net vacancy flux. Void and loop* growth rates are determined from
the rate equations for diffusion limited swelling. Stable bubble radii
are calculated as a function of the number of heliw2 atoms and net va-
cancy flux. Bubbles can grow to the point where they transform to voids,
or conversely voids may shrink to bubbhles (in cases where the helium gen-
eration rate is very high, voids may refill with gas and grow as driven
bubbles).

Helium generated is partitioned between the various sinks according
to the relative sink strengths.** vVacancy and interstitial concentra-
tions are taken at steady state levels as determined by generation rates
and total existing sink strength. Biased sinks include initial network
and radiation induced Frank loop dislocations. Neutral sinks are bubbles
and voids (other sinks such as precipitates and grain boundaries can be
easily added but should not alter the qualitative results of the calcula-

tions).
QUANTITATIVE MODEL DESCRIPTION

Rate equations for diffusion limited defect growth have been deri-
ved by a number of workerss-7. The treatmant here closely parallels the
method of Brailsford and Bullough7.

*Different procedures may be used to specify the dislocation sink strength
as discussed in the next section.

*#Simple partitioning of helium between sinks is not good approximation

at low temperatures when the helium is immobile. 1In such circumstances
the model would tend to overestimate the influence of helium on void and
bubble growth.
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Vacancy and interstitial concentrations c, and c; found by the

solution of

G'-DcS -ac.c =0 (la)
v vVvy i
and G, - Db.c,5, —ac.c =0 (1b)
i ii71 v

Here Di and Dv are the interstitial and vacancy diffusivities, Sv and Si
the vacancy and interstitial sink strengths, and a the lattice recombin-
ation coefficient. The effective vacancy generation rate G& includes

both surviving displacement defects, Gyr and vacancy emmission from clus-

ters as

'-G+ Z4HICC +21rrCc+D 2
v D, ; RER (2)
Here the summation is over the various helium-vacancy clusters (bubbles
and voids and dislocations) where rj and r, are the cluster and loop ra-
dii, and Cj and c, are the cluster and loop densities, and Ra the initial
network dislocation density. The factor Ei is the vacancy concentration

in equilibrium at the surface of a cluster

- e -
cj =c, exp [(27/1‘j Pj) Q/kT] (3a)

for bubbles and voids, and
- _ e _ 2/3 ]
¢y = cv exp [ (st + FeQ)Q /KT (3b)

for dislocation loops. Pi is the gas pressure in the cluster, Yy the
surface energy, §{i the vacancy volume, T temperature, cy € the thermal e-
guilibrium vacancy concentration, Y Sf the loop stacklng fault energy and
Fe 92/3 the elastic energy cpposing loop growth where

2 r.+b
__w 2
Feg = am (r, ¥b) 2"( b ) (3c)




Here b is the Burgers vector and . the shear modulus. The ideal gas law
is used to determine P; and the interstitial generation rate Gi is defin-
ed as Gi=Gd'
The sink parameters S; and S, are defined as

= ° ; - )
si = Zi (pd + anﬁ.c‘i) + Z-&ntjcj (da)
b]
and
S = pno
s, Od + 2'nrlcg + Zt‘lﬂerj (4b)
Pl

The factor Zi which is greater than one reflects the dislocation bias
for interstitials.

The growth rate of voids of class j is given by

dr . Gd
—4 =2 Ipec -Dec. -Doc, {5a)
dt 15 v'v ii v i

Other methods of specifying dislocation sink densjity are available, in-
cluding a constant value throughout irradiation. Helium is partitioned

between the sinks as

d

Hej r C,
dt =6 E r.C. (6)
3 33

where He. is the number of helivm atoms in the j'th cluster. These
equations are numerically integrated starting at time zero using a Ham-
mings predictor corrector method for a given set of cluster densities
and initial sizes. Loop density is also specified and the initial loop
radius calculated assuming the excess interstitials corresponding to the
initial swelling are distributed uniformly between the loops.

If the cluster is not growing except via the addition of helium it
is a stable bubble. The bubble radius is found by determining the smal-

lest root of the equation

Py D3¢ 2y\e
fcﬂej'rj'mvcv - Dici)] = &n _E‘;E;é-— M 7 kT 7
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A test is made at each time step to see if bubbles have converted to
voids in which case Eq. (7) has either zero or one finite rcot.

The swelling behavior for various situations is studied. Para-
meters which can be varied include nucleation microstructures (initial
void, bubbles and loop densities and sizes); irradiation conditions (tem-
perature and helium and displacement generation rates); and material
parameters (including bias factors, network dislocation densities, sur-
face energy, migration energies). In the work reported here bubble
and void densities, helium generation rates, and temperature are varied
over ranges characteristic of fission and fusion irradiation environ-
ments. Displacement rates are set at 10.6 dpa/sec which is nominal for
both CTRs and fission reactors. Material parameter values are those
frequently used in the literature, and nominally representative of
nickel. An additional constraint that clusters specified as voids have
a radius large enough to give a positive initial growth rate is imposed.
The run parameters are given in Table 1. Although the gquantitative re-
suits are certainly sensitive to the particular set of parameters selec-
ted, the qualitative trends resulting from altering nucleation micro-
structures and irradiation conditions should be physically realistic.

However, it must be emphasized that the parametric treatment of
the nucleat microstructure does not imply that the entire range of
cluster densities or initial sizes are physically appropriate in all
the circumstances studied. Rather, the parametric treatment seeks to
indicate: ranges of potential behavior; the sensitivity of swelling to
the model parameters; and the implications of existing uncertainties in
specifying these parameters.

To further facilitate understanding of growth phenomena a contin-
uous monitor of the fate of radiation induced vacancies is included in
the calculations. The following guantities are tabulated:

1. Vacancies lost due to lattice recombinaticn.

2. Total vacancies which go to wvoids.

3. Total vacancies which go to bubbles.

4. Total vacancies which go to dislocations.

S. Void vacancies lost due to the interstitial flux.

6. Void vacancies lost due to thermal emission.
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RESULTS AND DISCUSSION

Two series of runs are included involving different treatment of
dislocation sinks. 1In the first one initial loop density of C2=1013/cm3
is specified and loop growth is calculated as discussed previously. The

“13 6 10711 apa/sec, temper-

helium generation rate is varied between 10
atures between 450 and 550°C, void densities between 1013 ang 1014/cm3,
and bubble densities between 104 to 10°®/cm3. A displacement rate of
107% is used in all runs. Initial bubble radii are specified at 22
(typically, 20~30 helium atoms/cluster) and voids at 503. Results are
fairly insensitive to the specific choice of these parameters providing
the void character is initially preserved*. All calculations are car-
ried out to 10 dpa.

Figure 2 shows pliots of calculated swelling at 10 dpa as a func-
tion of GHe for various nucleation microstructures at 550°C. It is
evident that an increase in bubble density decreases swelling substan-
tially. Also, in some cases of intermediate to high bubble densities,
increasing helium generation rate decreases swelling further.

At lower temperatures no effect of helium generation rate was ob-
served. Figure 3 shows swelling at 10 dpa as a function of total void

and bubble concentrations for G a=10—ll apa/sec. It can be seen that

increasing the cluster density 2irst increases then decreases total
swelling depending on the temperature. Figure 4 shows swelling at 10
dpa as a function of temperature for various bubble and veoid densicies
and helium generation rates. The temperature dependence of swelling is
clearly effected by the nucleation microstructure and in some cases by
the helium generation rates, with peak swelling temperature decreasing
with increasing cluster density.

By examining the fate of the vacancies in detail, further insight
can bé gained as to what physically meaningful conclusions can be drawn
from these calculations as opposeri to effects which are largely artifacts
of the model. A nmumber of =xamples of such vacancy fates are tabulated
in Table 2. Final cluster radii, helium contents and the dose at bubble

to void conversion (if this occurs) are also listed in Table 2.

*However, because of this factor and potential errors in the integrations
the results should be considered numerically accurate only to about +10%.



1-405

Table 1. Fixed Parameters Used in the Study*

Vacancy diffusivity D, 0.6 exp (-1.4/kT) cm®/sec

Vacancy equilibrium concentration Cs exp (-1.5/kT) atomic fraction

Interstitial diffusivity DV

Dislocation Interstitial Bias
Factor, Zi

Surface Energy, Y

Loop Density, Cl

Stacking fault energy YSF
Initial dislocation density pg
Shear modulus, U

Recombination coefficient o
Atomic volume {2

Burgers vector b

Displacement rate Gd

exp (-1.09/k7T) cmz/sec
1.1

1000 ergs/cmz
1013/cm3
15 ergs/cm2
109/cm2
4x104MEN/m2
1017 D.

1-
1.07x10
2.5A

10_6 apa/sec

23 3x*
cm

* These values in general correspond to those suggested by Brailsford

and Bullough [8].

** For runs with a constant dislocation density at p

as .8x10723 and b as 2R following Brailsford and dBullough ial.

= 1010,9 was taken
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Table 2.

Detailed Results of Swelling, Vacancy
Cluster Parameters for Selected Cases

Fate and Final

Run Initial Vacancy Distribution to Sink Void vacancies
No. Run Parameters vacancies lost to: % lost to: %2
First to Remaining |Dose at Final Clus-
T ¢ ¢ G Swelling| Recombin- Disloca- | Intersti- to Emmis- |Bubble Final {ter He
b v He _[at 10dpaj ation Voids Bubbles tions tial tlux sion Conversion’ | Radia [Content
5 450 1016 1013 10-ll 8 8 813 0 9 99 4 o 124 661
135 1011
15 13 -11
3 450 10 10 10 15.8 28 46 0 26 96.5 1 0 3134 6354
338 6899
1 aso 10t p0!? oM 8.3 sa 13 0 29 93.5 6 0 566 | 58121
567 | 59458
54 550 lO16 1014 10 13 7.3 10 18 10 62 92.8 44 NC 2 29
S60 619
53 550 1016 lOl3 10—13 1.5 14 ] 13 70 92.1% 32 NC 2,2 32
nz2 1428
49 550 1014 1013 10-13 12.4 12 27 0 61 92.6 b 0 636 608
646 769
a2 ss0 10'® 10M oM 3.7 8 13 22 57 91.6 57 Ne 3 420
446 24854
- [y
41 550 1014 1013 10 1 12.3 12 27 0 6l 93.6 27 4] 638 57213
644 58320
15 13 -11
37 550 10 10 10 9.8 4 64 0 32 93.4 7Y ] 283 6361
285 6529
o
1} VHITS: dose-dpa; T-°C; Cb' Cv-ﬂ/cmj; She -apa/sec; swelling-%; radii=A; He content-#/cluster.
2) For example for run 54 at 10 dpa ~1.8 dpa originally go to voiis; of these 92.8% are annihilated by
interstitials leaving -0.13 dpa: of these 44% are lost via emmission leaving .073 dpa or 7.3% swelling.
3) NC-No conversion at 10 dpa.

80y-1
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Examination of these results suggests that at least five factors
interact to determine the net swelling including:

1. At higher void {and bubbles which quickly convert to void) den-

sities, the fraction of vacancies going to voids increases relative

to loss to dislocations and lattice recombination. The absclute
magnitude of recombination decreases. These factors tend to in-
crease swelling. This is shown in Table 2 if run number 1 is com-

to compared to run 5.

2. At higher void densities the ratio of interstitial to vacancy

fluxes at neutral sinks increases. This tends to decrease swelling.

This is also illustrated by comparing runs 1 and 5.

3. At higher void densities vacancy emission from voids increase in

relative importance, tending to decrease swelling. This can be seen

by contrasting runs 37 and 41.

4. Bubbles act as defect sinks decreasing swelling, but themselves

contribute little to swelling. Increased bubble size due to the

addition of helium enhances this sink effect. This is shown in
going from run 42 to run 54, and by comparing final void and bubble
radii.

5. Helium which ends up in voids contributes little in increased

or decreased swelling.

The effect of higher void densities in increasing void to disloca-
tion sink strength ratios may be artificial since the treatment of Qis-
locations is certainly not rigorous. However the effect at lower tem-
peratures of reducing lattice recombination appears to be physically
appropriate.

There is also little physical basis for expecting a range of nuclea-
tion microstructure as large as utilized here to be representative of all
conditions of helium and displacement generation rates and temperature.
At lower temperatures, for example, helium may be effectively immobile
and have little influence on the void density formed on available heter-
geneous sites. If small bubbles fcrm at lower temperatures they would
tend to act as vuid nucleaticon sites, thus not retain their bubble iden-

tity (actually this is indicated in the growth calculations when 23 bub-~
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effect of transmutant helium at lower temperatures would be at most,

an increase in void density (Cv > 1014/cm3). The approximate

growth model described previously predicts increased swelling with in-
creasing void density in the range of 1013-1015 voids/cm3, and decreas-
ing swelling for Cv~1015-1016 (sece Figure 3). However, the caveat re-
garding the treatment of dislocation sink growth should be considered

in evaluating the physical validity of the void density effect at lower
temperatures. Reduction in lattice recombination at high void densities
would also tend to enhance swelling.

Although the precise choice of initial bubble and void sizes does
not appear to be too critical to the calculated swelling at 10 dpa, the
assumption that a microstructure consisting of very small and very large
initial clusters is artificial and is useful only in illuminating ranges
of potential swelling behavior.

For example, at higher temperatures and helium generation rates
substantial reduction in early wvoid nucleation and growth would be ex-
pected. Therefore, for these situations assigning high concentrations
(Cv>~1013/cm3) of initially large voids (rv~505) is not physically real-
istic. Thus these calculations can be viewed as tending to predict a
maximum swelling, thus minimizing the effect of helium, when high densi-
ties of small bubbles initially form. Conversely at lower helium gen-
eration rates a high assigned density of bubbles is not appropriate.
Thus the effect of helium on decreasing total void swelling is probably
overestimated in this case.

However, within the limits of the model assumptions discussed above
some physically based effects of helium are apparent. At higher temper-
atures the increased emission from smaller voids and lowering of defect
concentrations due to a high density of bubble sinks is likely to re-
duce swelling. Since bubbles are small and grow slowly only with the
addition of helium, they contribute little to the overall swelling.

They can, however, effect the annihilation of vacancies which would
otherwise go to voids. The additional helium introduced at high gener-

ation rates can therefore enhance this bubble sink reduction in swelling.
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That is, more vacancies that would have otherwise reached voids are
annihilated due to the addition of a helium atom at a bubble, than is
swelling increased by the helium atom itself.

It is also possible for bubbles to convert to voids via the addi-
tion of helium. This occurs both at high helium generation rates and at
the lower temperatures. In some cases bubbles convert quickly to voids
and rapidly catch up to void size, and little effect of bubbles or hel-
ium on swelling is observed. 1In contrast, in other cases bubblesaare
slow to convert or grow very slowly after conversion, due to high emis-
sion rates, substantially reducing swelling. Very slowly growing small
voids produce much the same effect as bubbles.

A series of calculations in which dislocation density as fixed at
pd=1010/cm2 illustrates these effects. In this case { is taken as 0.8
X 10’23/cm3 instead of 1.07x10'23/cm3 and the voids are started at a
10A radius. The general behavior is consistent with the results shown
in Figures 2 to 4. Figure 5 shows swelling versus dpa for some cases in
this second series cf calculations. Curve 1 shows a case (Cb=Cv=1014,
GHe=10-11) where bubbles convert to voids quickly and void growth pro-
ceeds normally. Curve 2 illustrates the situation when bubbles remain
stable throughout irradiatior (Cb=1016,cv=1014,GHe=10'12). Curve 3 is
the result of a quick bubble to void conversion followed by slow void
growth due to vacancy emission (Cb=1016,cv=1013,GHe=10'll). Curve 4 is
a case when bubbles convert to voids only after a relatively long irra-
diation time (Cb=1015,cv=1013,GHe'13) but grow relatively quickly after
conversion.

These results suggest that the helium generation rate can influence
void swelling through the nucleation microstructure which it affects,
and in some circumstances directly during the void swelling stage. High-
er helium generation rates would initially form higher bubble densities.
At temperatures near the peak in swelling the high sink density resulting
from these small bubbles would tend to suppress void nucleation and slow
void growth should they form. One or both of two mechanisms is responsi~
ble for this, including vacancy loss to slowly growing sinks and enhan-~

ced void vacancy emission.
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At lower temperatures and helium generation rates or higher dis-
placement rates, transmutant helium micht assist nucleation but would
be expected to have less influence on total swelling.

By parametrically treating a wide range of nucleation microstruc-
tures in growth calculations it is possible to estimate bounds on the
influence of helium on void swelling. Figure 6 shows both limiting and
nominal behavior of swelling schematically as a function of helium gen-
eration rate and temperature. Although even these broad estimates are
to some extent model and parameter dependent, they are largely based
on the physically sound components of the model discussed above. The
counter-intuitive prediction of decreased void swelling at high helium
generation rates may have important implications to CTR development.

There is some other theoretical and experimental work which bears
on the guestion of the influence of helium on void swelling. Brailsford
and Bullough have discussed the effect of helium on enhanced stress as-
sisted swelling above the normal peak swelling temperaturee. In some
accelerator experiments, swelling appears to be suppressed if there is
a fine distrubtion of bubbles due to prior helium injectiong'lo. Other
accelerator experiments show little effect of helium on total swelling1 .
Forman and Makin have also discussed the effect of higher void densities
in lowering swellinqlz. Thermal reactor irradiation of stainless steel
which has a high helium generation rate due to the two stage nickel (n,
a) reaction seems to show predominately bubble swelling, although the
data is not conclusivels. None of these findings appear to be incon-

sistent with the results of this study.
SUMMARY AND CONCLUSIONS

The very large number of complex and interacting phenomena in a
material under irradiation clearly demounstrate the need to develop bet-
ter and more complete models, and to collect new and relevant experimen-
tal data. We are currently carrying out such model develcpment and
hope to work closely with experimentalists so that much needed data can
be obtained and analyzed. (It is noted, however, that some of the un-
explained discrepancies between current calculations and experiments

might be resolved by closer examination of the implications of model
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assumptions and the accuracy of the data.) In particular, it is appar-
ent that more needs to be done in characterizing the nature and the sta-
bility of the nucleation microstructure as influenced by heliwm generation;
and the development of the dislocation microstructure during irradiation.

However some tentative conclusions regarding CTR radiation damage
seem warranted. At temperatures near and slightly above that are nor-
mally associated with peak fission reactor swelling, void formation and
growth might be substantially suppressed in CTRs if a high density of
small bubbles initially form. However, the resulting lattice strength-
ening coupled with increased helium grain boundary embrittlement would
indicate that severe ductility reductions, rather than dimensional
instability, will be a major CTR first wall concern. At higher temper-
atures pure bubble swelling and stress assisted swelling and/or helium
assisted creep coupled with severe helipm embrittlement might be expec-
ted to impose the major CTR design limitations. At temperatures signi-
ficantly below the normal swelling peak, helium is expected to have
little effect on rotal swelling.

The most significant phenomenological aspect of this model is the
prediction that high helium generation rates lead to high bubble den-
sities. Since the naturs and stability of the nucleation microstructure
as influenced by helium is not precisely understood the conclusions out-
lined above should be taken as tentative. For example, bubble nucleation
may, in practical circumstances, be controlled by a pre-existing density
of heterogeneous sites, resulting in a bubble density which is independent
of helium generation rate. This, however, suggests that metallurgical
treatments to control bubble nucleation might be an effective means of
controlling swelling in CTRs. A controlled distribution of helium trap-
ped in a high density of small bubbles in the lattice would also tend to
mitigate the helium grain boundary embrittlement problem.

In conclusion, the calculations carried out in this study indicate
that irradiation induced microstructural evolution may be significantly
different in CTRs than in fission reactors due to altered transmutant
helium generation rates. Further study of this effect should have impor-

tant implications to the development of safe and efficient fusion power.
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ABSTRACT

During the next decade experiments will be performed at
a number of neutron sources in an effort to discover and al-
leviate radiation effects in fusion reactors. Comparison of
experimental results obtained after irradiations in diverse
neutron spectra will require a versatile analysis method
such as the one we have developed. Various parameters which
are relevant to an understanding of radiation effects in
metals have been evaluated utilizing available neutrcn spec-
trum information for several existing sources, e.g. EBRII,
HFIR, and LAMPF, as well as the hypothetical spectrum at a
fusion reactor first wall, and measured Li(d,n) spectra.
Recoil energy distributions were calculated for several
metals including Al, Cu, and Nb. The recoil energy range
was divided into groups, and the fraction of recoils occur-
ring in each energy group was compared with the fraction of
the damage energy contributed by that group. From this com-
parison it was possible to conclude that the significant re-
coil range differs by about an order of magnitude between
fission and fusion sources. The analysis further confirms
that basic defect production characteristics depend upon the
neutron spectrum, and that integral calculations of radiation-
effect parameters do not provide a complete description of the
dependence. This is equally true for comparisons between
fusion-related spectra or fission-reactor spectra independ-
ently. Four recoll-dependent parameter functions which des-
cribe different aspects of radiation damage were used in the
calculations. The relative effectiveness of neutron sources
was found to depend upon the choice of parameter function.
Fission-reactor spectra comparisons are relatively insensi-
tive to the parameter functions used whereas spectra with an
appreciable component of high-energy neutrons are much more
sensitive.

I-417
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INTRODUCTION

The potential materials problems caused by the extreme radiation
environment in future fusion reactors have been outlined in many publi-
cations.1 The new ingredient arising from the use of the D~T fusion
reaction is the presence of high-energy neutrons with energies up to
" 15 MeV. These neutrons are responsible for generating high-energy
recoil atoms and for inducing nonelastic reactions which lead to the
production of impurity atoms in the materials surrounding the reaction
chamber. The simultanecus generation of high-energy recoil cascades,
transmutation products and gaseous impurities at high rates will have
important implications for the structural integrity of a fusion reactor.
Therefore, because of the accelerated schedule which has been adopted
for the construction and operation of fusion-test reactors2 even more
rapid development of neutron sources for materials research and testing
is warranted. In all likelihood, a variety of sources will be employed,
each characterized by its own neutron-energy spectrum. It is, there-
fore, imperative that methods be developed for comparing the radiation
effects induced by these sources on the basis of relevant parameters.

In this paper one particular approach3’4 which has so far proved useful

is outlined.

There are three kinds of input required for calculations of the
type to be described: first, nuclear data consisting of accurate flux
spectra, detailed cross section information and models for nuclear-
reaction kinematics; second, solid-state information in the form of a
theory of the stopping power of solids for energetic~recoil atoms with
energies up to a few hundred keV; and third, models which relate the
production of energetic-recoil atoms to observad changes in measured

physical properties or other characteristics of solids.

In previous papers we have dealt mainly with the first two
kinds of information. This paper is intended to emphasize the latitude
available in the choice of models for comparing predictioas with experi-
mental results. The central idea is that a different model may be best

suited for comparison with each kind of experimental result. The choice
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of a particular model requires some insight into the nature of the
damage process in each case, and as experience is gained, a library of

useful models will be accumulated.

In the next section a brief review of the computational method is
given in order tn make clear what approximations have been made. The
third section describes the results of recoil-energy-spectrum calcula-
tions for various metals. Section four deals with the interpretation
of radiation-effects experiments in terms of several models relating
energy deposition to such factors as defect-cluster formation, and
Frenkel pair production per recoil atom. The final section summarizes
the status of this type of analysis, as well as the future directioms

of the research.

REVIEW OF COMPUTATIONAL METHOD

Neutron Spectra

A neutron-energy grid corresponding to the input neutron spectrum
is used in generating the necessary data for subsequent calculations.
Between group boundaries for multigroup neutron data, the calculations
do not utilize an energy-weight function because its application to all
spectra of interest may not be justified. Hence for both histogram and

pointwise data linear interpolation is used between energy-grid points.

It should be noted that the calculational accuracy of all quanti-
ties derived from the neutron spectrum is determined in part by the
energy~-grid mesh and in part by the accuracy of the neutron spectrum
data. The finer the erergy grid, the more accurate the results; how-
ever, using an energy grid finer than that on which the neutron spec-
trum is specifisd would be unwarranted. It is in this manner that neu-
tron dosimetry ultimately affects the validity of radiation-effects

calculations.
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Nuclear Models

3,9,10

Neutron~scattering models are used to calculate the probabil-

ity, Ki(E,T), that a neutron with lab energy, E, will produce a primary
atom recoil with lab energy between T and T + dT via the ith scattering
process. This probability function, when multiplied by the correspond-

ing scattering cross section, is the recoil probability cross section,
Ui(E)Ki(E,f)dT

for the ith scattering process. This cross section forms the basis for
all calculations in DON.3 Except where noted, all nuclear data required
to calculate the recoil probability cross section are okttained from the
ENDF/B 1ibrary.11 For materials with resonance-elastic~scattering data,

a smooth elastic-scattering cross section was generated external to

pon. 12

The total recoil probability cross section is the sum of the

partial cross sections for each of the scattering processes and can be

written as
O(E)X(E,T)dT = Eci(E)Ki(E,T)dT = {Oél(E)KeI(E,T)
+ Eor(E)Kr(E,T) + Gn,zn(E)Kn’zn(E,T) 1)

+ ﬁcn(E)Kn(E,T) + GXKX(E,T)}d? .

where the subscripts have the following mezaning:
el = elastic scattering
I = inelastic resolved level scattering

(n,2n) = {n,2n) scattering

I = other remaining nonelastic scattering processes
n

included (see Table 1)
x = high-energy model scattering.
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Table 1. Nonelastic Cross Sections Used in Calculations

n Cross Saction

1 Inelastic Continuum
2 (n,p)

3 (n,d)

4 (n,t)

5 (n, *de)

6 (n,a)

The functional forms of Oi(E)Ki(E,T)dT in Eq. (1) are given in
Ref. 3.

Cross section data and the recoil probability cross section are

used to compute the following integrals:

1. Generalized Parameter Cross Section.

G(E) = Jo(E)K(E,T)g(Tydr , (2)

where g(T) is the recoil-dependent parémeter function that can be used
to relate recvoil enmergy to observable radiation effects. For example,
in part of the following discussion we have used the damage energy

form of the recoil-dependent parameter function

0, T<T
o]
g(T) = e(D = ({ TL(D), T <T<T 3
0, T>T, .

L(T) is the Lindhard efficiency factor13 as approximated by Robinsonla

in simple analytic form. Thus,
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L(T) = [1+ KE@IT :
K, = 0.133745 2213 j1/2 .
W= TEL'l s %)
E, = 86.931 2773 oy ,
£0) = w+ 0.40244 % + 3.4008 10 .

With this choice of g(T), we obtain the damage energy cross section

T

ED = f lG(E)K(E,T)e(T)dT R (5)
To

for the recoil-energy interval T° <TX< Tl. If To is set equal to the

displacement-threshold energy, say 25 eV, and Tl is taken as the maxi-

mum possible recoil energy for a given incident-neutron energy then

Eq. (5) is the expression for the total damage energy cross section.
2. Neutron Energy-Spectrum—~Dependent Integrals.

(a) normalized primary recoil energy spectrum,

Jo(E)K(E,T) ¢ (E)dE (6)
Jo(E)$ (E)dE

P(T) =

where ¢(E)dE is the differential neutron spectrum.

(b) spectrum-averaged parameter cross section,

_ JGE)OE)IE
<G(E)> To(E)aE . . N

(c) spectrum-averaged neutron cross section,

« JO(E)$(E)dE
<g(E)> To(E) dE . (8)

(d) spectrum-averaged parameter

z - JCE)O(E)EE _ <G(E)> ©)
Jo(E)O(E)dE ~ <o(E)>  °
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The spectrum-averaged cross section for each of the processes used is
calculated using the data available in ENDF/B. However, to calculate
probabilities at energies above which detailed data are available from
ENDF/B, typically 15-20 MeV, a simple evaporation model was used to
represent all scattering. This model was adopted on the basis of nuc-
lear systematics,15 and the assumption that for most materials of
interast the major contribution to the generalized parameter cross sec-~
tion above the ENDF/B energy limit, E*, comes from nonelastic-scatter-

ing events.

3,4 the high-energy scattering cross section

In earlier calculations
was assumed to be energy independent, and was defined so that it yielded

* *
the correct parameter cross section G(E ) at the energy limit E , i.e.

L3
- G(E )
oy (E) K &, Dgat (10)

where _
Kx(E,T) = Kl(E,T) (subscript 1 refers to inelastic continuum)

with
8(E) = 3.22 x 103 vE(eV)/A , the nuclear temperature.

Except near reaction thresholds, the calculations are relatively insen-
sitive to the magnitude of the nuclear excitation, Q. Therefore, the

value of Qx was arbitrarily chosen to be 1 MeV.

The results reported in subsequent sections have been obtained
with a new high-energy model in which the nuclear-cross sections are
individually extended to higher energies by assigning to each cross
section its value at the ENDF/B energy limit. This has the effect of
removing any discontinuity in the recoil probability distribution at
the ENDF/B limit. A comparison of numerical results obtained with
both high~energy models reveals that they differ by at most a few per-
cent from one another. Thus, our previously published values for
radiation-damage parameters are still reliable.3-7 Nevertheless, the
new model should yield the more accurate values for the recoil prob-

ability distributions, P(T), and they are quoted in the next section.
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CALCULATED RECOIL SPECIRA

One way of comparing neutron sources is an integral method in
which spectral averages are calculated over the full range of neutron
energies, E, and allowed recoil energies, '1'.3’4 A more detailed method
involves restricting the limits of integration on T to intervals small
enough that it becomes effectively a differential calculation. When
this approach is applied to the general parameter average, G(E), it is
possible to determine what fraction of G(E) is associated with each
member of a set of specified recoil energy groups. For example, if
G(E) is taken to be ED’ the spectrum-averaged damage energy, then the
fractional damage energy in each recoil-energy group can be obtained.
The distribution of recoil atoms among the same energy groups is
directly given by the normalized primary recoil-energy spectrum, P(T),
which is always computed. It is instructive to compare the fraction
of primary recoils with the fraction of damage energy in each energy

group.

This comparison has been made for Al (ENDF/B Material 1193),
Cu (1087) and Nb (1164) in five different neutron spectra corresponding
to existing or hypothetical sources: EBRII - midplane, row 7,16
HFIR,17 Y14-MeV" (13.5 - 14.9 MeV), BENCH (a hypothetical fusion-
reactor first~wall spectrum,‘,18 and Li(d,n) (30-MeV deuteron).19 The

numerical results are given in Tables 2-4.

The first point which is immediately apparent is the importance
of recoils in the last energy group, i.e. above 100 keV in the three
fusion~related spectra (last three columns). Better than 60 percent
of the damage energy is contributed by these primary recoils. More~
over, the results are strikingly similar for the three metals. The
Li(d,n) neutron spectrum produces recoil and damage energy fractions
in good correspondence to those produced in the "14-MeV" neutron
spectrum, and is thus a good simulation source. The fission-reactor
spectra, on the other hand, emphasize lower energy recoils and the
distributions are somewhat different in EBRII and in HFIR. Ia the
former, about 50 percent of the damage energy is attributable to



Table 2. Al (1193) - Recoil-Energy and Damage-Energy Sp~c!:a

Recoil Energy EBRII-7 HFIR BENCH "14 MeV" Li(d,n) 30 MeV

(keV) P(T)  ZE T 2E) B(T)  %E) B(T) xE, PRI 2

0- 0.1 0.77 O. 30.4% 0. 0.8% 0. 0. %2 0. 0. % oO.

0.1 - 1.0 6.1 0.2 7.4 0.2 6.0 0.1 0.4 0. 0.4 0.
1.0 - 5.0 24,1 4.7 13.7 2.3 22.2 2.0 1.6 0. 1.9 0.1
5.0 - 10.0 18.1 8.3 8.4 3.4 14.7 3.1 1.8 0. 2.2 0.1
10.0 - 50.0 41.6 51.0 24,3 29.0 32.9  19.1 11.2 1.9 13.8 2.6
50.0 - 100.0 6.9 21.5 8.3 23.6 8.7 12.7 7.9 2.9 10.3 4.3
100.0 - T 2.5 14.3 7.5  41.5 14.7  63.0 77.1  95.0 71.4 92.9

STy-1
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Table 4. Nb (1164) - Recoil-Energy and Damage~Energy Spectra

Recoil Energy EBRII-7 HFIR BENCH "14 Mev" Li(d,n) 30 MeV
(keV) P(T) % P(T)  %E, P(T) %) P %, B ZE
0- 0.1 3.8 0. 57.2%7 0.1 4.4% 0. 0.3z 0. 0.3 0.
0.1 - 1.0 22.8 2.2 1.4 1.1 20.6 0.5 2.9 0.2 3.1 oO.
1.0 - 5.0 40.3 18.7 12.1 7.3 30.3 3.7 11.0 0.4 11.4 0.4
5.0 - 10.0 16.6 20.4 6.4 10.3 13.2 4.4 10.1 0.8 10.2 1.0
10.0 - 50.0 15.9 48.8 11.0  51.0 19.8 18.0 21.4 4.8 23.6 6.5
50.0 - 100.0 0.7 7.4 1.6 21.6 2,9 8.9 6.2 4.9 12.2 11.0

1
-3

100.0 max 0.1 2.5 0.3 8.6 8.8 64.5 48.1 88.9 38.7 8l.1

LIv-1
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recoils in the 10-50 keV energy group with other major fractions at
lower energies. 1In the latter, the 10-50 keV range is also important,
but damage-energy fractions associated with recoils above 50 keV are
considerably larger. Neither source is especially suited to simulation

of a fusion-source spectrum from this point of view.

In HFIR from 30 to v 60 percent of che recoils have energies below
100 eV and contribute a negligible fraction to the total damage energy.
However, in EBRII-~7 less than 4 percent of the recoils are in this low~
est energy group. At the high-energy end of the recoil épectrum the
opposite situation arises. There are twice as many recoils above
50 keV in HFIR as in EBRII-7. It is interesting to note that the re-
coil-energy spectrum produced by the BENCH fusion-reactor spectrum is
similar to that produced in EBRII~7 below 50 keV in all three metals.
The recoil spectrum in this energy range in the BENCH spectrum is
determined mainly by the neutrons returning from the blanket. The
14-MeV source current is represented by the recoil component above
50 kev. It 1is this component, however, that imparts more than 70 per-

cent of the damage energy to each material.

The reason for the good simulation of 1l4-MeV recoil and damage
energy spectra by Li(d,n) neutrons is that for 30-MeV deuterons the
most prohable neutron energy is about 13 MeV. Therefore, the majority
of the neutrons have energies close to the desired value for fusion-

related damage studies.

The character of the initial damage production processes plays a
role in determining important parameters such as interstitial and va-
cancy survival rates and cluster formation. The defect density per
;ascade and the spatial distribution of the cascades depend upon the
recoll-energy ranges which contribute the majority of the damage energy.
The observations made in this section clearly demonstrate that

(1) basic defect production characteristics can be strongly

spectrum dependent, and

(2} 1integral results previously published do not provide an

adequate description of this energy dependence.
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PARAMETER FUNCTION COMPARISON

To estimate the effects of radiation on a material in one neutron
spectrum relative to those in another, it is necessary to select a par-
ticular form of the recoil-dependent parameter function, g(T), to use
in the calculation. In principle one would like to have an appropriate
g(T) to represent or describe the particular form of damage of interest.
The damage energy form of g(T) was used in the above discussion of re-
coil-energy spectra because of its wide acceptance as a relevant damage
parameter although it does not represent all forms of damage. Neutron
spectral data help to identify the recoil-energy ranges in which it is
most important to have detailed knowledge of a parameter functionm.
Therefore, it is important in using or developing parameter functions
to know what recoil-energy range or parameter function is valid or has

been tested.

Two approaches to the development of parameter functions that have
been utilized are theoretical calculations, including computer simula-

20,21 and empirical damage function unfolding.zz-za The computer

tion,
calculations have generally concentrated on estimating the number of
Frenkel pairs, excluding temperature effects, prcduced by primary re-
coils., Some attempts, however, have been made to include irradiation
temperature and defect clust:ering.zs-27 At present, the results of
theoretical calculations form the basis of most of the irradiation
simulation studies.

=24
The damage-function-unfolding technique22 24 utilizes measured

physical property changes in samples irradiated under known conditions
as a basis for deriving parameter cross sections representative of the
type of damage causing the property change measured. Property-change

measurements are made on samples irradiated in several known neutron

spectra. The measurements and the neutron spectra in conjunction with
a trial solution typically based on a theoretical calculaticn are used
as input in an unfolding computer code which produces a param2.:. cross

section.
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The damage-function~derived parameter cross sections have two
general characteristics of importance to the present discussion.
First, over the neutron-energy range "le-2 -5 MeV which is responsible
for about 90 percent of the damage in a typical fission reactor the
derived parameter cross sections have neutron-energy dependencies very
similar to recoil energy or damage-energy trial functions. Second,
outside this energy range large differences between trial f-- tlons and
derived solutions are seen. This fact is due in part to the ¢k of
solution sensitivity outside the range of significant dawage. These
differences, however, are very important in estimating damage effects
for fusion applications. The difference between trial functions based
on theoretical calculations and derived parameter cross section above
5 MeV indicates the range of uncertainty in using these functions in

calculations of damage effects in fusion spectra.

In neither case, theoretical calculations nor damage function un-
folding do we have an adequate basis for extrapolating damage parameters
into the recoil-energy or neutrcn-energy range most important for fusion
spectra damage. One method of illustrating tne magnitude of extrapola-
tion uncertainties as well as indicating the types of simulation experi-
ments that may be the most effective in developing new damage parameters
is to compare several spectrum-averaged parameter cross sections repre-
sentative of different forms of damage in a number of diverse neutron

spectra.

Spectrum-averaged parameter cross sections using four parameter
functions were calculated for Al, Cu and Nb. In addition to the damage-
energy function, e(T), (see Egs. (3) and (5)), the foliowing parameter
functiop'. were used:

(a) Total recoil energy

t(TM) =T , (11)

(b) radiation-hardening parameter

o T < T2
h(T) = ’ (12)

T-T, T, <T
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{(c) Robinson-Torrens model 320

£(T) = e(T)/(58 + 1.22 x 10 e (T)) a3

Equation (12) for h(T) is based on the computer calculations of
Beeler,21 and on the damage function results of Odette and Ziebold23
for changes in yield stress in Fe. The function h(T) represents the
relative probability of producing a defect cluster of sufficient size
during the displacement cascade to act as an obstacle to dislocation
motion. It has been found by Mitchell et 31.28 to compare favorably
with the measured relative hardening rate for reactor neutrons and

14-MeV neutrons incident on Cu.

The Robinson and Torrens model-3 formula, r(T), {(Eq. (13)), is
derived from the results of computer simulation of displacement cascades
in Cu. Their expression indicates that the number of Frenkel pairs pro-
duced is not directly proportional to damage energy. The calculations
upon which r(T) is based covered a damage—energy range up to 10 keV
whereas in the calculations of Parkin and Green8 and the present cal-
culations, r(T) has been ertended to damage energies in the MeV range.
Although this may be a "foolhardy" extrapolation into an untested re-
coil-energy region, for the present interests r(T) has been used since
it provides a parameter function similar to damage energy for low re-~
coil energy and extrapolates to values less than the damage energy at

high recoil energies.

We can compare t(T}), h(T) and r(T) using the damage-energy-param-
eter function as a reference. ¢t(T) and r(T) are similar to damage
energy at low-recoil energy whereas at high-recoil energy they diverge,
t(T) becoming greater than and r(T) less than the damage energy. h(T)
is less than the damage energy at low-recoil energy and greater than

the damage energy at high-recoil energy.

For 9 neutron spectra the spectrum—-averaged parameter cross sec-
tions for the four parameter functions normalized to their respective
values in the EBRII-7 spectra are given in Table 5. The first five

spectra are fission-type spectra whereas the last four have significant
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Normalized Parameter Cross Sections

Table 5.

Modified

Recoil Radiation Damage

Energy

Damage
Energy

Energy

Hardening
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high-energy~-neutron components. The first, third and seventh thru ninth
spectra were described in Section I11I. The remaining four spectra are:

e ]
LPTR-E~1, irradiation position E-1 in the Livermore Pool Type React:cr;"9

EBRI11-2, row 2 midplane in the EBRII;16 U235, 235U fission spectrum;30
and M-LAMPF, calculated spectrum for the Los Alamos Meson Physics Facil-

ity irradiation effects facility.31

One general observation based upon the data ia Table 5 is that in
the four reactor spectra, the results are essentially independent of
the parameter function used, and further that the relative cross sec-
tions are similar for all three materials. These similarities point
out a difficulty in using only reactor irradiations to study material
and spectral-dependent radiation damage. The differences between the
form of damage production in EBRII-7 and HFIR are illustrated by using
parameter functions t(T) and r(T) which respectively emphasize or de-
emphasize high~energy recoils. The results are consistent with the
discussion in ihe preceding section regarding the fractional damage
energy associated with various recoil-energy groups in different neutron

source spectra.

Results for the remaining five spectra on the other hand are sen-
sitive not only to the choice of parameter function, but to material
as well. The sensitivity to parameter function increasas as the high~
energy component in the neutron spectrum increases, the maximum varia-

tions occurring at "14 MeV'".

The largest variations as a function of material are seen in the
two damage-energy-dependent models, e(T) and r (T} whereas the recoil-
energy models t(T) and h(T) give more similar results. This difference
is due to the inclusion of electrounic losses in the damage energy func-
tion.. The most striking example of this effect is found in Al. Using

r(T) we find almost no spectral dependence in the damage.

For a given material the largest difference (2~10) occurs between
h(T) and r{T) or e(T). The last two represent simple Frenkel-pair pro-
duction, while h{T) is used here to represent radiation hardening.

Both e(T) and h(T) have been used in comparative analyzes of irradiation
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experiments performed in reactor-neutron spectra and in a 14-MeV mneutron
flux. Parkin and Snead32 have used damage energy in comparing neutrsn
and charged-particle induced changes in critical current in NbBSn. They
find that for 14-MeV neutrons compared to reactor neutrons the experi-
mental damage effectiveness is less than or equal to the ratio of the
damage~energy cross sections calculated using e(T). The radiation-hard-
ening data of Mitchell et al.23 for copper give relative hardening rate

ratios about the same as shown in Table 5 for copper using h(T).
SUMMARY AND CONCLUSIONS

In this paper we have tried to show, by means of some simple
examples, that radiation-damage parameters are sensitive to the shape
of the incident-neutron spectrum. A good way to exhibit the differ—
ences between spectra is to calculate the magnitude of the contribution
to a given damage parameter that is to be associated with primary recoil
atows in each one of a set of energy groups. The damage energy is one
such parameter, and the results shown in Tables Z-4 exhibit the essen-
tiai differences between a first-wall-fusion spectrum and a nearly pure

“14-MeV" spectrum (13.3 - 14.9 MeV).

The ultimate goal of these studies is to discover models which re-
late recoil-damage production to changes in the physical properties of
solids. In the preceding section we reported the results of using dif-
feirent recoil~dependent parameter functions to compare various neutron
sources. The entries in Table 5 lead us to draw two conclusions:

(1) The relative effectiveness of the sources depends upon the
choice of parameter function. Different choices undoubtedly
will be appropriate for different kinds of experiments.

(2) Fission-reactor spectra comparisons are relatively insensitive
to the models used here. However, spectra with an appreciable
component of high-energy neutrons are much more sensitive.

The models we have used are extremely rudimentary. Appreciable

additional understanding of radiation damage will be forthcoming after

theorists have developed more sophisticated parameter functions which



can be introduced into the calculations. Even then, we will continue

rely upon semiempirical methods to establish functional forms which

are physically meaningful.
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ABSTRACT

It has been demonstrated that the displacement damage and gas production
rates can be reduced in CTR first walls by employing passive carbon shields.
Reductions in displacement damage range from 3 to 5 for 12.5 cm shield
thickness and from 7 to 14 in g3S production rates with the same carbon
thickness. The factors of reduction are 8 to 20 for the displacements
and 17 to 80 for the gas production if a 25 cm shield is used. Depending
on whether the isotopes causing the radioactivity are produced as a result
of fastor thermal neutron activation, the first wall radioactivity can
either go up or down with the increasing carbon shield thickness. It has
been found that at shutdown radioactivity in 316 SS, Al, and Nb first
walls is reduced with increasing carbon thickness while the activities in
V and Ta is iacreased. Long term radiocactivity displays the same trends
in Al, 316 SS and Ta as short term radioactiviry. However, the long term
activity in Nb increases and that in V decreases with increasing shield
thickness.

It has also been found that systems operating on a D-D plasma cycle
have higher displacement rates than respective D-T cycle systems. Gas
production rates are slightly lower in D-D systems except for He production
in 316 SS. This is due to the higher Nid9 (n,0) cross sections for thermal
neutrons.

INTRODUCTION
The use of passive carbon shields to protect the plasma and the metallic
first walls of a fusion reactor has been recently proposed. »2 Carbon
curtains were shown to reduce the plasma energy losses due to impurity atom
buildup, while at the same time protecting the first wall from erosion due
to plasma ion induced blistering and sputtering. It was also demonstrated
that increasing the thickness of the curtain degrades the neutron spectrum

sufficiently such that displacement damage and gas production rates are
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reduced in various CTR first wall materials.3 The latter study revealed
that short and long term radioactivities may either go up or down with
increasing shield thickness depending on whether the activity is produced
by thermal or high energy neutrons. The general concept was given the
acronym ISSEC, for Internal Spectral Shifter and Energy Converter.

Temperature and heat transfer characteristics of ISSECs have also been
extensively analyzed in a previous paper.4 It was shown that an upper
temperature of about 2000°C would be imposed on the graphite ISSEC because
the vapor pressure of graphite at this temperature becomes comparable to
the pressure in the vacuum chamber, i.e. *10-5 torr. Two separate ideas
have been developed as a result of these studies; the full ISSEC and the
partial ISSEC. 1In the case oi full ISSEC, the carbon extends all the way
around the plasma and the plasma is never exposed directly to the first
wall. In the partial ISSEC concept, carbon is used to protect only the
inner blanket, nearest to the axis of a Tokamak where access and maintenance
is most difficult. It was also shown that 2000°C maximum temperature
wonld limit the full ISSEC thickness to ~6 cm and partial ISSEC thickness
to ~30 cm at 1 MN/m2 neutron wall loading and 10 watts/cm2 surface heat
load in a Tokamak reactor operating on a D-T plasﬁa cycle.

The purpose of this paper is to expand the ISSEC concept to reactors
operating with a D-D plasma and to compare the results with the D-T fuel
cycle. We will not discuss the concept of internal tritium breeding as

.. 2
this is treated elsewhere.

CALCULATIONAL PROCEDURES

The one dimensional-homogeneous blanket design used for this work is
shown in Figure 1. A variable thickness carh»n zone was placed between
the piasma and the first wall. A density factor (D.F.) of 1.0 was used
for the neutronic calculations although in practice a D.F. of ~0.7 would
be more reasonable and would result in a thicker ISSEC region. However,
the neutron "optical" thickness would be the same in both cases. The
first wall thickness of 1 cm at a D.F. of 1.0 is intended to cover most
reactor design cases. Again, lower D.F.'s and increased thickness would
be used in practice to include coolant (which we assumed to te helium gas)

and void spaces. The first wall is followed by a 60 cm thick reflector-
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shield region composed of 30% B4C (enriched to 90% B-10) and 70% carbon.
An albedo of 0.2 was used to simulate the final shield for the first five
neutron energy groups (9 to 14.9 MeV) and an albedo of 0.3 was used for
neutrons of lower energy. Obviously, no attempt was made to breed tritium
in this reactor design but only to highlight the anticipated structural
materials responses to the degraded neutron spectra.

The nuclear performance of this type of reactor design was studied by
solving the discrete ordinates form of the neutron transport equation for

a slab using the ANISN5 program with a § approximation. It has been

p P
shown elsewhere that this approximation is adequate to predict jintegral
parameters such as tritium breeding and gas production rates to within
approximately 2% of a higher order calculation like the SlG-PS' The neutron
multigroup cress sections (except for gas production in molybdenum) were
processed using the program SUPERTOG7 from nuclear data in ENDF/BB.8 Gas
production cross sections for Mo were calculated by Pearlstein.9 The
displacement cross sections were calculated from a computer code developed

10,1 . . . .
0,11 and the values used in these calculations are given in

by Doran
Appendix A. All calculations were performed using 46 energy groups.

The reactions considered for the radicactivity calculations, along with
appropriate branching ratios and half lifes are given in reference 3, The
radioactivity and appropriate decay factors for 316 SS were calculated
using a special computer program developed at the University of Wisconsin.
The composition of 316 SS was assumed to be 70%Z Fe, 18% Cr and 12% Ni for
all calculations except radioactivities.

All the calculations are done for two different reactors operating with
deuterium~tritium (D-T) and deuterium-deuterium (D-D) plasma cycles. The
blanket structure shown on Figure 1 was used for both calculations. All
the results are normalized to 1 MW/m2 of neutrons passing through the first
wall (or inner ISSEC surface). In D-D case, it is assumed that all the
tritium that is produced through one branch of the D-D fusion reaction is
consumed in the reactor, As a result, the energy of 50% of the neutrons
generated in D-D plasma is 14.1 MeV and the energy of the other half is
2.45 MeV. 1In the D-T case, all neutrons are of 14.1 MeV energy. With this
assumption in mind, we can calculate the incident neutron fluxes correspond-

ing to the 1 MW/m2 neutronic wall loading in the two cases. 1In the D~T case,
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2
(14.1 el )/1 602x10" 12 P";;"5;‘3‘:)(4 43x1013 ——’21———)(104 Em—)=1 ¥ neutronic)
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In the D-~D case,

(GL22:05 MoV, () goax107t? 220, (7. 564101 ——2———)(10"-‘31“-3 =1 ®(neut ronic)
cm -sec m m

The incident flux required to give a l MW/m2 neutronic wall loading is

4.43 x 1013 n/cmz-sec for the D-T reaction and in the D-D case, it is

7.56 x 1013 n/cmz—sec (3.78 x 1013 n/cmz-sec of 14.1 MeV and 3.78 x 1013

n/cmz-sec of 2.45 MeV neutrons).

RESULTS AND ANALYSIS

Reduction of Displacement Damage

Typical 316 SS first wall neutron spectra for D-T and D-D plasma cases
with 0, 12.5 ¢n and 25 cm ISSEC thicknesses are tabulated and plotted in
Appendix 3. The combination of such neutron spectra with displacement
cross sections in Appendix A yielé the displacement rates listed in
Table 1 and displayed in Figures 2 to 4.

The reader should be cautioned that it is the relative and not absoiute
rates of damage which are important. This is because one can not accurately
compare one element with another on dpa values alone; the homologous tempera-
ture of irradiation has as much or more influence on the final damage state
as does the total damage level.

A few interesting observations can be made from Tzble 1. For the same
neutronwall ioading, even though the number of 14.1 MeV neutrons incident
on the first wall from the D-D plasma is approximately 85% as much as from
a D-T plasma, the displacement rates are higher in D-D systems by 20-35%.
The reason for this is that (1) the 2.45 MeV neutrons will cause consider-
able displacement damage compared to 14.1 MeV neutrons (~80% as much
despite the factor of 6 difference in energy) and (2) more total neutrons
(~70%) are regured to achieve a neutronic wall laoding of 1 MW/mz. How-
ever, the relative effect of the ISSEC in reducing displacement damage is
about the same.

It is also observed that the ISSEC has a greater effect in reducing

the displacement damage in high Z elements as compared to low Z elements.
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Table 1

Factors of ISSEC Produced Reduction in Displacement Damage in

Various CTR First Wall Materials in D-T and D-D Fusion Environments

(a)

dpa/year

D-D Fusion

12.5 em C

Material No ISSEC 12.5 cm C Damage Ratio 25 cm C
Al 19.8 4.8 0.24 1.32
\ 18.4 5.8 0.32 2.22
316 Ss i6.8 3.2 0.19 0.86
Nb 10.8 2.14 0.20 0.54
Mo 12.2 2.34 0.19 0.6
Ta 10.5 2.08 0.20 0.52

D-T Fusion

Al 12.7 3.4 0.27
v 12.9 3.8 0.29
316 SS 11.3 2.50 0.22
Nb 8.48 1.64 0.19
Mo 9.47 1.77 0.19
Ta 8.42 1.60 0.19

‘ay 1 MW/m2 neutron wall loading and 100% Duty Factor
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The reason is complex but can be roughly explained by the low ionization
threshold in low Z elements.13 This ireans that the primary knock on atoms
in Al lose much less eneigy in elastic (displacement) collisions than do
the PKAs in Nb. For example, in Al 107 keV is lost to displaced atoms

per PKA produced by 14 MeV neutrons and 51 keV from 1 MeV neutrons {a
ratio of 2.1). The elastic energy lost bv an average PKA in Nb is 213 keV
from 14 MeV neutrons and 56 keV from i1 MeV neutrons (a ratio of 3.8).
Hence, the reduction in neutron energy by the ISSEC is more effective in
Nb than in Al.

It should be noted here that the displacement cross sections treat
charged particle-out reactions {(n,p), (n,2), etc} as (n,n') reactions.
Recent analysis shows that this underestimates damage done by higher
energy neutrons by the following factors ‘

%Z Underestimate of Damage at 14 MeV

Al 16

v 5

316 SS 17

Nb 3

Mo No data
Ta 0.06

The inciusion of these contributions would increase the dpa level in the
low Z elements for the case of no ISSEC, but would have little effect on
the dpa values in ISSEC protected systems. This would tend to make the
ISSEC somewhat more effective for low Z elements than stated here. How-
ever, even including these correction factors, there still would be a
slight advantage to using ISSECs with high Z as compared to low Z elements.
Turning to relative reduction in displacement damage as a function of
carbon thickness. we see in Figure 3 thet a reduction of 3-5 can be
achieved using 12.5 cm of carbon while reductions by a factor of 20 can
be accomplished by using 25 c¢m of carbon TISSEC in fromt of Mo. The
significance of this observation is that if the wall life is predominantly
determined by the level of the total displacement damage (without regard
to the spatial configuration of defects) then one might extend the wall

life due to radiation damage alcne by factors of 5-20 in Mo and similar
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values in other systems. The relative reduction in dpa rate achieved
with the D-D system are within 10-30% of the D-T case and are not pre-
sented graphically here.

Reduction »f He and H Production Rates

Table 2 lists the effect of carbon ISSEC on He gas generation rates
in potential CTR first wall materials subjected to neutrons rrom D-D
plasma and Table 3 gives the results for hydrogen production. The same
results for the D-T plasma are shown in Table 4. Analysis of the cross
section data reveals that almost all the helium and hydrcgen production
reactions in the materials considered for this study hive thresholds
over 2.5 MeV. This means that the helium and hydrogen producrion raies
in the D-D plasma case are lower than in the D-T case by a factor almost
identical to the reduction in the 14,1 MeV component of the incident fiux
per 1 MW/m2 neutronic wall loading; namely by the factor of 4.43/3.78
(1.17).

The absolute effect of carbon ISSEC on helium generation in metals
for the D-T case is shown oa Figure 5. The same general behavior holds
true for the D-D neutrons. The absolute effect here is much more pro-
nounced than in the case of displacement damage. Reductions in helium
gas productions range from 7 to 14 for 12.5 cm carbon and from 7 to 11
for hydrogen production with the same carbon thickness. The factors of
reduction are 27-80 and 17-55, respectively for a 25 cm carbon ISSEC.
Except for V and Al, the reduction in He production is always greater
than that for the reduction in hydrogen production. The reduction in
helium gas production in Ta is a factor of 2 more than the reduction in
V. This is due to the lower threshold for (n,d) reactions in V (~7 MeV)
than for Ta (11 MeV).

The relative reduction values are plotted in Figure 6 and it is to be
noted that on a linear scale, there is little difference between the
elements. If there is a discernable trend, it is that the relative
reduction is greater for high Z elements than for low Z elements. This
is undoubtedly due to the high coulomh barrisr (and therefore higher
thresheld energies) for (n,a) reactions in the high Z elements.

There is e major thing missing in the data we have presented so far as

the helium gineration in 316 SS is concerned. As we increase the
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Table 2

Effect of Carbon ISSEC on the Helium Gas Produrtion Rate in
Potential CTR Materials in D-D Fusion Environment

Appm He/Year(a)

Material No ISSEC 12.5 cm C 25 cm C
Al 405 42.8 8.90
v 67.0 9.72 2.46
316 ss (P 239 22.8 4.6
Nb 27.8 2.82 0.58
Mo 62.0 5.94 1.2
Ta 6.42 0.46 0.08

(a) 1 MW/m2 neutron wall loading, 1007 Duty Factor.
(b) Neglecting helium from Nisg.

Table 3

Effect of Carbon ISSEC on the Hydrogen Gas Production Rate in
Potential CTR First Wall Materials in D-D Fusion Environment

Appm H/Year(a)

Material No ISSEC 12.5 cm C 25 cm C
Al 944 95.2 20.0
v 122 24.4 7.32
316 SS 675 88.4 260.6
Nb 93.6 10.7 2.32
Mo 127 11.7 2.32
Ta 0 0 0

(a) 1 Mw/m2 neutron wall loading, 100% Duty Factor.
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"Table 4

Effect of Carbon ISSEC Thickness on the Gas Production
Rztes in Potentizl CTR Materials(a)

D-T Plasma

appm He/yr Danage appm H/year Damage
Material No ISSEC 12.5 em ISSEC Ratio No ISSEC 12.5 cm 1SSEC Ratio
Al 476 50.1 0.11 1110 111 0.1¢
\Y 78.6 11.4 0.15 143 28.6 0.20
316 SS 280 26.8 0.10 736 100 0.14
Nb 32.7 3.32 0.10 110 12.6 0.11
Mo 72.6 6.95 0.10 149 13.7 ¢.09
Ta 7.52 0.55 0.07 [ 0 -
(a) 1 MW/m2 neutronic wall loading, 100% Duty Factor
480 — ~y ¥ T
Sww/m’
{raytromc)
D-T resction
]
¥, 4
«
&
¥
20 30
THOKMESS OF CARBON SWELD (Ful Denaityl-cm
Figure 5 Reduction of Helium Generation Rates with Carbon ISSEC

in D-T Systems.
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thermal components of the flux in the first wall by putting carbon in front
of it, the Nisg(n,y) Nisg(n,a) reaction sequence plays an important role
and the helium generation in 316 SS increases dramatic:.lly. We have
calculated this effect and the results are given in Table 5 for various
plant operating times, with 100% duty factor, and for different ISSEC
thicknesses. The calculaticnal procedure for this is given in Appendix C.
Table 6 lists the total amcunt (duve to thermal and lL.igh energy neutron
reactions) of He generated in 316 SS first wall. The results are also
plotted in Figure 7. It is apparent that while this thermal neutron
induced helium generation is negligible when we have no ISSEC in both

D-D and D-T cases, it becomes increasingly important as the carbon
thickness and the first wall lifetime increases. This is especially

true in D-D because of the larger number of neutrons and the softer

spectrum.

For the D-T case with 12.5 cm of ISSEC, the amount of helium generated
from NiSB(n,y), Nisg(n,x) reactions never quite catches up with the amount
of helium generated from (n,:) reaction with fast neutrons even after
20 years of operation. But in the D-D case, the thermally produced u's
over~ride the fast neutron produced 1's after about 4 years with 12.5 cm
1SSEC, and after about 6 months with 25 cm of ISSEC.

Effect of ISSECs on the Neutron Induced Radioactivity

The effect of ISSECs on the neutron induced radioactivity depends on
whether the isctopes causing the most radioactivity are produced as a
result of fast neutron or thermal neutron activation. One may even get
reversal of the trends depending on the half lives of the isotopes.

Table 7 lists the levels of neutron induced radicactivity in potential
CTR first wall materials at various times after shutdown for a two year
operating time in a D-D system. The results are tabulated for bare wall
and two different ISSEC thicknesses. Table 8 lists the radioactivity
after 20 years of irradiation time. Two year irradiation results are
plotted in Figures 8, 9 and 10 at shutdown, 1 year after shutdown and
100 years after shutdown, respectively. At shutdown and 100 years
after shutdown, results for D-T plasma case are given in Tabies 9 and
10 along with the D-D results for comparison. The D-T neutronic

calculations were done for only 0 and 12.5 cm ISSEC thicknesses. For
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Table 5

Appm He* Generated in 316 S5 from Nisa(n,y), Nisg(n,a) Reaction Sequence Only

D-p
Operation
Time (years) No ISSEC 12,5 cm C 25 cem C
1 0.0052 5.65 28.2
2 06.0212 22.6 113
5 133 141 704
19 .531] 565 2820
20 2,12 2260 11260
D-T
No ISSEC 12.5 cm 1SSEC
1 0.0023 1.14
2 0.0093 4.55
5 0.059 28.5
3] .23 114
20 0.94 455

* Per | ;‘-ﬂn'/m2 neutron wall leading, 100% Duty Factor



*
Total Appm He Generated in 316 SS
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Table 6

Operation

Time {(Year) No ISSEC

1 239

2 477

5 1190

10 2390

20 4770
No ISSEC

1 280

2 560

5 1400

10 2800

20 5600

12.5 cm ISSEC

28.5

€3.2
255
793
2720

D--T

12.5 cm iSSEC

27.9

58.2
163
382
991

25 em ISSEC

32.8
122
727

2861
11400

2
* Per 1 MW/m™ neutron wall loading, 10G%Z Duty Factor and includes

threshold and thermally produced gas.
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316 8§

Level of Neutron lnduced Radioactivity at Various Times After Shutdown in the First Wall
Carbon ISSEC Protected System After 2 Years of Operation/DD Plasma

No ISSEC

12.5 em 1SSEC
25 em ISSEC
No [SSEC

12.5 em ISSEC
25 ¢m ISSEC
No I8SEC

12.5 em ISSEC
25 cm ISSEC

No 1S$SEC

12.5 cm ISSEC
25 ecm ISSEC
No 1SSEC

12.5 om ISSEC

25 cm 1SSEC

Shutdown

39.8

1951.

2478
83.5
26.3

47.0

1 day
6.84

164.8

1270.

1632
58.1
23.0

45.2

Table 7

2
{a) Per 1 MW/m" neutronic wall loading, 100% Duty Factor.

(b) Values at 10 years after shutdown

curtes/en’ )

1 week 1 year
8.8 x 107° 1.3 x 1077
9.4 x 107 7.7 x 1077
1.9 x 107% 1.3 x 1077

.56 -0
.04 -0
1.3 x 1072 -0
96.6 1.9 x 1073
8.5 8.4 x 1077
1.64 9.6 x 107
120.8 13.9
1221, 140.6
1573 181
. 25.5
- 4.9
- 7.9

20 years

1.3 x 1070

7.7 x 1077

1.3 x 1077

-0

<0

~0
1.9 x 10
8.4 x 10
9.6 x 10~

9.0 x 10

9.2 x 10

1.2 % 10
2.1

(b)
)

0.42

0.71

of a

100 years
1.3 % 107

7.7 x 107

1.3 x 107

~0
~0

1.9 x 10~

8.4 x 107

9.6 x 1072

~0

~0

~0

2.1 » 1073

1.81 x 107°

OSR 10_5

oh-1



Table 8

(a) of Nevtron Induced Radioactivity at Various After Shutdown Times in the

Level

First Wall of an ISSEC Protected System After 20 Years of Operation/DD Plasma

Curieslcm3 (a)
Shutdown 1 Day 1 Week 1 Year 20 Years 100 Years
No ISSEC 39.8 6.86 9.0 x 1000 1.3 x 107" 1.3 x 107° 1.3 x 107
Al 12.5 ISSEC 11.8 0.72 9.4 x 10" 7.8 x10°® 7.8 x 107° 7.8 x 107°
25 cm ISSEC 17.9 0.15 2.0 x 107° 1.3 x 107° 1.3 x 107° 1.3 x 1078
No ISSEC 27.2 5.52 .56 -0 -0 -0
v 12.5 em ISSEC 95.4 4 .04 ~0 -0 -0
25 cm ISSEC 345.4 .1 1.3 x 1072 ~0 -0 -0
No ISSEC 183.4 146.4 96.6 .019 .019 .019
Nb  12.5 cm ISSEC 122.2 12.9 8.58 .084 .084 .084
25 cm ISSEC 126.4 2.58 1.74 .096 .096 .096
No ISSEC 498.4 166.4 122.2 14.1 9.2 x 1078 -0
Ta  12.5 cm ISSEC 1966 1286 1236 162.4 9.2 x 1077 -0
25 cm ISSEC 2498 1651 1592 183.2 1.2 x 10716 -0
No ISSEC 125.5 99.6 - 57.2 5,20 0.019
316 SS 12.5 cm ISSEC 32.1 28.8 -- 11.3 1.02® 1.67 % 1073
25 cm ISSEC 46.6 45.1 -- 17.8 1.6® 314 x 107°

(a) units are curieslcmJ per 1 lemz neutron wall loading at 100X duty factor.
{b) values at 10 years after shutdown

§oHy-I
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Table 9

ISSEC Protected System After 2 Years of Irradiation

(a)

D-T Plasma”

12.5 em ISSEC

20.4
32.8
15.3
60.4
NA
925
(a)

D-D Plasma

i2.5 cm ISSEC

Material No ISSEC
Al 47.4
v 13.3

316 SS 91.2
Nb 138
Mo NaA
Ta 471

Material No ISSEC
Al 39.8
v 27.2

316 ss 83.5
Nb 183
Mo NA
Ta 497

11.2
95.4
26.3

122

1950

Fraction of !nprotected

First Wall Values

0.43 (decrease)
2.44 (increase)
0.17 (decrease)
0.43 (decrease)

1.96 (increase)

Fraction of Unprotected

First Wall Values

.28 (decrease)
3.51 (increase)
.32 (decrease)
.67 (decrease)

3.93 (increase)

(a) curieslcm3 per 1 Hw/m2 neutron wall loading at 100% duty factor

NA - Not Availatle
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Table 10

Level of Neutron Induced Radioactivity 100 Years After Shutdown in the

First Wall of ISSEC Protected System After 2 Years of Irradiation

Material No ISSEC
al 1.42 x 107°
v 1015
316 sS 3.42 x 1077
Nb 0.001
Mo NA
Ta <1071’
Material No ISSEC
Al 1.3 x 107°
v «ao P’
316 SS 2.1 x 1073
Nb 1.9 x 1073
Mo NA
Ta <1071

)
D-T Plasma(a’

12.5 cm of ISSEC

9.14 x 1077
<0-13
2.05 x 107°
0.0038
NA
<1013

D-D Plasma(a)

12.5 cm of ISSEC

7.7 x 1077

4

Fraction of Unprotected
First Wall Values

0.06 (decrease)

0.15(b) (decrease)
0.06 (decrease)
3.85 (increase)

B(C)(iucrease)

Fraction of Unprotected
First Wall Values

0.06 (decrease)
0.07(b)(decr9as;$
0.09 (decrease)
4.42 (increase)

IO.Z(C) (increase)

(a) curies/cm3 per 1 MW/m2 neutronic wall loading, 100% duty factor

(b) value 1 week after shutdown
NA - Not Available
(c) values 20 years after shutdown
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voth U-D and D-T cases the trends are the same. The short term radio-
activity decreases for Nb, 316 5SS and Al, but it increases for V and Ta
as the thickness of the carbon shield is increased to 12.5 cm. When one
considers the long term radioactivity, V and Nb switch places and Ta and
Nb have higher radioactivities while 316 SS, V and Al have lower radio-
activities than with 12.5 cm of ISSEC than they do with no ISSEC.

As the thickness of the ISSEC is increased over 12.5 cm, some interesting

things start to happen. In Al and 316 SS those isotopes produced as a
result of thermal neutren activation gain importance and the radio-
activity curves start to rise. Nb and Ta total activities sarurate but

V keeps increasing. At 1 year after shutdown, 316 S5 curve still has

the same shape but Al radioactivity keeps decreasing because of the short
half lives of those isotopes thermally produced. The Nb and Ta actifities
again tend to saturate. At 100 years after shutdown in 316 SS, the
thermally activated radioisotopes have decayed away and the total
radicactivity continues to decrease with increasing carbon thickness.

It should also be noted in Tabies 9 and 1C that the ISSEC is more
effective in reducing neutron induced radioactivity at shutdown in 316 SS
and Nb for D-T than for D-D, It is also apparent that the ISSEC is more
effective for Al in the D-D case than for the D-T case. At 100 years A
after shutdown, the reduction im radioactivity in 316 SS is less in the
D-D system. The reduction factor is atout the same in Al for both cases.
At long times after shutdoﬁn radioactivity in V decays to insignificant
levels. However, at 1 week after shutdown, it is reduced more in
D-D system than in D-T. Long term radioactivities in Nb and Ta increase
mere for the D-D than the D-T case because liong lived radioisotoﬁes in

Nb and Ta are produced ¢s a result of thermal (n,Y) reaciioms.

Radiation Damage in the ISSEC
The reduction in metallic damage properties is partially taken up by
the increased radiation damage in the carbon. The most serious questions
have been assessed elsewhc;ce2 and they are:
1. Will any displacement damage survive at irradiation temperatusras
of 1500-2000°C(0.5~0.66 T/Tm)?
2. What will thea generation of large amounts of He (several thousand
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appm) do to the carbon at high temperatures?

Unforturately, there is no experimental evidence to answer these questions
now, but the autners tend to think that the displacement damage will
anneal at these high temperatures, but the helium may collect into

bubbles causing dimensional instabilities. Some recent work done

by Bauer et al.15 give some reasoin to hope that little permanent damage
will be done due to this high helium generation. It was found that the
remission rate of helium bombarded carbon was very high (essentially

100%) at temperatures of 1200°C. If this holds true for the carbon in

an ISSEC, then perhaps there is little cause for concern about the

several thousand appm of helium generated per year of cperaticn at 1 MW/m2

neutron wall loading. Obviously, more work is needed in this area.

DISCUSSION

All the results presented so far in this paper and elsewherez’3
have been normalized to 1 MW/m2 neutronic wall loading. W¥When one considers
only one type of reactor with a certain plasma cycle, this way of normalizing
the radiation damage results is quite convenient. The response of different
materials to neutron spectral shifting, provided the same Blanket structure
is used in all cases, is also straightforward. However, when one con-
siders two different plasma reactions as we have, another way of comparing
the radiation damage results might be to normalize on the basis of MW of
power. In the real case, the difficulty is that one needs to breed tritium
for the DT cycle whereas in the D-D cycle, this is not required. Therefore,
it is quite probable that two completely different blanket structures
would be used and the neurron energy multiplication, as well as Y heating,
can te much different for the two cases. All the present calculations
were done with the same non-breeding blanket scheme shown in Figure 1,
so any comparison made on the basis of total power generation would nnt
be meaningful.

Another way of quoting the damage would be to normalize it on the basis
of a megawatt of power generated in the plasma. Such a2 comparison requires
a knowledge of the burnup of tritium and He-3 atoms produced by the D-D
reactions. Miley16 has shown that at 30 keV, essentially =1l the tritium

produced is consumed and approximately 20% o1 the He-3 is "burned".
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The reactions taking place and the energies of various products (MeV)

in a D-D plasma are given below.

D+D -~  T(1.01) + p(3.03)
D+D -  He(0.82) + n(2.45)
D+T ~  He'(3.52) + n(l4.06)

D+ Hed »  He'(3.67) + p(l4.67)

If we use the results of Miley, we can calculate the neutron flux
associated with a 1 MW/m2 wall loading based on the thermal power
produced in the DD plasma.

.
1 MW/mz(plasma thermal) = (const.) x (4'04+3'27+17'go+0'LXI8'3)

MeV
n

(4.34 x 1013 nf(cmz—sec)

In the D-T case,

1 —}1“2— (plasma thermal) = (const.) x 17.6 &Y x 3.55 x 10!° —3——
ird n cm ~-sec

where the conversion factor (const.) has a value of 1.602 x 10-15. it

appears that if we wanted to nonealize our re;ults te 1 HW/m2 (plasma
thermal), the D-T results (dpa, gas production, activation, etc.) would
be approximately 20% less than presented here and the D-D results would
be 43% less. These reductions tend to make the displacement rate equal

in both systems and increase the advantage of the DD spectrum with respect
to helium and hydrogen production.

For illustration, results for 316 SS are reproduced in Table 11 for the
two normalizations. In this table, dpa and hydrogen production results
are lower when they are normalized on the basis of plasma thermal by the
factors given above; namely 20% in D-T and 437% in D-D cases. The same
conclusions can be drawn about the other materials considered here.

Analysis of this work leads us to the observation that the radiation
damage incurred in protected or unprotected D-D systems is almost the
same as for the D-T systems. For example, as we see in Table 11 the
dizilacement damage is higher Zn D-D systems when neutronic wall loading
normalization is used, but this becomes about the same in the two svstems

when plasma thermal normalization is used. Gas production results are 10
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Table 11

A Comparison of Possible Normalization

Procedures for DD&DT Fusion Systems ~ 316 SS First Wall

1MW/m 2 1MW/m 2
Neutronic Plasma Thermal

DD DD
b-Db DT BT DD T bT
dpa/yr No C 16.8 11.3 1.49 9.64 9.06 1.06
12.5cm € 3.2 2.5 1,28 1.97 2.0 0.99

25 cm € (.86 - C.49

Appm He

10 yrs. No C 2387 2800 0.85 1370 2240 .61
12.5cm C 793 181 2.08 317 305 1.04

25 em C 2861 956
Appm  No C 675 736 0.92 388 590 .66
BIyt  j55emcC  88.4 100 0.88 50.8 80.1 .63

25 em € 20.6 - - 11.8 - -
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o 2
to 15% lower in D-D with 1 MW/m"~ (neutronic)normalization. This difference
in gas production rates goes to 30-40% for the second normalization but it

still is not much of an improvement over the D-T system.

CONCLUSIONS

A few general conclusions can be gathered from these studies about
both DT and DD carbon ISSEC systems.

Reduction in displacement rates of 3-5 can be obtained with 12.5 cm
of carbon and 25 c¢m can reduce displacement damage by a factor of

8 to 20.

With the exception of 316 SS, helium production can be reduced by
factors of 7 to 14 with 12,5 cm of carbon and by factor of 27 to 80
with 25 cm of carbon.

The use of carbon ISSEC to soften the neutron spectrum to 316 SS
initially decreases the helium production rates by a factor of

8-10 for 12.5 cm (1 year). However, due to build-up of Ni-39

which has a high thermal (n,&) cross section, the total amount of
helium generated after 10 years of operation is actually greater in
D-D ISSEC system than that in an unprotected first wall.

Depending on the mode of activation and time after shutdown the
ISSEC systems can increase or decrease the iniluced radioactivitcy.

in general, it decreases the short term radioa:tivity of Al, 316 SS,
and Nb. It actually.increases the activity in V and Ta. The behavior
is somewhat different for long term activities in that the activity
of V is decreased and that of Nb is increased over the unprotected
case. (The rest of the values stay the same).

There are also several conclusions we can state for DD versus DT ISSEC
protected systems that produce the same neutron power and have it passing
through the same wall area.

Advantages of D~D ISSEC

. The helium production rates are approximately 15% lower for all elements
except those containing Ni regardless of the ISSEC thickness.

. The short lived radioactivities is reduced without an ISSEC in
Al (16%) and 316 SS (9%). Behind a 12.5 cm ISSEC this reduction is 45%

for Al.
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. The long lived radioactivity is reduced without an ISSEC in Al (133%)
and 316 8S (39%). Belind a 12.5 cm ISSEC, it Is reduced by 167 in Al and
127 in 316 SS.

Disadvantages of a D-D ISSEC

. The displacement damage is increased, without an 1SSEC, in Al (567),
V (43%), 316 $S (49%), Nb (277), Mo (297), and Ta (25%). Behind 12.5 c¢m
ISSEC the rates are still higher than in a DT system for Al (41%), V (53%),
316 88 (287), Nb (30%), Mo (32%7), and Ta (30%Z).

. The helium production from Nisg Is increased by a factor of 5 behind
a carbon ISSEC.

. The total helium production is 2% greater after one year of DD neutrons
and 2707 greater after 20 years of irradiation for 12.5 cm 1SSEC,

. The sherv lived radiovactivity without an 18SEC {s fucreased in
VvV (105%), Nb (33%), and Ta (17). Behind & 12.5 cm IS8EC, the same
radivactivity {s ipcreased in V (188%7), Nb (103%), Ta (111%Z) and 316 SS
(72%) owver the similav DT case.

. The long lived radioactivity is increased in the unprotected wall
for Nb (90%; and Ta (61i%). Behind a 12.5 cm ISSEC it is also ircreased
for Nb (1217) and Ta (115%).

The above conclusions for the displacement rates will be altered by
~297% i€ the results are calculated on the basis of total power generated
in the plasma. In general, this will tend to make the displacement rates
about the same for both DT and DD systems and make the DD systein more
advantageous from the standpoint of helium and hydrogen production by high
energy rcactions. The exception is that the total amount of helium pro-
duced in Ni containing alloys will still be greater in DD as compared to
DT systems.

The conclusions about the short and long lived activity will be the
same except for one exception, the short lived activity of Ta without an
ISSEC will be decreased, not increased.

An overall conclusion is tiat a DD system does not represent a signifi-
cant advantage over a DT system unless relacive difference of 20% in the
amount of He produced in non-Ni containing alloys is a critical featwure.

Certainly a DD system represents no significant advantage over the DT case
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Appendix A

Displacement Cross Sections - Used in this Work

2078
1993
1955
1913
1903
1898
1848
1763
1703
1660
1623
1560
1493
1610
1375
1295
1275
1070
738
634.4
462.8
398.3
373
301.4
195.6
196.8
180.3
120.8
68.6

Yo
1751
1670
1557
HL )|
1362
1281
1254
1156
1108
1048
965
916.2
887
B43.2
780
759
74101
711.9
639.2
534.6
442.1
378.4
342.6
287.9
247.6
201.2
164.8
128.9
93.5
44.5

Nb
1717
1613
1518
1435
1372
1305
1238
1165
1088
101y

935

863

797

~:

3
83
637
610
610
569
500
461.6
425.8
373.5
256
173.7
138.5
109.6
87.3
68.1
34.3

~i

>l

Barns
v
2279
2169
2097
2056
2009
1973
1938
18¢9
1861
1816
1752
1690
1626
1766
1502
1457
1379
1346
1073
967.1
-849.8
581.6
463.2
387.9
382.2
309.4
285.8
285.8
190.6
109

Al
1924
1909
1883
1823
1733
1710
1710
1695
1568
1703
1658
1620

e
o
&
O

[
\n
o
co

1538
1500
1474
1556
1379
1211
1068
1023
860.8
831.4
601.5
511.8
545.6
597.4
330.7
136.9




I1-469

Appendix A

Displacement Cross Sections ~ Used in this Work

Group 36 s5 Mo Nb v Al c
31 93.1 20.1 17.6 212.6 231.5 193.5
32 26.3 13.8 9.3 106.3 132.1 99.4
33 15.8 6.7 5.2 146.5 Q7.4 49.5
34 5.2 3.6 1.9 8.44 32.5 24.6
35 3.56 .2 1.5 .51 14.7 12.0
36 1.04 1.9 1.3 .26 6.3 5.8
37 .13 1.1 1.3 .36 2.7 2.8
38 .19 2.0 1.3 .36 .64 1.4
39 .27 8.0 1.3 .37 .88 (¢}
40 A 1.4 1.1 .84 1.11 0
41 .58 4l . 045 .78 1.41 0
42 .84 .19 . 065 1.1 2.7 0
43 1.2 .23 .095 1.65 3.8 0
44 1.79 .33 .14 2.4 4.5 0
45 2.6 .48 0.2 3.5 8.3 0
46 5.3 1.0 0.4 6.83 14.6 0

The above 46 group displacement cross sections for 316 S5, Mo, Nb,

V and Al are condensed ffom the 100 group cross sections given in
references 8 and 9. The displacement threshold energies used are 24,
37, 36, 24 and 16 eV for 316 SS, Mo, Nb, V, and Al, respectively.11
The secondary displacement function used is:

L{c) T
€ 2E

viT) = B
d

where Ed is the effective displacement energy, taken to be 5/3 times

displacement threshold energy,

€ = ALT and for pure materials of atomic number
Z and atomic weight A,
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_0.01151 -1

A ev
L (2)7/3

€
L(e) {1+ K 8(e)]

3/4 /6

where g(g) = € + 0.40244 ¢'% + 3.4008 ¢!

2/3
. o 0.1334 (Z)" ©
and kL -—;TTE—.——_—

g = 0.8

The carbon displacement cross sections are from W. C. Morgan, ref. 17.
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APPENDIX B

n's/cmz—sec Incident

Group b-T Reactiovn

_r fu LSSEC 12.5 cm ISSEC
1 2.3259 + 15+ 1oa2nl + 14
2 1.1157 + 14 5.%73% + 13
3 1.1843 + 1} 3.2674 + 13
“ 7.185%0 + 13 Jonidll o+ 13
5 4.5008 + 13 l.a963 + J3
[} 6.2184 + 13 [ CE + 13
7 4.599: + 11 J.8585 ¢+ i
8 40185, ¢ 13 3,708+ 13
9 3.2641 + 13 2200 0+ 13
10 1.9763 ¢ 13 3.0527 + 13
1. j.soh + 13 o321 % 1
12 3.7632 « 13 2.619 + 13
11 3.7388 + 13 2.378 0+ 13
ts 3.5695 « 13 S.0927 + 13
15 1.B63T « 1 179492 + 134
1o w.63b] + 13 J.5186 + 1
17 5. 3827 + 13 2071 . 13
18 Jiwan o+ L3 3.7625 + 13
1y Johuhl ¢ 1. 1.2079 + .
20 EPR T, R Y 1.<280 + 1.
23 3. 3<% + [ Joalh2 & .
RN EPRR T8 B 1.3157 + la
RE] 3.17%% « 1o Lolew?a + la
AR 2. 6252 & 1y L1290+ 2.
4o 2.5470 4 1. 1.0689 + 1a
2n 1.990% + 14 9.5222 + 13
27 1.5859 ¢ 1. 4.6641 + 1Y
5 1.3552 + 1 ALY ¢
29 L.6988 « 1 Toalhl s 1o
30 9.85%85 + 14 1oal?2 = 1
31 5.0216 + 13 1.3719 + 1.
3l 2.3768 « 1.16006 » 1.
33 1.9200 + 13 TLU95T7 + la
3% J.B235 + 12 CNE T PRE S
15 6.4045 + 11 T.9846 + 1
36 1.7887 « |} T.aNB8e + 1)
37 3.84813 < 10 6.9059 + 13
38 9.1479 +« 9y 6.5%237 + 13
EL) 2.4159 « 04 5.97% + 13
40 3.4589 « 04 5.5082 + 13
i 5. 1950 + 07 5.1835 + 13
42 9.4679 + 08 4,835 + 13
&3 1.7284 + 06 L4.5004 + 1)
44 2.0%56 + 05 . 1743 + 1)
45 2,4277 + 0+ 3.85%06 + 13
46 21,2899 + 03 4.64354 + 14

* Numbers in

-]
LR

1,07

No_ISSEC
1.1630 + 15
y.ITRAe 4+ )8
3.5922 + 13
3.5925 - 13
2 2800+ 14
01092 4+ 13
PR LR I
Q.UM 0+ 13
l.b3)lh « 13
1.9BR2 « 13
1,733 + 13
1,481k + 13
R L1 PEE )
1.9348 + 13
1.9319 « 13
2. 3181 « 03
sobhdle w0
1.3012 « 15
R IR F I Y
S.0800 4 T
PP DI
38030 . e
joedln + 1
ZnTh e .
FADES INE, TORE )
Pohlde = 1o
1T+ 14
JPIAREE i $)
TLartia o+ 14
5.3005 + 13
AU
11779 + 13
EPAPLT.SE
TLAeAY + 1]
1.704n + 11
$.885% + 10
J.hLET + 09
1.6021 + 09
2. J3Me + OB
3.635% + 07
5.8077 + U6
9 +
1 +

+

+

1.3989

+
this table should be read as a- n = a x

D-D Reaction

7.1309
2.6877
1.6337
1.3156
7.2514
1.81%6
1.4292
1.8%40)
1.1010
1.5263
1.216}
1.3095
1.1865
1.0464
8.9960
1.2593
1.2860
5.2485
1.5594
1.7685
1.7«16
1.6134
1.5177
3.3338
1.3)%3
1,147}
1.0A85
1.0181
1.7686
1.7994
1.6697
1..983
1.4212
1.9780
1.0409
9.¢718
9.0236
8.13988

.8163

.2856

12.5 cm ISSEC

R A i T T S e S T G

13
13
13
13
12
13
13
13
13
13
il
13
13
13
12
13
13
13
14
14
la

25 cm 1SSEC
1.1786 + 13
6.4653 + 12
4.0183 + 12
3.4260 + 12
2.0268 + 12
4.7694 + 12
3.0461 + 12
€.4088 + 12
3.4242 + 12
5.1483 + 12
4.3510 + 12
4.6437 + 12
4.2978 + 12
3.7237 + 12
2.9962 + 12
4.2887 + 12
4.1963 + 12
9.7131 + 12
3.4937 + 13
4.1899 + 13
4.3548 + 3

4.2282 + 13
4.1311 + 13
5.8236 + 13
3.7916 + 13
3.4%66 + 13
3.3019 + 13
3.2428 + 13
5.9809 + 13
6.5620 + 13
6.583% + 13
6.3376 + 13
6.4468 + 13
5.8016 + 1

5.3751 + 13
5.3051 + 73
5.2371 + 13
5.1422 + 13
5.0374 + 13
4.9335 + 13
4.8236 + 13
4.7106 + 13
4.3900 + 13
4.4526 + 13
4.2932 + 13
1.5575 + 15
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EFFECT OF CARBON ISSEC ON NEUTRON
SPECTRUM FROM A D-D PLASMA-| MW /m2
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APPENDIY C

1t has been known for some time that anomalous helium production occurs

in Ni because of JSNi(n,y) 59Ni(n,a) reaction sequence. Therefore, calcu~

lations were performed to test hew important the SgNi reaction is to helium

production in 316 SS first wall with the comparatively softer spectrum

characteristic of 12.5 and 25 ¢m of 1SSEC. Ignoring the burnout of Ni atoms,
59 5 .
the number of Ni atoms as a function of time, N 9, dae to a concentration

NSS of SaNi atoms undergoing (n,Y) reaction with a cross section UY, is

S

(o]
2ty = £ 8%,
i71
i
where ¢  is the neutron flux in the ith energy group, The number of helium

pg

He -
atoms, N, produced in time, T, is then

T
wHe - [ ng(:)c?¢j dt
i3 )
(o]
e i
2oy 1%

a 59
where o is the (n,a) cross section for Ni. A .cre precise treatment

would show that as the )9Ni concentration reached steady state, N € would

2
be proportioral to T, rather than T", which means the results presented here
will give a pessimistic estimate of helium production. The (n,a) cross

cection of Kirouac (Nucl. Sci. Eng., 46, 427, 1971) was used.
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ABSTRACT

Ion bombardment is employed to simulate the neutron
damage that will occur in fusion reactor structural materials.,
These experiments usually involve specimens whose thickness
is large compared to the ion range. The correct interpreta-
tion ¢f such experiments requires inclusion of the impact of
swelling-induced stresses, which arise from the rigidity of
the non-swelling region beyond the ion range. An initial
low level of swelling is accommodated by elastic compression
of the voided region, giving rise to anisotropic stresses
whose deviatoric components iead to plastic deformation by
various irradiation creep mechanisms. Swelling generates
th2 stresses which lead to creep, which in turn limits the
magnitude of stress. The hydrostatic stress along the ion
range eventually saturates at a level which reduces the
swelling rate from the anticipated stress-free value. The
swelling is fully arisoiropic, two-thirds of the deformation
having been diverted from directions normal to the ion beam.
Crystalline anisotropy fw ther modifies the relative rates
of ereep processes, and radiation-hardening of the lattice
imposes an additional fluence dependence. Stress reversal
at denuded zones leads to second-order stress effects. The
use of step height measurements allows observation and mea~
surement of these phenomena. Estimates of the stress levels
and swelling rates can be made using swelling and creep
coupling coefficients derived from fission reactor data.

A significant reduction in swelling rate is predicted by
this analysis.

¥ Based on work performed by Hanford Engineering Development
Laboratory, Richland, Washington, cperated by Westinghouse
Hanford Company, a subsidiary of Westinghouse Electric Cor=-
poration, under United States Energy Research and Develop-
ment Administration Contract E{45-1)}-2170.
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INTRODUCTION

Charged particle irradiations at accelerated rates are currently
employed in the simulation of neutron environments. However, in the
analysis o simulation experiments, care must be taken to identify all
of the relevant variables, particularly if undetected variables might
play a major role in the enviromment being simulated. A pertinent
example is the role of the stress state on swelling, which is known to
be impcrtant in neutron environments but inadequately characterizeéd in
simuiation experiments. Other authorsl have noted that the stress
state in ion bombardment experiments is probably atypical of the
reactor environment, and should be studied to determine the impact of
stress on the evolution of the data and its interpretation. In this
report the role of stvess in ion bombardment experiments will be
examined in detall. Proper consideration of the role of stress will
ensure thnat we are not inadvertently observing stress-affected behavior

and interpreting the results as typical of stress-free behavicr.

Stress fields can arise from a variety of sources such as external
restraints or forces, differential swelling, temperature gradients, and
urrelieved internal stresses generated by prior thermal-mechanical
treatments. In a small unrestrained stress-relieved reactor specimen,
there are no substantial gradients in temperatur= or flux, and the swell.
ing that occurs should be isotropic and unaffected by stress. In sinu-
lation experiments, however, there can exist large displacement and
temperature gradients which can give rise to sweliing gradients, which
in turn generate stress fields. 1t is expected that various creep
mechanisms then react to the local deviatoric stresses in such 2 manner

as to tend to relieve the stresses.

There is a growing body of evidence that points to the inter-
relationship of swelling and irradiation creep. In effect, these two
phenomena are separate but related manifestaticns of the same process:
the respense of a crystalline lattice to the iarge point defect fluxes
generated by irradiation. The details of the response are dependent,

of course, on variables such as the stress state and tempe. “ure. If
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swelling is non~-uniform, the resultant induced stresses are also ncp-
uniform. If the stress field is spatially anisotropic, we expect creep
relief processes to react in an anisotropic manner. In addition, the
magnitude of sweiling has been shown to be related to the local hydro-

253 The net result is that both the magnitude and

static stress level.
directionai response of both swelling and irradiaticn ciéeep are coupled

through the stress environment in which they evolve and help generate.
OBSERVATIONS FROM EXPERIMENTAL STUDIES

The development of step-height measurement techniques has led to
a substantial reduction in the hanpower recuired to analyze ion-induced
swelling data.h Us{hg a partial mask, some regions of which are opague
to ions, a surface step develops between swelling and non-swelling
regions. This allows a direct measure of the swelling integrated alcng
the ion path. Much more importantly for this analysis, however, it
demonstrates that swelling in these experiments is fully anisotropic.
While we would expect swelling in a cubic structure to be isotropic in
the absence of constraint, Lauritzen and coworkers5 report that they
observe (at 1L0 dpa) a step height of 60 & per percent swelling (mea-
sured at, the peak damage region) in 3C0 series stainless steels. It is
very easy to show that this relationship requires complete anisotropy

of swelling.

If we assume isotropiec deformation to result from swelling, then

the step height Ah would be defined by

§ R

Rmax 1 max
Ah=—-3—'=-3-f s(x) ax , (1)
]

where § is the mean swelling¥* along the full ion range defined by Rmax'

Assuming a simplified version of the current bilinear forms¥*¥ for

¥ S and S are expressed here as fractions, rather than the convention-
al percentage increases in original volume.

#¥* Documented in Reference 6.
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swelling S with dose d for a fixed temperature,
S{d) = C [d - fla,T1,d4)] , (2)

where f{a,7,d) is a delay term that models an incubation period whkich
precedes the linear swelling regime. The terms 1, o, and C are tempera-
ture dependent parameters that describe the void incubation period,
transition to steady state ana the final swelling rate, respectively.
The incubation period is essentially complete when d = 1. Since the
dose profile is a direct functicn of distance x into the target, we can
integrate Eq. (1) using relationship (2). Figure 1 shows the behavior
of this integral with increasing dose. There will be no Ah until d % t
at the peak damage depth. When d(x) exceeds 1 everywhere along the ion
path, then Aho = Ah/Smax will rise steeply and eventually level off at

- max
a value of % Rmax (d/dmax)’ where @ = R;éx.)r d{x) dx. Saturation

¢]
of Ah/Smax will occur when d(x) >>1 everywhere alcng the ion path.

Graphical integration of the displacement vs. depth curve for a 5 MeV

+ -
Ni ion into 316 stainless shows that d = 0.45 4 Since R =

mex” max

15,00¢ ?, this means that Aho(w) for isotropic swelling is 22.5 K per

1% sweiling observed at the peak damage region. The discrepancy between
22.5 and 60 X means that the assumption of isotropic swellin, is in-
correct. Fully anisotropic swelling, however, would lead to Ah'{w) =

3 Aho(m) = 67.5 X/peak swelling.* The disparity between the values 60
and 67.5 8/% is due to denuded zones which do not contain the expected
void volume contribution arcé the fact that 1 is not a negligible frac-

tion of d(x) for all values of x when 4oy = 140 dpa.

Johnston‘L also shows that TEM and step height measurements are
consistent over a large range of swelling, implying that there is no
measurable time lag between deformation due to creep and swelling. We

can then assume that void growth and the resultant redistribution of

¥ This value of Ah' will change for each Zon energy, identity and tar-
get composition. For example, a 3.5 MeV Nit ion in an Fe-15Cr-25Ni
alloy yields Ah'(«=) = 58 R/%.
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Ay (ANISOTROPIC) = 8h° = 1028 ( i
dmax
— - .58
0.0
VALUE OBSERVED BY JOHNSTON
AND COWORKERS
ASSUMING FULLY ANISOTROPIC
SWELLING
ahg = 1/3 ah’
——— el X K 1 1 22-5
NASSUMING 5OTROPIC
SWELLING
T(625°C)
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PEAK DISPLACEMENT DOSE, dpo HEDL 7508-56.6

Fig. 1. Schematic Illustrations of the Magnitude of
the Step Height per Unit Swelling. Note variation with
dose for various assumptions about the partition of mass.

6h,FOR 5 MV NI* —e-5A204 55
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mass proceed at comparable rates. Another way of stating this point is
that the swelling necessary to generate the stress field is very smell

and remains so throughout the irradiation.
THE ORIGIN OF THE STRESS FIELD

We are now faced with the necessity of deseribing the origin of a
stress f'ield which is capable of redirecting {from coordinates normel
to the beam) two-thirds of the mass flow expected in an isotropic en-~
vironment. We also anticipate that stress levels required for such re-
direction of mass flow may be sufficient to conirol the magnitude of

swelling.

Early discussicns on the origin of the stress field centered con
the possibility that the non-swelling pcrtions of the target (located
on the specimen surface under the mask) provided 2 rigid laterzl re-
straint which limited the expansion of the swelling meterial to one
coordinate only. The thickness of the swollen region is very small
(vl micron) compared to the diameter of the non-swelling restraint,
however, and this assumption is incorrect. The swelling is constrained
laterally by the non-swelling material beyond the ion range, which
typicélly comprices ninety-nine percent cr mere of <he totel specimen
thickness. In effect, the sisurtion nhere is anaiogous tc that of the
bimetallic sirip used 10 mensure temperatlure changes. Differential ex-
pansion belweern the two components of
are relieved by bending. In the ion case, nhowever, the non-swelling
portion is sc thick as to be rigid, end the stresses cannot be relieved

by bending of the composite Toil.

An importsnt consequence ofF the above argument is that swelling

should ke identicnl in companion experiments which differ only in the

presences or absence o7 4 mask. ne siress stnte 1o be described here

is nn inherent fenture of jon irradliations of relatively thick targets.

Since irradiation creep is constantly working to relieve swelling-

fnstantanccus

-
B
i
o]
B
-

¥, the driving force that gener-

gencr{:tcd slresses a

ates and muintalns the stress {5 not the totnl loeanl swelling or even
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the swelling rate. The driving force is the level of swelling which
can be accommodated by elastic compression of the lattice prior to thne
effective activation of creep processes, Once the lattice reaches a
stress state such that a critical stress level is exceeded for a given
creep mechanism, the swelling-induced stress saturates. The swelling
ievel at which this occurs is very small. If we assume this level to
be 0.1% swelling in annealed 304 stainless steel {bulk modulus of 1.5
x 10!2 dynes/cmz),7 this would imply a hydrostatic pressure on the
order of =30 ksi, well above the level known tou activate creep pro-
cesses under irradiation. We can therefore safely assume the driving
force (designated as "unrelieved sweliing") to te much less than 0.1i%
swelling.

Figure 2 illustrates the expected time-dependert behavior of the
hydrostatic stress at various positions along the ion range. The swell-
ing rate § is position~dependent because the damage rate d is also posi-
tion-dependent. The local stress begins to rise when the dose at that
point exceeds the incubation dose (vt); this occurs first at the peak
damage region at time = T/amax' All other points begin to develop
swelling-induced stresses at later times, but follow the same basic be-
havior. Once swelling occurs, the local hydrostatic stress quickly
rises to the critical level S, and remains at that level unless the
lattice later hardens or softens its resistance to plastic flow with

continued irradiation.
METHOD OF ATTACK FOR DERIVATION OF THE STRESS STATE

The problem will be examined in six parts:

(1) Steady-state swelling with a uniform displacement profile

and no surface denuded zone.

(2) Steady-state swelling with a typical ion profile and no de-

nuded zone.

{3) sStress states near denuded zones.

(4) Transient considerations.
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(5) Effect of crystal orientation.

{6) Perturbations of the analysis near sweliing boundaries pro-

quced by the mask, grain and twin boundaries, etc.
Problem 1: Uniform Displiacement Profile

As shown in Figure 3, parallel plate geometry is assumed with the
z coordinate axis coinciding with <he ion beam axis. The ion beam is
uniform and covers the entire xy plane at normal incidence. The dis-

placement rate and therefore the sirelling rate are assumed for this

[+

simple case to be uniform from z = 0 1> 2z = -t. The incident, rear an
side surfaces are unrestrained, and since t <<I,, the lower surfaces of
the swelline volure are restrained by shear components at the non-
swelling interface. Displacements at this interface are elastic in
nature only, and the atomic layers above. the interface are likewise re-
strained since the flow required tec relieve stress in such short dimen-

sions would require impossibly large shear strains.

To obtain the distribution of stresses in the swelling region re-
quires solution of the viscoelastic equations modified for void swell-
ing, subject to considerations of compatidbility in strain rates, equili-

brium in stresses and boundary conditions.

. S
€py = B log, - 1/2 (oyy +a,)]+ 3

€y = B [cyy - 1/2 (oxx + ozz)] + 3 Normal strain rates (3)
e =Blo_=-1/2(o._+0_ )]+ é

zz 22 XX vy 3
Yeo = 3B Ty,

Yy =3Bt Shear strain rates (4
Yya vz )
Y. =3B

Yxy Txy

Note here that the void volume increase rate along any one coordinate is

considered isotropic, as expressed by §/3. Void volume per se cannot
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ALL POSITIONS ALONG THIS ION PATH EXPERIENCE EVOLUTION
Dogsstmss WHEN DOSE AT THAT POINT EXCEEDS THE INCUBATION

x)

e __';CﬂlCAl STRESS,#c (COMPRESSIVE)

777

r/d(%g) vdiXp v/diXy) r/d(Xa)

LOCAL HYDROSTATIC STRESS

ELAPSED TImE HEDL. 7508-56.5

Fig. 2. Schematic Illustration of the Time and
Position-Dependent Development of the Hydrostatic Stress
Level Along the Ion Path. Note that the stress at all
positions eventually saturates at the same level, in-
dependent of the swelling rate.

UNFORM ION BEAM

SWELLING LAYER

RIGID NON-SWELLING LAVER

Fig. 3. Coordinate System Employed for Analysis of
the Stress State in Ion-Bombarded Foils.
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confer any anisotropy, as minimum surface energy requirements redistri-

bute vacancies on the void surface to maintain near-spherical voids.

Boundary conditions: (a) L 0 by symmetry
(v) Tep? Ty =0, 0,, = Oat z=0
{c) Tyep? Tyz are uniform at z = ~t
(a) Cox = Eyy = O

If we consider a typical element near z = 0 where shear stresses are

unimportant, then boundary conditions (b) and (d) require

' . 8
B (o - 1/2 o, )—--3

24
. (5)
Bl(o =-1/20 ) =-2
XX 3
and therefore .
=g =222 (6)

. _=B_25_28 |8
&:=2 "/ *3

(1M
e =8

Eq. (7) expresses the already experimentally observed fact that the
swelling-induced deformation is fully anisctropic with no appreciable

time lag involved.

Y

The hydrostatic stress GH is defined by oH =1/3 (cxx + oyy + azzl
and yields
_ b8
% = 38 (8)

At first glance, relation (8) appears to be incompatible with the
earlier statement that the stress level 9 at which each point satur-

ates is independent of the swelling rate. We will shortly show that B
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is directly proportional to § azd that Oy is not actually dependent on
the swelling rate, but equals 55 where D is defined in Eq. (10). Assum-
ing a typical value  of D from fast reactor data of 0.05 ksi~l, then %
is -8.9 ksi. This in turn implies that the driving force expressed as

"unrelieved swelling” is ~0.03% AV/VO.

The concern was expressed earlier that the swelling rate § might
be reduced substantially from the expected stress-free swelling rate. If

we accept the relationship3 that § = éo (1+p OF)’ then

(9)

w|.

s ® - 14_
S/S0 =1 - 3

The creep rate coefficient B is normally thought to be composed of
.several components which operate in the absence of sweliing, and another

larger component which is proportional to the swelling rate 8.
B=B8 +DS (10)

For this ~pplication, the stresses are generated almost exclusively by

swelling and
B = DS (11)

Therefore

* .0 )4 P, *
s/s0 (1 - -9--5) , (12)

where é/éo may be defined in this case as the suppression ratio, and

(13)

\O'l
[} 1=

%y

e

The parameters P and D may be thought of as coupling coefficients
between swelling and irradiation creep, through their mutual interaction

with the stress field. Current studies on 300 stainless steels indicate

* Note that this equation applies only for the boundary conditions
established previously.
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that P and D are of the same magnitude in fast reactor neutron irradia-
tions. This impiies that é/éo is on the order of 0.5, suggesting a
factor of two reduction in the swelling rate. (We are explicitly
assuming here that P and D retain their relative relationship at the
higher displacement rates at which these experiments are conducted.)
The origin and physical significance of the P and D coefficients are
still under study, but if these parameters can vary independently with
changing material properties, there exists the poseibility that the
suppression ratio é/éo may vary with material ccmposition and micro-

structure.
Problem 2: Typical Ion Displacement Profile

Typical ion displacement profiles are not uniform as suggested by
the insert in Figure 2. Eg. (7) requires that the creep rate parallel
to the beam uxis is directly equal to the swelling rate, but Egs. {12}
and (13) imply that the local hydrostatic stress and swelling suppres-
sion ratic are independent of the swelling rate. We therefore expect
that the t>tal displacement rate Gzz = J‘ézz dz = j‘é(z) dz, and the
results are therefore equally applicable to nonuniform displacement:

profiles.
Problem 3: Stress State Near Denuded Zones

Two types of denuded zones bound the swelling volume. The first
of these is the rigid mass beyond the icn range which provides the
shear stresses. There is no radiation~induced point defect field here
and the material just beyond the ion range exists in a state of tension.
At the front surface, however, there is a very thin region of depth
zD(T). (600 R thick at 650°C, according to Johnstong) in which proxi-
mity of the surface sink lowers the point defect concentraticns below
tr.e level necessary to nucleate voids. This layer is alsoc under ten-
sion. It cannot relieve these stresses by bending because of material
continuity considerations and the rigidity of the composite layers pre-

viously described. Shear stresses now exist at tiie denuded zone boundary



and must varish at the front surtace. This meuns that the hydrostatic
stress level 1s conmpressive in the swelling region, approaches zero at
the denuded zcne boundary, and becomes tensile in nature belween the

.
denuded zone and the surface. Since S =35 (1 + P g,), this means that
- ‘e

S approaches So in a small transiticon region near the denuded zone.

Assuming no appreciable displacenment gradient in this region, the net

[ %

result would be an incresase in the swelling rate on the swelling si:de

of the denuded boundary. The interaction between the sw.ress reversal

and the influence of the surface sink will establisn <he final position

£ the denuded boundary and may account for the subsurface bumps or

9

"double hump'" swelling vrofiles described by Johnston.
Transient Considerations

+

The cowbined effect cf the incubation dose 1 and the nonuniform

.
dose rate profile d(x) lead to an evolution of the compressive hydro-

static s<ress in 2 manner such that it first appears at the point where
d ax occurs., As the dose increases, this compressive region then ex-

pands toward both the front surface and toward the rear until all

material between z_(T) and R exists at ¢ . As this stress front
D max I

eeds, the stress reversal mertioned in the previous position accom-
-

‘g

riies it and accelerates itle void growth in the stress boundary vici-

‘t3
m

ity. This tends to reduce ti.e time required for propagation of the

3

compressive zone to reach the zero growth boundaries ot zD(T) and Rmax'

The net effect is that if swelling is bilinear with duse in the stress-

free state, and the time-integrated swelling suppression ratio is ccn-

stant, a bilinear relationship is retained in the stressed state. From
(2), we can therefore write for an ion bombardment experiment

s(d,o) ) ¢ {d - f{a,1,d)] , (1k)

9 D

preserving the bhilinear swelling law.

This analysis ignores the possible dependence of P and D on void
growth and other radiation~induced mechanisms which might harden the

lattice. Changes in varicus elastic moduli with void growth have been

i i T G
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documented7 for 304 siainless steel.
Problem 5: Effect of Crystal Orientation

The preceding analysis assumes an isotropic lattice with creep re-
lief occurring on the plane of maximum shear. For the stress state
described in Problem 1, the plane of maximum shear is actually a hso
cone of revolution about the beam axzis (Tmax = S/3B & 1/3D). In a crys-
talline lattice, however, plastic deformation occurs due to climb and
glide of components of the irradiation-produced dislocation network along
specific c¢rystalline planes and directions. The network forms obstacles
to climb of its components, and other obstacles exist due tc precipitates,
impurity atoms and voids. The manner in which these obstacles are sur-
mounted involves certain crystalline directions also. In the early
stage of radiation-induced microstructural growth, interstitial loops
form and these have preferred habit planes. The net result of the
foregoing considerations is that the total response of the crystal is a
complex interaction involving the various plastic deformstion mechanisms

and the projection of the stress field components on the crystal vectors

associated with those mechanisms.

An analysis of the crystalline response is proceeding and the de-
tailed results will be reported in a later paper. The objective here
is to determine the rate-controlling mechanism of irradiation creep by
comparing the experimentally observed step height relationships between
grains which present different crystal vectors parallel to the beam axis.
It is expected that crystal orientations which are most favorably aligned
with the maximum operating shear stress will have a lower %4 for the
lattice, allowing a maximum value of the suppression ratio S/So. Other
orientations will require a higher % in order for the critical stress
value (1 x resolved on the operating crystal vector) to initiate creep
relief. It is therefore anticipated that grains of differing orienta-
tion will have different suppression ratios and therefore dirfferent

swelling rates. This is jn fact the experimental observation.l’lo
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We.zre presented here with a problem, however. The preceding
analysis expresses the suppression ratio in terms of the coupling co-
efficients P and D only, both of which are derived from bulk-integrated
data. Further analysis efforts will require a redefinition of the
coupling coefficients to inelude c¢rystalline angular relationships.

If we assume that the ratg controlling step in the irradiation creep
sequence requires a critical shear stress T, in a specific crystalline
direction, then a value of Tnax = zc/cos 8 is required on the cone of
maximum shear. The angle 8 is measured between the rate-controlling
vector and cone of maximum shear., For fce and bec systems these angles
are usually small (<15°) for any conceivable choice of vectors. We can
now redefine Eq. (12) in terms of a bulk creep coefficient D', modulated

by the cos 6.

S _pi_k_® N
éo = [ - 9 D' cos e] (15)
Note that D' = 3]} . defining the creep coefficient in terms of the rate-
c

controlling shear stress, which may change as the microstructure evolves.
Problem 6: Perturbations Due to Boundaries

It is expected that this analysis will te perturbed by the presence
of variocus crystalline discontinuities such as mask-induced swelling
boundaries, grain and twin boundaries. At grain boundaries, Johnstonl
has noted pronounced ridges indicating either nonuniform "extrusion" of
mass or increased swelling. This observation may be explained by the
possible presence of additional creep relief mechanisms in the vicinity
of grain boundaries and therefore a lower local Oy and different sup-
pression ratio. Johnston10 has also observed that twinned regions can
exhibit either lower or higher step heights than the grain in which
they are located. This observation is not inconsistent with previous
HVEM observationsll demonstrating that there is a strong local variation
in the incubation periods between various points within a grain, adja-
cent twinned regions, and between various grains. There is insufficient

evidence to date to indicate whether the interaction between the crystal
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orientation and the stress field would lead to a change in eitaer the

incubation period 1 or the suppression ratio S/So for the twin-matrix

combination.

In the vicinity of the swelling interface created by the gresence
of the mask, the material moving toward the surface will obviously
experience a drag or shear force as it passes along the nonswelling
boundary. However, observation of the step height profile shows that
the deviation of the step height from the mean of the entire swelling
region relaxes in a very small distance, implying that the analysis is

not perturbed substantially by this consideration.
DISCUSSION

We have shown that swelling in a typical ion bombardment irradia-
tion proceeds at a reduced swelling rate due to loczl compressive stresses
on the order of 10 ksi. There is a natural temptation to equate the ef-
Tect of the suppression ratio (40.5) to the observed displacement effi-
ciency ratio between 5 MeV Ni+ ions and neutrons {which is also ~0.5).
This ratio measures the relative efficiency of void formation per ini-
tial displaced atom. Before accepting this ccrrelation, however, more

work is required.

Several questions require more analysis. Can the bulk response
of the material, as measured in the D coefficient, be expressed in
terms of a spatial integration over the allowable crystalline vectors?
Can the rete controlling interactions for irradiation creep be identified
from the relative step height and crystal normal relationships? Is it
possitle that P and D can vary independently of each other, leading to
suppression ratios which are dependent cn microstructure and ccmposi~
tion? Can the stress reversal at denuded zones be invoked to explain
the "double hump'" phenomenon discussed in Problem 37 As the micro-
structure evolves with .rradiation, does the critical stress level
change? These questions are currently being studied and the answers

will be reported in a separate document.
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OCne major conclusion from this work is that ion bombardment experi-
ments are as much a simulation of irradiation creep mechaunisms as they
are of void formation, and proceed in a manner such that the stress

states are probably determinate.
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THE INFLUENCE OF DISPLACEMENT GRADIEZNTS O TH
INTERPRETATION OF CHARGED PARTICLE SIMULATION EXPERIMENTS*
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ABSTRACT

Neutron flux and spectrum gradients are negligible with-
in a single grain of structural materials in fusion reactors.
In charged particle simulation, however, substantial gra-
dients exist in the flux of displaced atoms (dpa) along the
ion path, which is typically several microns or less in
length. In interpretation of such experiments, one must
account for the influence of variables that are atypical of
the simulated environment. Experimental and modeling
studies show that dpa gradients lead to gradients in micro-
structure, which in turn modify the effect of diffusion on
the effective growth environment of volds and other defects.
For some ions, these effects are overwhelmed by a phenomenon
designated the "internal temperature shift." Although the
physical temperature is relatively invariant zlong the ion
path, the temperature regime of swelling shifts as the dis-
placement rate changes. The swelling vs. depth profile is
altered substantiazlly from that expected from the dpa pro-
file, and the type of modification is dependent on the re-
lation of the irradiation temperature to the peak swelling
temperature at the mean displacement flux. Swelling pro-
files for a variety of simulations were analyzed and found
to include the influence of surface denuded zones, incuba-
tion effects, diffusion, swelling-generated stresses and in-
ternal temperature shifts. The impact of the latter imposes
restrictions on the interpretation of step height measure-
ments and full range intercorrelations for high energy ions.

* Based on work performed by Hanford Engineering Development
Laboratory, Richland, Washington, operated by Westinghouse
Hanford Company, a subsidiary of Westinghouse Electric Cor-
poration, under United States Energy Research and Develop-
ment Administraction Contract E(45-1)-2170.
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count for the influence of such gradients, ac
which are atypical of the simulated eanvironment. This repori swmarizes

a series of studies related tc the origin and nature of typical diszlace-
ment gradients, and their subsequent impact on the design, conduct and

interpretation of void growth experiments.

ORIGIN OF DISPLACENENT GRADIZNTS

As a charged particle %raverses z material, it ioses energy oy
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various interactions with the electrons an
ial. Energy lost by electronic interactions is usually deposited in in-
sufficient quantities to cause subsequent nfomic displumcementis; bul nu=-
clear interactions can lead to a-omic displacemehts, providing the eaergy
transmitted to an atom is above the threshold for ejectlion from its
potential well. A description of the various energy loss mechanisms is
well documénted elsewhere, and only the details pertineat to this

analysis need be reviewed here. For riost charged particles of interest

[ )

n void simuletion studies, the majority of the energy loss is elcctironic
in nature. Electronic energy losses therefore exert the maJor influence
on the total patn length of the original particle. HNuclear interactions
increase in importance as the ion energy decreases, particularly near

the end of range. The nuclear interactions also cause deflections from

"straggling" leads

the original particle trajectory, and the resultant
to a distribution of projected ranges. typical displacement versus
depth curve is shown in Figure 1 for the integrated behavior of the dis-
tribution of ranges. The prirciples involved in the energy deposition

calculations are covered in detail by Manning and Muellerl and the
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subsequent calculation ¢ " atomic displacements is treated by Doran, et

al.

There are three types of gradients inherent in the profile illus-
trated in Figure 1; these occur in the angular divergence of the colli-
sion event, the mean energy transfer per event, and the total energy
deposition. Most ion beams are directed toward the specimen surface
with negligible angular divergence, and the angular divergence of the
ion beam increases thereafter with increasing penetration. The angular
distribution of primary knock~oun atoms (PKA) therefore also-increases
with depth, but this factor is thought to have no great impact on the
total number of displaced atoms or their subsequent survivability. The
average energy transfer per PKA event, E, also changes with depth as
shown in Figure 2. The efficiency of energy transfer by nuclear pro-
cesses increases continucusly with decreasing ion energy, but eventually
the total energy of the ion is diminished to the point where the energy
transfer per PKA declines abruptly. Since the energy distribution is
heavily weighted toward low energy transfers, many of the nuclear inter-
actions result in subthreshold events. The calculated mean PKA energy
is therefore quite sensitive to Ed’ the displacement energy threshold.
However, over the normal range of Ed (25 to 50 eV), the variation of the

mean PKA energy with depth is insufficient to influence the point-defect

survivability substantially.

The major gradient with depth therefore lies in the total energy
deposition by nuclear interactions, and the subsequent generation of

vacancies and displaced atoms.
RELATIONSHIP OF SWELLING PROFILES TO DISPLACEMENT PROFILES

Stereomicroscopy of the volume contained within the ion range has
been ermployed by Thomas3 to determine the density and size distribution
of volds produced by a combination of ion and electron irradiation.
low:iiffe, et al. have also employed stereomicroscopy techniques on
specimens bombarded with ions only. Other full range studies have been

5,6

performed using sectioning techniques instead of stereomicroscopy.
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MEAN PRIMARY ENERGY ABOVE THRESHOLD VS DEPTH
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tudies the conclusion that the depth de-

0

There emerges from these
pendence of swelling does not always bear o straightlorward relationsihiy

o the displacement profile. In general, the depth dependence of swell-

-

ing is not directly proportional to the depth dependence of the displace-
ments per atom (dpa) profile. A knowladge of the reiationship between
the two profiles is necessary, however, in order tu correctly interpret
and exploit the potential of full range data. This same consideration
is ejually important in the interpretation of step-height measurements

of the swelling integrated over the ion range.

The studies summariced in this report show that almost all facets
of observed swelling profiles car be explained in terms of diffusion ef-
fects, void incubation behavior, and rete effects related to the pre-
sence of displacement rate gradients. For high levels of swelling
(>10%7} there exists an additional factor related ta the influence of

accumulated voidage on the displacement rate profile.
DIFFUSION EFFECTS

Intuitively one would expect that the driving force for void growth
would be modified somewhat by point defect diffusion, smoothing out steep
gradients in deposited dose. However, diffusion tends to modify the void
growth environment even in the absence of steep displacement gradients.
Most ion-induced dpa gradients are usually very smail near the incident
surface, but the surface also functions as a strong sink for the point
defects generated in its vicinity. This leads to a suppression of steady~-
state defect concentrations and subsequent void growth near the surface.
This effect in turn generates the denuded zones observed in both elec-

5

8 \ . s .
tron  and ion” irradiation experiments.

Paperz previously published by other authors have presented theore-

9,10 and time-dependentll spatial

tical calculations of the steady-state
distributions of point defects near free surfaces. However, none of

these efforts have considered the effects of biased dislocation sinks,
which are thought to provide the origin of the driving force for wvoid

growth. Since void growth occurs in an environment composed of both
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interstitianls and vucancies, it is the net flow of defects ecross the
void surface which determines the growin rate. In our studies, the net
Tlow hns been designater the growth fluid £, defined by Dv (CV-C;) -
DICI. This term contalns the diffusivities and concentrations of both
vacancies and interstitials, as well as the equilibrium vacancy concen-
tration at the void surfuce, which is deperdent on the vold radius. In
our studies, biused dislocution sinks have been included, and the growth
fluid proTiie for small voids has been shown tc be influenced by sur-
fuce sinks tu @ much greater depth than are profiles of the vacancy or
interstitial concentrat,icms.lZ Figure 3 shows the influence cof the
surface on the growth environment of S0 K voids when nc dpe gradients

mp

emperazture~dependent and typical

*

exist and the dislocation density is
of that observed in electron irradiations. For smaller voids the ef-
fect is even more pronounced, and accounts for the formation of void
denuded zones. The growth profiles in Figure 3 were generated by the

2 which calculates the depth-

discrete-ordinate computer code CREED1
dependence of the growth fluid for gradients in the microstructure, dose
rate and hydrostatic pressure. Tne dislocation sinks are considered to
have a bias cr preference of 1% toward acceptance of interstitials over
vacancies. The CREED progrem has been employed to study the combined
influence of diffusion, surface sinks, and displacement rate gradients

for typical ion bombardment experiments.

The variables investigated to date have been the dislocation den-
sity, peak dose rate and irradiation temperature. Typical values chosen
were 102-10!! dislocations/em?, 1 x 10~3 to 2 x 10-2 dpa/sec, and L0O-
900°C, respectively. The model represented by these calculations is
shown in Figure 4, where 5.0 MeV Ni+ ions are incident normal to the
front surface of a 316 stainless steel target. The peak damage rate
occurs at a depth of approximately one micron and the rear surface is
assumed to be at 2.5 pm, at which position the point defect gradients
are required to be zero. The surface energy was assumed to be 1000
ergs/cm2 and the energy of self diffusion has been experimentally de-
termined to be 4.65 x 10~!2 ergs. The initial estimate of the vacancy
formation energy was taken to be 2.2 x 10~12 ergs. The dislocation

density was assumed to be uniform throughout and the growth fluid
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from diffusion considerations.

The decreasing influence of diffusion at higher dislocation den-
sities is not unexpected, however. The intervening sinks tends to
screen the influence of the surface and unirradiated material beyond the
ion range, thereby increasing the relative influence of the local source.
This effect can be assessed in terms of relaxation distances for each
parameter of interest. If there exists a local perturbation which
changes Cv’ CI or £, then the perturbation extends into surrounding

regions. The 1/e relaxation length for this perturbation is x, where
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and R is the recombination coefficient and S is the trapping coefficient
due to sinks other than recombination. The coefficient S is defined by

S=p ZV + Ly perC .

d
The void and dislocation densities o, and P4 represent. the physical

traps, where r, is the void radius and C is a factor which represents
competition effects between voids whose sphere of influence overlaps.

ZV is the vacancy bias factor for dislocations.

For this model, x€ reduces to an inverse sguare root dependence on
Pq since no voids are assumed in this calculation. Therefore, local
perturbations are relaxed faster for higher dislocation densities. The
impression implied by Figufe 6 is somewnat misleading, hcwever, since
Py is not constant with temperature and the presence of voids will also
alter the profile. The full temperature-dependence of growth fluid pro-
files must allow a temperature dependent Pq and Py and also allow for
depth-dependence of these quantities. Although typical reactor struc-
tural materials may initially have a relatively low dislocation density,
irradiation quickly produces a high dislocation density. Therefore,
diffusion is not expectzd to alter the effective growth environment pro-
file substantially from that generated by the dpa profile, with the ex-

ception of the surface-dominated region.
VOID INCUBATION EFFECTS

If void swelling were to increase in a linear fashion with total
displacement dose and not exhibit an incubation period, then the swelling
profile would be directly proportional to the dpa profile. Electron irra-
diation experiments13 have shown that swelling in some materials is linear
with dose after a rather large incubation period. Figure 7 demonstrates
the predicted relationships of swelling and dpa profiles, using an equa-
tion develcped for 20% CW 316 stainless steel based on neutron data.lh
The 5 MeV Ni+ dpa profile for Type 316 stainless steel has been used and

a temperature assumed of 530°C.
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In the early stages of irradiation, swelling ic suppressed, giving
the appearance of a surface-depressed zone ¢f considerable depth. Ob=-
viously, this effect is only a consequence of the incubation period and
gradually disappears with increasing dose. The prediction for the
2.1 x 1023 n/em? case appears to be related to the input fluence pro-
file in a manner guite comparable to the ion-induced profile observed
by Rowcliffe and coworkorsh in this material at 650°C, which is a com-
parable temperature considering the higher displacement rate employed.
Evaluation of the relationship cf the swelling profile shown in Figure
8(a) and the dpa profile show that a linear-after incubation swelling

curve can be extracted from these data as shown in Figure 8(b).
DISTORTICHS OF SWELLING PROFILES DUE TO RATE EFFECTS

Although the temperature gradient within the ion range is very
small, it is quite possible to have a shift in the temperature regime
of swelling along the icn path. Although the physical temperature
along the ion path is invariant, the swelling regime inhabits a temper-
ature range winich varies with the flux of displaced atoms. For 5 MeV
Ni+ ions incident on Fe-Ri-Cr alleoys, there is a factor of about four
in the magnitude of the displacement rate from the front surface to

the region of the peak displacement rate.

For some ion experiments, however, the displacement flux changes
much more substantizlly over the ion path. The peak to front surface
displacement ratios for L5 MeV Hi+ and 20 MeV C+ ions in nickel are
about 25 and 70, respectively. The temperature shift involved over the
range of such experiments is substantial. Figures 9 and 10 illustrate
the principles involved. ror a gi'en displacement flux, we observe a
swelling rate distribution which peaks with temperature at Tp(¢1) and
rances from Ts(ol) to Tf(¢1). 45 the flux is increased, we observe an
increase in 21l three cnaracteristic temperatures. The rate-dependent
temperature shift AT is usually measured at the peak swelling tempera-

ture, and should be of comparable magnitude when measured at Ts and

Tf also.
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In Figure 10, we see that if an experiment is conducted at a fixed

temperature such as T, or T,, the steady-state swelling rate can either
h

rise or fall as the d?splacement rate increases. Figure 11(a) demon-
strates the modification of the swelling profiles that would be expected.
Note that the resultant swelling curve can be bproadened or made steeper
(compared to the dpa curve) depending on whether the physical tempera-
ture was relatively low (TL) or relatively high (TH) with respect to
Tp(¢). the peak swelling temperature for the mean displacement rate
along the ion path. This distortion of the void growth profile due to
changes in the displacement rate has been designated the "internal tem-

perature shift" phenomenon.

15,16 .
it was noted that the calculated dpa

In several publicaticns,
profile and the experimentally determined swelling profile for 46.5 MeV
Ni+ ions were significantly different from each other at 525°C. As
shown in Figure 11(b), the swelling profile derived for pure nickel is
much less peaked than is the dose profile. This appears to correspond
to the T, irradiation condition shown in Figure 11(a). Before we accept
this hypothesis, it must be shown conclusively that the swelling pro-
file is indeed broader than the dose profile. Figure 11{b) reproduces
the normalized data set as reported in Reference 15, and it shows that
a great deal of scatter is involved. If the scatter arises due tc a
normalization procedure based on assumptions about swelling that are
not true for a varying displacement rate, then it is better to examine
the individual swelling curves prior to normalization. Hudson(lS) sup-
plied the individual curves shown in Figures 12(a) and 12(b). Note that
each swelling vs. depth curve appears to be broader than the dose pro-

file.

It must be shown that the 525°C, U46.5 M=V Ni+ -+ nickel irradiation
was performed at a temperature below Tp(S)’ since the modification ob-
served led to broadening of the swelling profile relative to the dis-
placement profile. In Figure 13, the reported peak swelling tempera-
tures have been plotted for pure nickel under neutron and various energy
ion experiments. The data sources used are listed in Table 1. No cor-

rection is made for the various methods of calculating displacement
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Table 1. Nickel Ion Swelling Peak Data Used in Figure 13

Bombarding Damage Rate  Peak Swelling

Particle (dpa/sec) Temperature {°C) Corments Reference
500 keV Ni® 1 x 10-3 625 25 dpa 19
§ Mev Ni* 2.5 x 10-3 600 10 dpa, 5 ppm He 18
2.8 MeV Ni® 7 x 10-% 550 13 dpa 17
2.8 MeV Ni' 7 x 10-2 625 13 dpa 17
Neutrons A1l x 10~® 500 5 x 10}? n/cem? 21
Neutrons A1 x 10-6 500 2.3 x 1020 pn/em? 20

rates, which are known to vary by roughly a factor of two. The solid
line represents a best fit to all the data, while the dotted lirne re-
presents a rate shift determination performed by researchers at IRL.
Note that the 46.5 MeV Ni+ ion experiment lies well below either line,
and represents an irradiation at a temperature TL <T}(a). This con-
firms the supposition that the modification arises primarily due to an

internal temperature shift, rather than from diffusional modification

of the growth fluid profile.

Theory22 predicts a temperature shift based on the upper end of

the swelling regime such that

$2
m " N2 }_(. S SE —_—
A¢f(¢ls¢2) LY AT‘D LYY Ev KTI ¢2 in ¢1 Y
1+ o— 1in —
E ¢

vwhere T; is the peak swelling rate temperature in Kelvin at ¢;, K is

Boltzman's constant, and Ev is the self diffusion energy.

For small enough changes in 4. the denominator term in the brackets

tends to balance out the T; dependence and we can assume

ATp ~J 1n ($2/¢4)
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From Figure 13 we can derive J % 25°C per factor of ten in flux
from the entire data set, and 38°C per flux decade from the NRL tem-
verature shift data. Since the 46.5 MeV Ni+ experiment and most 5 MeV
Ni+ experiments are performed in the 1073 to 1072 flux regime, and the
NRL experiment is the only self-consistent determination of flux effects,
the latter value will be used. For the L5.5 MeV Ni+ experiment, the in-
ternal temperature snift is 49°C, while the shift for the 20 MeV carbon
ion experiment is at least 70°C. Even for 5 MeV #i% ion bombardment
experiments, the internal temperature shift is 22°C. The internal tem-
perature shift phenomenon is not as obvious in the S5 MeV Ni+ CW 316 data
set shown in Figure 8.h This is not only due to the smaller rate change
in this experiment but also due to the fact that swelling occurred over
less than the total range. Part of the internal temperature shift effect

was therefore submerged under the incubation effect.

The program CREED was eriployed to model this effect, taking into
account diffusion as well. The results are shown in Figure 14 for 46.5
MeV Ni+ ions incident on a pure nickel target. lote tnat the growth
fluid profiles are much broader than the dpa profiles at low temperatures

and much steeper at high temperatures.

There are several consequences of the internal temperature shift
problem: (1) For L6.5 MeV nit and 20 Mev ¢t ions, a dose calibration
curve, based on the premise that "equal dose requires equal swelling"
everywhere along the path of the ion, cannot ve satisfactorily performed,
as has been the practice in the past for 20 MeV C' and k6.5 MeV nit ir-
radiations. "Rocking" the beam will not quite alleviate the problem,
as the effect will be equivalent to the presence of a time-dependent
temperature history at any pcint along the ion path. (2) For specimens
extracted at a given depth and compared only with other irradiations
from the same depth, there is no "internal" temperature shift problem.
(3) For integrative techniques such as step-height measurements and
stereo depth-analysis of full-range swelling, there will be some dis-
tortion of the results, and the impact of the distortion will vary at

each irradiation temperature.
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Fig. 13. Reported Peak Swelling Temperatures are Shown
for Various Neutron and Nickel Ion Irradiations of Pure
Nickel. Note that the L6.5 MeV Ni* + nickel experiment
occurs well below either estimate of the peak swelling tem-

perature.
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Fig. 1k. Computer Simulation of the Internal Tempera-
ture Shift Phenomena in U46.5 MeV Nit Ion Irradiation of Pure
Nickel. Note that the growth fluid profiles (expressed in
terms of a radial growth rate) are very broad at low irra-
diation temperatures and become increasingly steeper at
higher temperatures. At T700°C the steepness is accentuated
by the onset of void instability, evidenced by negative growth
rates. The dislocation density for this example was 1 x 1010
em-2, the test void radius wae 50 ® and the displacement rate
was 1 x 10~3 dpa/sec.
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EFFECTS OF SWELLING ON DISPLACEMENT GRADIENT

As swelling accumulates along the ion path, each successive ion
must travel a larger distance before coming to rest. As a consequence,
the displacement profile will steedily decrease in peak magnitude and
increase in total depth. The effect of swelling on the instantaneocus
displacement curve has been treated by Odette and coworkers.23 As
shown in Figure 15. the net effect at any fixed position is to cause
the displacement rate to change with time, with the sign of the change
dependent on where the position under examination was located with re-
spect to the original displacement peak. The total dispiacement dose
at any position (measured relative to th= surface) is therefore the time
integral of the displacement piofile as .. tzcted by swelling and re-
quires knowledge of the dose dependence of swelling. This consideration

was not covered in Reference 23.

In a previous section it was noted that swelling in 300 series
stainless steels is linear after an incuvbation period. Confirmation of
this swelling law for a given material leads to a method of using full
range data even when the dpa profile is distorted by swelling. Figure
16 is a reproduction of two swelling profiles observed by Johnston.

Using the displacement profile of Figure U4, the swelling versus dose
curves of Figure 17 were extracted. The divergence from the linear be-
havior is consistent with the behavior predicted in Figure 15. The
steady-state swelling rate can be extracted from the low dose portion
of the curve and used to calculate the time-integrated dpa levels seen
by regions near the original position of the peak displacement rate.
This procedure is complicated somewhat by the large change in displace-
ment rate experienced beyond the position of the original peak displace-
ment rate. Table 2 shows a comparison of éhe time-integrated and predicted
.dose levels experienced at several points along the curves shown in Figure
17.

SUBSURFACE EFFECTS

Near the surface denuded zone, JohnstonS has occasionally observed

an additional peak in the swelling vs. depth curve. An example is shown
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Fig. 15. As Swelling Accumulsates, the Instantaneous

Displacement Rate Curve is Distorted. Near the front surface,
the distortion is negligible, but near the original displace-

ment peak the effect is quite pronounced. The time-averaged

dose at a fixed distance from the incident surface may be
either greater or smaller than that predicted by the unper-~
turbed curve, depending on the relative position of the
original displacement peak,
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Fig. 15. Note that swelling is initially bilinear but is

distorted by the accumulated swelling.

consistent with the predicted behavior shown in Fig. 16.

The distortion is
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Table 2. Apparent Distortion of Linear Swelling Behavior
witk Accumulating Swelling (Derived from Figure 86)

Displacement Dose (dpa)

Swelling (%) Depth {um) Unperturted ANZizzed % Change
Iype 304
5 0.60 32 32 0
13 0.87 60 59 -1.7
1h 0.94 68 62 -8.8
14 1.00 72 62 ~-13.¢
12 1.07 56 56 0
8.5 11.7 Lo Lk +10.0
6.2 12.2 28 36 +28.6
Type 321
5.4 0.60 34 34 0
9.4 0.80 52 L8 ~7.7
11.5 0.90 68 56 -11.8
12.2 0.97 73 58 ~19.5
9.3 1.12 L8 L8 0
Te5 1.17 29 38 +31.0
3.0 1.28 11 “8 +127.0

a This displacement dose is required to place each data point on the
linear portion of the curve. Note that the distortion is always
negative below or near the peak, then quickly reverses to positive
distortion somewhere beyond the pesk.



I-516
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in Figure lo. 1In another report, a possible explanation is advanced
that involves swelling-induced siress Tields, the reverszl of the sign
of the stress field at the denuded zone interface, and the feedback of
the stress state on the local void growth rate. It is anticipated that
this phenomenon proceeds concurrently with the incubation effect and
internal temperature shift phenomenon described earlier. Therefore, a
subsurface peak may or may not be observed, depending on which phenomenon

donminates the local swelling behavior.
DISCUSSION

In general, we have shown that the depth-dependence of the swelling
profile is not directly proportioral to the depth~dependence of the dis-
placement profile. On the other hand, it has been shown here that 211
observed features of the swelling profile can be explained in terms of
phenomena related %o displacement rate gradients, their time-dependent
histories, stress states which are associated with differential swell-
ing, and perturbation of the experiment by the foil surface. The impact
of these phenomena on the interpretation of charged particle experiments
varies from minimal cffects in most cases to & serious impact in the case
of the internal temperature shift for 46.5 MeV w1t and 20 Mev ¢ ion ir-
radiations. The major consequerice of this phenomenon is to restrict
data normalizations based on the assumpticn that equal displacement
damage generates equal swelling at a given temperature, independent of

the local displacement rate.

It should be noted that each oi the phenomena explored here in no
way detract from the utility of charged particle simulations of neutron
environments. Once we havz identified each of the variables which are
atypical of the neutron environment, it is relatively simple to include
their impact in tl e analysis and in the extrapolation of charged par-
ticle data to the neutron environment. In the case of the CTR first
wall, these phencimena are not completely atypical; thne inner surface of
the wall will suffer ion damage as well as neutron damage. The only vari-

able that will be atypical in this case is the rate of ion impingement.
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DIMENSIONAL STABILITY OF STAINLESS STEEL
AS AFFECTED BY COMPOSITIONAL TRANSMUTATIONS

J. F. Bates
J. 0. Schiffgens
M. M. Paxton
2¥Wn¥<wcﬁ &.Vﬁpl[t‘ll“i'ﬁ% mltgnntrql\&h}
ABSTRACT Wy ,~<,5tcv\ RV

One of the major uncertainties involved in the implemen-
tation of 316 stainless steel as the material for the first
wall of a Controlled Thermonuclear Reactor {CTR) is the
question of solid transmutation effects. While the magni-
tude of these compositional changes can be estimated with
reasonable certainty, the physical and metallurgical
material perturbations associated with such changes are still
largely unknown. The purpose of this report is to present
property change data, relative to specific transmutational
composition changes, developed from fission reactor irradia-
tions and corresponding unirradiated control tests which can
impact CTR design. The effects of composition on the in-
reactor behavior of 316 stainless steel are currently being
studied by both irradiation-induced swelling experiments
conducted in EBR-II and out-of-reactor control studies.

These experiments are based on alloy variations from a
nominal 316 base steel. In several series of alloys, the
composition of a single element and that of iron was varied.
Series being studied include variations in C, N, P, S, B,
Mn, Cu, Si, Mo, Co, Cr and Ni.

The results indicate that the behavior of 316 stainless
steel in a first wall CTR application would undergo no
serious detrimental changes due to solid compositional
transmutations.
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INTRODUCTION

The use of 316 stainless steel as a first wall material for Con-
trolled Thermonuclear Reactors (CTR) would result in chemical changes
due to compositional transmutations of constituent elements in the alloy.
While the magnitude of these compositional transmutations has been inves-
tigated, ! the resultant effects on the dimensional stability of the
steel have not been treated in detail. In the program for the develop-
ment of the Liquid Metal Fast Breeder Reactor (LMFBR), 316 stainless
steel has been employed as a cladding material. Under this program,
changes in the dimensional stability of 316 stainless steel as a function
of chemical composition have been investigated in some detail. The pur-
pose of this report is to review the effects of composition on the dimen-
sioral stability of 316 stainless steel and apply these results to the
CTR program. Although the LMFBR program has concentrated on the
analysis of 316 stainless steel, the techniques and procedures
developed are readily applicable to the analysis of any alloy system.

DESCRIPTION OF EXPERIMENTAL PROGRAM

The data cited were obtained from testing a series of 316 base
alloys comprising variations in composition of, in most cases, a single
element plus iron. The compositions of the various alloys involved in
the experiments discussed in this paper are shown in Table 1. The testing
program involves in-reactor tests in the EBR-II to ascertain the effects
of composition on irradiation-induced swelling and out-of-reactor tests
to determine the effects of composition on lattice dilation (density
changes), recrystallization temperature, and tensile properties. The
data are reviewed below in light of these property changes.

Lattice Dilation

Included in Table 1 are the densities of the various alloys. The
change in density of 316 stainless steel with changes in composition
was described in detail in an earlier report.(z) Plots of density versus
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composition exhibited a linear relationship between density and composi-
ticn for annealed and 20% cold worked material with the slopes of both
conditions being nearly identical. The absolute density of the cold worked
materials was approximately 0.034% less than the density of the solu-

tion treated material, as shown in Figure 1. It was found that varia-
tion of some of the elemental concentrations had diverse effects on the
densities of the alloys, some increasing and some decreasing the den-
sities. An example of a decrease in the density {lattice dilation) of

316 stainless steel with increasing Mn content is shown in Figure 2.

The density of annealed 316 stainless steel can be described by the
following equation:(z)

density (g/cm3) = 8.1145 - 0.1216 (% C) (1)

0.005589 (% Mn) - 0.07597 (% Si)

0.01155 (% Cr) + 0.004842 (% Ni)

0.01516 (% Mo) + 0.001612 (% Cu)

0.007548 (% Co) - 0.06538 (% N)

1.333 (% B) - 0.1558 (% P) < 0.1933 (% S)

+ + +

where all values are in weight percent. The partial molar volumes and
size factors of the various elements in stainless steel were also de-
rived from these data and are shown in Table 2.

Irradiation-Induced Swelling

Irradiation-induced swelling of 316 stainless steel has been shown
to be strongly dependent on minor alloy constituents.(3) The alloys
described in Table 1 were irradiated in EBR-1I at temperatures of
370-760°C to fluences approaching 4 x 1022 n/cm2 (E >0.1 MeV). Several
of these specimens are now being reirradiated to extend the fluences out
to approximately 10 x 1022 n/cm2. The irradiation-induced swelling data
have been generated for material in the solution annealed and 20% cold
worked conditions; as yet, the cold worked material has not achieved
any appreciable swelling to alTow an assessment of compositional effects.
However, data generated from the annealed specimens have shown changes
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TABLE 2

SiZE EFFECT DATA FOR COMPONENTS IN SOLUTION TREATED TYPE 316
STAINLESS STEEL-~AS CALCULATED FROM IMMERSION DENSITY DATA*

Deviation
Partial from Volume
Molar Ideal Size

Regression Density Volume Behavior Factor
Element Wt Pct Coefficients At. Wt a/cc cc/mole Pct Pct
Fe 67.029 0 55.87 7.87 6.883 -3.0 -1.8
Mn 0.95 -0.005589 54.938 7.3 7.252 -3.6 3.4
Si 0.4 -0.07597 28.086 2.33 6.823 -43.4 -2.7
Cr 17 -0.01155 51.996 7.2 7.352 1.8 4.8
Ni 12 0.004842 58.71 8.9 6.785 2.8 -3.2
Mo 2.3 0.01516 95.94 10.22 9.526 1.5 5.9
Cu 0.1 0.001612 63.546 8.96 7.667 8.1 9.3
Co 0.1 0.007548 58.9332 8.9 6.559 -0.85 -8.5
P 0.01 -0.1558 30.9738 1.82
S 0.01 -0.1933 32.064 2
C 0.05 -0.1215 12.01 3.5 3.780 10.2 53.9
N 0.05 -0.06534 14.0067 1 3.168 45.1
B 0.001 1.333 10.811 2.35

Computed data for "nominal" alloy (columm 1): lattice site volume, @ =
7.012 cc/mole; density, p = 7.965 g/cc; lattice parameter, a = 3.597 K.

* From Reference 2.

TABLE 3
LATTICE STRAIN DUE TO COMPOSITIONAL TRANSMUTATIONS* OF MANGANESE AND NICKEL

Z years ¢t 10_years 30 years
7
Latttice Strain 4 4474 0 0.035% -0.004%  +0.10%3  -0.01%

{Linear)

* The magnitude of the compositional change is based on the University
of Wisconsin study {Reference 1).
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in levels of concentration of phosphorus, silicon, molybdenum, and car-
bon to be effeciive in increasing the swelling resistance of the ailoy
system. Variations in manganese concentration {of prime interest in the
CTR program) exhibited a less pronounced effect, as shown in Figure 3.
Other elemental variations such as nickel, sulfur, nitrogen, and boron
showed no significant effect on the swelling within the compositional
levels investigated.

Mechanical Properties

The effect of alloy composition variations on the 1400°F tensile
properties of 20% cold worked Type 316 stainless steel have also been
investigated.(4) The 0.2% yield strength for any specific composition
can be calculated by the following relationship:

0.2% yield strength = 49,840 (2)

+ 3258 (% Molybdenum) (0.11 - 3.03%)

- 57054 (% Carbon) (0.003 - 0.130%)

- 1307 (% Copper) (0.1 - 4.47%)

+ 42112 (% Nitrogen) (0.007 - 0.134%)

+ 2788 (% Silicon) (0.1 - 1.96%)

+ 790 (% Cobalt) (0.02 - 4.45%)

- 670 (% Chromium) (14.9 - 19.0%)

The numbers in parentheses to the right of the equation show the range
of composition over which equation (2) is valid. The standard error of
the 0.2% yield strength using equation (2) is 1340 psi. The ductility
and the ultimate tensile strength of the alloys were also obtained. An
example of the data generated from such studies is shown in Figure 4,
which depicts tensile properties versus percent chromium content.

Recrystaliization Temperature

Analyses similar to those mentioned above have yielded rscris<talli-
zation temperatures as a function of composition.(S) For exé.:ie, the
1000-hour recrystallization temperature of 316 can be represented by
the following equation:
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1000 hour recrystallization temperature, °F = 545°F (3)
+ 55.9 (% Silicon) (0 - 2.0%)
+ 36.8 (% Chromium) (16.5 - 19.0%)
+ 13.393 (% Boron) (0 - 0.0057%)
+ 91.5 (% Molybdenum) (2.0 - 3.0%)

Again, the range of applicable compositions is shown to the right of the
equation. It can be observed from equation (3) that few elements affect
the recrystallization temperature. The 1-hour and 100-hour recrystalli-
zation temperatures were also investigated as shown in Figure 5, which
shows recrystallization temperature versus chromium content.

DISCUSSICN

The hard neutron spectrum of fusion reactors will not only produce
more displacements per neutron than a fission reactor spectrum but will
also produce gaseous and solid transmutants at higher rates. These trans-
mutants can not only significantly alter the chemical composition of a
component but also alter the rate at which displacement damage affects
jts dimensions and electrical and mechanical properties. The signifi-
cance of transmutants on component behavior depends on the function of
the component and its chemical composition, as well as the transmutation
rate and the character c¢f transmutant-defect interactions. The tolerable
amount of transmutation in insulations and superconductors, for example,
is expected to be much less than that in common structural alloys such
as 316 stainless steel or in simple refractory alloys such as Nb-1Zr.

As noted, the amount of transmutation in a stainless steel exposed
to a representative first wall fusion spectrum has been computed.(]) The
results of that study show that tne elements undergoing the most signi-
ficant changes in composition are Ni, Mn, Ti and V. Of these elements,
Mn and Ni were included in the present series of investications and the
effect of compnsitional variations of these elements can be evaluated
directly. As shown in equations (1)-(3), variations of both Mn and Ni to
the levels shown in Table 1 have no effect on the 1400°F tensile proper-
ties or on the 1000-hour recrystallization temperature. Both do contribute
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The effect of chromium variations on the 1, 106 and 1000-hour re-

crystallization temperature of 20% CW Type 316 stainless steel.
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to lattice strain, and these effects are shown in Table 3. However, the
effects are small, yielding less than +0.10% cumulative strain after 30

years' operation.

Variations in Mn from 2 to 4 weight percent (the change expected
during approximately a 10-year residence time for a typical CTR first
wall) did not show a significant change of the magnitude of irradiation-
induced swelling. Most of the effect of elemental variations on the
irradiation-induced swelling occurs in the process of going from essen-
tially zero percent of the constituents up to some higher content. Once
a constant reduction in swelling, from the 0.0 weight percent of the
element, is observed, additional small positive changes of the element do
not sigrificantly alter this level of swe11ing.(3’6) We would therefore
expect no significant changes to occur in_going from 4 to 6 weight per-
cent. The small changes in nickel content produce no significant change
in swelling. Therefere, since the swelling versus Mn content is not
changing appreciably beyond ~2% Mn, this particular transmutation should
not alter the swelling. .The magnitude of swelling could then be esti-
mated from that which would be obtained from a nominal 316 stainless
steel. Using a flux of 3.7 x 10 n/cm2-sec results in ~1 x 1022 n/cm2-yr
fluence for the first wall of the CTR. Type 316 stainless steel in the
20% cold worked condition undergoes no significant irradiation-induced
density changes below ~5 x 1022 n/cm?. Beyond that, the swelling is
highly temperature dependent. Thus swelling considerations would sug-
gest a minimum five-year residence time for the first wall of the CTR
would be feasible based on Mn and Ni transmutations only.

Let us now consider the effect of increased concentrations of vana-
dium and titanium. It was shown(s) that elements which tend to be alpha-
phase stabiiizers of 316 stainless steel also tend to increase the swell-
ing resistance of the alloy. Both Ti and V are alpha stabilizers. In-
creases in these elements should therefore increase the swelling resis-
tance of the alloy. This has been substantiated in the case of titanium
in another investigation,(7) where certain increases in the Ti content
were shown to be useful in reducing the sweliing.
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SUMMARY

Some effects of transmutations of Mn, Ni, Ti and V which would be
expecteu in a CTR 316 stainless steel first wall have been evaluated.
Based on the available data and relevant investigations, it is con-
cluded that little or no deleterious effects on the recrystallization
temperature or 1400°F tensile properties will be experienced by the
steel as a result of these transmutations. Small lattice strains {<0.1%
for 30 years' residence time) will be experienced due to changes in Mn
and Ni content. The swelling resistance of the alloy would not be
altered by changes in Mn and Ni content to the levels discussed in this
report. Increases in concentration of V and Ti may result in increased
swelling resistance due to a-stabilization.

In conclusion, our results indicate that the behavior of 316 stain-

less steel in a first wall CTR application would undergo no serious detri-
mental changes due to solid compositional transmutations.
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AN ANALYSIS OF IRRADIATION WITH TIME~DEPENDENT SOURCES

J. 0. Schiffgens
N. J. Graves
D. G. Doran

Hanford Engineering Development Laboratory
- Richland, WA 99352

ABSTRACT

Various CTR designs call for pulsed operation with cycle
Tengths ranging from several seconds to about a hundred
minutes, and pulse lengths ranging from nanoseconds to the
neighborhood of ninety minutes. Fluctuations in temperature,
stress, and damage rate resulting from pulsed reactor
operation are expected to significantly affect component
life. This paper describes the first phase of an analysis
of effects resulting from damage rate fluctuations. Pro-
cedures for modeling cluster growth are discussed and the
results of calculations of the net growth of gas containing
voids during an irradiation cycle are presented. These
calculations show that the pulse parameters chosen for
reactors and irradiation sources can dramatically alter
swelling, and most probably other irradiation effects. For
example, if the irradiation pulse length is less than about
10 usec and the interval between pulses is greater than
about ten vacancy mean lives, no void growth is possible in
stainless steel regardless of temperature, disiocation
density and pulse amplitude (instantaneous displacement
rate) provided no voids form in displacement cascades which
are large enough to survive the time between pulses.

I-532
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INTRODUCTION

Anticipated CTR environments] present a new range of boundary con-
ditions for the theoretical and experimental analysis of irradiation
effects. The hard neutron spectra inherent in D-T fusion reactors will
not only produce more displacements per neutron than a fission reactor
spectrum but will also produce transmutants (notable H and He) at higher
rates. Furthermore, various CTR designs call for pulsed operation with
cycle lengths ranging from several seconds (Theta P-;nch2 and Laser3
reactors) to about a hundred minutes (Tokamakl"6 reactors) and pulse
lengths (burn times) ranging from nanoseconds (Laser reactors) to tens of
milliseconds (Theta Pinch reactors) to the neighborhood of S0 minutes
{Tokamak reactors). Temperature variations during a cycle may be as small
as 50°C in Tokamak reactors and as large as several hundred degress in
Theta Pinch reactors. As a result, unique bulk and surface irradiation
damage is expected in structural materials exposed to fusion reactor neutrons,
and fluctuations in temperature, stress, and damage rate resulting from
pulsed reactor operation are expected to significantly affect component
life.

In the absence of irradiation facilities which actually simulate CTR
environments, irradiation effects data for CTRs will come from experiments
with a wide variety of sources. Some of these sources are of a pulsed
nature with irradiation cycles ranging from tens of nanoseconds (cyclotrons)
te milliseconds (LAMPF). In addition, constant sources may be employed in
a pulsed manner. Effective interpretation, correlation, and extrapolation
of irradiation data obtained in pulsed systems are essential.

This paper describes the first phase of an investigation of effects
resulting from the periodic variation of the damage rate. The effect of
cyclic irradiation on the growth of gas containing voids was chosen for
analysis at this time because of its relative tractability and the overall
significance of voids in altering materiais properties. Various first wall
structural materials (notably Nb-1% Zr, and PE16 and CW-316 stainless
steels) have been considered in conceptual designs of commercial CTR5. In
service, first walls are typically expected to withstand integrated neutron
exposures in the range of 1022 to 1023 n/cm? at temperatures in the range
500 to 800°C. It is weli known that continuous irradiation of such alloys
in this temperature range to fast reactor neutron fluences in excess of
1022 n/cm? results ir the formation and growth of voids. Although irradia-
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tion effects other than void swelling (such as embrittlement or irradiation
enhanced fatigue and/or creep) are likely to be the factors limiting first
wall life times, an analysis of void growth will provide viiuable insight
into the factors affecting damage accumulation during irradiation with time-
dependent sources.

No attempt nas been made to present a comprehensive model of swelling.
The model presented here describes the kinetics of void growth during an
irradiation cycle in “¢ims of vacancies and interstitials interacting and
diffusing toward stationary sinks. Assuming dislocations are the dominant
sinks, the net growth of gas containing voids is calculated as the spatially
averaged vacancy and interstitial concentrations vary during the cycle. The
general approach taken in this analysis is described in Section II, while
the underlying theory is presented in Section III. 1In Section IV the
detailed assumptions incorporated in the model are presented. Identifica-
tion of significant regimes and initial resuits of calculations are dis-
cussed in Sections V and VI,

GENERAL APPROACH

Initially this research is intended to determine conditions for which
cyclic time variations in radiation intensity are likely to substantially
affect damage accumulation. Irradiations of interest are those for which
the pulse lengths and cycie lengths are short relative to the time required
for detectable changes to occur in the dimensignal or mechanical properties
of structural materials. The quasi-steady state approximation is not
applicable fo the analysis of mobile defect concentrations throughout such
irradiations. Instead, the net effect of mobile defect conceatration
fluctuations on cluster formation and growth must be determined for each
irradiation cycle and the results summed to describe the slowly evolving

micros tructure.

sjhen the radiation source is on, small mobile defects are produced;
their number, type, and spatial distribution are functions of the material
and the type and energy of the incident radiation. The effects of pulsing
on the evolution of radiation damage is of interest for both neutron and
charged particle irradiations. Therefore one must eventuaily consider
any effects that may be due to displacement cascade production as contrasted
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with the production of isolated Frenkel pairs. Strictly speaking, only

the latter case is considered at this stage of the present study. There
are at least two ways in which displacement cascade production may in-
fluence the consequences of pulsing an irradiation source. One is simply
caused by the inhomogenity of defect productior. Given a high enough flux,
cascade overlap can become significant. The highest instantaneous fluxes
are anticipated for inertial confinement devices. Even in this case,
however, cascade overlap, or a flux effect, does not look significant.

The other effect has to do with the production of vacancy clusters
within a displacement cascade. <omputer simulations of displacement
cascade production and short term annealing indicate that only a small
fraction of the vacancies are free to escape from the cascade immediately
after its production. The simulations indicate that the remainder of the
vacancies are present as small vacancy clusters. However, the clustering
criteria and the extreme proximity of these small clusters to one another
suggest that, on a longer time scale, these clusters could coalesce.
Indeed there is experimental evidence that large vacancy clusters, as
three-dimensional aggregates or as loops, are formed directly in cascades.
These vacancy clusters emit vacancies as a function of time, the rate
depending sensitively on the temperature. While they exist, they provide
additional annihilation sites for interstitials and effectively extend
the average lifetime of vacancies. It has been shown that the existence
of these intriusic vacancy clusters can influence void growth.7 It has
also been shown that they can have a strong influence on void nucleation.
It seems clear, then, that the effects produced by the presence of these
clusters can be modified by pulsing. A sensitive regime should be where
the pulse duration is of the same order as the cluster lifetime.

It is assumed here, for simplicity, that the evolution of the micro-
structure can be adequately described in terms of the uniform production
interaction, and diffusion of point defects. Transmutants, which at the
end of their formation process are most likely on lattice sites, diffuse
sTower than interstitials or vacancies and, with the probable exception
of hydrogen, accumulate during irradiation. Hence, transmutants wil? be
assumed stationary during the irradiation cycle, and in future stuaies
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their migration and precipitation will be analyzed separaiely for incorpora-
tion in the model. Precipitated transmutants and other impurities,

together with prevailing vacancy and interstitial concentrations, are assumed
to completely contro! void formation and growth.

This paper focuses on the initial growth of gas containing voids.
Early in an irradiation, voids are few in number and the average vacancy
and interstitial concentration levels are determined by the competition
between mutual annihilation during diffusion on the one hand and leakage at
dislocations and grain boundaries on the other. 1In all practical cases,
leakage at grain boundaries is insignificant compared to leakage at dis-
locations.8 At this point in an irradiation interstitials aggregate to
form interstitial dislocation 1oops, which together with the preirradiation
dislocation network, interact with the diffusing defects. As pointed out
by others,g'll the preferential attraction of dislocations for interstitials
is sufficient to bring about the excess of vacancies required to ensure
the growth of nucleated voids during continuous irradiation.

Consider the physical processes taking place during an irradiation
cycle. At the beginning of the pulse the concentration of both types of
defects increases rapidly. However, the concentration of the very mobile
interstitials tends to level off quickly as it approaches equilibrium with
the existing dislocation network. The relatively slow moving vacancies re-
quire much more time to equilibrate with the dislocations; hence, their
concentration continues to increase. As the vacancy concentration rises,
an increasing fraction of interstitials are removed by annihilation with
vacancies, and the interstitial concentration decreases. Consecuently,
the interstitial concentration should tend to pass through a maximum at
a time when the interstitials are in near aquilibrium with the dislocations
and the vacancy concentration is far from its equilibrium value. If the
pulse is long enough, of course, the vacancy and interstitial concentra-
tions reach the values they would have during a continous irradiation
having the same defect production rate. At the end of the pulse, the
vacancy and interstitial concentrations decrease rapidly, each tending
toward its thermal equilibrium value at rates determined by their mobility
and the dislocation density. Hence, clusters may form and grow both
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during and/or between pulses depending on the factors controlling the
vacancy and interstitial concentration levels.

Ideally one would 1like to obtain a detailed description of the time
variation in the spatial distribution of the interacting point defects as
they diffuse near each sink type. However, solving the appropriate set
of continuity equations for each sink type is impractical, not to mention
the difficulty of specifying selfconsistent, interrelated boundary con-
ditions. Matters are considerably simplified if the analysis is separated
into three parts. Since the analysis must relate void growth to disloca-
tion density in a meaningful way, it is essential to describe the competi-
tion between annihilation and leakage at dislocations. The goal of the
first part of this analysis is to obtain the probabilities for vacancy and
interstitial leakage as functions of the dislocation density and tempera-
ture. The random dislocation configuration of a real solid is approximated
by an idealized configuration consisting of a bundle of parallel straight
disTocations for which end effects are neglected. The coupled, steady
state, continuity equations for vacancies and interstitials, including the
interactions between the defects and the stress fields of the dislocations,
are solved for the concentration profiles in order to obtain the leakage
rates of each and relate them to their average concentrations at the dis-
location densities and temperatures of interest.

In the second part of the analysis, it is assumed that vacancy and
interstitial leakage rates {for a given temperature, dislocation density
and set of defect properties) are proportional to the respective average
concentrations at all times. The coupled rate equations which describe the
defect balance throughout the cycle in terms of the spatially averaged
concentrations are solved to obtain the time dependences of these average
concentrations.

The third part of the analysis builds on the first and the second.
It is assumed that voids growing ameng the dislocations may be treated
simply as growing in the time varying average concentrations resulting
from the annihilation-Teakage competition. The fields and the spatial
variations in the vacancy and interstitial concentrations near the dis-
locations are ignored. The uncoupled centinuity equations describing
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diffusion in the region surrounding the void are solved with the require-
ment that the average concentration within the region be equal to the
average concentratien throughout the material at all times.

THEQRY

Bombardment wii» high energy radiation constitutes a volume source of
various types of mobile defects resulting in a defect solution that is
supersaturated with respect to each defect type. The mobile defects of
primary interest are vacancies, interstitials, and the helium and/or
hydrogen generated or implanted during irradiation. Consider the region
surrounding a defect sink. Within this region an elemental volume of
material dV, at any point r, contains volume sources of all I types of
interacting, mobile defects. Let Ci(F,t) be the number of ith type defects
per unit volume within dV at time t. Assuming that the volume contains no
stationary sources or sinks, the set of I continuity equations describing
the variation in concentration of each jth type defect as a function of
position and time is

3L G (Fat) = S, (Fot) - 7 = J;(F,t) +R(Fot), =1, (1)

The equations state that the net rate of accumulation for each ith type de-
fect in dV is equal to the rate of introduction of the defect by its
cerresponding volume source Si(F,t) minus the net rate of flow of the defect
from the volume ¥ Ji(F,t), plus the net rate of production of the defect
from various reactions and cluster dissociations RiI(F,t). Since all
defects within dV may interact with each other and all clusters may dis-
sociate, the continuity equation for each ith type defect is coupled to
those for all others through the RiI(F,t) term. Extended and essentially
statfonary defects which act as sources and sinks for the mobile defects

are incorporated through the boundary conditions.

For any given calculation, the volume source terms in Egs. (1) are
obtained from a detailed analysis of damage production for the particular
irradiation conditions of 1‘nts.~v~est.]2 In this modeling work, the volume
source is always assumed to be uniformly distributed, i.e., Si(F,t) =
Si(t) and, in this paper, is treated as a rectanguiar wave
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S : 'Y
; 0<tc«< tp (2)

=0 tpstftc’

where t. is the cycle length, tp is the pulse length, and Si is the pulse
ampli tude.

5;(t)

a

A11 potential gradients within the material, whatever the nature of
the driving forces, tend to produce a current of the diffusing species
with which the gradients interact. These vectors are added to obtain the
net current density vector for each defect

Ji(Fat) = -0, 9C(Rt) - C(Fot) z wf Fed(R), (3)
g=1
where Di is the diffusion coefficient, ﬁe? is the qth potential gradient
acting on the defect, u? is the mobility of the defect in the qth gradient,
and @ is the number of potential gradients present. The sense of the
driving force 6e?(?) exerted by the field on the defect is such as to

lower the free energy of the material.

The diffusion coefficient in an isotropic crystal is given by

. m _gh ) g
D; = g; a? v; exp {Si/k} exp{ Ei/kT} D; exp{ Ei/kT} (4)

where 9; is the geometrical factor, a is the lattice parameter, vj is the
attempt frequency, k is the Boltzmann constant, T is the absolute tempera-
ture, and S? and ET are, respectively, the entropy and energy (more
accurately enthalpy) of motion. For an impurity whose migration is con-
trolled by some cooperative phenomenon, the free energy of motion is
replaced by a free energy of activation, reflecting the probability of
occurrence of the particular phenomenon. Though spatial variations may
be 1’nc1uded,]3 the entropies and energies or motion, and consequently the
diffusion coefficients, for the defects considered in this study are taken
as spatially constant, evaluated in the absence of a field.

While diffusing toward stationary sinks, the various defects pro-
duced by radiation bombardment interact and/or dissociate forming new
defects. The diffusion process itself, as well as all reactions ar a-



1-540

sociations, may be described in terms of the theory of rate processes.]4
For a system of I defect types interacting through a total of L reactions
the stoichiometric equations of mass balance may be written in the
generalized form

I Kee 1
z s; [115—=2 p,lid, 21,1 (5)
=1 K i=1

th

where [i] symbolizes the i~ type defect, Sig and P;p are the stoichio-
metric coefficients of reactant and product [i]'s, respectively, and

Kfz and Krl are Ene reaction rate constants for the forward f and reverse
r paths of the i~ reaction. Employing this notation, the net rate of

formation of the 1th type defect by all L reactions may be written as
L I I
- [
Ri(Fat) =2 (pyp-55,) [K {c (r, *c)}S K., 1 {c (r, t})"] (6)
2=1 n=1 n 1
th th

where C (r,t) is the concentration of the n- type defect in each &
roact1on in which i th type defects participate. The rate constants,
though taken to be independent of defect concentrations, do depend on the
temperature and the thermodynamic properties of the reacting defects.

Reaction rate constants represent the rate of encounter between inter-
acting def-‘ects.]S’]6 For the jth reaction in which defects of type i and
% form a dafect ¢f type o, the rate constant is.
=9 m M
Kes = -{};.u. axp (S./k - /kT) + o 5 exp (S /k - E /kTi} (7)
J Jt 1 1
where a4 and ., are the combinatory numbers, and @ is the atomic volume.
When the reverse path involves dissociation {of say the oth type defect
into i and & type defects) the rate constant is
K .= oy vs expdsi/k - (E7 + BE,. )/kT (8)
rj ~ “jie “io i i Tado '
where, assuming ith defects are more mobile than gt defects, %50 is the
combinatory number of the ith defect emitted from an oth cluster, and BE
js the energy characteristic of the binding of defect types i to 2 in

Lio
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forming 0. The rate constant for disscciation represents the frequency at
which a given type of defect breaks away from the cluster.

A4s with the diffusion coefficients, the rate constans are assumed
independent of position in this study. The combinatory numbers appearing
in Egs. (7) and (8) depend on the defect configurations, migration modes,
and effective capture radii in the particular crystal. The numbers i
and 5q are determined for each defect by treating one of the defects as
stationary and counting all the possible ways thal the other can approach
it such that the complex of interest forms in a single jump. The number
%o is just the number of sites available to the emitted defect such that
dissociation occurs.

Since defect clusters, grain boundaries, and dislocations may act as
sources as well as sinks, their boundaries are referred to in this dis-
cussion as source-sink boundaries. The treatment of defect diffusion at
a source-sink boundary is formally the same as absorption or chemical
reaction at a surface. At some point as defects approach a sink they can
no longer exist as separat2 entities and are absorbed by the sink. Hence,
a "stability" surface surrounding each sink may be defined by a vector ;b
from the source-sink center to the nearest metastable defect sites. The
rate of diffusion of the ith defect to the boundary is given by the net
rate of defect transport across the stability surface of area Ab

i e 3y(Fyet) Ay = - {mj"(t) - m?Ut(t)] , (9)

where Ji(Fb,t) is the current density vector evaluated at r., Uis a unit
vector normail to the surface at ;b’ and m;n(t) and w?Ut(t) are the number
of ith defects per unit time moving toward and away from the source-sink
boundary. As with reactions in general, flow into such a houndary may

be considered to proceed Uivrough the formaiion uf an activated state,
where the rate of flow at anv given temperature is determined by the
number of defects in the activated state and the velocity at which these
travel across the top of the energy barrier defining the activated state.
The troughs on either side of the barrier define the bound state and the
state corresponding to the nearest (on the average) metastable site. The

Tocus of metastable sites defines the stability suvface rrp. The
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expression for m}n(t), the number of the ith defects per unit time
crossing this surface while moving toward the boundary, = is simply

m;n(t) = Ci(rb.t) Ab ag; v exp{%?/%}exp{}E?/kf} . (10)

Similarly, the rate at which ith defects cross the surface while leaving
the boundary, assuming all sites of ith defects on the source-sink
boundary are energetically equivalent, may be written as

dFin,)
w?Ut(t) = Cihy 2 9 vy exp{%?/%}exp{}E?/kf}exp[-aﬁil—-i% (11)
k|
where Cis refers tc the concentration of i defects at the cluster
boundary (not the surface defined by rb), ny refers to the number of it"

type defects, and dF(ni)/dn. refers to the change in free energy associated
with the emission of the it type defect from the cluster. The concen-

fration cis is chosen so that at thermal equilibrium m:" = m?Ut; i.e.,
Cis is set equal to the thermal equilibrium concentration of the ith
defect, <ci>eq'
Substituting Eqs. (10) and (11) into Eq. (9) yields
out, ..

Mrot) = Lo, ¢ (r, )] ®© (12)

rgot) = 30y Clrpsth o -
where

t in o
and . dF(ni) 1
C_I(t) = <c1'>eq exp -—aFi——'k—T (14)

When the surrounding defects are in thermal equilibrium with the
source-sink boundary, the boundary acts like an ideal reflector, m?Ut(t)/
m}n(t) =land u * Ji(?b.t) = 0; for an ideal source, w;n(t) =0 and
u e Ji(Fb,t) is positive and independent of the concentration at Fb; for
an ideal sink, w$“t(t) =0 and @ » J;(F,t) =={1a)D, C;(F,,t), which is
equivalent to the requirement that Ci + 0 at a distance a behind the
stability surface for al11 times.

Emission of a vacancy at the surface of a gas-containing void changes
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the void energy by decreasing its surface and compressing the gas,]8

hence, in the absence of a field

[=K

F =_g_. 2 - dv
n " an; (47 r2 ) pdn].

o.

2 [(2v/r) - p], (15)

where the volume of the void is V = 4ar3/3 = n19. The situation is just
reversed for interstitial emission so that

g-,f; = - a [(2v/r) - p] . (16)

ANALYSIS

Diffusion Near Dislocations

The purpose of this portion of the investigation is to calculate
leakage rate probabilities at dislocations for vacancies and interstitials.
The leakage rate probabiiity Qi(t) for the ith defect. at any time t is just
the ratio of the leakage rate 2« by P v Ji(rbi’t) to the total number of
defects in excass of the number present at thermal equilibrium (<Ci(t)> -
<C > )V where Py is the dislocation density, V is the volume surrounding
the d1s1ocat10n, <C (t}> is the spat1a1]y averaged concentration within
the volume,and J, (rb ,t) is the it current density at b3 the stability
radius about the dislocation for the ith defect. ieglecting transients,
which is a good approximation for random distributions of point defects and
sinks, the ratio of the current dersity to the average concentration may
be approximated as constant in time. The leakage rate probability becomes,
then, a leakage rate constant, which may be written as

Ji(=orp ) |
Q.i =2nr b.l pd {<c (w)>_<c > ) . (]7)

This kind of assumption is essential to any rate theory approximation of a
diffusion process. It permits the determinatioan of appropriate leakage rate
constants through the steady state analysis of vacancies and interstitials
interacting and diffusing in the field of a dislocation.

It s assumed that the only mobile defects present are vacancies [1]
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and interstitials [2] and that the only reaction they participate in is

. K
(1] + [2] ———» Annihilation. (18)

A numerical solution of the corresponding set of steady state diffusion
equations
C.(r)

= c . V:" 1 i ~ - A A=
0 51. + D]. v [ C].(r) T v -].(r)] KCi(r)CJ.(r), 1,j=1,2 (19)

which result from substituting Eqs. (3) and (6) into (1), yields concen-
tration profiles from which average concentrations and current densities

at the dislocation are obtained. These profiles are, of course, functions
of the production rate, temperature, material and defect properties, and
dislocation density. The solution of Egs. (19} requires specifying the
concentration, the normal derivative of the concentration, or some linear
combination of the two at the boundaries surrounding the region within which
the equations apply. In order to specify boundary conditions, the random
dislocation configurations of a real material are approximated by an
idealized confiquration consisting of a bundle of parallel, straight, equi-
spaced dislocations for which end effects are neglected. Assuming that
there is no net transport of defects across the cyiindrical surface of

radius v, surrcunding each dislocation iine [where 4 is equal to cne-

d
half the average distance between dislocations, i.e., rq = (r pd)_h&],
and since dislocations are, in general, sources as well as sinks, the

boundary conditions are taken to be

J.(r) =0 atr=r,, (20-a)
D.

L - <l + =
3 Lci(r) <u1.>eq ] at r o=,

~—
1i

(20-b)

and J.(r)

It is the variation in strain energy that dominates the interaction
19 . . .
. According to continuum mechanics the average

energy terms iri Egs.{19)
energy corresponding to the interaction between the stress field of an
isoslated dislocation and that of a point defect is approximated by e =
Ai/r. where Ai is a constant represe:ting the strengtn of the interaction
with the ith point defect. However, since the dislocations are not

isolated it is reasonable to expect their fields, on the average, to cancel



in the neighborhood of rqs hence, we approximate the interaction energy

by

€, = A.[ Zrd ] (21)
i Cijrlery - )

which varies as Ai/r near the dislocation and has a zero gradient at ry
Atomistic calculations for copper indicate that the interstitial stability
radius b2 is somewhat larger than the core radius f(about 7 E), gt which the
interaction energy is in the neighbornood of -.03 eV, while the vacancy
stability radius o1 is about 5 Z with a corresponding 1nteract10n energy
< -.005 eV.* for this work we have taken A1 =0, A2 = -.21 eV A, ard
o1 = Moy = 7 A.

The analytic approach employed here involves expressing Egqs. {(19) and
their boundary conditions in ]inearizedzo finite difference form and
solving the resulting matrix by Gaussian elimination, iterating to ccn-
vergence. The computer code used to solve these eguations, DEPORT-1, can
actually treat up to four mobile defects interacting through a variety of
reactions.8 DEPORT-1 consists of a calling program and numerous sub-
routines and subprograms. The code 2) reads various input data and
claculates problem parameters (e.g., diffusion coefficients, rate constants,
etc.), b) reads or estimates concenirations for use as "initial guesses,"
¢) calculates the band e]ements21 of the coefficient matrix and the right
hand side vector, d) solves the matrix equation checking for converjence,
e) searches for flat regions in the converged concentration profiles, and,
if such are found, establishes an improved mesh and repeats the calcula-
tion, f) from the converged concentration profiles, calculates current
densities at the dislocation, average concentrations, and leakage rate
constants for each defect, and g) writes all output in desired form.

——

* These estimates were made using the calculational techniques described
in Jd. 0. Schiffgens and D. H. Ashton, J. Appl. Phys. 45, 1023 (1974). In
each case only one stability (radius) vector was sought, that for the
case where the point defects were on the slip plane approximately midway
between the end surfaces (perpendicular to the dislocation line).
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Time Variation in Average Concentrations

Having treated the competition between annihilation and leakage at
dislocations to obtain leakage rate constants which are functions of
temperature, dislocation density, and defect and materials properties,
the next step in the analysis is the determination of the time variation
in the average concentrations of vacancies and interstitials during the
cycle. While a detailed mathematical description of this process is a
problem in classical diffusion, the complex configurations of real
dislccation networks and loops, and the essentially random distributions
of point defects and void nuclei throughout the bulk of the material
warrant a simple rate theory formulation.

A numerical solution of the set of coupled time dependent rate
equations

=YT=N

L <G (8D = SH(E) - K <G ()< (8) - Qe (), Tuislz (22)

yields the average concentrations of vacancies and interstitials as
functions of time during each cycle from the beéginning of the irradiation
until a stable cycle is established. It is the variation during the stable
cycle that is of interest. It is assumed that over the irradiation period
to be analyzed the dislocation density does not change substantially and
that the average concentration is not affected by the loss of point defects

to voids. The point defect production rates during the cycle are

Si(t) = §; + ST, 0Zte<t,, (23-a)
- <t< -
and STi tp -t tC , (23-b)
where STi = K<C1>eq<cj>eq + Qi<ci>eq .

The initial condition is simply

<Ci(t)> = <C1.>eq i=1,2 at t = 0. (28)

Since temperature variations during cyclic irradiation can signifi-
cantly alter the evolving microstructure, the temperature dependent
quantities K and Qi are implicit functions of time. Hence, although in
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this analysis only constant temperature irradiations are considered,

the calculational method empioyed is general, allowing K and Qi to be
known functions of time. The solutions to Egs. (22) are obtaired by
writing them in finite difference form, linearizing the resulting
algebraic equations by the same procedure used in solving Eqs. (19},
iterating to convergence each time step, then integrating over time.

The calculation is terminated when the time variation in the concentrations
during successive cycles is unchanging (to within .1 percent). A program
PULSE was written to solve Egs. (22) with the initial conditions expressed
in Eqs. (24). The program a) reads irradiation and temperature cycle
parameters, b) reads output from DEPORT-1, c¢) calculates the average con-
centrations as functions of time, and d} writes and displays output in

desired form.
Void Growth

This portion of the analysis is concerned with the solution of Egs. (1)
for vacancies and interstitials diffusing in the neighborhood ef a void.
It is assumed that the average concentration in the region surrounding the
voig is at all times equal to the average throughout the material, and
that the annihilation term may be expressed in terms of the average con-
centrations, certainly a reasonable approximation for low void densities.

ETimination of the reaction rate or annihilation term both unccuples
and linearizes Egs. (1). Hence, for isotropic diffusion near a sphericel

void the continuity equations become

3 ; Wl 1 5 a3 s 5
g—t- Colrat) = S¥(t) + Dy s [ - C(ryt)] 12152, (25)
in which the source terms S; are
Si(t) = S (t) - KeCt)><Cy(t)> . (26]

Consider an average void of radius b(t) at the center of an otherwise
sink-free regior of radius R, where R is taken to be (3/l?lrov)i/3 » With
Py being the void density. Appropriate initial and boundary conditions
applicabie to the solutions of Egs. (25) for analysis of the void growth

during an irradiation cycle are:
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for t =0, b{0) <r <R, g(m0)=f#r) (27-a)
and for t >0, r=b(t), J[b(t),t]= % 0, [C0 - ¢, (b[t],t)] (27-b)
r = R, Ci(R,t) = Fi[<ci(t)>’ R] (27-¢)

where fi(r) refers to the ith defect distribution within R at the be-
ginning of a cycle, Fi[<Ci(t)>,R] is the concentration at R such that
the average within R is equal to the average throughout the material,
and b(t) is the void radius which may change during the cvcle, depending
on the net flow of matter into the void; i.e.,

gf b(t) = - a(J;[b(t),t] - J,[b{t),t]

- T UDb(e),t] - 3pDu(t),e] (28)

In this equation j][b(t),t] and jz[b(t),t] are the rates at which vacancies
and interstitials, respectively, flow into the void. Hence, the analysis
of void growth during an irradiation cycle requires knowledge of fi(r) and
<Ci(t)>, and the simultaneous solution of Eqs. (25} and (28). While the
general solution of this problem has been formulated, it has not yet been
tfully programmed.

For certain limited irradiation conditions, a simple straightforward
solution has been programmed and may be used to demonstrate the essential
features of growth. If the dislocation density and/or temperature are
sufficiently high, at the beginning of a radiation pulse the vacancy and
interstitial average concentrations rise essentially instantaneously to
some known values Ei (from the analysis described in Section IV-Time
Variation in Average Concentration), remain constant throughout the pulse,
then drop to the thermal equiliorium values essentially instantaneously
at the end of the pulse. In this case, the total void growth during a
pulse and the total void shrinkage between pulses can be described in
terms of the effective (or quasi-) steady state current densities. For
both time intervals the solutions take the form

C(rot) = o,(8) = o (£)r2 = 4 (1) 1, (29)
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s4(t)

where ei(t) = _—ﬁ;— s (30)

and the only time variation in the concentration profiles during either
time interval comes through the change in void radius. Application of the
boundary conditions in Eqs. (27-b) and (27-c) yield

bER (o] S:i‘(t) t/ 9
v;(8) = =2 {C(R) - € + —5— [R? - b2 + zab]} , (31
' si(t) '
and 8;(t) = C(R) + —5— R2 + y.(t)g (32)

Al
where z = bfaR + bR - b?], and, for simplicity, the notation for the time
dependency of the void radius has been dropped. During the pulse, the
cancentrations at R are determined by solving
R

= _1 '
¢, = 5 f C, () dv (33)
b
for Ci(R), and between pulses the concentrations at R are
Ci(R) = <ci>eq . {34)
th

The steady state concentration profile of the i~ defect in the
region surrounding a void is given by Egqs. (29) through (34) for both time
intervals. Consequently, the rate at which these defects enter the void
is given by

: (B = (h) = - 4- b2 p 9.
34(0) < AIIB) = - 47 b 0y )]

Db ° o si{t
- 4r 26 (R) - Q1R+ {R7-3b2R+203 ) (35)

Z 6D,

and the rate at which they diffuse out of the region defined by k into some
other region is

; d
= = - 4~ R2 —
J; (R) = AJ(R) 4= R0 g G0}y
r=R
D.b2R "
= . i _ 0 i a1y e 2
= - 4 ([Ci(R\) Cl1b+ 60, (2 (- 5} b* + 3bR

-2 2 RB)) (36)
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Substitution of £q. (35) for vacancies and interstitials (i.e., for

i=1,2, respectively) into Eq. {28) with the aporopriate values for Ci(Rf
and S;(t) yields the net void growth rate for given average vacancy and
interstitial concentrations. It is expressed in terms of diffusion co-
efficients Di’ void parameters C? and b, and the radius of the surrounding
sink-free region R, where R and b must be such that flow out of the

region %o dislocations ji(R) is very much greater than ji(b). The change
in void radius as a function of time is obtained by numerical solution

of the resulting equation. A program, SINK, has been written to solve

Eq. (28). The program (a) reads output from DEPORT-1 and PULSE, (b) reads
various integration parameters, the void density, the surface energy, and
the number of helium atoms in the void, (c) calculates the current
densities at the boundaries, the net growth rate, and the void radius, all
as functions of time throughout the cycle, and {d) writes and displays all
data in desired form.

RESULTS OF CALCULATIONS

The objiective of this research is to develop analytic models for the
correlation and extrapolation of data on irradiation effects stemming from
cyclic variations in radiation intensity. In previous sections, the
method o7 analysis and presently employed calculational techniques were
discussed and a model for void growth was presented. Initial results
from calculations with the void growth model are described in this section.
It is our intention to 3pproximate the behavior of stainless steel. However,
appropriate stainless steel defect parameters are not well known and a
fairly wide range of values has been used in calculations by various
authorsg']o The values used in this work are presented in Table 1. At
this point, we make no attempt to justify our selection other than to point
out that others have used these values and that the results of our calcu-

lations with them, as shown below, ave reasonable.

It is generally recognized a) that a net flow of vacancies into a
bubbie or some other void nucleus requiras a vacancy excess which can only
be sustained if there is a preferential removal of interstitials at
alternative sinks, and b) that dislocations, by virtue of the long range
interstitial-dislocation interaction, constitute suitable alternative sinks.
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TABLE 1

ASSUMED PROPERTIES AND DEFECT PARAMETERS FOR STAINLESS

Atomic volume (cm /at) 1.18
Lattice parameter (cm) 3.61
Stability radius (cm) 7.00
Vacancy Pre-exponential Factor (cm?/sec) 5.80
Interstitiai Pre-exponential Factor (cm?/sec) 1.00
Vacancy Migration Energy (ev) 1.40
Interstitial Migration Energy (ev) 2.00
Vacancy Formation Energy (ev) 1.50
Interstitial Formation Energy (ev) 4.00
Surface Free Energy (evw/A?) 8.12

Vacancy-Dislocation Interaction Constant (evA) 0.00

Interstitial-Dislocation Interaction

Constant (evA) -2.10
Vacancy-Interstitial Combinatory Number? 9.00
Interstitial-Vacancy Combinatory Number? 1.80
Vacancy Formation Entropy (ev/°K) 4,31
Interstitial Formation Entropy (ev/°K) 0.00

X

STEEL

]0-23
10-8
10-8
10!
10~ 2

10-!

10-2

107!
102

2

10°3

8These values are based on the assumption that a vacancy is surrounded
by a stability surface containing 75 lattice sites, and that or the
average each site has half its nearest neighbors outside the volume

enclosed by the surface.
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As is evident from Eqs. (28) and (3%), a growth function G(t) may be defined
such that void growth requires a positive value of G(t). For a dilute

solution of large voids it may be readily shown22 that
bdE. = a6(t) (37)
where
L R
G(t) = D,<C](t)> - D]<C.|>eq - DZ<C2(t)> . (38)

Hence, it is desirable to begin the analysis of the effects of cyclic
variations in damage rate on void growth by determining the combinations
ot material and operating conditions for which G(t) is positive, then
calculate growth rates for a few irradiation conditions.

Before growth could be analyzed the point defect concentration as a
function of dislocation density and temperature had to be determined. With
DEPORT-1, concentration profiles, average concentrations, and current
densities of vacancies and interstitials were calculated for dislocation
densities of 5 x 109, 5 x 1010, and 5 x 10! cm/cm® over the temperature
range from 250 to 800°C. Figure 1 shows a sample set of vacancy and
interstitial concentration profiles. With a defect production rate of
1 x 10-% dpa/sec, the concentrations at 500°C are plotted versus the
normalized distance from the dislocation Tine for all three dislocation
densities. At this temperature all the pwofiles are quite flat. Average
concentrations obtained from these and other concentration profiles were sub-
stituted into Eq. (38) to obtain steady state growth functions. In Figure 2,
growth functions for each dislocation density are plotted versus temperature
for defect production rates of 1 x 10°% and 5 x 10">dpa/sec, typical of neutron
and changed particle irradiations, respectively. The curves for the low pro-
duction rate exhibit maxima in the range 400 tc 580°C. Raising the dis-
placement rate by a factor of 5300 increases the maximum value of the growth
function by a fictor of 3500, ~1100, and ~360 for oy = 5 x 1011, 5 x 1010,
and 5 x 10% cm™“, respectively, and shifts the temperature of the maximum
upward by 100 to 200°C. The temperatures of maximum growth and their
shift with increased displacement rate are in approximate agreement with
the experimentally observed behavior of the maxima in stainless steel
swellinrg curves. Voids have not been observed in reactor irradiated
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stainless steel at temperatures below 300°C or above about 600°C. On the
other hand, voids have been observed in heavy ion and electron irradiated
stainless steels at temperatures from 400 to 700°C. Apart from any con-
sideration of cascade effects, the calculations show a significant decrease
in the growth function per displacement as the displacement rate is
increased, consistant with the rate study conducted at NRL.23 Note, alsu,
that at low temperatures voids can only grow when the dislocation density
is high; for low dislocation densities too few interstitials leak at
dislocations for the dislocations to be effective as preferential sinks for
interstitials.

Leakage rate constants were obtained by substituting the current
densities and corresponding average concentrations into Eq. (17). For con-
venience in presentation, the leakage rate constants are normalized by
dividing by the diffusion coefficient and the dislocation density, Qi/Dipd'
For defect production rates of 1 x 10-5 dpa/sec and 5 x 10~ 3 dpa/sec,
respectively, Figures 3-a and 3-b show plots of Q]/D]pd and 02/szd -
Q]/D]pd versus temperature for the three dislocation densities considered.
Note that in these calculations, with the parameters!listed in Table 1,
the Qi/Dipd vary with dislocation density and temperature in the region of
interest. At high temperatures, the Q]D]pd become constant with values in
the range 1.25 to 2.75 depending on the dislocation density. For each
dislocation density, the quantity 02/szd - Q]/D]pd is zero at the tempera-
ture where D]<C1> eguals D2<C2> and passes through a maximum with increasing
temperature. Over most of the temperature range the difference between
the normalized leakage rate constants is slowly changing with values in the
range .2 to .8 depending on the dislocation density. These values contrast
markedly with constants reported by Brailsford and BuHough,24 viz, Q]/D]pd =
1 and 02/szd - Q]/D]pd = .02. The difference is the result of using
different defect parameters; Brailsford and Bullough use ET =1 ev,

Ef = 1.9 ev, A2 =1 kTrb, and K = 1016 or 1017 [our values for K are in the
range 1013 to 10!*, see Eq. (7)]. Note that increasing the displacement rate
does little more than shift the curves up in temperature.

With the appropriate annihilation and leakage rate constants Eqs. (16)
were solved simultaneously to obtain the average concentrations of =-~-znil::
and interstitiaiz as functiois of time during the app-oach to steady state



I-555

for each dislocation density at various temperatures. For a defect
production rate of 1 x 10-% dpa/sec, plots of D]<C](t)> and DZ<C2(t)>
versuys time for the three dislocation densities at 500°C are presented

in Figures 4-a, 4-b, and 4-c. Simirar plots are shown for a production
rate of 5 x 10-3dpa/sec in Figures 5-a, 5-b, and 5-c. Note that in each
case the interstitial concentration increases essentially instantaneously
as the interstitials approach equilibrium with the surrounding dis-
locations. For the lowest dislocation density in Figure 4, a signifi-
cant fraction of vacancies and interstitials (~ 85 percent at steady
stat:) are removed by annihilation at this temperature. Correspondingly,
the intersiitial concentration passes through a maximum and decreases as
the relatively slow moving vacancies accumulate. For the higher dis-
location densities, Figures 4-b and 4-c, a smaller fraction of vacancies
and interstitials are removed by annihilation (~ 17 and .1 percent,
respectively) at this temperature. For the highest dislocation density,
the pcint defect concentrations increase monotonically as they come into
equilibrium with the dislocation network nearly independently of each
other, interstitials reaching steady state before vacancies.

A general characteristic of all such plots is that initielly
DZ<C2(t)> is greater than D]<C](t)> due to the much higher mobility of
interstitials, while at steady state, due to the presence of the biased
sinks, the reverse is true. Therefore, at some point t' during the
approach to equilibrium these quantities are equal, i.e., DZ<C2(t')> =
D]<C](t‘)>. The time t' then represents a "zero growth pulse length."
For pulse lengths less than t' growth is impossible, provided the only
vacancies present during the pulse are those produced during the pulse.
Thai is, the interval between pulses tc-t must be sufficiently long, say
20 times t' (or ~ 10 vacancy mean lives), to drain all vacancies from the
material before the beginning of the next pulse. Figures 6 and 7 show
plots of the zero growth pulse length versus temperature for each dis-
location density. The significance of the plots in Figure 6 is that,
for pulse lengths less than 10 microseconds combined with cycle lengths
greater than about 20 t', voids should not forw, ur grow in stainless
steel at any temperature regardless of the pulse amplitude, unless voids
are formed directly in displacement cascades and they are Targe enough
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to survive the interval (tc-tp). The plots in Figure 7 are for a

vacancy migration energy of 1.1 ev, with all other defect parameters*

the same as shown in Table 1. A comparison of Figures 6 and 7, shows the
sensitivity of the zero growth pulse length to the vacancy migration
energy; a decrease in energy of .3 ev decrezses t' by a factor of about
100.

In connenction with pulsed irradiations, four regimes may be readily
identified: 1) the pulse is too short for growth to occur duringthepulse
and the interval between pulses is long enough to permit complete relaxa-
tion of the vacancy distribution; 2) the pulse is long enough {and/or its
amplitude is large enough) for growth te occur during a pulse, but the
shrinkage between pulses is such as to yield no net growth per cycle;
3) growth during the pulse is sufficient so that the void survives the
interval between pulses and shows net growth through the cycle; and 4)
shrinkage between pulses is negligibly small sb that total void growth is
just the net growth per pulse summed over all pulses. Specifying the varicus
combinations of parameters which define each regime is complicated by the
large number of significant experimental variables (e.g., number and type
of nucleation sites, dislocation density, radiation and temperature pulse
amplitudes, pulse lengths, and cycle lengths, etc.). At this poini, we merely
wish to demonstrate the application of the model to growth during a cycle.

In keeping with the approximation employed in arriving at Eq. (29),
calculations witn the void growth model in its present form are
restricted to cases for which the time variations in point defect con-
centrations may be treated as rectangular pulses.** For example, at 500°C,
with a density of void nuclei of 10!% cm™3, a dislocation density of
5 x 1010 c¢cm™2, and the defect parameters listed in Table 1, the analysis
of growth is limited to pulse lengths greater than a few tenths of a
second. For this temperature, void density, and dislocation density,
let us consider void growth for two sets of pulse parameters; for case
A, t_ = .4 sec and tC = 10.4 sec and for case B, tp = 30 sec and tc =
40 sec. The average displacement rate in each case is taken to be

P f

* It is assumed that E] + E? = 2.9 ev: hence ET = 1.8 ev.
** Work is currently in progress to 1ift this restriction.
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1 x 10°6 dpa/sec. Figures 8 and 9 show the variation in vacancy and
interstitial supersaturation for cases A and B, respectively; the pulses
are approximately rectangular. With these pulsas, the change in void
radius during an irradiation cycle was calculated for several void sizes.
Figures 10 and 11 show plots of void radii versus time for cases A and B,
respectively. In both cases the growth during the pulse decreases with
increasing void size and the fraction of new growth lost to shrinkage
between pulses decreases. Shrinkage between pulses is less than 1% of
the growth during the pulse for void radii greater than abiout 503. Although
voids will nucleate more readily in case A than in case B, due to the
larger point defect supersaturations, the growth per displacement is much
less. From Eq. (37), for a dilute solution of large voids, the change
in volume 4V of a void of radius b for short time intervals At is

AV = 4Gbat (39)

According]y, the percent swelling per dpa for a uniform distribution of
voids 50A in radius during a continuous irradiation with a displacement
rate of 1 x 10~ dpa/sec is .11 percent per dpa. In the limit, when the
shrinkage between pulses is essentially zero, the ratio of the change in
volume per dpa for a continuous irradiation to that for a pulsed irradia-
tion (for a void of the same size) is just

AVC/AVP = GC/(GPT) (40)

where Gc and Gp are the growth functions for the average and peak dis-
placement rates respectively, and t is the (fractional) duty cycle. For
case A this ratio is 2.55 and for case B it is 1.05. The ratio is not
1, of course, due to the decrease in efficiency of point defects for
sustaining growth as the defect production rate increases, as shown in
Figure 2.

SUMMARY

This work has identified four regimes associated with void growth
in pulsed systems. The first regime is characterized by two interrelated
parameters, a zero growth pulse length t' and a minimum interval between
pulses. This analysis shows that if the irradiation pulse length is less
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than about 10 usec and the interval between pulses is greater than about
20 t', no void growth is possible in stainless steel regardless of
temperature, dislocation density and pulse amplitude {instantaneous
displacement rate) provided no voids form in displacement cascades which
are large encugh to survive the time between pulses.

The second regime is characterized by a pulse amplitude which is
large 2nough for growth on void nuclei but with pulse lengths short
enough and/or cycle lengths long enough that void growth during the pulse
is completely nyllified by the shrinkage between pulses. The third regime
is defined by pulse paramsters which not only permit voids to grow on
given nuclel but for all irradiation times cause more growth during a
pulse than shrinkage betwesen pulses. The boundaries for these regimes are
more difficult to cuantify, as 1z obvicus from the sample caiculations
presented in this paper. For any given set of pulse and cycle lengths
the regime boundaries are complex functions of the physics of void nuclei,
the dislocation density, and the temperature and displacement pulse
anpl tudes.

In the fourth regime, there is essentially no shrinkage between
pulses and the total void growth is just the net growth per pulse summed
over all pulses. Sample calculations show that, for pulse parameters ia
the range of interest for (TR design, void growth is significantly altered.
For large voids, with a dislocation density of 5 x 1012 em-2, at 500°C,
the rate of change in volume of a void during a continupus irradiation at a
displacement rate of 1 x 10°% dpa/sec is about 2.5 times the rate of change
in volume of the same size void during a pulsed irradiation with tp = .4 sec,
tc = 10.4 sec, and an average displacement rate of 1 x 10-¢ dpa/sec.

In conclusion, these studies show that the pulse parameters chosen

for reactors and irradiation sources can dramatically alter swelling, and
most prohably other irradiation effects.
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