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ABSTRACT 

Simulation of fusion—neutron induced damage by beams 
of light ions is discussed. It is suggested that accelerated 
creep measurements to determine "end of life" of materials 
may be done by the application of thermal treatment and 
thermal creep measurements. 

In addition to irradiation swelling, anisotropic growth due to 
irradiation creep can impose serious limitations on the life of the 
first wall of a fusion power plant. In their review, Holmes and 
Straalsund report that no facility presently exists.or is antici
pated before the year 2000«that will duplicate first wall conditions, 
namely a neutron spectrum peaked at 14 MeV and intensity in the range 
of a few times 10 n/m sec. Material development has to proceed 
using nonprototypic sources, and a large effort is being made to 
develop neutron generators to supplement existing fission reactors. 

Reactor experiments with instrumented rigs are complex and 
expensive and therefore attention has also been given to the study 
of irradiation effects in materials bombarded by light ions and 
electrons produced in accelerators. Beam experiments offer a more 
controlled experimental environment than that obtained in an operating 
reactor. Stress, temperature and damage dose rate can be changed 
during tests and continuous measurement of strain is possible. 
Several research groups have described beam experiments and discussed 

( 2— 6} their limitations . A general description of such an experimental 
setup and suggested improvements will be given elsewhere. 

Two basic problems arise with the use of simulation methods 
and especially with beam experiments: 

Work done while author was a visiting-scientist at Euratom, Ispra 
Research Center, Italy. 



- 2 -

a) How do we compare physical property changes occurring under irradi
ation with different particles or energies? 

b) Tests are generally of short duration and are of average dose rates 
and hence restricted to investigation of primary or transient ir
radiation damage. How do we test "end of life" conditions? 

(4) A. Displacement damage and transmutation products . 
Light ions and electrons lose energy in the solid through ioni

zation and displacements generating intsrstitials and vacancies. The 
displacement damage is dominated by single defects or small cascades. 
Fast neutrons produce an energetic primary recoil spectrum that pro
duces high energy cascades. Thus the primary damage produced by ir
radiation is strongly dependent on the type of particle and its energy -

Goland reviewed the field of the primary damage process and 
the primary recoil spectrum that causes it, as they are related to 
different neutron sources including existing fast reactors and an 
hypothetical fusion reactor. The main assumption leading to the im
portance of the primary recoil spectrum and primary damage is that the 
evolution of the damage microstructure is determined by it. 

Reiley et al. performed 60 MeV alpha irradiations of 20% cold 
worked type 316 stainless steel and measured irradiation creep at two 
temperatures as a function of tensile stress. They compare their 

(4) measurements to 9 MeV deuteron irradiations at KFA and a 22 MeV 
(4) deuteron irradiations at ANL both done on 20% cold worked 316 fstain-« 

less steel. Given the different material beam particles and energies 
and different experimental approaches, the agreement is rather remark
able. The 60 MeV alpha irradiation is associated with large primary 
recoils as in the case of fast fission or fusion reactor neutron 
damage. The displacement rate in this experiment is also similar to 
fast reactor displacement rates. The form of the cascade damage that 
occurs under 60 MeV a irradiation approaches that for neutron damage. 

It seems, therefore, that even at low doses where the primary 
damage should show up more clearly, the irradiation creep seems to 
depend mainly on the number of Frenkel pairs and not on the details 
of the cascade, that is, not depend strongly on the type of particle 
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and energy if the displacement cross section is calculated in the 
(4) right way . 

(8) The same point was brought up even more strongly by McElroy 
who found near equivalence of proton and fission fragment (thermal 
neutrons) irradiation growth rates of uranium when normalized against 
dose rate*. The growth is apparently insensitive to thermal spike 
structure and only the resultant displacement damage in the form of 
point defects, interstitials and vacancies, Is important for growth 
which can also be interpreted as a creep phenomenon under crystallo-
graphic forces, Medium energy (2.5 MeV In this experiment) proton 
irradiation seems to provide a fair simulation of fission growth in 
uranium which is an extreme form of high energy radiation damage. 

The displacement per atom rate (dpa sec ) seems to be the 
determining variable in comparing irradiations carried out with dif
ferent bombarding particles and energy spectra provided the displace-

(4) ment damage cross section is evaluated correctly . In SIPA (stress 
induced preferential absorption) and similar models, the point defects 
are the particles that diffuse, form and modify the damage micro-
structure of the solid ' 

In addition to displacement damage, the production of transmu
tation products may cause serious material problems in a fusion re
actor environment. In particular, the production of helium by (n.a) 
and (n,n',a) reactions will increase swelling by enhancing void 
nucleation and bubble formation and cause high temperature embrit-
tlement. Transmutation can also cause significant changes in com
position at end of life that have to be evaluated as to their metal
lurgical importance. 

Transmutation changes are difficult to simulate. If advanced 
stages in the first-wall life have to be investigated, knowledge of 
neutron cross section as a function of energy will be needed for the 
elements composing the sample. This is in order to be able to simu
late transmutation changes by Incorporating these products into the 
solid at the start of the experiment or implanting them by appropri
ate beams. 
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B. How to test advanced stages of "first wall" creep to determine 
"end of life" conditions. 
1. Irradiation creep measurements are made on thin sheet speci

mens to insure homogeneous damage throughout their thickness. They 
are free standing and are stressed in uniaxial tension, and stress 
and strain are measured and the temperature is regulated at the 
desired working value. To keep the temperature of the sample at the 
required value, forced helium gas cooling is already necessary at an 

2 —fi 
energy deposition of about 50 W/cm . This corresponds to about 1x10 
dpa/sec for a 10 MaV proton beam. Damage values of the order of 0.5 
dpa necessitate an irradiation of ten days, 24 h/day. Tertiary stage 
studies of irradiation creep with beam experiments alone are therefore 
unthinkable. Garner et al. completed creep measurements up to 
end of life of 316 stainless steel in a fast reactor. Both solution 
annealed and cold-worked samples eventually developed the same damage 
microstructure and the same creep rate. Secondary creep depends only 
on the material, while primary creep depends also on the initial con
ditions. The transition period was longer for the annealed F.aterial. 

At higher fluences the creep rate continues to accelerate while 
the dislocation and loop microstructures reach dynamic saturation 
densities independent of the starting microstructure and only weakly 
dependent on temperature and flux. 

Garner et al. explain this apparent discrepancy by the apparently 
time independent loop size distribution being only a snapshot picture, 
while this equilibrium is dynamic and loops grow and cross each other 
statistically staying at the same size distribution. With increased 
fluence, the alloy matrix changes. The stainless steel underwent a 
continuous and extensive microchemical evolution resulting in the 
eventual removal from the matrix of up to one third of the Ni atoms 
and a large number of Si, C, Mo atoms. They concentrated in neutron 
induced phases. 

The microchemical evolution has been shown to be responsible for 
the acceleration of creep, void growth and swelling. Tertiary creep 
in these measurements results from the change in sample composition 
with the microchemical segregation. 
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Garner's work suggests that beam creep experiments can be sup
plemented, for example, with long time irradiations in a high flux 
reactor to advance the sample to a desired dose and composition stage. 
Accurate determinations of creep rate are then made with the beam 
arrangement. 

It seems that the creep development with dose at fixed tension 
is the result of mass transfer by diffusion of interstitials and va
cancies. This diffusion "builds up" the microstructure and causes the 
continuous creep. The diffusion also causes segregation of the dif
ferent elements in the sample to new phases responsible for tertiary 
creep, Thermal creep also exhibits the three stage behavior, and at 

low stress and high temperature is caused by Nabarro creep, diffusion 
of vacancies through the bulk of the grains. It is worth noting that 
interstitials diffuse with a relatively high diffusion coefficient, 
mainly through "interstitialcy" motion, and thtis this mode does not 
discriminate between different atoms. Vacancy motion is much slower 
and the high activation energy is selective with regard to the type 
of ion and can cause selective diffusion. 

2, It is very tempting to suggest conditioning of creep samples 
in beam experiments by subjecting them to thermal creep to reach dif
ferent points on the irradiation creep curve. The creep curve is 
strain as a function of fluence, and fluence also measures the Inte
grated diffusion motion in the sample, It might be possible tu reach 
this integrated diffusion motion through vacancy motion in thermal 
creep. 

Diffusion In irradiation occurs by interstitials and vacancies 
while thermal diffusion occurs mainly by vacancies; nevertheless the 
phenomenon is the same, mass transfer to sinks. One must find ways to 
correlate dpa to thermal diffusion. By raising the temperature, ther
mal diffusion can easily be increased to the tertiary stage of creep, 
and if the physical phenomena are the same, the irradiation creep curve 
can be studied up to "end of life". 

It is therefore suggested to perform thermal creep and irradia
tion creep experiments on the same samples, study the resulting 
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microstructures and study Che stress dependence of creep on the micro-
structure in order to correlate more closely the two phenomena that 
are basically the same: defect diffusion and mass transfer. 
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damage by beams of light ions is discussed. It 
is suggested that accelerated creep measurements 



to determine "end of life" of materials may be 
done by the application of thermal treatment 
and thermal creep measurements. 


