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Abstract

In the present contribution, the basic ideas pertinent to modelling helium accumulation in metals are reviewed.
Topics of earlier work are: Diffusion of atomic He and bubble nucleation under irradiation, low temperature (diffusion
controlled) vs. high temperature (dissociation controlled) nucleation, cascade induced He resolution and continuous
bubble nucleation at high doses, homogeneous in the bulk vs. heterogeneous nucleation at extended defects; bubble
coarsening upon annealing, migration and coalescence vs. Ostwald ripening; bubble state, upper limit vs. ‘equilibrium’
pressure, high pressure equation of state of He, bubble-to-void transformation under a stress or irradiation induced
effective vacancy supersaturation. More recent topics are: formation and growth limitation of He platelets (He-filled
nano-cracks) in some metals and ceramics, coupled two-component Ostwald ripening of bubble-loop complexes.
Possible effects of bubble formation on mechanical properties are briefly addressed: hardening and embrittlement,
particularly at high temperature where intergranular fracture is induced by the transformation of bubbles to voids at
grain boundaries. Finally, important but unsolved problems are identified and their relevance are briefly discussed.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Macroscopic radiation damage effects in structural
components of nuclear devices such as fission or fusion
reactors are the consequence of two fundamentally dif-
ferent types of interactions between the projectile par-
ticles of the irradiation and the atoms of the material
under irradiation: atomic displacements resulting in
vacancy and self-interstitial type lattice defects, and
nuclear reactions creating foreign elements [1]. The
creation of helium atoms in metals is considered with
particular concern since their precipitation into bubbles
can substantially deteriorate mechanical material prop-
erties, particularly in metals at high (homologous) tem-
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peratures, T > 0.5T;, (T,: melting temperature), where
drastic embrittlement of metals due to helium bubbles
formation at grain boundaries has been found to occur
even at very low overall helium concentrations [1-3].
In view of this, it is understandable that, starting with
the basic work by Greenwood et al. [4], effects of He in
metals have been modeled in the past in many groups all
over the world, in the USA, for instance, at the UCSB,
at UCLA, at ORNL, in Europe at Harwell and Risg, at
FZ Jiilich, at PSI, in Russia at Kurchatov Institute.
The basic problem is that the understanding of
macroscopic effects due to He accumulation requires
modelling at many different levels, from atomic prop-
erties of He atoms in metal lattices such as He atom
configurations and the corresponding energies, over
diffusion mechanisms, kinetics of bubble nucleation and
growth to the relation between the microstructural
evolution and the change in mechanical properties. We
refer in this context to the proceedings on fundamental
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aspect of helium in metals [5] and, more generally, on
fundamental aspect of inert gases in solids [6].

In the present contribution, crucial ideas on model-
ling helium accumulation in metals and its effects on
mechanical properties are reviewed. Most of these ideas
originate from attempts to describe experimental ob-
servations analytically. We do not claim to present by
the present contribution a general review of the whole
topics but focus on previous own work and closely re-
lated other work. Section 2 deals with diffusion of He
atoms. The main ideas concerning bubble formation
under He production, and its dependence on tempera-
ture, He production rate and displacement rate, are
presented in Section 3. Section 4 is devoted to bubble
evolution during annealing. In Section 5, limiting cases
of the thermodynamic state of He in cavities (bubbles/
voids) are discussed. Unusual bubble features, such as
He platelets and complexes of bubble and dislocation
loops and possibilities to explain them are briefly de-
scribed in Section 6. In Section 7, possible effects of
bubble formation in metals on their mechanical prop-
erties are addressed. In a final section, ‘where do we
stand?’, the present state of art in He accumulation in
metals is discussed.

2. Helium diffusion

Because of its extremely low solubility in metals,
helium occurs in metals only when it is forced in there,
for instance by tritium decay, o-injection or by (n, o)
reactions of neutrons with matrix nuclei during neutron
irradiation. Hence, the accumulation of He in metals is
always accompanied at least by some displacement
damage, depending mainly on the ratio of the He pro-
duction rate to the displacement rate.

Helium diffusion is a basic requirement for bubble
nucleation and growth. It is the result of random jumps
of He atoms from one to another (meta-)stable lattice
site. In Fig. 1, the most important types of lattice sites
and migration modes for He atoms in metals at negli-
gible radiation damage or during irradiation are illus-
trated. The most important positions for He atoms in a
lattice are interstitial and substitutional sites (He atom in
a vacancy). The preferential position and the dominant
migration mode depend on temperature as well as on the
presence of other intrinsic or irradiation induced defects
acting as traps for He atoms, particularly in the presence
of vacancies and He-vacancy clusters. Because of the
strong binding of He atoms to vacancies (with energies
of a few eV), the substitutional site is the preferential one
if the vacancy concentration is significant. In He diffu-
sion, He interstitial migration, vacancy migration and
the removal of a He atom from a vacancy or a He-va-
cancy cluster by thermal activation or some athermal
mechanism are the most important basic processes.
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Fig. 1. Schematic illustration of defect configurations and jump
processes relevant for He diffusion without and with irradia-
tion. From left to right: migrating He interstitial, migrating
vacancy, transformation of a substitutional to an interstitial He
atom by thermally activated dissociation from its vacancy,
jump of a He atom from one to another vacancy as a basic step
in the vacancy mechanism, transformation of a substitutional to
an interstitial He atom due to its replacement by a SIA, colli-
sional displacement of a He atom.

2.1. Helium diffusion at negligible radiation damage [7]

(1) Interstitial migration: He atoms on interstitial sites
diffuse interstitially, generally fast even below room
temperature (with an activation energy of a few tenths of
an eV), until they are trapped by another defect. Conse-
quently, He diffusion is effectively of interstitial type over
a spatial scale where the concentration (sink strength) of
defects trapping He atoms is negligibly small. This con-
dition is best realised in the case of He production by
tritium decay in tritided (but otherwise pure) metals at
T < 0.5T;,, where both the displacement damage and the
concentration of thermal vacancies are small.

At temperatures 7' > 0.57;, interstitially diffusing He
atoms will be mainly trapped by thermal vacancies. In
this case, two different types of mechanisms contribute
to He diffusion:

(2) The common ‘vacancy mechanism’ where a
transient di-vacancy—He-complex is formed in which the
He atom jumps from one to the other vacancy, and

(3) the ‘impeded interstitial migration’ or ‘He-va-
cancy dissociation (dissociative) mechanism’ where a He
atom diffuses interstitially between its thermal dissocia-
tion from one vacancy and its re-trapping by another
vacancy [7,8].

Mechanisms (2) and (3) are cooperative, meaning
that the faster mechanism is the dominant one (for more
details see Table 1). It is worth adding here that dislo-
cations and grain boundaries (GBs) generally represent
fast diffusion paths for He atoms.

2.2. Helium diffusion during irradiation

For He diffusion under irradiation, atomic displace-
ments and the resulting vacancies, self-interstitial atoms
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Table 1
Characterisation of helium diffusion mechanisms

Irradiation He diffusion

Without [7] With [8-10]
T/Tw <0.5 >0.5 >0.5 <0.2 >0.2, <0.5 ~0.5
Mechanism Interstitial Vacancy Dissociation Displacement Replacement Vacancy
Diffusivity Dy ~Dych Dmix ~D, ~Dyc,
Act. energy Enel ~E Efls, — Ef ~0 ~ED ~E™/2
Examples® Tritides? Al, Ag, Au, Ti? Ti? Mg, V, Fe, Co, All metals?

Ni, Cu, Mo, W

Symbols: Dy, Dy, and D™ are the diffusion coefficients of He interstitial atoms, of vacancies and for cascade mixing, respectively, ER.
EY, Ei,ESd and E%* are the activation energies for He interstitial diffusion, vacancy migration, vacancy formation, self-diffusion, He—

He,v

vacancy dissociation, respectively (ordered according to their estimated magnitude), and ¢ is the (thermal) vacancy concentration.
#Question mark behind examples indicates that mechanism is not (uniquely) verified experimentally.

(STAs) and clusters of these defects play a crucial role.
The following mechanisms may be distinguished [8-10]:

(I) The athermal ‘displacement or cascade mixing
mechanism’ where He diffusion is due to direct dis-
placements. This mechanism is expected to be dominant
below annealing stage III where vacancies are immobile
(at T < 0.2T,).

(IT) The ‘replacement mechanism’ where a He atom
diffuses interstitially between its athermal replacement
from a vacancy by a SIA and its re-trapping by another
vacancy. This is likely to be the dominant mechanism
between 0.27T;, and 0.57,,.

(IIT) The radiation enhanced ‘vacancy mechanism’
[10] which can dominate the ‘replacement mechanism’
only at temperatures around and above 0.57;,.

Mechanisms (I) to (III) are cooperative, meaning that
the fastest mechanism is the dominant one (for more
details see Table 1).

It is emphasised here that the exact mechanism con-
trolling He diffusion has been identified experimentally
by thermal absorption spectroscopy only for high tem-
peratures and at negligible radiation damage, and even
in this parameter range only for a restricted number of
metals [7].

3. Bubble nucleation during He production
3.1. General features

The most important parameters controlling the
number density and size of bubbles evolving during He
production by implantation or transmutation are tem-
perature, He production rate, displacement rate and
accumulated He concentration (dose or time). For well
annealed (homogeneous) metals and alloys, transmis-
sion electron microscopy (TEM) implanted with He (or
irradiated with neutrons at concurrent He production)
at elevated temperature has revealed the following main
features [11]:

(1) At a given temperature (and low displacement
doses <1 dpa), the bubble density seems not to depend
significantly on He concentration or time while the
average bubble size increases continuously when bubbles
become visible in TEM, indicating that bubble nucle-
ation has occurred in an early stage and virtually ceased
afterwards.

(2) The temperature dependence of apparently satu-
rated bubble densities exhibits two clearly discernible
branches, one at low and the other at high temperature,
characterized by low and high apparent activation en-
ergies, respectively (Fig. 2).

(3) At a given temperature and accumulated He
concentration, experimental data indicate, in spite of a
considerable amount of scatter, that bubble densities
and sizes increase and decrease, respectively, with in-
creasing He production rate.

Absolute values of the observed bubble densities
range from maximum values of the order of 102 m~3 at
temperatures around and below stage III (T < 0.27;,)
down to the limit of quantitative TEM data (~10'® m~?)
at temperatures above stage V (7 > 0.57;,). Modelling
bubble nucleation means explaining both the qualitative
features as well as the quantitative values.

3.2. Low temperature vs. high temperature nucleation

Under the condition of He production and dis-
placement damage, the nucleation of He bubbles within
grains of a metal matrix occurs by the concurrent dif-
fusion and clustering of He atoms, vacancies (and SIAs).
Bubble nucleation thus represents a generally compli-
cated multi (at least two)-component nucleation process.
The theoretical tools to treat this are rate theory, the
Fokker-Planck approach or some form of ‘classical’
nucleation theory for varying effective supersaturations
of He atoms and vacancies.

The treatment simplifies when the vacancy-SIA
component plays a minor role in bubble nucleation
compared to that of He, or is even ‘enslaved’ by the He
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Fig. 2. Temperature dependence of observed densities of bubbles formed in commercial austenitic steels (a) during implantation/ir-
radiation at elevated temperatures (‘hot implantation/irradiation’, I,/Ry), (b) during annealing after pre-implantation/irradiation at
low temperatures (‘cold implantation/irradiation’ followed by annealing, /. + 4/I. + Ry). Note the high and low temperature branches.

The symbols and related capital letters refer to authors [12].

component. This is expected to hold at relatively high
ratios of He production to displacement rates and at
temperatures above stage V (T > 0.5T;,).

In such cases, the characteristic features of bubble
nucleation during He production at low displacement
doses may be illustrated by schematic plots of the rele-
vant quantities vs. time as shown in Fig. 3 [12,13]. These
features are governed by the strong dependence of the
nucleation rate, i.e. the temporal change of the number
density of stable bubble nuclei, dN/d¢, on the time-de-
pendent concentration of He atoms in ‘solution’, ¢(¢),
and the increasing absorption rate of these by the in-
creasing number density of bubble nuclei, N. Accord-
ingly, dN/d¢ increases strongly with increasing ¢ at the
beginning, but both quantities pass maxima, say at ¢t =
t*, when production and absorption rates of He atoms
balance each other approximately,

P o Dc*N™. (1)

Thus, the nucleation process is characterized by ‘self-
limitation’. After the nucleation peak, both the nucle-
ation rate, dV/d¢, and the He concentration, ¢, decrease,
the former much more strongly, however, than the

latter, while the density, N, virtually saturates, and the
average size, r, increases continuously due to absorption
of newly produced He.

The bubble density nucleated during the whole nu-
cleation peak is about 2-3 times that at the peak maxi-
mum, N(¢ > t*) ~ (2-3)N*. Eq. (1) in combination with
estimates for the maximum He concentration ¢* for two
limiting cases representative of bubble nucleation at low
and high temperatures, respectively, have been used to
estimate N (¢ > ¢*) [12,13].

In the ‘di-atomic nucleation’ model where already
two He atoms are assumed to form a stable bubble
nucleus, the maximum nucleation rate is reached when a
newly created He atom is as likely to reach an existing
nucleus as to meet another He atom, i.e. when the
concentrations of bubble and He atoms are comparable
[4,12,13]. Using this, ¢* o« N*, Eq. (1) yields the relation

N(t>> 1) ~ (2-3)N* « (P/D)"*. 2)

According to Eq. (2), the low T di-atomic nucleation
may be characterised as being ‘He diffusion controlled’,
with the He diffusion constant representing the key
material parameter. The apparent activation energy of
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Fig. 3. Schematic representation of the time-dependence of the main quantities characterising bubble nucleation during He production
and bubble coarsening during annealing: He atoms in ‘solution’, ¢, nucleation rate, dN/dz, density, N, and average size, r, of nucleated
bubbles. A double-log representation is used to indicate by straight line segments approximate power law behaviour where applicable.
Note the strongly peaked nucleation rate and the approximate saturation of N during He production and the decrease of the density at

a simultaneous decrease of the size of bubbles during annealing.

the bubble density N is (minus) half of the He diffusion
energy. For He diffusion by the replacement mechanism,
this would be ~E™/2 (see Table 1) in qualitative agree-
ment with trends deduced from TEM data for bubble
densities [11]. Concerning the predicted square root de-
pendence, N o P'/2, a similar qualitative agreement with
experimental data is found [11].

Inclusion of bubble migration by surface diffusion
(with diffusion coefficient ~D,) does not change the
predicted general trends even though it reduces the ab-
solute values of N [10,12,14]. Estimates of such absolute
values on the basis of this range from orders of 10> m™3
down to 10?! m~3 at 0.27;, and 0.57T,,, respectively, again
in order of magnitude agreement with TEM data.

At high temperatures, small He (-vacancy) clusters
can no longer be considered to be thermally stable. Only
clusters above some critical size, depending via ¢(¢) on
time, are stabilized by the available supply of He atoms.
In this ‘multi-atomic’ nucleation, the nucleation rate
becomes significant only around some critical atomic He
concentration ¢* in solution, which may now be inter-
preted as the thermal equilibrium He concentration in
the presence of critical clusters of minimum size during
the nucleation peak. Thus, Eq. (1) yields the relation
[12,13]

N(t>t") o< P/Dc". (3)

Since Dc* in Eq. (3) is a measure for thermal He re-so-
lution (dissociation) from critical nuclei, the high T
multi-atomic nucleation may be characterised as being
‘He re-solution or dissociation controlled’. Accordingly,
in this case, the apparent activation energy of N is equal
to (minus) the energy for He re-solution (dissociation)
from critical nuclei which thus would represent a key
parameter in high 7 bubble nucleation. TEM data for
bubble densities at high 7 (such as shown in Fig. 2) in-

dicate values for this activation energy around the self-
diffusion energy which appears reasonable.

The linear dependence of N on P suggested by Eq. (3)
can be tested by normalizing available high temperature
data for a certain metal to the He production rate used
in the experiments. This has been done for commercial
stainless steels as shown in Fig. 4. The condensation of
the widely scattered original data by this normalisation
into a rather narrow band confirms the linear rate de-
pendence suggested by Eq. (3) [11].

With increasing ratio of the displacement to He pro-
duction rate, the vacancy-SIA component becomes in-
creasingly more important in bubble nucleation, which
then has to be treated adequately as a multi-compo-
nent nucleation process. The parameter set where the
transition from an effectively one- to multi-component
nucleation occurs are presently not clear, and the multi-
component bubble nucleation process under concurrent
He atom and displacement generation is even less clear.
Numerical procedures to deal with bubble nucleation
under general irradiation conditions are in progress [15].

3.3. Cascade induced He resolution and secondary bubble
nucleation

The description of bubble nucleation given in the
preceding sections 3.1 and 3.2 is only valid for low total
(implanted or generated) He concentration and/or low
displacement dose where the dynamic re-solution of He
atoms from existing bubbles by displacement cascades is
negligible compared to the implantation or generation of
further He atoms. Some experiments, where He was
implanted into metals at intermediate temperatures
(between 0.27;, and 0.57;,) to relatively high concentra-
tions and simultaneously or subsequently irradiated to
high doses, provide clear evidence that He atoms are
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Fig. 4. Temperature dependence of bubble densities normalised
to a He production rate and a ratio of He concentration to
annealing time of 1 appm/s, for ‘hot implantation/irradiation’
and ‘cold implantation/ irradiation’ followed by annealing, re-
spectively, using square root relations for the low temperature
and linear relations for the high temperature regimes. Note the
condensation of data points in comparison to Fig. 2, particu-
larly at high temperature.

rather effectively resolved from small bubbles by dis-
placement cascades resulting in the nucleation of sec-
ondary generations of bubbles [16]. The details of the
resolution process and its high efficiency are presently
not understood.

The problem of He resolution from bubbles and
secondary bubble nucleation was discussed previously
[17,18]. Recently, a simple analytical model, assuming
that a certain fraction of He atoms in a bubble (char-
acterised by a resolution parameter, k) is resolved per
dpa and that bubble nucleation occurs by the di-atomic
nucleation mechanism described in Section 3.2, was
presented [19], yielding for high doses above about 1 dpa
a linear increase in the bubble density with dose at
constant bubble size (see Fig. 5):

N o (P/D)*(P/kK)" kK, (4a)
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Fig. 5. Bubble density and average number of gas atoms per
bubble, normalised to their values at kKt = 1, vs. the ‘effective
dose’ kKt. For kKt < 1 (left), the lines are broken to indicate
that they are valid only beyond the primary nucleation peak.

R« (DP/i*K*)"7. (4b)

According to Egs. (4a,b), at high doses, bubble density
and size do not only depend on the primary gas pro-
duction rate, P, but even stronger on the displacement
rate K. Both depend, via D(T), only weakly on tem-
perature.

The applicability of models of this type seems to be
restricted to the temperature range 0.27, < T < 0.57,,
corresponding to the fact that significant effects of
cascade induced He resolution on bubble formation
have only been observed in that range. This may be
rationalised in the following way. Below 0.27;, (where
He diffuses by the displacement mechanism), primary
and secondary bubble nucleation become indiscernible
and bubble nuclei formed do not exceed sizes of atomic
scale (He—vacancy clusters containing up to a few tens
of He atoms). Above 0.57;,, He atom resolution be-
comes increasingly inefficient with increasing tempera-
ture (x — 0) because of the increasing re-absorption
of resolved He atoms by bubbles of increasing size,
while, on the other hand, thermal dissociation of gas
atoms from bubble nuclei becomes the dominant
mechanism.

3.4. Homogeneous vs. heterogeneous nucleation

In the preceding section, possible effects of precipi-
tates and extended defects such as dislocations and
grain boundaries (GBs) on bubble nucleation were ig-
nored, i.e. it was assumed to occur homogeneously
within an otherwise perfect matrix lattice. In metals
and alloys for technical applications, such defects may
play a crucial role in bubble nucleation, particularly in
the high temperature regime where bubble densities are
low.
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3.4.1. Low temperatures

Dislocations, precipitate-matrix interfaces, particu-
larly the one of incoherent type, and GBs act as strong
traps for mobile He atoms. Trapping of He atoms at
those sites competes with He atom clustering within the
perfect lattice.

At low temperatures, where thermal dissociation
from He atom traps is negligible, the globally dominant
nucleation mode, homogeneous vs. heterogeneous, is
determined by the relation between the partial sink
strengths of bubble nuclei according to homogeneous
nucleation and of pre-existing deep traps. Homogeneous
nucleation will be dominant if the sink strength of
bubble nuclei, i.e. the product of their density as pre-
dicted according to Eq. (2), and their size, is larger than
the sink strength of other pre-existing traps, for instance
the corresponding product of density and size of pre-
cipitates, and visa versa, depending on temperature and
He production rate. In the latter case, for given precip-
itate parameters, homogeneous nucleation will be
dominant at low temperature and/or high He produc-
tion rates, and visa versa. Maps for homogeneous vs.
heterogeneous nucleation in the presence of precipitates
corresponding to these trends have been introduced
previously [20].

3.4.2. High temperatures

At high temperatures, where thermal dissociation
from He atom traps must be considered, the relation
between the partial sink strengths of possible nucleation
sites does no longer provide a sufficient criterion for
homogeneous vs. heterogeneous nucleation. In this case,
effects of dislocation cores, interfaces and GBs on the
thermodynamics of critical bubble nuclei, more precisely
on the state of He atoms in them and the corresponding
thermal equilibrium He atom concentration around
them, ¢* (as appearing in Eq. (3)), are important.

In Fig. 6, the ‘classical’ understanding of these in-
terfacial effects on the thermodynamic state of a nucleus
of given volume, i.e. on the radius of curvature of its
surface, r, the corresponding equilibrium gas pressure
inside it, p = 2y/r, where y is the specific surface free
energy, and the thermal equilibrium He concentration
around it, ¢*(p), are illustrated. At given nucleus vol-
ume, interfacial equilibrium at triple junctions between
surface segments of a bubble and a GB, Fig. 6(b), or, in
addition, between surface segments and a precipitate-
matrix interface, Fig. 6(c), results in an increase in » and
corresponding decreases in p(r) and c¢*(p). This effect
increases with increasing number of interfaces involved,
i.e. from the configuration of Fig. 6(b) to that of Fig.
6(c).

These relationships suggest that heterogeneous bub-
ble nucleation at interfaces and GBs would occur at
lower critical He concentration ¢* than homogeneous
nucleation (assuming that bubble nucleation would oc-

(a) Bubble C*

(b) Bubble c*

GB GB

©

Precipitate Bubble

Fig. 6. Illustration of interfacial effects on cavity nucleation at
high temperatures; (a) spherical nucleus in the matrix, (b) len-
ticular nucleus at a GB, (c) truncated lenticular nucleus at a
GB-precipitate, all assumed to have the same volume. Under
this condition, the radius of curvature of the nucleus surface, r,
increases while the corresponding equilibrium gas pressure in-
side it, p = 2y/r, and the thermal equilibrium He concentration
around it, ¢*(p), decrease, suggesting that the critical concen-
tration required for bubble nucleation decreases and bubble
nucleation becomes easier from configuration (a) to (c).

cur at a certain minimum critical nucleus size), and
would be reached earlier therefore in the former than in
the latter case. Consequently, a significant reduction of
the He concentration by substantial premature hetero-
geneous nucleation would prevent additional homoge-
neous nucleation. To our knowledge, the conditions for
this behaviour have not been studied systematically.

3.5. Bubble nucleation at extended defects

In the preceding section, general conditions for the
global dominance of one of the two main bubble nu-
cleation modes in a matrix containing pre-existing traps
for He atoms, homogeneous vs. heterogeneous nucle-
ation, have been discussed. The detailed evolution of
bubbles at extended defects such as dislocations and
GBs [12,13,21-23] is controlled by fluxes of He atoms to
such sites, which constitute effective local He production
rates there, and these fluxes are controlled by the bubble
evolution within the bulk of the matrix as illustrated in
Fig. 7. Thus, the bubble evolution at extended defects is
strongly coupled to that in the bulk.

In modelling bubble nucleation at extended defects,
both the flux of He atoms to them from the bulk and
their diffusion along the extended defect must be con-
sidered. A detailed description of these processes is
complicated. Attempts have been made to describe the
main features [12,13,21-23]. A few qualitative features
are worth mentioning here:
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Fig. 7. Schematic illustration of He fluxes to GBs controlled by
the bubble evolution within the bulk of the matrix. These
constitute effective local He production rates at GBs. Thus, the
bubble evolution at extended defects is strongly coupled to that
in the bulk.

(1) Premature bubble nucleation at an extended de-
fect results in a reduction in the He concentration and,
by this, in a strongly reduced nucleation probability in
their vicinity which manifests itself as bubble denuded
zones adjacent to the extended defect.

(2) An extended defect collects a substantial fraction
of the He atoms produced in such zones.

For a quantitative modelling of bubble nucleation at
extended defects, an important parameter would be the
diffusion constant for He diffusion along the considered
extended defect which must be expected to depend sig-
nificantly on the type of extended sink (dislocation or
grain boundary). It has indeed been demonstrated that
the large variation in density and size of bubbles at
different GBs observed in Cu implanted with He at 738
K may be correlated with the varying atomistic struc-
tures of the GBs, suggesting that this structure is im-
portant for the diffusivity of He along GBs [24].

4. Bubble coarsening upon annealing
4.1. General features

In the preceding sections, bubble nucleation and
growth during He production at elevated temperatures
was discussed. When a metal, into which He was in-
troduced at some temperature, is annealed without fur-
ther He introduction at generally higher temperature,
existing bubbles or bubbles formed at the beginning of
annealing tend to coarsen at constant He content,
meaning that their average size increases while their
density decreases (see Fig. 3).

The commonly used experimental procedure for
studying bubble evolution at a given He content is pre-

implantation of He at low temperature, generally at
room temperature, where the mobility of He atoms is
relatively low or even negligible, and subsequent an-
nealing at elevated temperatures where He atoms as well
as bubbles are mobile and/or He atoms dissociate from
bubbles. The main parameters controlling the bubble
evolution in such experiments are temperature, He
concentration and annealing time. The main trends ob-
served are [11]:

(1) At a given temperature, the density of bubbles
decreases while their average size increases with time
(which is the meaning of ‘coarsening’), in many cases
starting from some unknown sub-microscopic pre-
annealing state. The character of the corresponding
time-dependencies (type of power law), depends on
temperature, He concentration and material conditions.

(2) The temperature dependence of bubble densities
exhibits two clearly discernible branches, one at low and
the other at high temperature, characterised by low and
high apparent activation energies, respectively, similar
as for bubble formation during He production at ele-
vated temperatures (see Fig. 2).

(3) At a given temperature and time, the density of
bubbles and, under certain conditions, also their size
increase with increasing He concentration, but the latter
is found to be virtually independent of He concentration
under other conditions, particularly in the high tem-
perature/low He concentration range.

The latter feature can be rationalised in the following
way. During pre-implantation defining the initial state
of annealing, the nucleation stage, i.e. the critical He
concentration, ¢*, may not or may be reached depending
mainly on temperature (see Section 3.2). Accordingly,
significant bubble nucleation may or may not occur at
the beginning of annealing. The generally short initial
state of He atom clustering is, however, irrelevant for
advanced stages of bubble coarsening.

4.2. Coarsening mechanisms

In bubble coarsening upon annealing two qualita-
tively different mechanisms as illustrated in Fig. 8 have
to be distinguished:

(1) Bubble migration and coalescence (MC) [25,26], and
(2) Ostwald ripening (OR) [27,28].

Bubble migration is due to random rearrangements
of the bubble surface by diffusion of matrix atoms, most
likely by surface diffusion. In the latter case, the ap-
parent activation energy of the bubble density reached
during annealing is about (minus) half of the surface
diffusion energy, depending somewhat on the thermo-
dynamic state of the bubbles.

Ostwald ripening is due to thermally activated re-
solution from (small) and re-absorption of He atoms by
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(a) Migration and Coalescence

(b) Ostwald Ripening

c(ry)

c(r2)

Fig. 8. Schematic illustration of the two main bubble coars-
ening mechanisms, (a) migration and coalescence via surface
diffusion, (b) Ostwald ripening due to He fluxes driven by dif-
ferences in the thermal equilibrium He concentrations in the
vicinity of small and large bubbles.

(large) bubbles. This suggests that the apparent activa-
tion energy of the bubble density reached by OR is equal
to the energy for He dissociation from bubbles which is
significantly higher than that for MC. Accordingly, MC
and OR are expected to be dominant at relatively low
and high temperature (and/or high and low He con-
centrations), respectively.

In addition to the dissociation and re-absorption of
He atoms, OR of He bubbles requires the dissociation
and re-absorption of vacancies. Accordingly, this basi-
cally two-component OR process may be He atom or
vacancy dissociation controlled, mainly depending on
which of the two dissociation energies is higher [29].

MC vs. OR mechanism maps in space of the relevant
parameters have been presented [30,31]. Such maps de-
pend strongly upon the assumptions concerning the
details in the mechanism underlying bubble migration
and the activation energy for dissociation of He from
bubbles.

Frequently, attempts have been made to identify the
mechanism underlying an observed isothermal coarsen-
ing on the basis of the time-dependencies, for instance
the exponent of a temporal power law, which does not
represent, however, a reliable criterion. The strength of
the temperature dependence mentioned above is a better
but also not a fully reliable signature. It has been shown
that the invariance of certain quantities characterising

coarsening, for instance the independence of the bubble
size upon the implanted He concentration in the case of
OR, represent the most reliable criteria for identifying
the mechanism underlying observed coarsening [20,31].

It should be noted here that bubble coarsening is
substantially complicated in the presence of and close to
precipitates, dislocations and GBs. Under high temper-
ature creep, bubble sweeping by dislocation motion and
GB sliding can substantially contribute to bubble
coarsening [32,33].

4.3. Comparison with bubble formation during He pro-
duction

The temperature dependencies of bubble densities
formed in metals during annealing after He pre-im-
plantation and those formed during He production,
exhibit striking similarities, as Fig. 2(a) and (b) show for
stainless steels [11]: For both types of experiments, low
and high temperature branches, characterised by low
and high apparent activation energies of similar mag-
nitudes, respectively, can be clearly distinguished. The
reason for this similarity is that, in both types of ex-
periments, bubble formation is controlled by the same or
similar diffusion process, He atom and/or bubble mi-
gration at low temperatures, on the one hand, and He
atom or vacancy dissociation at high temperatures, on
the other.

Another similarity is found when, in annealing ex-
periments, the ratio of implanted He concentration to
annealing time (upon which the bubble density is ex-
pected to depend linearly in OR) is interpreted as an
effective He production rate. For the high temperature
branch, normalisation of observed bubble densities,
formed in stainless steels during annealing, to this ef-
fective He production rate results in a similar conden-
sation of the widely scattered original data into a rather
narrow band as for bubble densities formed during He
production (Fig. 4) [11].

There is, however, a striking difference in the absolute
values of the thus normalised bubble densities between
the two types of experiments: they differ by about 4
orders of magnitude. This difference has been attributed
to the fact that the bubble densities formed in the two
cases reflect the state of He in bubble nuclei and devel-
oped bubbles, respectively, characterised by substan-
tially different gas pressures [11]. This reasoning is,
however, not fully established.

5. State of bubbles
5.1. Mechanical stability limit vs. equilibrium pressure

The state of He contained in a bubble, defined by its
density (or ratio of number of He atoms to vacancies)



238 H. Trinkaus, B.N. Singh | Journal of Nuclear Materials 323 (2003) 229-242

and the corresponding pressure, is crucial for the bubble
energetics. It depends on the conditions and the stage of
the bubble evolution, i.e. on temperature, He production
and displacement rates, He concentration and dose, as
well as bubble size. For possible values of the pressure
inside a bubble, two distinctly different limiting cases
represent useful guidelines:

(1) The mechanical stability limit at which the ma-
trix would yield by spontaneous plastic deformation,
most likely by dislocation loop punching. Calculations
have shown that the corresponding upper bound limit
of the pressure may be reasonably well represented by
(34]

p<0.2u, (5)

where p is the shear modulus of the matrix.
(2) The condition of thermodynamic equilibrium
yields

p=2/r, (6)

where y is the surface free energy.

At high He to dpa ratio, high He production rate and
concentration, where He dominates the bubble evolu-
tion since most of the concurrently produced SIAs and
vacancies are annihilated at existing bubbles, it is con-
ceivable that the pressure is close to the limit given by
Eq. (5) [34]. For Ni, and austenitic steels where p ~ 90
GPa, this limit is as high as 18 GPa.

A sufficient thermal equilibrium vacancy concentra-
tion is required to establish thermal equilibrium of
bubbles according to Eq. (6) which holds around and
above stage V (T > 0.47,,). In small nm-scale bubbles,
for instance in Ni and austenitic steels where y &~ 2 N/m,
the equilibrium pressure reaches also values in the GPa
range, but clearly not as high values as those defined by
the mechanical stability limit. It is emphasised here that
at high He to dpa ratio and high He concentrations, the
pressure remains significantly above the thermal equi-
librium value even above stage V.

5.2. High density equation of state for helium

For pressures in the GPa range expected in small nm-
scale bubbles or, even higher, in bubbles close to the
mechanical stability limit, the equation of state (EOS) of
He is neither adequately described by the ideal gas, nor
by the van der Waals law, and even not by some
form of the hard sphere EOS. Mills et al. [35] have
provided a useful parametrisation of their experimental
high pressure data. This does, however, not behave
correctly at very high pressures of several GPa. A semi-
empirical EOS, based on Becks potential and the use of
virial expansion and quasi-harmonic approximation
[20], is expected to be adequate even at pressures of tens
of GPa.

5.3. Bubble to void transformation under vacancy super-
saturation

At temperatures around and above stage V
(T > 0.47,,), an irradiation or stress induced effective
vacancy supersaturation, which does not reach a suffi-
ciently high level required for direct void nucleation,
can, nevertheless, transform stable bubble type cavities,
growing initially by He atom absorption at p ~ 2y/r,
into void-type cavities, growing subsequently by va-
cancy absorption at decreasing p < 2y/r, when a certain
critical size is reached. Formally, in cavity growth ki-
netics, this critical size is defined by the convergence of a
stable (bubble) and an unstable point of vanishing
growth (critical void nucleus). For a bubble containing
ideal gas on a GB across which a mechanical tensile
stress, g, is acting, the critical radius (of curvature) of the
cavity is found to be given by [12,13]

(o) = 4y/30. (7a)

When the stress is removed, the size of the critical
bubble relaxes to

rg(0) =r' (6 =0)=r"(a)//3. (7b)

For a bubble in the bulk of the matrix subject to an
irradiation induced effective vacancy supersaturation,
the stress in Eq. (7) has to be substituted by A7 In(va-
cancy supersaturation) where k7T is the thermal energy
[36,37].

6. Special bubble structures and growth mechanisms
6.1. Helium platelets

In some metals (Ti, Ni, Mo) and in all covalent
materials studied so far (Si, B4C, SiC, Al;0,) (for ref-
erences see [38,39]), He introduction at room tempera-
ture under relatively small displacement damage was
observed to result in penny-shaped He precipitates or
‘He platelets’. Most pronounced and thermally very
stable He platelets have been recently observed in SiC
[38,39].

In the limiting case of negligible availability of in-
trinsic or irradiation induced mobile vacancies necessary
for forming three-dimensional bubbles, an efficient way
for He interstitial atoms to acquire space during clus-
tering and to minimise by this their energy is the for-
mation and growth of an oblate two-dimensional
precipitate between two atomic layers of the matrix
lattice, thus representing a growing He-filled Griffith
crack. But even for a small finite number of vacancies
involved in He clustering, a platelet-like structure is
energetically more favourable, because of the more ef-
ficient elastic relaxation, than a spherical bubble, as long
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as the number of He atoms per vacancy and the corre-
sponding pressure are above a certain level.

Accordingly, platelet-like bubble structures generally
indicate high gas pressures and, by this, a low avail-
ability of vacancies for He clustering. Assuming that
observed He platelets do not contain vacancies and thus
represent ideal Griffith cracks, extremely high values for
the pressures of the He contained are obtained for small
platelet sizes depending on the elastic strength of the
matrix. For the observed crack-like He platelets in SiC,
which has a very high elastic strength, a particularly high
pressure of about 24 GPa is found where He is expected
to be solid even up to 470 K [38,39].

In the case of SiC, the following additional puzzling
experimental observations [38,39] is to be considered:
Implantation of He at RT to a certain concentration
(0.25%) results in the formation of He platelets with
surprisingly uniform size and this size is maintained
upon further He implantation and upon annealing up to
about 1300 K without any indication of growth as ex-
pected for normal gas bubbles [28]. This growth limita-
tion of He platelets in SiC has been rationalised in terms
of their self-trapping by circular dislocations dipoles
assumed to form close to their rim at some critical size,
and to stay there at temperatures (below about 1300 K)
where both dislocation glide and climb are negligible
[40]. Such a temperature range does not exist in metals
because of the low Peierls barrier against dislocation
glide there.

6.2. Ostwald ripening of bubble—loop complexes

When SiC implanted with He is annealed at tem-
peratures 1300 K < 7 < 2100 K, another puzzling ex-
perimental observations has been made: The He
platelets formed during RT He implantation transform
to complexes of bubbles and dislocation loops of dif-
ferent degree of complexity which coarsen such that
both components, bubbles and loops, within each
complex always occupy the same, even if growing, total
volumes.

This surprising feature has been rationalised in terms
of a new type of Ostwald ripening process in which He
atoms are transferred from small to large complexes by
dissociation, long range bulk diffusion and re-absorp-
tion, as in the case of normal OR of bubbles, while
matrix atom diffusion is restricted to the surfaces of
bubbles and to the cores of the dislocation loops, al-
lowing only local transfer of matrix atoms between
bubbles and associated loops (see Fig. 9) [40]. Thereby,
the He transfer between complexes is driven by differ-
ences in the pressures within small and large bubbles
coupled to differences in the sizes of bubbles and asso-
ciated loops, while matrix fluxes along the cores of the
dislocation loops to or from the associated bubbles are
driven by gradients in the chemical potential of the

1
He

Bubble <=

/A

matrix atoms

Fig. 9. Growth of a bubble-loop complexes by the absorption
of He atoms from the environment and the concurrent transfer
of matrix atoms to the dislocation loop. The flux of matrix
atoms along the core of the dislocation loop is driven by a
decrease in the chemical potential associated with a decrease in
the curvature of the loop.

matrix atoms resulting from gradients in the local cur-
vature of the loops. The slower of the two transfer
processes is rate controlling one. Assuming that matrix
atom transfer between bubbles and associated loops is
the slower process, time and temperature dependencies
of the average bubble and associated loop size have been
derived, in good agreement with the corresponding ex-
perimental data [40].

During the OR process, the pressure in the bubbles
decreases according to the increase in the size of the
complexes, but remains above the thermal equilibrium
pressure defined by Eq. (6), as long as the loops are
separated without forming a dislocation network. Only
above about 2100 K, where bulk self-diffusion becomes
substantial, the kinetic restriction of matrix atoms to
surfaces and dislocation cores is relieved and OR of
bubbles occurs in the normal way with pressures close to
thermal equilibrium.

In metals, where the analysis of bubble coarsening at
high temperatures for some cases (Ni, austenitic and
martensitic steels) indicates that He dissociation from
bubbles is not easier than bulk self-diffusion, there is
most likely no (intermediate) temperature range where
the above described coupled OR would occur, with He
transfer between bubbles through the bulk and matrix
atom transfer between bubbles and loops restricted to
dislocation core diffusion. The latter process may,
however, play a role in the He driven growth of bubbles
attached to loops during He production at intermediate
temperatures.

7. Helium induced hardening and embrittlement

Radiation induced changes in the mechanical be-
haviour of metallic materials originate in changes in the
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microstructure. Accordingly, the temperature depen-
dence of mechanical property changes induced by He
reflects the temperature dependence of the bubble
structure described in Section 3. We start with He in-
duced mechanical property changes at high tempera-
tures, T >04T,, where these are particularly
pronounced.

7.1. High temperature embrittlement due to He

For studying high temperature embrittlement due to
He, creep tests on samples performed after (low tem-
perature) He implantation/irradiation and, even better,
during He implantation/irradiation are the most in-
structive mechanical test modes. In both cases, in spite
of distinct qualitative and quantitative differences, the
main effects of He on the high temperature creep
strength of metals are [3,41]:

(1) change of the fracture mode from transgranular to
intergranular,

(2) reduction of the time and strain to fracture, by fac-
tors increasing with increasing test temperature and
stress (or strain rate) up to several orders of magni-
tude, depending on the material considered.

These features have been rationalised in terms of the
nucleation of He bubbles on GBs, their growth by He
atom absorption or coarsening in creep tests during or
after He implantation, respectively, their transformation
to voids and subsequent growth under the action of a
tensile stress, and their (local) coalescence resulting in
crack formation and fracture [3,12,13]. The evolution of
the cavity structure on GBs consists of a sequence of
stages corresponding to these processes.

For cases exhibiting the above mentioned qualitative
features (1) and (2), it has been shown by estimates
based on TEM data of bubbles on GBs that the creep
life time is dominated by the stage of growth of stable
He bubbles on GBs (‘gas driven’ during ‘in-beam’/‘in-
pile’ tests, and coarsening controlled in tests after im-
plantation/irradiation) from their nucleation to their
transformation to void-type cavities [12,13]. This con-
clusion has been nicely confirmed by a series of creep
tests performed at constant stress, o, on samples pre-
implanted at the test temperature to increasing He
concentrations [3]. As shown in Fig. 10, the He effect
remains moderate as long as the initial average radius of
GB bubbles, 7 (monitored by TEM after He implanta-
tion into the stress-free sample), does not reach the re-
laxed critical radius, r§(g), given by Eq. (7b), whereas
failure occurs almost immediately after stress applica-
tion when 7 exceeds r;(a).

The concept of a transformation of meta-stable
bubbles to unstably growing void-type cavities has been
generalised to the more complicated dynamic situation

() 20 nm

A 1
ma?ﬁ T T FIImy TT YT 3
(Ca L E
= T T e mp—, i

2
w
= 10 =
EWE e
w E AISI J16SS 3
@ - -
2 - B
a
2 o Tiagt = Tresr 21023 K —
&'k £,,2100 appmHelh B
S =50 Mo 3
o -
0

0 E -
E”J__Lu_uuﬂ__L_LJ_uJ.ul_l_l_Luuﬂ__L_l_LLuLLL.i

-1 Q \| 2 3

10 10 10 10 10

HELIUM CONCENTRATION c fappmtie]

Fig. 10. Time to rupture, g, vs. He concentration, cy., for
creep tests performed at constant stress, o, on samples pre-im-
planted at the test temperature. When the average radius of GB
bubbles, 7, observed in TEM reaches the critical value r; ~ 15
nm, g drops drastically (after He implantation into the stress-
free sample) does not reach the relaxed critical radius, 7(o),
given by Eq. (7b), whereas failure occurs almost immediately
after stress application when 7 exceeds 7;(a) [3].

of high temperature fatigue of samples pre-implanted
with He [42]. In this case, cavities are growing and
shrinking (‘breathing’) under cycling stress, with a
‘breathing’ amplitude which was shown to depend
strongly on the cycling frequency, v. Using a limiting
cycle analyses [43], the critical bubble size (referred to
the maximum tensile stress in the cycling period) was
shown to change from small values at low v to large
values at high v around a critical cycling frequency, v.,
depending on stress/strain amplitude and temperature.
Accordingly, the critical cavity size is reached for v < v,
at shorter time and, correspondingly, at smaller numbers
of cycles to failure than for v > v..

Both the predicted ‘breathing’ of GB cavities under
cycling stress at high temperatures and the existence of a
critical frequency in the frequency dependence of the
number of cycles to failure [42] have been confirmed
later by TEM observations and high temperature fatigue
tests, respectively [44].

7.2. Low temperatures hardening and embrittlement

In contrast to its strong effect at high temperatures,
the contribution of He to hardening and embrittlement
is smaller and much less clear at low temperatures,
T<04T,. For this low temperature range, tensile
tests on austenitic and martensitic steels implanted
with energetic He ions or irradiated with neutrons at
or somewhat above room temperature indicate that
[45,46]
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(1) the hardening increment per dpa decreases with in-
creasing displacement dose such that hardening
tends to saturate above about 1 dpa, and

(2) the contribution of bubbles to hardening and em-
brittlement is negligible at low He concentrations
and becomes, after He implantation, significant only
above a ‘critical He concentration” around 1 at%.

A recent model for cascade induced He resolution
and secondary bubble nucleation [19] suggests a change
from an initially very weak increase of the contribution
of bubbles to hardening with increasing He concentra-
tion/dose to a significantly stronger dependence at doses
above 1 dpa. According to that model, for a significant
contribution of He to hardening (and embrittlement), a
certain ‘critical He concentration’ or ‘critical dose’ is
required depending on both the He production and the
displacement rate, or, alternatively, on the He-to-dpa
ratio and one of the rates. The model demonstrates that
results obtained from mechanical tests after He im-
plantation cannot be directly extrapolated to irradiation
conditions of fast fission reactors, fusion reactors, and
spallation neutron sources, and provides some idea how
adequate extrapolations could look like. But the prob-
lem of the He contribution to low temperature harden-
ing and embrittlement is far from having been solved.

8. Where do we stand?

As mentioned in the introduction the main concern
regarding helium accumulation in metals during irradi-
ation is the loss of ductility and the associated embrit-
tlement. A proper treatment of the whole problem of
helium induced embrittlement requires modelling of all
essential processes controlling the microstructural evo-
lution, such as diffusion of He atoms, their trapping
and dissociation from other defects, bubble nucleation
and growth, as well as the relation between the evolv-
ing microstructure and the changes in mechanical prop-
erties.

Judging the progress in modelling helium effects on
metals certainly depends on the personal point of view,
for instance on the esteem of identifying mechanisms
and describing trends relative to comprehensive at-
tempts to describe the effects quantitatively. In addition,
the evaluation depends also strongly on the parameter
range considered. Thus, one may say that considerable
progress has been achieved over the years in identifying
the main mechanisms and parameters controlling He
bubble formation and the associated embrittlement in
homogeneous metals with low density of extended de-
fects at high temperatures above annealing stage V
where the displacement damage effects may be neglected.
This success is mainly due to simplified analytical de-
scriptions of the underlying processes for certain ex-

treme limiting cases. The temperature range to which it
applies is, however, technologically of little interest.

But even in this high temperature range, analytical as
well as numerical models are presently far from being
really quantitative, i.e. they are not able to describe the
details in bubble evolution and embrittlement quanti-
tatively as a function of temperature, He production rate
and He concentration. The temperature dependence of
the bubble density nucleated during He production, for
instance, has been crudely attributed to only one pa-
rameter which describes the thermal re-solution and re-
absorption (dissociation) of He from and by critical
bubble nuclei, whereby the individual contributions of
He solubility and diffusivity to this parameter and the
size and state of the critical nuclei remain unclear.

At lower temperatures (around and below stage V),
displacement damage, generally accompanying He pro-
duction, becomes increasingly more important in the
microstructural evolution, particularly for relatively low
ratio of the He production to the displacement rate (low
He to dpa ratio), and, with this, modelling He effects
becomes substantially more complicated. At tempera-
tures close to or somewhat below stage V, some general
trends in bubble nucleation and growth occurring under
conditions where these processes are still dominated by
He, have been recognised. But even basic details such as
the He diffusion mechanism and the role of migration of
He-vacancy clusters or small bubbles in bubble forma-
tion under He production as well as the resulting de-
pendence of the bubble density on temperature and He
production rate are still not fully established. Moreover,
even the range in the space of the main parameters
(temperature, He production and displacement rates, or
one of the rates and the He to dpa ratio) where He
dominance in cavity nucleation applies is not yet clear.

In metals and alloys for technological applications,
lattice heterogeneities such as precipitates, dislocations
and grain boundaries play an important role in bubble
formation, particularly at elevated temperatures. Such
effects are also only qualitatively understood. Important
details, however, such as the influence of the structure of
dislocations and grain boundaries on bubble formation
and on He embrittlement, have not been studied sys-
tematically so far, even though some experiments dem-
onstrate their importance.

In the technologically relevant temperature range
between stage III and V, some important problems are
still not properly understood. There is, for instance,
clear experimental evidence for He resolution from
bubbles by cascades and its relevance for the evolution
of the bubble structures at high doses, but modelling of
this effect is still only at an early stage. Another problem
where modelling has only started is the contribution of
He to low temperature hardening and embrittlement as
a function of temperature, He production and dis-
placement rates, and displacement dose level.
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Systematic experiments are required to clarify some
key processes. An important example is the clarification
of the He diffusion mechanisms under irradiation where
modelling is presently based on theoretical speculations.

Quantitative modelling of He effects in metals requires
the knowledge of key input parameters such as energies of
stable and unstable configurations including binding and
migration energies. Presently, ‘ab initio’ electronic struc-
ture calculations are only able to provide values for small
configurations, for instance for the binding energy of He
atoms to vacancies and small vacancy clusters. For larger
He-vacancy clusters, one still depends on the use of
continuum approximations such as the equation of state
of He and linear continuum elasticity.

Future success in modelling He effects in metals will
depend on a skillful combinations of analytical and
numerical treatments of the energetics and formation
kinetics of helium vacancy complexes with systematic
molecular dynamics and Monte Carlo simulations, and
well designed single variable experiments.
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