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EXPERIMENTAL OBSERVATIONS OF EFFECTS OF INERT GAS 
ON CAVITY FORMATION DURING IRRADIATION 

K. Farrell 

ABSTRACT 

Cavity (void) formation and swelling in non-fissile mate-
rials during neutron irradiation and charged particle bombard-
ments are reviewed. Helium is the most important inert gas 
and is primarily active as a cavity nucleant. It also enhances 
formation of dislocation structure. Preimplantation of helium 
overstimulates cavity nucleation and gives a different temper-
ature response of swelling than when helium is coimplanted 
during the damage process. Helium affects, and is affected 
by, radiation-induced phase instability. Many of these effects 
are explainable in terms of cavity nucleation on submicro-
scopic critical size gas bubbles, and on the influence of the 
neutral sink strength of such bubbles. Titanium and zirconium 
resist cavity formation when vacancy loops are present. 

1. INTRODUCTION 

Cavities, or voids as they were originally called,1'2 are three-
dimensional clusters of radiation-induced vacant lattice sites that 
cause undesirable swelling and distortion in reactor components at tem-
peratures in the range 0.25 to 0.5 Tm. Cavities may not be strictly 
empty. They are believed to contain some gas yet are far from being gas 
filled bubbles. They are distinguished from bubbles in that their exis-
tence depends on an excess of vacancies over the thermal equilibrium < 
value, which makes them inviable above about 0.5 Tm; bubbles, which caiv 
thrive on thermal vacancies, are most significant at higher temperatures 

1S. F. Pugh, M. H. Loretto, and D.I.R. Norris, eds., Voids Formed 
by Irradiation of Reaator Materials3 Proceedings of Reading Conference, 
March 1971, British Nuclear Energy Society (1971). 

2J. W. Corbett and L. C. Ianniello, eds., Radiation Induced Voids 
in Metals3 Proceedings of Albany Conference, June 1971, CONF-710601,• 
U.S. Department of Commerce. 
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Formation of cavities occurs in conjunction with development of , 
)) 

dislocations and is a complex phenomenon involving separation, migra- IJ 
tion, and precipitation of vacancies and their corresponding interstitial 
atoms. Gases and other impurities are involved in these processes. 
Additional complications are introduced when cavities are created by 
rapid charged particle irradiations (simulations) from which much of 
our information on cavities is currently derived. An awareness of these 
complications is needed before the experimental findings on cavity forma-
tion can be adequately assessed, especially when data from damage simula-
tion experiments must be interpreted in terms of their relevance to 
neutron conditions. This report, then, briefly describes the evolution 
of cavities and outlines some of the complications before progressing to 
specific effects of inert gas. 

2. MICROSTRUCTURAL EVOLUTION 

# Embryo clusters of vacancies will shrink by absorption of the cor-
responding interstitial atoms and by thermal emission unless the embryos 
can be provided with a net vacancy flux. 

# The latter is accomplished by siphoning interstitials to a preferred 
sink, namely edge dislocations where the elastic strain field favors 
absorption of interstitials over vacancies.3'14 Dislocations are either 
preexisting or are developed by rapid clustering of interstitials. 
Such assimulation of interstitials causes climb and growth of disloca-
tions into tangled dislocation structures. 

# Development of cavities therefore requires two interdependent sinks 
for point defects, one biased for interstitials and the other a rela-
tively more neutral sink that absorbs excess vacancies. Thus swelling 
microstructures must contain both dislocations and cavities. 

# Assuming equal capture efficiencies the swelling rate will be a 
maximum when there is equality between the interstitial sink strength, 

3S. D. Harkness and Che-Yu Li, p. 189 in Radiation Damage in 
Reactor Materials, Vol. II, IAEA, Vienna (1969).. 

^R. Bullough and R. C. Perrin, p. 233, ibid. 

o 
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Fig. 1. Typical variations in 
microstructural features with tem-
perature during neutron irradiation. 

represented in simple form by 
the dislocation density, p, and 
the vacancy (neutral) sink 
strength, 27rNd, where N is the 
cavity concentration and d the 
mean diameter. Any imbalance, 
such as high p or N will reduce 
the swelling rate. The absolute 
value of swelling will depend on 
the time at which the imbalance 
occurred. 

# The temperatures for cavity 
formation must be high enough for 
significant vacancy mobility, and 
low enough to allow a super-
saturation of vacancies — i.e., 
usually between about 0.25 and 
0.5 Tm. 

# A quantitative feel for the 
scope of dislocation densities, 
cavity sizes and concentrations 
involved in neutron-induced 
swelling is portrayed schematically 
in Fig. 1. The concentrations of 
cavities and dislocations progres-
sively decrease with temperature 
whereas the cavity size increases 
over most of the temperature 
range. Swelling, being the product 
of cavity concentration and mean 
cavity volume, is very sensitive 
to cavity size and has a somewhat 
similar temperature dependence 
with a maximum at about 0.4 Tm 

or higher. 
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3. GASES ARE ESSENTIAL FOR CAVITY FORMATION A 

\ 
% The lowest energy configuration for a small cluster of vacancies 

is a platelet, a vacancy loop. But very few vacancy loops are found at 
swelling temperatures, the major vacancy component of damage structure 
being a cavity. 

% Presumably a cavity could form directly in a vacancy-rich damage 
cascade if there happened to be sufficient gas atoms in the cascade to 
prevent its collapse to a vacancy loop. This is considered unlikely. 
The prevailing view is that cascades collapse to loops from which some 
vacancies evaporate before the loops are consumed by interstitials. The 
surviving vacancies migrate and agglomerate at gas clusters. 

% The fact that cavities develop in electron irradiation indicates 
that cascades are not necessary. 

£ The earliest cavities are usually created with a high degree of 
spatial heterogeneity which belies homogeneous nucleation theory and 
implies nucleation at favored preexisting sites. Heterogeneity takes 
the form of sheets, rows, and clouds of cavities5-9 compatible with 
former sites of grain boundaries, dislocation lines and tangles where 
impurity segregation may be expected. 

% Preimplantation of gas almost always increases nucleation of 
cavities and gives more homogeneous spatial distribution. Oxygen,10-12 

5J. 0. Stiegler, K. Farrell, C.K.H. DuBose, and R. T. King, 
ibid (ref. 3), p. 215. 

6K. Farrell and J. T. Houston, J. Nucl. Mater. 35 (1970) 352. 
7J. L. Brimhall, H. E. Kissinger, and G. L. Kulcinski, p. 338 in 

ref. 2. 
eE. E. Bloom, K. Farrell, M. H. Yoo, and J. 0. Stiegler, p. 330 in 

Consultant Symposium on the Physics of Irradiation-Produced. Voids3 AERE-
R7934, Harwell (1975). 

9K. Farrell and N. H. Packan, J. Mel. Mater. 85 & 86 (1979) 
683. 

10L. D. Glowinski and C. Fiche, J. Nucl. Mater. 61 (1976) 29. 
11B. A. Loomis, A. Taylor, and S. B. Gerber, p. 1-93 in Radiation 

Effects and Tritium Technology for,] Fusion Reactorss Gatlinburg, 1975 
C0NF-750989, Vol. I (1976). 

12M. J. Makin et al., p. 645 in Radiation Effects in Breeder Reactor 
Structural Materialss eds., M. L. Bleiberg and J. W. Bennett, AIME, New 
York (1977). 
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nitrogen,1^3 hyJrogen, 12>li+>15 helium9' 10> 1 2 > 1 6 ' 1 7 argon18'19 and 
neon20 have been identified as cavity promoters. 

# Removal of residual gases decreases cavity (and loop) formation, 
especially at high temperature. Figure 2 shows the effects of vacuum ? i degassing on cavitation and swelling in copper. 

13S. B. Fisher and K. R. Williams, Radn. Effects 32 (1977) 123. 
1I+K. Farrell, A. Wolfenden, and R. T. King, Radn. Effects 8 (1971) 

107. 
15J. T. Buswell, S. B. Fisher, J. E. Harbottle, and D.I.R. Norris, 

p. 170 in Physical Metallurgy of Reactor Fuel Elements3 The Metals 
Society, London, 1975. 

16R. S. Nelson and D. J. Mazey, p. 157 in Radiation Damage in 
Reactor Materials3 Vol. II, IAEA, Vienna, 1969. 

17E. E. Bloom and J. 0. Stiegler, J. Nucl. Mater. 36 (1970) 331. 
18D.I.R. Norris, Nature 227 (1970) 830. 
19S. N. Buckley and S. A. Manthorpe, p. 127 in Physical Metallurgy 

of Reactor Fuel Elements3 The Metals Society, London, 1975. 
20D. Faulkner and M. P. Puis, p. 1287 in Fundamental Aspects of 

Radiation Damage in Metals3 Vol. II, Gatlinburg, 1975, USERDA CONF-751006-P2. 
21 L. D. Glowinski, J. Nucl. Mater. 61 (1976) 8; L. D. Glowinski and 

C. Fiche, ibid., p. 22. 

AS ANNEALED ti tITJK AT 1.3 • 10"*Co, 33 
ANNEALED PLUS DEGAS »TSK AT SJ • W * Pa, W tpa 
DEGASSED. S.5<po. SCALED LINEARLY FROM dpa DATA 

T . 
0.4 0.5 0.6 

L9 

Fig. 2. Effects of degassing 
on cavity formation and swelling in 
copper.2-* 

JOO M0 TOO no 
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# Role of gas is envisaged as pressurizing a cavity nucleus and/or 
reducing surface energy of the cavity. 

4. HOW MUCH GAS IS NEEDED? 

# Typically, cavity densities lie in the range 1013 to 1017 cm-3. 
Assuming that between 10 and 100 gas atoms are required to nucleate each 
cavity involves a gas concentration of 10 to 10 atomic fraction. 
0 Such quantities of gas are always present in metals as residual 

impurities from fabrication, as environmental contamination, and as 
transmutation products. 

5. NONGASEOUS IMPURITIES CAN REDUCE SWELLING 

# Many substitutional-type impurities combat effects of gases by 
lengthening the incubation dose required for the onset of cavitation.8'22 

Explanations of roles of such impurities include: 
A Solute trapping of point defects, giving increased recombination. 
A Solute segregation to sinks and consequent reduction in sink 
capture efficiencies. 

A Reduction of interstitial-vacancy separation in damage cascades. 
A Gettering of reactive gases that would otherwise increase cavity 
nucleation. 

# Segregation of solutes and precipitation of phases is now commonly 
observed at loops,23-25 cavities,23'26'27 and free surfaces.23 The 
resolution limit for these observations is rather high, and even apparent-
ly clean sinks may be contaminated. 
# Techniques for detecting segregation of gases are not yet established. 

22K. Farrell and J. T. Houston, J. Nucl. Mater. 83 (1979) 57. 
23Many papers in J. Nucl. Mater. 83 (1979). 
24A. Barber and A. J. Ardell, Scripta Met. 9 (1975) 1233. 
25E. A. Kenik, Scripta Met. 10 (1976) 733. 
26P., R. Okamoto and S. D. Harkness, Trans. ANS 16 (1973) 70. 
27K. Farrfill, J. Bentley, and D. N. Braski, Scripta Met. 11 (1977) 

243. 
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6. THE VIRTUES OF CHARGED PARTICLE BOMBARDMENTS 

# Bombardments with energetic electrons and ions can cause atomic dis-
placements at rates lO4 to 105 times higher than those in neutron 
irradiations, and there is no residual radioactivity. 

# These techniques are very useful for 
A Attaining high damage levels in short times. 
A Revealing details of dynamic development of microstructure. 
A Rapidly screening materials for comparative damage response. 
A Feigning irradiation conditions that are not yet available in 

fission reactors, such as fusion environments. 
£ Most of the information we have gathered on effects of gases has 

come from damage simulation experiments. 

7. COMPLICATIONS WITH CHARGED PARTICLE BOMBARDMENTS 

# These techniques have special problems that are r.ot indigenous to 
neutron irradiations and which complicate assessment of cavity data in 
terms of reactor conditions. 
6 To compare with neutron swelling the rapid simulations require a 

compensatory increase in irradiation temperature of as much as 200°C28'29 

which may seriously affect nucleation of point defect clusters and 
impurity segregation and trapping processes. There is evidence for un-
satisfactory reproduction of radiation-induced phase instability.3® 

# They do not generate transmutation products. Transmutant gases 
have to be introduced from external sources. As we shall see later, the 
method of implantation can significantly affect the damage structure. 

# The bombarding ion is an extra interstitial or a foreign atom, both 
of which can participate in damage evolution. 

28R. Bullough and R. C. Perrin, p. 317 in ASTM-STP 484, American 
Society for Testing and Materials (1970). 

H. Packan, K. Farrell, and J. 0. Stiegler, J. Nucl. Mater. 78 
(1978) 143; L. K. Mansur, ibid., p. 156. 

30E. H. Lee, A. F. Rowcliffe, and E. A. Kenik, J. Nucl. Mater. 83 v 
(1979) 79. 
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# The damaged region is usually created within 1 urn of a free surface 
which can modify the damage structure by V\ 

A Acting as a sink for point defects and solutes. 
A Permitting loss of dislocations by glide. 
A Allowing interference by atmospheric impurities. 

# The nature of the atomic displacement event is quite different with 
electrons — no possibility of vacancy loop formation by cascade collapse; 
little separation of vacancies and interstitials. 

# There is a difficult question of dose equivalency. Proton irradia-
tions of a ternary austenitic alloy are twenty times more efficient in 
causing swelling than are electrons which are six times or so more potent 
than heavy ions; the efficiency of neutrons seemingly falls between those 
of electrons and heavy ions.31 

8. HELIUM IS A MORE POTENT CAVITY NUCLEANT THAN RESIDUAL GASES 

# A common observation is that preinjection of 10 appm He or less 
will increase the concentration of cavities by as much as tenfold, despite 
the presence of significantly higher quantities of residual gases. 

# On an atom-for-atom basis helium is shown to be a stronger promoter 
of cavities than are hydrogen,12'11* oxygen,10'12 and nitrogen.12 

# Helium is especially important because it is 
A Essentially insoluble — will tend to cluster, particularly at > 
high temperatures where the increased solubility of residual 
gases would oppose their clustering. 

A Chemically inert — not gettered. 
A Always present in neutron irradiations. 

O Helium is the only inert gas for which there is significant informa-
tion on effects on cavity formation in nonfissile solids. 

9. HELIUM GENERATION DEPENDS ON MATERIAL AND NEUTRON CONDITIONS 

# The cross section (a) for helium production from (n,a) reaction 
varies from metal to metal and is dependent in non-linear fashion on 

YF. A. Garner et al., p. 147 in Proceedings of Workshop on Correla-
tion of Neutron and Charged Particle Damage, Oak Ridge, June 1976, 
US Department of Commerce, CONF-760673. '" i 
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neutron energy. Some reactions, notably those with 10B, N, and 
b8Ni, occur preferentially with thermal neutrons and display a E~2 energy 
dependence. The reaction for most metals requires fast neutrons for 
which there is a threshold energy in the region of 1 to 5 MeV. Hence, 
helium generation is strongly dependent on neutron spectrum. 

® The ratio of the concentration of neutronically generated helium to 
the frequency of atomic displacements, in units of appm He/dpa, is a use-
ful parameter for assessing different neutron spectra and for describing 
irradiation conditions. Values of He/dpa ratios derived from recent 
calculations^2'3^ for important reactor constructional materials in 
various reactor environments are shown in Table 1. 

32T. A. Gabriel, B. L. Bishop, and F. W. Wiffen, Nucl. Technol. 38 
(1978) 427.. 

33T. A. Gabriel, B. L. Bishop, and F. W. Wiffen, ORNL/TM-6361 
(August 1979). 

Table 1. Estimated He/dp? ratios for various reactor spectrâ 7' 

ORR^ , EBR-II& MFR° cL & (thermal fission) (fast fission) (fusion spectrum) 

Zr 0.002 0.001 1.3 
V 0.02 0.01 4 
Ti 0.1 0.05 7 
Mo 0.1 0.05 5 
Nb 0.1 0.05 4 
Fe 0.3 0.15 10 
A1 0.3 i 0.15 22 

316 SS 10? 
35T 

0.4 14 
Nimonic 

10? 
35T 0.9 21 

PE-16 
Inconel 1.5 30 
600 

83^ Ni 83^ 2 36 
a b See refs. 32,33. Maximum flux positions. 
°Wall loading 1 MW m 2. Spectrum also has hard fast component. 
e 
Maximtrm energy 14.1 MeV. 
f 
Helium generation in thermal spectrum is high in nickel-bearing 
materials because of sequential reactions 58Ni + nth 59Ni; 
59Ni + nth -»• 5GFe + 4He. Does not scale linearly with time. 
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# Some impurities such as B and N, which have very large a, tend to 
be inhomogeneously distributed in compound particles resulting in spatial 
inhomogeneity of helium and associated cavities.®'314 

10. THE CASE FOR CAVITY NUCLEATION ON SUBMICROSCOPIC GAS BUBBLES 

# Helium is essentially insoluble in solid metals,35 and it is esti-
mated that its most energetically favored location is in gas bubbles.36 

# In many elemental pure metals the concentrations of cavities ini-
tially increase linearly with neutron fluence and tend to slower rates 
of increase at fluences corresponding to doses >1 dpa (Fig. 3). Since 
helium production from (n,a) is proportional to fluence, it follows that 
at low doses the number of cavities increases linearly with helium level 
but at higher doses more helium is required per cavity. Such behavior 
is consistent with a model37'38 in which cavities are developed on 
critical size gas bubbles. 

i< 
A The critical bubble model considers the balance between the 
flow of excess vacancies into a cavity nucleus versus the 
thermal emission of vacancies from the nucleus. For constant 
conditions of temperature, point defect sink strengths and 
point defect production rates, there is a critical size of 
cavity below which it will shrink by thermal emission of 
vacancies, and above which it will grow by the influx of 
excess vacancies. An internal pressure of gas minimizes the 
thermal emission of vacancies and allows earlier attainment 
of a critical size. The model envisages helium in the form 
of a spectrum of small, probably invisible, bubbles of which 
only the larger ones might exceed the critical size for 
cavity growth. With continued absorption of helium by the 
bubbles the spectrum will move to larger sizes, the larger 
ones exceeding the critical size and appearing as cavities 
at a rate proportional to the helium generation rate. As the 
cavities develop, the total point defect sink strength 
increases and the population of excess vacancies available 

34K. Farrell, J. T. Houston, A. Wolfenden, R. T. King, and 
A. Jostsons, p. 376 in ref. 2. 

35R. Blackburn, Metallurgical Reviews 11 (1966) 159. 
36J. E. Inglesfield and J. B. Pendry, Phil. Mag. 34(2) (1976) 205. 
37T. M. Williams and B. L. Eyre, J. Nucl. Mater. 59 (1976) 18. 
38M. R. Hayns, AERE-R8806, Harwell (May 1977). 
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to form new cavities decreases, 
requiring a larger critical bub-
ble size, i.e., more helium per 
cavity, for continued nucleation 
of cavities. 

A Critical cavity nuclei estimated 
from Fig. 3 are quite small. 
Taking (n,a) cross sections of 
A.5 mb for nickel39 and 0.47 mb 
for aluminum1*14 and assuming that 
all the helium is in the observed 
cavities, it is estimated that 
each of the cavities in the lin-
ear portions of the Harbottle 
and Dickerson39 nickel curve and 
the aluminum curve contain 55 
and 110 helium atoms, respectively. 
The diameters of equilibrium bub-
bles with these quantities of 
helium would be 1.3 nm for nickel 
at 0.39 Tm and 1.6 nm for aluminum 
at 0.35 Tm, assuming the Gas Laws 

and Van der Waals' correction are valid at such small sizes. 
These bubbles would be barely resolvable in transmission microscopy. 

# If the critical cavity nucleus in neutron-irradiated aluminum requires 
about 110 helium atoms as deduced from Fig. 3, then preimplantation with 
as little as 4 cppm He followed by neutron irradiation at 0.35 Tm should 
give a cavity concentration of about 2 x 1021 nf*̂  even at low doses. 
According to Fig. 3 this concentration would represent a saturation in 
nucleation under irradiation and should therefore remain unchanged with 
increasing dose, whereas in unimplanted material nucleation should be 
continuous with dose until saturation is reached. Moreover, if post-
implantation annealing is carried out to coarsen the bubble distribution 
prior to irradiation, many implanted cavity nuclei will be eliminated 

Fig. 3. Dose dependencies of 
cavity concentrations in neutron-
irradiated pure metals. 3 

39J. E. Harbottle and S. M. Dickerson, J. Nucl. Mater. 44 (1972) 
313. 

l4°J. L. Brimhall and H. E. Kissinger, Radn. Effects 15 (1972) 259. 
ltlA. Risbet, G. Brebec, J-M Lanore, and V. Levy, J. Nucl. Mater. 

56 (1975) 348. 
U2R. Levy, CEA Report No. R-4382 (1973), Saclay. 
143V. Levy, p. 50 in Consultant Symposium on the Physics of Irradia-

tion Produced VcMss Harwell (1974), AERE-R7934 (1975). 
^K. Farrell and H. Farrar, IV, unpublished measurements. 
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and the degree of enhancement of nucleation by the implanted helium 
u s 

should be reduced. Experiments in this vein have revealed just such a 
pattern. The results are plotted in Fig. 4(a) and shoxc that: 

A Passing a particles completely through the aluminum did not 
affect subsequent neutron damage but retention of the helium 
significantly increased cavity nucleation to a saturation level, 
decreased the cavity size, and increased the level of swelling. 
These changes are, therefore, due to the retained helium and not 
to displacement effects associated with the implantation treatment. 

A Helium bubbles were not visible at the resolution limit of 2 nm 
after a implantation. Postimplantation anneals up to 0.61 Tm 
revealed neither bubbles nor any reduction in helium-enhanced 
cavity nucleation and swelling. As the postimplantation anneal-
ing temperature was raised to 0.77 Tm a few 2-nm-diam bubbles, 
presumably representing the upper end of a growing spectrum of 
bubble sizes, became visible; on irradiation the cavity concen-
tration was reduced 50% and the cavity size differential between 
implanted and unimplanted conditions was eliminated. Annealing 
at 0.96 Tm produced a bubble concentration of 4 x 10 m of 
mean diameter 7 nm. On irradiation, cavitation was increased by 
the helium only at the lowest doses where the cavity concentra-
tions were about the same as the measured bubble concentration 
implying nucleation on the bubbles; at higher doses cavitation 
increased with dose as in the unimplanted material. 

A These experiments strongly support the contention of cavity 
nucleation on gas bubbles and indicate a critical bubble diame-
ter below 2 nm for these irradiation conditions, in accordance 
with the previous deductions. 

A These experiments also show that the helium distribution, i.e., 
whether it is in many small bubbles or in a few large ones, 
significantly affects the degree of cavity nucleation, and 
implies that special attention be given to the method of implant-
ing helium in damage simulation work. We shall see later that 
this is an important consideration. 

# Experiments on unirradiated stainless steels show that hot implanta-
tion of helium46 or cold implantation followed by annealings'48 produces 
unidentified point defect clusters at temperatures between 30 and 500°C, 

U5K. Farrell and R. W. Chickering, to be published. 
J. Mazey and R. S. Nelson, p. 1-240 in Radiation Effects and 

00^750989^(1976^ F U S i° H R e a a t o r s' Gatlinburg (1975) , USERDA-
k7S. D. Harkness, B. J. Kestel, and S. G. McDonald, J. Nucl. Mater. 

46 (1973) 159. 
D. J. Mazey and S. Francis, p. 257 in Consultant Symposium on the 

Physics of Irradiation-Produced Voids3 Harwell (1974), AERE-R7934 (1975). 
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interstitial loops at about 500°C, a mixture of interstitial loops and 
small bubbles (̂ 5 nm) at.550 to 700°C, and a coarsening of the bubbles 
above 750°C. 

A The presence of interstitial loops at temperatures before bubbles 
become visible is an indication of trapping of the corresponding 
vacancies by helium. The interstitial content of the loops cor-
relates 1:1 with the implanted helium level, i.e., 1:1 vacancies 
to helium atoms.1*6 '' 

A These temperatures for observable vacancy trapping by helium and 
for development of microscopic bubbles in short times are in the 
established range for radiation-induced cavity formation in 
stainless steels, i.e., ̂ 500 to ̂ 750°C for ions ;?.nd ̂ 350 to 
650°C for neutrons. 

# Small helium bubbles (2.5 to 6 nm) produced by hot a implantation 
or by postimplantation annealing of 321 stainless ste<?.'l 1+6 and a single-
phase Nimonic alloy1+9 grow into cavities dring subsequent nickel ion 
bombardment at 600-625°C. In a two-phase Nimonic alloy a dual size 
distribution of cavities is developed for which is determined1+9 a 
critical bubble size of 3 nm for cavity growth at 625°C (^0.51 Tm). 

# In some elemental metals, notably molybdenum, the full complement ' v 
of cavities appears to form at very low irradiation doses,50 indicating 
domination of cavity nucleation by residual gases. It is found, also, 
that low-temperature electron irradiation followed by annealing will 
produce cavities in molybdenum51 and in helium-free stainless steel, 1+8 
presumably due to trapping of excess vacancies by residual gases. 

# A coherent explanation of all these phenomena is that cavities are 
generated on small gas bubbles, and the critical size for growth of these 
bubbles into cavities is of the order of 2 nm provided sufficient excess 
vacancies are available. 

l+9D. J. Mazey and K. S. Nelson, J. Nucl. Mater. 85 & 86 (1979) 
671. (f 

50B. L. Eyre, M. H. Loretto, and R. E. Smallman, p. 63 in Vacancies 
76, The Metals Society, London, 1977. 

51J. H., Evans, S. Mahajan, and B. L. Eyre, Phil. Mag. 26(4)(1972) 813. 
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11. CAVITY GROWTH 

# There is no evidence of any direct effects of helium on growth of "V 
cavities. ; ; " 
# Helium indirectly affects cavity growth through its influence on. 

nucleation. Helium increases nucleation and the available vacancies are 
distributed among more cavities, making them smaller. Increased nueltvd-. 
tion also alters the ratio of dislocation and cavity sink strengths,' 
causing a change in the level available vacancies. This change "coui'd. 
be positive or negative, depending on the precise experimental condition! 

# Growth is susceptible to parameters such as dislocation density, 
temperature, impurities, etc., although those substitutional impurities-'• 
that retard cavity nucleation seem to have relatively little effects on_ 
cavity growth.8'22 .'• . ,sV '-.v.'••/..'• 

# Phase instability affects cavity growth in some cases, and 'cavities 
attached to radiation-induced precipitates can grow significantly."'-'*5'2' 

12. HELIUM ENHANCES DISLOCATIONS, TOO 

# It is frequently noted, almost in passing, that preimplanted helium 
increases the concentrations of dislocation loops and lines as well as 
cavities during irradiation. 10'17, 47> 52-5,4 jn 304 stainless steel55 the 
fraction of interstitial loops in the dislocation structure increases 
with helium level. There is little other quantitative data except for 
hitherto unpublished work on aluminum.1*5 

£ Figure 4(b) shows the changes in dislocations in aluminum pre-
implanted with 4 appm He and irradiated as described earlier for the r 
cavities in Fig. 4(a). The loops are unfaulted interstitial type. Note 
that although they are more numerous in the implanted material at the 
lowest dose, they remain apparently frozen until the highest dose where 
they decline. In marked contrast, those in the unimplanted material are 

52E. A. Kenik, J. Nucl. Mater. 85 & 86 (1979) 659. 
53D. W. Keefer and A. G. Pard, J. Nucl. Mater. 45 (1972) 55. 
5I+Y. Adda, p. 31 in ref. 2. 
55W. J. Choyke, J. N. McGruer, J. R. Townsend, J. A. Spitznagel, 

N. J. Doyle, and F. J. Venskytis, J. Nucl. Mater. 85 & 86 (1979) 647. 
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formed continuously with dose at an almost linear rate, rapidly surpassing 
the implanted ones before declining but remaining at higher levels. Con-
current with loop development the concentrations of dislocation lines 
increase with dose in both materials, but those in the implanted mate-
rial rapidly outstrip those in the unimplanted material and remain 
significantly higher. 

A These enhanced interstitial loop and dislocation densities in the 
presence of helium are witness of trapping of the corresponding 
vacancies in cavities by the helium. 

A The stability of the loop population in the a-implanted material 
suggests pinning of the earliest loops by helium (and/or by 
transmutation-produced silicon), subsequent interstitial atoms 
ignoring them in favor of dislocation network sinks. Associa-
tion of small helium bubbles with loops has been observed in 
stainless steel1*6 and Nimonic PE-16.49 

A Postimplantation annealing does not diminish dislocation 
enhancement by helium until the annealing treatment is severe 
enough to produce considerable coarsening of the helium into 
very obvious bubbles that do not significantly increase cavity 
nucleation and swelling, at which stage dislocation enhancement 
disappears, too. 

A As the dose is increased to 2.5 dpa, differences in dislocations 
due to the helium become less obvious. At even higher doses 
they will probably be erased altogether as dislocation inter-
action and annihilation occur. Most cavity studies are made at 
higher doses where cavities are well developed, and the role of 
dislocations is usually indecipherable. The area of low doses, 
where cavities are just beginning to form and where valuable 
information on the interplay of gases, solutes, dislocations 
and cavities could be gleaned, is sadly neglected. This is 
regrettable since the action that occurs in these early stages 
no doubt sets the scene for a materials swelling response. 

13. PROMOTION OF CAVITY NUCLEATION AND SWELLING BY HELIUM IS STRONGLY 
SENSITIVE TO THE METHOD OF HELIUM IMPLANTATION 

If cavities are indeed nucleated on tiny gas bubbles, as argued in 
Sect. 10, then factors that can influence the concentrations and sizes 
of those bubbles should cause appropriate differences in cavity distribu-
tiovis. The development of the initial bubbles is presumably subject to 
the usual kinetic laws of nucleation and growth. Thus when helium is 
implanted in one shot at low temperatures prior to displacement bombard-
ment, its very high supersaturation and low diffusivity during the 
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implantation process, or during subsequent heating to the bombardment 
temperature, will favor formation of a high concentration of sub-
microscopic bubbles. These will form all at once, and any further 
movement of the entrapped helium in the metal will be restricted to that 
of the bubble mobility which is slow, inversely proportional to d4 for 
surface diffusion-controlled motion. ,Coarsening of such bubbles will 
occur by coalescence and will require severe heating or^substantial 

f'j 
disruption by displacive bombardment. 

Implantation at elevated temperature will allow more initial motion 
of the atomic helium and should result in fewer and larger, yet still 
ab initio, bubbles. An even coarser bubble distribution might be expected 
when the helium level is zero at the beginning of displacive bombardment 
and is introduced gradually with progressive bombardment, as it is in 
neutron irradiation. In this case, bubble nucleation should also be 
gradual and will be minimized by the low supersaturation of helium and 
•by competition for the helium by the first formed bubbles (or cavities). 
The drift of point defects to sinks during bombardment is also likely to 
transport simultaneously implanted helium to the sinks. Therefore, hot 
preimplantation or simultaneous implantation (coimplantation) should 
lead to coarser cavity distributions than cold preimplantation, an 
expectation that seems to be fulfilled by most experimental 
observations.146'55'56 

O Figure 5 confirms the expected differences in cavity parameters for 
321 stainless steel after hot and cold helium preimplantation116 and shows 
that the differences increase with helium level. 56 

9 In a pure austenitic alloy, Fig. 6, it is clear that the cavity 
concentrations increase in the order — no helium- coimplantation, hot 
implantation, and cold implantation, with the latter by far the strongest. 
Cavity sizes follow the reverse order and the growth rates slow down (I 
with increasing dose. Swelling in all cases increases with dose through 
growth of cavities, but varies inversely with increasing cavity 
concentration. 

56N. H. Packan and K. Farrell, J. Nucl. Mater. 85 & 86 (1979) 677. 
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Fig. 5. Cavitation and swelling 
in annealed 321 stainless steel after 
helium preimplantation at high and 
low temperatures (see ref. 46). 

A The preimplantation treat-
ments cause bimodal size dis-
tributions indicated by the 
brackets. These dual sizes 
are most obvious for the 
cold preimplanted conditions 
where only one-tenth of the 
cavities fall into the 
larger size class. Examples 
of cavities in this alloy 
are presented in Fig. 7. 

A Cavity nucleation in this 
high-purity alloy is com-
pleted at some dose below 
1 dpa. Fig. 6. Comparison of the effects 

of the method of helium implantation 
on cavitation and swelling in a high-
purity austenitic alloy (see ref. 56). 
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Fig. 7. Examples of cavities in a pure austenitic alloy bombarded 
with nickel ions to 70 dpa at 625°C. (a) No helium; (b) coimplantation 
of 1400 appm He; (c) preinjection of 1400 He at 625°C, (d) preinjection 
of 1400 He at room temperature. S is the swelling (see ref. 56). 
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# Experiments on 304 stainless steel55 indicate a seeming disagreement 
with data for the high-purity austenite in that coimplantation gives more 
nucleation than hot preimplantation. 

A In Fig. 8 it can be seen that the efficiency of cavity nuclea-
tion with implantation mode in 304 steel increases in the order — 
hot preimplantation, coimplantation, cold preimplantation; 
cavity sizes follow the reverse order. 

A The cavity concentrations 
increase markedly with helium 
level in the range 100 to 
500 appm, but the cavity 
sizes are independent of 
helium level. 

A This alloy also undergoes 
riadiation-induced phase de-
composition. Coupled growth 
of acicular precipitates and 
cavities is observed. This 
may be responsible for its 
different response to 
implantation mode. The pure 
austenite described in the 
previous paragraph was phase 
stable under irradiation. 
Complications from phase 
instability will be 
discussed in Sect. 15. 

9 An apparent exception to the 
argument that cold preimplanted 
helium should give the strongest 
cavity nucleation emerges from work 
on a phase-stable austenitic alloy 
in which the influence of dose and 
He/dpa ratio under coimplantation 
conditions was explored 57 The 
findings are displayed in Fig. 9. 

A Cold preimplanted helium 
causes fewer cavities than 
any of the coimplantation 

57F. V. Nolfi, Jr., A. Taylor, 
and K. S. Grabowski, IEEE Trans, on 
Nucl. Sci.y NS-26 (1979) 1257. 

Fig. 8. Effects of method of 
helium implantation on cavitation 
and swelling in annealed 304 stain-
less steel (see ref. 55). 
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treatments. As the King of 
Siain would say, "It is a 
puzzlement." However, a 
possible explanation may 
emerge in Sect. 14 when we 
discuss the temperature 
dependence of cavitation. 

A For coimplantation condi-
tions the cavity concentra-
tions markedly increase and 
cavity sizes decrease when 
the He/dpa ratio is raised 
from 2.3 to 21. 

A These effects are most pro-
nounced at low doses. With 
increasing dose the concen-
trations of cavities de-
crease for He/dpa ratios of 
7 and 21. 

A Swelling is depressed with 
increasing He/dpa ratio. 
Preimplanted helium is a 
strong depressant, 15 appm 
He being as effective as co-
implanted helium at a He/dpa 
ratio of 21 for doses up to 
20 dpa (420 appm He). 

Studies of elemental metals 
show: 

A In nickel, cold preimplanted 
helium causes more but small-
er cavities than coimplanted 
helium.29'58 Also, cavity 
nucleation during coimplan-
tation bombardments5® 
increases linearly with 
helium deposition rate 
(i.e., with He/dpa ratio) 
for low doses then rapidly 
saturates. 

A In molybdenum, ion bombard-
ment in the absence of 
helium produces very rapid 

Fig. 9. The influence of dose 58J. L. Brimhall and 
and He/dpa ratio on swelling in an E. P. Simonen, J. Nucl. Mater. 68 
austenitic alloy. (See ref. 57). (1977) 235. 
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saturation of cavity nucleation with dose whereas coimplantation 
of helium gives continuous nucleation; cavity sizes are smaller 
with helium but are insensitive to helium level.59 

14. HELIUM AND ITS. MODE OF IMPLANTATION MODIFY THE TEMPERATURE 
DEPENDENCE OF SWELLING 

Examination of the temperature dependence of swelling indicates 
that helium alters swelling most strongly at the upper and lower limits 
of the swelling temperature range. 

# The effects of 20 appm implanted helium on swelling in ion bombarded 
nickel at a dose of 1 dpa are shown in Fig. 10. (The swelling for neu-
trons at the lower temperatures illustrates the temperature shift 
required by the large difference in damage rates.) Helium, whether 
implanted cold or simultaneously, enhances swelling at the high and low 
regions of the temperature range of swelling. This occurs primarily by 
increases in the concentrations of cavities. 

# In Nimonic PE-16 alloy, the mode of helium implantation changes the 
shape of the swelling curve,'19 hot implantation giving a much broader 
shape than cold implantation, Fig. 11. 

5 9J. L. Brimhall, L. A. Chariot, and H. E. Kissinger, J, Nucl. Mater. 
85 & 86 (1979) 733. 
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Fig. 10. Implanted helium at 
the 20 appm level broadens the tem-
perature range for swelling in ion 
bombarded nickel at 1 dpa (see ref. 
29). 

Fig. 11. Temperature dependence 
of swelling in PE-16 alloy after hot 
and cold helium preimplantation (see. 
ref. 49). 
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# Swelling in a pure austenitic 
alloy50 is also sensitive to the 
mode of helium implantation, Fig. 12. 
Several notable points emerge from 
this work: 

A The presence of helium 
shifts the peak swelling 
temperature upwards by about 
40 K. 

A Coimplanted helium raises 
the upper temperature limit 
for swelling by prolonging 
survival of cavities. With 
no-helium and cold pre-
implanted helium, cavities 
disappear at a lower but 
equal temperature. 

A Helium depresses swelling at 
the lower end of the temper-
ature range, in contrast to 
the data for nickel (Fig. 
10), which were measured at 
a much lower dose and helium 
level. 

A Helium reduces cavity sizes, 
and cold preimplantation 
causes a bimodal size dis-
tribution of cavities at all 
irradiation temperatures, 
whereas coimplantation doks 
no t. v.,,. 

A With cold preimplanted 
helium only the larger cavi-
ties contribute significant-
ly to swelling. This frac-
tion of the total cavities 
increases linearly with 
irradiation temperature, 
but does not exceed 40%. 
These cavities are responsi-
ble for the enhanced swell-
ing around the peak swelling 
temperature for the cold 
preimplanted condition. 

60N. H. Packan and K. Farrell, 
ANS Meeting, San Francisco,.November 
1979. ;' 

Fig. 12. Changes in cavity 
nucleation and swelling at 70 dpa in 
a pure austenitic alloy as functions 
of helium implantation mode and irra-
diation temperature (see ref. 60). 
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A Helium at these high levels causes high concentrations of holes 
on grain boundaries; they are smaller than those within grains. 
These small grain boundary holes are believed to be helium-
filled bubbles that develop because the grain boundaries are 
large neutral sinks that absorb considerable quantities of 
vacancies and gas. The supersaturation of vacancies is higher 
within grains where the holes are much larger and more cavity-
like. These grain boundary bubbles may lead to a serious loss 
of elevated-temperature mechanical properties. 

Oln unstable 304 stainless steel, Fig. 13, cold preimplanted helium 
inhibits swelling at the lower temperatures, and pushes the peak swelling 
temperature upwards by about 100°C compared with hot and simultaneous 
implan ta t ions.3 6 

A In this 304 steel, swelling data are not available for the upper 
temperature extreme for swelling, but extrapolation of the tem-
perature dependence of the cavity densities suggests that at 
higher temperatures the cavities from cold preimplantation will 
disappear before those for hot and simultaneous implantations. 
This implies more effective maintenance of cavitation and swell-
ing to high temperature by the latter two techniques, in keeping 
with the observation for the high-purity austenite. 

# The latter deduction from Fig. 13 regarding a possible crossover of 
cavity concentrations at high temperatures so that those for cold pre-
implantation become lower than those for the elevated-temperature 
implantations is also supported by the data of Fig. 12. If this is a 
general behavior it might explain the apparently anomalously low cavity 
concentrations for cold preimplantation in Fig. 9. Here the bombardment 
temperature is 700°C which for this alloy is beyond the peak swelling 
temperature of 650°C under coimplantation conditions,57 but is below the 
upper temperature limit of 750-800°C (which is presumably helium-enhanced). 
Perhaps 700°C is beyond the crossover temperature for this alloy. 

# In summary, helium significantly alters cavity densities and sizes 
at all irradiation temperatures, but it modifies swelling most markedly 
at the upper and lower extremes of the swelling temperature range. Hot 
preimplanted and coimplanted helium seem to enhance swelling in these 
regions, i.e., they broaden the temperature range, but cold preimplanted 
helium causes markedly reduced swelling at the lower temperatures. The 
overall pattern is compatible with the critical bubble size thesis, to 
wit: 
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Fig. 13. Temperature depen-
dence of swelling in 304 stainless 
steel for different helium implanta-
tion modes. Bombardment conditions 
are the same as those for Fig. 8.56 

At the low temperatures, 
thermal emission of vacan-
cies from cavity embryos 
is low and hence the criti-
cal size for growth is small. 
Hot implantation and co-
implantation of helium can 
readily introduce many 
supercritical nuclei (or 
sizes close to critical) 
whose growth during subse-
quent bombardment gives 
enhanced cavitation and 
swelling. Cold pre-
implanted helium supplies 
a high concentration of 
subcritical nuclei which 
are highly competitive sinks 
for the available vacancies 
and which therefore grow 
only slowly. Moreover, 
being neutral sinks, the 
nuclei will also absorb 
interstitials, in effect 
promoting more recombina-
tion and thereby reducing 
the point defect population 
which further retards cavity 
growth. In the extreme we 
would expect no visible 
cavities and no measurable 
swelling (or any damage 
microstructure) for cold 
preimplanted helium, but 
significant swelling for 
hot or coimplantations, 
viz., Figs. 12 and 13. 

At the high temperature end 
of the swelling region, 
three factors conspire to 
prevent cavity formation; 
the supersaturation of 
point defects is low because 
of the high equilibrium con-
centration of vacancies, the 
evaporation rate of vacan-
cies from cavity embryos is 
high, and there is increased 
solubility for residual 
gases. Under these circum-
stances the critical cavity' 
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size is large and can only be realized with a large cluster of 
inert gas which is provided by hot or coimplantation of helium. 
The resulting concentrations of cavities are small but sufficient 
to prolong swelling. Cold preimplantation of helium is rela-
tively ineffective since the helium clusters are subcritical 
and are not likely to grow much either by coalescence or by •, ; 
absorption of vacancies because, being neutral sinks, they 
further depress the point defect supersaturations. 

A In the mid-temperature range, swelling reaches a maximum because 
the supersaturation of vacancies is a maximum, their mobility is 
significant, and the critical nucleus, although increasing with 
temperature, can still readily be satisfied by residual gases 
and by hot and coimplanted helium. There is a slower response 
with cold preimplanted helium and even though many nuclei do 
become critical their growth is slow due to internal competi-
tion and to their high neutral sink strengths. But since the ini-
tial bubble concentration is high, even a small increase in 
size pushes many nuclei beyond the critical size and eventually 
there is a sufficiently high density of cavities to make a 
significant swelling contribution. The net effects of these 
changes due to cold preimplantation are to compress the observed 
temperature range of swelling and to force the peak swelling 
temperature closer to the upper cutoff temperature. 

9 In view of the intricacies of helium effects on cavity nucleation 
and swelling outlined in Sects. 13 and 14, it is understandable that the 
literature is replete with seemingly contrary reports that helium enhances 
swelling, has no effect on swelling, or increases swelling. Each reporter 
sees only a narrow slice of the much broader and complicated pattern. 

15. SOLUTES AND PHASE INSTABILITY MODIFY EFFECTS 
OF HELIUM, AND VICE VERSA 

If helium can promote the formation of loops and cavities, it can 
also be expected to influence radiation-modified phase decomposition of 
complex, unstable alloys because such decomposition is centered on point 
defect sinks. Decomposition involves migration, segregation and precipita-
tion of solutes. The solutes either flow with the point defects to sinks 
or move away from the sinks up the vacancy gradients. This flow causes 
chemical enrichment or depletion of solute species at the sinks. When 
the local chemical composition exceeds some critical value a phase change 
ensues. Chemical segregation at the sink is expected to alter its 
preference for point defects. Also, the local composition of the alloy 
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in the vicinity of the sink will undergo changes that may prompt corre-
sponding responses in the matrix recombination rate of point defects. 
These will be reflected in changes in the growth rates of the sinks. 
Thus the sink density, which is sensitive to the helium level and method 
of implantation, will play a role, perhaps a decisive role, in phase 
decomposition and, in turn, th*?. processes of phase decomposition will 
alter the development of sink structure. Helium distributions that 
refine the sink distributions should refine the precipitate structure, 
and appropriately fine structures should provide enough competition to 
minimize swelling and phase decomposition. Behavior compatible with this 
view is just beginning to be distinguished experimentally. 

• As mentioned in Sect. 5, solute segregation and precipitation are 
established phenomena at point defect sinks. In unstable alloys it is 
frequently observed that cavities and loops are located in contact with 
radiation-induced or radiation-enhanced phases.30'52'55•51—69 

# In 304 stainless steel55 undergoing ion bombardment at constant 
temperature the volume fraction of unidentified radiation-induced 
precipitate decreased with increasing amount of cold preimplanted helium. 
Correspondingly, the cavity density and the fraction of loops retained 

61Christine Brown, p. 83 in Consultant Symposium on the Physios of 
Irradiation Produced Voids} Harwell, 1974, AERE-R-7934 (1975). 

62H. R. Brager and J. L. Straalsund, J. Nucl. Mater. 46 (1973) 134. 
63W. K. Appleby, D. W. Sandusky, and U. E. Wolff, J. Nucl. Mater. 

43 (1972) 213. 
64A. F. Rowcliffe, S. Diamond, M. L. Bleiberg, J. Spitznagel, and 

J. Choyke, p. 565 in ASTM-STP 570, American Society for Testing and 
Materials (1975). 

65J. I. Bramman et al., p. 479 in Radiation Effects in Breeder 
Reactor Structural Materials3 eds., M. L. Bleiberg and J. W. Bennett, 
AIME, Newv,York (1977). 

66E. E. Bloom and J. 0. Stiegler, p. 360 in ASTM-STP-529, American 
Society for Testing and Materials (1973). 

67F. W. Wiffen and E. E. Bloom, Nucl. Technol. 25 (1975) 113. 
68P. J. Maziasz, p. 160 in The Metal Science of Stainless Steels, 

eds.E. W. Collings and H. W. King, Metallurgical Society of AIME, 
New York (1978); also J. Nucl. Mater. 85 & 86 (1979) 713. 

69P. J. Maziasz, F. W. Wiffen, and E. E. Bloom, p. 1-259 in 
Radiation Effects and Tritium Technology for Fusion Reactors3 Gatlinburg 
(1975), USERDA CQNF-750989 (1976). 



28 

in the dislocation structure increased. On the other hand, hot pre-
implanted helium which gave minimum retention of loops and the least 
cavities, did not encourage the development of precipitates. The effects 
of coimplanted helium fell between these two extremes. The precipitates 
did not form in thermally aged control specimens nor in targets without 
helium. 

# In neutron-irradiated type 316 stainless steels, cavities have been 
found attached to particles of MC, M23C6, G, r|, a, x and Laves phases. 
At low helium levels almost every cavity is associated with particles; 
at high helium levels there is a greater concentration of cavities and 
many are not associated with particles.68 Moreover, the precipitation 
response, i.e., types and distributions of precipitates, is different 
for low and high helium levels.68 Studies of cavitation and precipita-
tion during neutron and ion irradiation30 suggest that cavity formation 
is favored at the interface between the matrix and G, r|> and M23C5 
phases because it is a very efficient site for aggregation of continuous-
ly generated helium. 

# Very recent ion bombardment experiments52 on two austenitic alloys 
of 316 type that differed in composition primarily in their silicon and 
titanium levels reveal further interesting features. The less pure alloy 
is the more resistant to damage. The silicon and titanium retard cavity 
formation and dislocation loop evolution. For bombardments without 
helium, segregation of silicon and nickel is noted on the loops at 1 dpa 
and these segregants grow into silicon- and nickel-rich t and n precipi-
tates that continue to grow with increasing dose. With coimplanted 
helium cavities are created earlier in the purer alloy and there is more 
swelling. In the less pure alloy, cavities are co-developed on the 
radiation-produced precipitates, and there is less precipitate. With 
cold preimplanted helium the loop populations in the purer alloys are 
greater than for the no-helium and co-helium cases, and loop growth and 
cavity formation are retarded. In the less pure alloy the loop density 
is markedly increased and phase instability is severely delayed; even 
at the highest dose of 70 dpa, where phase decomposition is rampant in 
the no-helium and co-helium conditions, there are only very small loops 
and/or precipitates mixed with small cavities. 
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A These observations demonstrate the involvement of point defect 
sinks in phase decomposition and show that such decomposition 
influences the evolution of damage microstructure. Helium 
exerts a major influence through its alteration of the loop 
densities, at least prima facie. In a less obvious fashion it 
could be acting through submicroscopic bubbles. Thus, in the 
impure alloy without helium formation of the damage structure 
is delayed because the impurities getter residual gases and 
nullify them as cavity nucleants and trap point defects, thus 
promoting more recombination. When loops do form, the associated 
flux of solutes to the loops builds up to the point of precipi-
tation. For continued growth the precipitates must absorb as 
many vacancies as the sum of the solute and interstitial in-
fluxes, so they are now preferred vacancy sinks. With 

. coimplanted helium, some helium is co-drifted to the precipi-
tates where it forms a critical nucleus which thereafter vies 
with the precipitate for the incoming vacancies to create a 
cavity. The ensuing cavity growth thereby reduces precipitate 
growth. With cold preimplanted helium many more loops are 
initially created, but there is also a high density of sub-
microscopic bubbles that are intensely competitive point 
defect sinks which dramatically reduce the flow of defects and 
solutes to the loops. Achievement of critical size bubbles 
is also retarded. The net result is a significant reduction 
in the growth of all features of damage microstructure, 
including precipitates. 

16. TiC PRECIPITATES ARE PARTICULARLY STRONG TRAPS 
FOR HELIUM AND VACANCIES 

# Of the precipitates reported to be affiliated with cavities in 
stainless steels, Sect. 15, TiC appears to be an especially strong site 
for aggregation of helium and vacancies. 

A In neutron-irradiated alloys of high helium level70 TiC par-
ticles are literally covered with cavities compared with single 
cavities on other phases. 

A In a-implanted austenite containing TiC particles, helium bub-
bles are formed prefere-̂ itially at the particles during thermal 
annealing.71 

70P. J. Maziasz and E. E. Bloom, Trans. ANS 27 (1977) 268; also 
unpublished data. 

71W. Kesternich, ANS Meeting, San Francisco (November 1979). 
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A During nickel-ion bombardments of austenite containing pre-
existing TiC particles and no helium, cavities are created at 
the particles.72 

# The scale and distribution of the TiC particles prior to irradia-
tion influences the formation and type of precipitate formed during 
irradiation, and appears to affect their propensity for bubbles and 
cavities.68>70 

# Precipitation of TiC can be fairly readily manipulated by thermo-
mechanical processing and might, therefore, offer some potential for 
controlling radiation-induced phase instability, swelling and helium 
embrittlement. 

17. CORRELATION OF HIGH DAMAGE RATE SWELLING WITH NEUTRON 
SWELLING IS FAIR AND IS IMPROVING 

In elemental metals and phase stable alloys, many aspects of neu-
tron swelling are satisfactorily reproduced by rapid damage rate simula-
tions, but cavity nucleation is not adequately copied. In complex, 
unstable alloys correspondence of phase decomposition is difficult. 
Experimentation with coimplanted helium and He/dpa ratios may solve 
these problems. There is room f«>r improvement in determining dose 
equivalency of various damaging particles. 

•in nickel at 1 dpa (Fig. 10, p. 22, this report) the expected tem-
perature shift for peak swelling with ions is in good agreement with 
theory.29 However, cavity nucleation is lower for the simulation, in 
keeping with the higher temperatures (Fig. 14). Cold preimplanted 
helium gives nucleation more akin to the neutron cases, but, as we 
have seen, preimplantation of helium does not cause appropriate gradual 
nucleation and can significantly modify the early stages of damage evolu-
tion. Simultaneous implantation of helium does not correct the short-
fall in nucleation. Similar findings are now being made for a high-
purity austenitic alloy irradiated to 10 dpa.72 

A A remedy for this nucleation problem in simulation experiments 
might be to use helium coimplantation with a high He/dpa ratio 
at the beginning of irradiation, then throttling back to the 
normal (n,a) He/dpa ratio or less after a suitable nucleation 
period. 

72K. Farrell and N. H. Packan, unpublished data. 
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# In 316 stainless steel cold 
preimplanted with helium and nickel-
ion bombarded to modest doses73 
the temperature shift is properly 
simulated (Fig. 15), and there 
seems to be good agreement with 
microstructural details. 

# For 316 stainless steel at 
higher doses where phase instabil-
ity is pronounced and where a 

secondary low temperature swelling peak is manifest with neutrons, ion 
bombardments do not satisfactorily reproduce damage-accelerated phase 
instability.30 

A The lower temperature peak is not recreated. v, 
A Ion damage of pre-neutron irradiated specimens dissolves phases 
formed during the neutron irradiation. 

A Phase decomposition is not a sufficient condition for initiation 
of swelling. It is also necessary for helium to be co-generated 
with the breakdown of the matrix. 

/ / 

A In view of the discussion of the role of helium in phase de-
composition in Sect. 15, it may be possible to achieve closer 
imitation of phase decomposition during ion bombardments by 
finding an appropriate helium implantation condition, but this 
would clearly not be the sole consideration. 

# There are large differences in damage-production efficiencies of 
various bombarding species (Fig. 16) that require normalization and 
accommodation in correlation experiments. 

# HVEM simulations of neutron swelling in commercial alloys are of 
questionable worth because of very short incubation periods, lack of 
coimplanted helium and undemonstrated reproduction of phase instability. 
A newly developed ion accelerator-HVEM link74 may be able to adjust some 
of these deficiencies. 
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Fig. 14. Inadequate reproduc-

tion of cavity nucleation in nickel 
by ion bombardment, and effects of 
implanted helium.29 

73J. A. Hudson, J. Nucl. Mater. 60 (1976) 89. 
7kA. Taylor, Argonne National Laboratory. 
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Fig. 15. Correlation of neu-
tron and ion swelling in 316 stain-
less steel.73 
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Fig. 16. Variation in swelling 
efficiency of different bombarding 
particles in a pure Fe—25 Ni, 15 Cr 
alloy. Specimens for charged parti-
cle bombardment contained 6 appm 
preimplanted helium. Compiled from 
data in ref. 31. 

18. SOME EXCEPTIONS 

Not all metals suffer radiation-induced swelling. Cavitation can 
be resisted by ensuring complete recombination of point defects or by 
storing excess vacancies in dislocation loops. Zirconium and titanium 
are two outstanding examples of the latter. One requirement for vacancy 
loop formation seems to be collapse of displacement cascades. Another 
requirement is little net preference of loops for interstitials. 

# Zirconium and titanium resist cavity formation under neutron and 
ion irradiation.75—78 

75C. D. Williams and R. W. Gilbert, p. 235 in Radiation Damage in 
Reactor Materials, Vol. I, IAEA, Vienna (1969). 

76P. M. Kelly and R. G. Blake, Phil. Mag. 28 (1973) 415. 
77R. W. Gilbert, K. Farrell, and C. E. Coleman, J. Nucl. Mater. 84 

(1979) 137. 
78J. L. Brimhall, G. L. Kulcinski, H. E. Kissinger, and B. Mastel, 

Radiation Effects 9 (1971) 273. 
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A In these metals the damage microstructures consist of a roughly 
equal mix of vacancy loops and interstitial loops76-80 that 
appears to saturate at modest dose.75 

A The (n,a) cross sections are low [low He/dpa (see Table 1, p. 9, 
this report], but shortage of helium is not the reason for the 
absence of cavities since cavities remain absent during neutron 
irradiation even in a-implanted zirconium.81 In Zr-10B alloys 
gas bubbles are created instead of cavities.82 

# Cavities can be produced in these metals during HVEM irradiations 
if inert gas or atmospheric contamination is present.19>20>83 

A Vacancy loops are not produced in HVEM irradiations even in the 
absence of cavities.84 

# These facts indicate that cavities will not form in the presence of 
significant populations of vacancy loops and that development of such 
loops is difficult during HVEM irradiation, but easy in ion and neutron 
irradiation. Presumably in ion and neutron irradiations vacancy loop 
nucleation is facilitated by collapse of vacancy-rich displacement 
cascades. 

A Vacancy loop nucleation does not ensure survival and growth. 
These can occur only if the net influx of interstitials into 
the loop is less than that of vacancies. This requires a 
preference of interstitial loops for interstitials. But this 
preference must be such that it diminishes with increasing loop 
size, or loop saturation would not occur. 

79A. Jostsons, P. M. Kelly, and R. G. Blake, J. Nucl. Mater. 66 
(1977) 236. 

80D. 0. Northwood, R. W. Gilbert, P. M. Kelly, D. K. Madden, 
D. Faulkner, and R. B. Adamson, J. Nucl. Mater. 79 (1979) 379. 

81K. Farrell and D. Faulkner, unpublished data. 
82K. Farrell, p. 54 in ORNL-5089, Oak Ridge National Laboratory 

(1975). 
83G.J.C. Carpenter, Radiation Effects 19 (1973) 189. 
84G.J.C. Carpenter; S. N. Buckley, private correspondences. 
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19. CONCLUSIONS 

9 Gases are essential for cavity formation and swelling in irradiated 
metals. Helium is the most important inert gas in non-fissile materials. 

# The major function of helium is to,promote cavity nucleation. 
Because of its insolubility and affinity for vacancies, it is more 
potent than residual gases. Circumstantial evidence favors submicros-
copic gas bubbles as cavity nuclei. The data are consistent with a 
critical bubble size concept. 

# Helium also enhances formation of interstitial loops and disloca-
tion structure. But high helium levels may suppress loop evolution by 
providing a high neutral sink strength. 

# Cavity growth is affected by helium only indirectly through its 
effects on cavity nucleation and relative sink strengths. 

# Helium alters the temperature dependence of swelling but is sensi-
tive to the method of helium injection. If implanted under conditions 
that encourage formation of critical size bubbles (hot preimplantation 
or coimplantation with the damage process) it broadens the temperature 
range. If preimplanted cold it creates subcritical bubbles of high 
neutral sink strength that depress swelling and narrows the temperature 
range for swelling. 

# Since helium increases the concentrations of point defect sinks it 
also affects radiation-developed precipitation which occurs at sinks in 
unstable alloys. Many precipitates are sites for collection of helium 
and vacancies, but TiC is particularly strong. 

9 Correlation of cavitation in charged particle irradiations with 
that in neutron irradiations is fair and is improving. Techniques of 
coimplantation of helium are expected to bring a closer correspondence, 
but reproduction of phase instability may be a problem. 

# Not all metals suffer from cavitation. Zirconium and titanium are 
resistant when vacancy loop formation prevails. 
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