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Metallurgy Department 
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W.V. Green and M. Victoria 
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ABSTRACT 

The main points and the main conclusions of a workshop 

held June 27-30 1983 at Interlaken, Switzerland, are reported. 

There was general agreement among the participants that ideal 

simulation, providing unambiguous information about the be

haviour of the first wall material, is at present out of reach. 

In this situation the route to follow is to use the existing 

simulation facilities in a concerted effort to understand the 

damage accumulation processes and thereby create the background 

for prediction or appropriate simulation of the behaviour of 

the first wall material. 

To be published in Radiation Effects. 
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1. INTRODUCTION 

An international workshop on "Evaluation of Simulation 

Techniques for Radiation Damage in the Bulk of Fusion First 

Wall Materials" was held at Interlaken, Switzerland June 27-30 

1983 (with the present authors as organizers). The idea was to 

gather a small group of people (-20) actively engaged in ex

perimental simulation of bulk radiation damage in the first 

wall material (e.g. damage by fusion neutrons). Because of the 

very positive response the number of participants ended up at 

36 (from Belgium, Denmark, Federal Republic of Germany, France, 

Italy (ISPRA), Japan, Switzerland, O.K. and U.S.A.). 

When planning the workshop we were rather restrictive in 

our defination of experimental facil it ies for simulation of the 

first vail material: we only included those facil it ies which 

simultaneously introduce helium (at high rate) and displacement 

damage. At the workshop a few simulation techniques that do not 

fulfil this requirement were discussed together with those that 

do. 

The basic programme of the workshop was composed of a 

series of invited presentations intended to cover the whole 

spectrum of simulation techniques and some of the underlying 

physics and basic technology. Time was also reserved for short 

presentations on any subject that the. participants found rele

vant. Throughout the workshop ample time was allocated for 

discussions. As is turned out - and as the present overview 

reflects - the discussions tended to focus on the evaluation of 
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the general situation for simulation of radiation damage in the 

f irst wall. This situation, in turn, determines the use of the 

different simulation techniques with their respective advan

tages and disadvantages. The number and the complexity of the 

problems would indicate that we use the whole spectrum of 

ex i s t ing s imulat ion t echn iques (cf . s e c t i o n 2 ) . Techniques 

based on the following types of irradiation were presented and 

discussed: fission neutrons (including fas t neutrons, mixed 

spectrum, spectrum tailoring, boron doping, tritium trick, and 

isotopic enrichment), 14 MeV neutrons (RTNS-II), spallation 

neutrons , high energy heavy ions , l i g h t i ons , high energy 

protons (600 and 800 MeV), dual- and triple-beam, and HVEH 

(with helium inject ion) . A l i s t of presentations, authors and 

other participants is given in the appendix. 

No abstracts or manuscripts were requested from the parti

cipants. At the workshop i t was agreed that the organizers 

should write an overview of the main points and the main con

clusions of the workshop for publication in the open l i t e r a 

ture. The manuscript was to be produced on the basis of in 

extenso tape recordings of all presentations and discussions 

and copies of overhead transparencies and s l ides made available 

by the participants. Subsequently the draft was to be c ircu

lated among the participants for comments. Such a manuscript 

was produced and circulated. A number of comments and sugges

t ions were received and most of them have been accommodated in 

the pcesent t ex t . With thic procedure i t i s obvious that the 

paper must ref lect the points of view on which there was fairly 
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general consensus rather than individual controversial opi

nions. It i s unavoidable that the paper is to some extent 

coloured by the authors' personal views, but the circulation of 

the draft among the participants should guarantee that this 

colouring is kept at an acceptable level. 

2. THE CONCEPT OF SIMULATION 

We may take ideal simulation to be a model experiment from 

which we confidently, through knowledge of the scaling laws*, 

can derive how the material in the real first wall is going to 

behave. There was general agreement that we are not at present 

in a position to do such ideal simulation experiments. It was 

argued that even future 14 HeV neutrons facilities will not in 

all respects reproduce first wall conditions. Whether they are 

to produce ideal simulation in the above sense will depend on 

the degree of understanding of the scaling laws acquired in the 

meantime. 

One of the main problems about the simulation of fusion 

radiation damage (or any radiation damage) is that the damage 

accumulation process has more than one stage. Simplistic ally 

one may consider two stages: a stage in which the dislocation, 

cavity and precipitate structures are established (the "incuba

tion" or "transient" stage) and a stage in which damage accumu-

* in this connection scaling does not only refer to scaling of 

dimensions, but to scaling of all relevant physical parameters. 
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lates in a relatively stable structure. The scaling laws from 

simulation experiment to real first wall material are not the 

same for the two stages; for instance i t would probably be 

necessary to use different temperature shifts in the two stages 

(to compensate for a difference in damage rate). In practice 

the situation may be more complicated than the two-stage s i 

tuation described above: some structure components may come to 

a quasistatic s tate at a rather low dose, and others, e .g . 

those related to the microchemistry, may go on changing up to 

very high doses. 

Given the condition that ideal simulation is out of reach, 

we must emphasize the simulation of the effect of specific 

parameters on specific processes and properties. In other words 

we must use the existing simulation f a c i l i t i e s to come to 

understand the individual processes and the way in which they 

combine to produce the macroscopic damage in the first wall. 

There was general consensus among the participants that simpli

city will be an essential consideration in this phase: in the 

mechanistic studies we should use simple, but not necessarily 

pure, materials (rather than complex structural materials) and 

ask simple and well defined questions. It is obviously also 

neccessary to do simulation experiments on structural materials 

for application in the next generation of experimental fusion 

devices; it is equally obvious, however, that the evaluation of 

such experiments in the existing simulation facil it ies would 

benefit from or require an improved understanding of the basic 

processses. 

In the evaluation of the usefulness of the different 
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simulation techniques cost efficiency enters with great weight: 

when no simulation is ideal anyway, it may be argued that the 

practical capacity to get a large number of experiments carried 

out is as important as the exact degree of deviation from the 

ideal radiation parameters. 

Only the future can show to which extent the mechanistic 

understanding gained in the first phase of simulation will be 

of direct use in the design of fusion reactors. But this under

standing will certainly be a necessary condition for the ratio

nal utilization of future, more appropriate simulation faci l i 

t i e s . The tota l capacity of such fac i l i t i e s will be far too 

small for extensive mechanistic studies or materials screening 

- particularly so for the study of mechanical behaviour. 

3. IMPORTANT PARAMETERS 

There is a number of radiation parameters that together 

determine the radiation effects in the exposed materials. For 

any simulation technique it would appear to be an advantage 

that all radiation parameters are as close as possible to those 

of the real f irst wall -(with the modification mentioned in 

section 2 that efficiency is an important consideration that 

may justify damage and He production rates higher than those in 

the first wall). In the situation that no existing simulation 

facility has all radiation parameters close to the first wall 

parameters i t is imp* rtant to know which parameters are most 

important or, more realistically, which parameters are most 
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important in the simulation of a given aspect of the ef fect of 

radiation. In the mechanistic study of a given aspect i t i s 

ac tual ly an advantage (or perhaps a requirement) that the 

simulation facility or the combination of simulation fac i l i t i es 

used can cover a range of the relevant parameters (rather than 

just having a single value as close as possible to that in the 

f i r s t wa l l ) . 

In this section we shall l i s t the most important radiation 

parameters (as judged by the attention devoted to them at the 

workshop) and their importance for various aspects of radiation 

e f fec ts . We can take the very fact that such a l i s t can be made 

as an illustration of the usefulness of the present simulation 

techniques, non-ideal as they may be. 

3 . 1 . Helium generation to damage rate r a t i o 

In the characterization and evaluation of a simulation 

technique the ratio between helium generation rate and d i s 

placement damage rate (the appra to dpa ratio) i s often taken to 

be the most important single parameter. The particular impor

tance of this parameter was questioned on theoretical as well 

as experimental grounds. It was argued that for many damage 

accumulation processes the individual rates are more important 

than their ratio. It appears, for instance, that grain boundary 

weakening (by preferential nucleation and growth of He bubbles) 

i s mainly governed by the He generat ion rate (and l e s s by 

displacement damage). 
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3 . 2 . Displacement damage r a t e 

An important effect of displacement damage rate is the 

effect on irradiation-induced precipitation of thermally un

stable phases (phases that cannot form without irradiation); 

for instance there i s , for any such precipitation reaction, a 

threshold rate below which no precipitation takes place. The 

displacement damage rate also effects the kinetics of transfor

mations with normal thermal driving force. These microchemical 

effects may have a decisive influence on the whole microstruc-

tural evolution and hence on the properties. It was mentioned 

that in fast neutron irradiation (with very low He generation 

rate) the damage rate has an effect on incubation dose for 

linear swelling (part of which may stem from the microchemical 

ef fect) . Radiation creep is of course sensitive to displacement 

damage rate. It was discussed whether the effective diffusion 

of He was influenced by displacement damage rate. The general 

inclination was to consider He diffusion to be rather insensi

tive to damage rate. 

The rate (of displacement damage or He generation) of 

course also has the practical significance that it determines 

the dose (dpa or Be) that can be attained in a given time. 

3.3. Helium generation rate 
The use of the available simulation techniques has already 

demonstrated that the helium generation (or introduction) rate 

has a decisive effect on the cavity structure and hence on the 

whole microstructural evolution. As mentioned in 3 . 1 . , the 

weakening of the grain boundaries is very sensitive to the He 
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generation rate - via the e f fec t of He generation rate on 

cavity structure, particularly the effect on the width of the 

cavity-denuded zone from which He diffuses to the boundaries. 

The effect on the denuded zone width would, for a given He 

dose, make the weakening increasingly serious with decreasing 

He generation rate. 

For the simulation of radiation effects where He genera

tion/introduction rate i s an important parameter i t i s obvious

ly essential that He is introduced continuously (rather than by 

some preimplantation procedure). 

3 .4. Total doses 

It is clear that , for a given se t of conditions, some 

finite dose (of displacement damage and/or helium) is needed to 

produce a given effect on microstructure and properties, i .e . 

that the total dose is important. However, traditionally dis

placement dose has been considered to be a parameter of special 

significance in damage studies, viz. the parameter that should 

be the same when irradiation experiments under different condi

tions are compared. This role of dose (particularly displace

ment dose, but also He dose) was questioned and hence also the 

importance of reaching "end-of-life dose" in simulation experi

ments with radiation parameters different from those of the 

first wall. The possibility of defining an "equivalent dose" 

for different types of irradiation and the great problems 

involved were discussed. One problem is the numerical correc

tion for differences in cascade effects and effects of injected 

inters t i t ia l s ; another problem is the possibi l i ty that com-
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pletely different types of microstructure may develop (cf. 

4.2.) 

3.5. Hydrogen generation 

There was general agreement that the hydrogen generated in 

the first wall material is likely to have far less effect than 

helium. On the other hand there was not general agreement that 

hydrogen can be neglected altogether. The chemical effect of 

hydrogen may be important for the fracture toughness properties 

of hydride forming materials. 

3 .6 . Solid transmutation products 

In the f irst wall (and in some simulation fac i l i t i e s ) 

transmutation reactions will produce quite significant changes 

in the chemical composition of the exposed material, which 

could have an important effect on microstructure and proper

ties. However, because of the complexity, i t is difficult to 

make any general statement about the effect of these changes on 

the behaviour of the materials. In simulation experiments with 

spectral tailoring in fission reactors the transmutation pro

ducts have a strong effect on damage and helium generation. It 

should be mentioned, however, that for a number of basic 

studies the presence of transmutational impurities would only 

complicate the experiments and their evaluation. 

3.7. Cascade effects 

The cascade structure (as determined by the recoil spec

trum of the bombarding particles) varies enormously for the 

different simulation techniques; as one extreme electrons in 
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the MeV range do not produce any cascades at all. It is thus 

important to know the effect of the cascade structure on micro-

structure and properties. The general impression was that with

out He generation the cascade effect is not very important. 

However, at lower temperatures the cascade damage may accummu-

late, supressing void swelling and producing aditional hard

ening. When He is generated at high rate together with dis

placement cascades, i t i s possible that the cascades will 

affect bubble nucleation. 

3.8. The effect of beam pulsation 

Fusion reactors are l ikely to operate in on/off mode, 

whereas the simulation facilities normally operate with steady 

irradiation. The on/off mode will mean that not only the 

fluxes, but also temperature and stress will pulsate. Theoreti

cal considerations indicate that the damage pulsations in a 

fusion reactor (with frequences of the order of 1 min."1) would 

not, per se, have any significant effect. But of course the 

cyclic stresses associated with the temperature pulsation may 

change the microstructural evolution and create fatigue damage. 

3.Q. Specimen dimension 

For some simulation techniques the dimensions of the irra

diated volume, as determined by the penetration of the bom

barding part ic les , are »u »mall that mechanical test ing of 

irradiated material is ruled out completely. Other techniques 

permit irradiation of specimens with dimensions that make i t 

possible to perform miniaturized mechanical tests . For the 
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techniques where penetration is not a problem there is another 

practical limit for the specimen dimensions, viz. the amount of 

heat that can be extracted. Even for irradiation with fission 

neutrons that present the best combination of high penetration 

and relatively low energy deposition, heat extraction sets the 

limit. The heat extraction problem in practice excludes irra

diation of full size specimens. The effect of specimen dimen

sions in mechanical testing is thus a matter of great impor

tance for the evaluation of the simulation experiments. The 

indications are that the specimen dimensions are not very 

cri t ical for irradiation creep and for pre- and post - irra

diation mechanical tests , except for those dealing with frac

ture mechanics. From a theoretical point of view one would 

require that there is a certain number of grains within the 

specimen thickness. For the great majority of the present 

simulation facilities the size of the irradiated specimens is 

so small that the results of fracture mechanics tests cannot be 

used directly jlor bulk material. The possibility of applying a 

correction to the test data determined with small specimens is 

being investigated. The general experience wit I. mechanical 

testing during irradiation in fusion simulation facil it ies is 

very limited, and so is therefore the knowledge of the effect 

of specimen dimensions. 

4. IRRADIATION EFFECTS 

4 . 1 . Mechanical properties and swell ing 

At the workshop the interest was focused on the mechanical 
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behaviour of the first wall material (rather than swelling) -

on the mechanical properties of irradiated material and the 

mechanical behaviour during irradiation. The amount of mechani

cal data accumulated is limited, particularly on the mechanical 

behaviour during irradiation, for the simple reason that the 

capacity of existing relevant simulation f a c i l i t i e s has, so 

far, been very small. At present the interest in the mechanical 

behaviour mainly manifests itself in speculations on the basis 

of microstructural observations or microstructural models. The 

one aspect of mechanical behaviour that most attention was 

devoted to was the weakening of the grain boundaries by pre

ferential nucleation and growth of bubbles. This is probably 

one of the aspects of mechanical behaviour where i t is impor

tant for realistic simulation that stresses are applied during 

irradiation and helium generation/implantation. 

Volume swelling is a matter of great concern in fas t 

breeder reactors because of the very fine cooling channels. 

Such fine channels are not to be found in a fusion reactor, and 

therefore swelling appears to be less of a problem. However, 

given the large dimensions of a fusion reactor, the problem of 

volume swelling cannot be. ignored, and its practical implica

tions need to be assessed. 

4 . 2 . MicroBtruefctir* 

All changes in macroscopic properties induced by irradia

tion have their origin in microstructural changes. In the 

present situation as described in section 2, where we have to 

come to understand the individual damage accumulation proces-



14 

ses , i t i s therefore obvious that the study of the microstruc-

tural evolution during irradiation must be a very important 

part of al l investigations. All components of microstructure 

are relevant: dislocation loops and networks, cav i t i e s , preci 

pi tates and radiation-induced segregation. And the interaction 

of the different components i s important. I t was considered, 

for instance, that small changes in radiation parameters can, 

in certain instances, upset the balance between the different 

microstructural components and hence lead to the development of 

a completely different type of microstructure with completely 

different macroscopic response. 

The importance of microstructural studies implies that 

also simulation fac i l i t i e s that are not capable of irradiating 

specimens of a s ize suitable for mechanical test ing can play an 

important role, even though the ultimate aim i s to study the 

mechanical behaviour. 

5 . CONCLUSIONS 

At the present stage ideal simulation i s not possible: no 

simulation technique can reproduce simultaneously all the con

ditions that the f irst wall material would experience, parti 

cularly in specimens large enough to ref lect true bulk mechani

c a l p r o p e r t i e s . Instead we must use a l l e x i s t i n g , r e l e v a n t 

simulation fac i l i t i e s in a concerted effort to understand the 

e f f ec t s of the various radiation parameters on structural evo

lution and mechanical performance. Only such an understanding 
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would allow a reliable prediction of the behaviour of the first 

wall material in a fusion reactor environment - possibly via 

the use of more ideal simulation techniques. 
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APPENDIX 

Invited presentations fin order of appearance) 

P. Schiller, JRC Ispza: 

Material requirements for the first wall in fusion devices. 

B.N. Singh and T. Leffers, Rise National Laboratory: 

The problem of simulation. 

P. Jung, KFA Jfllich: 

Damage and helium production processes during irradiation with 

light ions of different energies. 

H. Ullmaier, KFA Jfllich: 

Use of light ions as irradiation source for simulating damage 

effects in the first wall of a fusion reactor. 

W. Schilling, KFA Jfllich: 

Diffusion of helium and hydrogen under irradiation. 

K. Farrell, Cak Ridge National Laboratory: 

Use of dual- and triple-beam irradiations for simulating damage 

effects in the first wall of a fusion reactor. 

CM. Logan, Lawrence Livermore National Laboratory: 

Use of RTNS-II facility for simulating damage effects in the 

first wall of a fusion reactor. 
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M.L. Grossbeck, Oak Ridge National Laboratory: 

Simulation of mechanical properties using fission reactors 

where the rate of helium production is very high. 

R.J. McElroy, AERE Harwell: 

In-beam mechanical testing and mechanical property evaluation. 

S. Ishino, University of Tokyo: 

Review of recent simulation techniques in Japan with special 

emphasis on accelerator and EVEN utilization. 

K. Kitajima, Kyushu University: 

Simulation by high energy heavy ion irradiation. 

C M . Logan, Lawrence Livermore National Laboratory: 

Materials research with RTNS-II. 

G. Martin, CEN Saclay: 

The theoretical approach to the use of simulation techniques. 

R.J. McElroy, AERE Harwell: 

Use of fission reactors for simulating damage effects in "the 

first wall of a fusion reactor. 

W.V. Green and M. Victoria, EIR: 

Use of proton irradiation experiment (PIREX) facility at SIN 

for simulating damage effects in the first wall of a fusion 

reactor. 
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W.P. Sommer, Los Alamos National Laboratory: 

Irradiation experiments with a pulsating beam of 800 NeV 

protons at Los Alamos (presented by W.V. Green). 

H. Kley, JRC Ispra: 

Energy spectrum effects on damage production. 

A.J.E. Foreman, AERE Harwell: 

Spectrum effects on cascade formation and stability. 

Short presentations 

M. Snykers, CEN/SCK Mol: 

Brief survey of the use of European fission reactors in fusion 

materials research. 

F. Garner, Hanford Engineering Development Laboratory: 

The microchemical evolution and swelling of AISI 316 irradiated 

in HFIR and EBR-II. 

R. Gotthardt, Ecole Polytechnique Federal Lausanne: 

Irradiation experiments in the Laussane TCA tokamac. 

F. Hegedfls, EIR: 

Neutron sources based on 600 NeV protons and their application 

in damage simulation experiments. 

V. Herrnberger and H, Victoria, EIR: 
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Some estimates of the fusion radiation damage simulation by 

spal lat ion neutrons ( in collaboration with P. S t i l l e r ) . 

F. Garner, Qanford Engineering Development Laboratory: 

Impact of the i n j e c t e d i n t e r s t i t i a l on t h e c o r r e l a t i o n of 

charged part ic l e and neutron induced radiat ion damage. 

P. Fenic i , P. S c h i l l e r , JRC Ispra, 

P. Jung, KFA Jfilich: 

Comparison of mechanical proper t i e s in th in spec imens of 

s t a i n l e s s s t e e l with bulk material behaviour. 

M. Snykers, CEN/SCK Mol: 

Void swelling of a ferrit ic alloy irradiated in a HVEM after 

doping with helium. 

H. Ullmaier, KFA Jfllich: 

Modelling of helium embrittlement (in collaboration with H. 

Trinkhaus). 

Other participants 

F. Atchinson, SIN 

R. Brogli, EIR 

D. Gavillet, Ecole Polytechnique Federale Lausanne 

D. Gilbon, CEN Saclay 

S.L. Green, EIR 

J.F. Jaeger, EIR 
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A. Janett, SIN 

J.L. Martin, Ecole Polytechnique Federale Lausanne 

M. Pepin, SIN 

W. Seifritz, EIR 

P. Uggovitzer, EidgenOssische Teknische Bochschule Zfirich 

G. Vecsey, SIN 

R. Verbeek, CEC Brdssels 


