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Abstract

Transmission electron microscopy observations of bubble structures formed during He ion implantation by accel-

erators indicate that bubbles nucleate at very low He concentrations (<10 appm) and displacement doses (<10�3 dpa),

depending on temperature, and grow with increasing He concentration and dose at almost constant density after the

nucleation peak. At intermediate temperatures, experimental data for higher doses indicate that bubble densities start

(already at doses well below 1 dpa) to increase almost linearly with He concentration and dose, now at essentially

constant bubble size. In the present contribution it is shown that this high dose feature of bubble formation may be

attributed to the nucleation of bubbles under the internal He generation resulting from the resolution of He atoms from

existing bubbles by displacement cascades. A simple analytical model, assuming that a certain fraction of He atoms in a

bubble is resolved per dpa and that di-He clusters form a stable bubble nucleus, is presented, yielding for high doses a

linear increase of the bubble density with dose at constant bubble size. This model is used to discuss the contribution of

He bubbles to the hardening of metals under irradiation associated with He production, particularly its dependence on

He concentration, displacement dose, and He-to-dpa ratio.

� 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Macroscopic radiation damage effects in structural

components of nuclear devices are the consequence of

two fundamentally different types of interactions be-

tween the projectile particles of the irradiation and the

atoms of the irradiated material: atomic displacements

resulting in vacancy and self-interstitial type lattice de-

fects, 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 contribute to radiation em-

brittlement. At high (homologous) temperatures,

T P 0:5Tm (Tm: melting temperature), drastic embrittle-

ment of metals due to helium bubble formation at grain

boundaries has been found to occur even at very low

overall helium concentrations [1–3]. At lower tempera-

tures, 0:2Tm < T < 0:5Tm, a significant contribution of

helium to embrittlement seems to require helium con-

centrations of about 1 at.% [4–7].

Most of the knowledge on the kinetics of helium

bubble formation in metals, particularly at elevated

temperatures, T > 0:5Tm, is due to transmission electron

microscopy (TEM) of bubble structures formed during

He ion implantation by accelerators. In such experi-

ments, bubbles seem to nucleate at very low He con-

centrations (<10 appm) and displacement doses (<10�3

dpa), depending on temperature, and seem to grow with

increasing implanted He concentration and dose at al-

most constant density after the early nucleation peak [2].

This behaviour has been interpreted as a �self-limitation�
of bubble nucleation due to the reduction of the atomic

He concentration in �solution� by the increasing ab-

sorption of He atoms by the increasing density and size

of bubbles [3,8,9].

This feature and its interpretation holds, however,

only for low total (implanted or generated) He concen-

tration and/or low displacement dose where the dy-

namic re-solution of He atoms from existing bubbles by

displacement cascades is negligible compared to the
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implantation or generation of further He atoms. At

higher He concentration/dose, He resolution from ex-

isting bubbles will lead to the nucleation of a secondary

generation of bubbles. This effect was first discussed by

Nelson for the case of He resolution from bubbles by

fission fragments in UO2 [10]. Later, Chou and Gho-

niem treated the related problem of cascade-induced

dissolution of solid precipitates [11,12], and Ghoniem

presented a model for He-resolution and re-nucleation of

bubbles in metals under cascade damage conditions [13].

For metals implanted with He at intermediate tem-

peratures, 0:2 < T=Tm < 0:5, there is now convincing

experimental evidence for the nucleation of secondary

and higher order generations of bubbles from He atoms

resolved form existing primary bubbles by displacement

cascades. A most striking example for this effect is the

formation of halos of secondary bubbles around pri-

mary ones in a ferritic model alloy pre-implanted with

He at elevated temperature and subsequently irradiated

with Fe ions at lower temperature [14] (Fig. 1). Another

example is the observation of differences in bubble

densities for different types of martensitic/ferritic steels

irradiated under different conditions, which have been

recently attributed to different properties of He atoms

and He bubbles in Fe-based alloys of different compo-

sition [15]. Inspection of the experimental data shows,

however, that higher bubble densities are consistently

correlated with higher applied displacement doses, sug-

gesting that increased bubble densities are, in fact, due

to bubble nucleation from He atoms resolved from ex-

isting bubbles by displacement cascades rather than due

to differences between alloys [16]. Thus, there is no

doubt that irradiation results in the resolution of He

atoms from existing bubbles, inducing the nucleation of

later generations of bubbles.

In the present contribution, a simple model is pre-

sented, allowing a fully analytical description of gas

resolution from existing bubbles by displacement cas-

cades and bubble formation under the related internal

He generation. The implications of these effects for

hardening and embrittlement of metals under He gen-

eration and displacement damage are discussed.

2. Modeling cascade induced gas resolution from bubbles

In multi-component/multi-phase systems, displace-

ment cascades cause substantial atomic re-ordering, a

phenomenon called �cascade mixing� (or �ion-beam

mixing� in ion-beam technologies). For the present

purpose, the two most important results of detailed ex-

perimental studies of ion-beam mixing in many metallic

systems at low ambient temperatures (where even radi-

ation enhanced diffusion is negligible) are [17]

1. the �mixing efficiency� is significantly higher than ex-

pected according to ballistic (collisional) models,

2. no correlation seems to exist between the mixing effi-

ciency and the atomic masses of the components in-

volved.

These findings have been attributed to atomic diffu-

sion during the thermal spike phase of displacement

cascades [17].

Fig. 1. Bubbles in Fe–12%Cr (a) after 100 keV Heþ implantation to 600 appm He at 973 K, (b) after 100 keV Heþ implantation to 600

appm He at 973 K and subsequent 300 keV Feþ irradiation to 30 dpa at 573 K [14]. Notice the halos of small bubbles around the large

parent bubbles, obviously formed by He atoms resolved from the parent bubbles.
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To my knowledge, the effect of cascades on gas

bubbles has not been studied systematically so far. At a

first view, one is inclined to expect lower mixing effi-

ciencies compared to solid-in-solid systems, primarily

because of larger differences in atomic masses (for He-

bubbles and even more for H-bubbles) and densities of

gas and matrix atoms; but, according to point (2)

mentioned above, differences in atomic masses do not

significantly affect mixing efficiencies, and, at the inter-

mediate temperatures of interest here (0:2Tm <
T < 0:5Tm), densities of gas atoms in small bubbles do

not differ significantly from densities of matrix atoms

[18]. Thus, effects of cascades on gas bubbles may be

expected to be similar to those on solid-in-solid systems.

There is, however, another difference to be consid-

ered here: the driving force for an annealing of a disin-

tegrated interface (surface) during the late spike and in

the post-spike phases is much stronger for bubbles than

for solid precipitates because of a substantially higher

specific interface (surface) free energy, an effect which

may be expected to reduce the effective mixing efficiency.

Nevertheless, the shrinkage of bubbles and the size of

the halos around the bubbles in the structure shown in

Fig. 1 [14] indicates a value of the order of 10 �AA5/eV for

the mixing efficiency corresponding to an effective mix-

ing diffusion constant of the order of 1 K nm2 (K, dis-

placement rate) for He in steels [16], quite comparable to

the corresponding values for solid-in-solid systems [17].

In the present context, special interest is to be focused

on the cascade-induced resolution of gas (He) atoms

from existing bubbles and their escape from their parent

bubbles by radiation enhanced diffusion at intermediate

temperatures where the latter is dominant (0:2Tm <
T < 0:5Tm). Cascade-induced gas resolution and escape

from existing bubbles depends on bubble size in relation

to the gas atom diffusion range reached in the thermal

spike phase of a cascade. As indicated previously [10–

13], the following cases may be distinguished (Fig. 2):

(1) Atomically small bubble nuclei (He-vacancy clus-

ters) may be expected to become completely dis-

solved by the impact of one cascade (Fig. 2(a)).

(2) Small nm-sized bubbles will be completely or par-

tially dissolved in the hot spike phase and, from this,

one (or a few) dominant bubble(s) will be re-nucle-

ated in the centre of the cascade, or the possibly re-

maining residue of the original bubble will be

partially re-established in the cooling phase of the

cascade. As long as the final size of the central bub-

ble is smaller (<1 nm) than the cascade mixing range

(up to a few nm) (Fig. 2(b)), a substantial fraction of

the resolved gas atoms (and small bubble nuclei) in

its surroundings will be able to escape at tempera-

tures where the latter are mobile.

(3) For larger bubbles (> a few nm), only gas atoms

close to their boundary will be affected by the impact

of a cascade and most of the resolved gas atoms will

return to their mother bubble (Fig. 2(c)).

In the following, the kinetics of bubble formation at

intermediate temperatures (0:2Tm < T < 0:5Tm) will be

considered where, on the one hand, gas atoms are mo-

bile under irradiation, and, on the other hand, bubble

sizes remain smaller than the cascade mixing range at

doses of interest (case b). Assuming that, within this size

range, a certain fraction of the gas atoms, contained in a

bubble before a cascade impact, is able to escape after

the impact, the rate of the secondary gas production

associated with cascade induced gas resolution may be

written as

P ð2Þ ¼ jKĉc; ð1Þ

Fig. 2. Schematic illustration of the dependence of cascade-

induced gas resolution and escape from a bubble on bubble size

in relation to mixing range of the gas atoms. (a) Small bubble

nucleus (gas-vacancy cluster): complete dissolution, all gas at-

oms are able to escape; (b) sub-nm-sized bubble: a substantial

fraction of the gas atoms are resolved and are able to escape; (c)

large bubble (> a few nm): only gas atoms close to bubble

boundary are resolved, most of which return to their mother

bubble.
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where j is a parameter characterising the resolution ef-

ficiency, K is the displacement rate, and ĉc is the part of

the atomic gas concentration accumulated in bubbles.

The resolution parameter j is expected to depend on the

average cascade structure, i.e. on the recoil energy

spectrum, and, according to the above described sce-

nario, also on the average bubble size [13]. For bubble

sizes in the range of case b considered here, this size

dependence may be neglected. The mixing efficiency of

about 10 �AA5/eV estimated from the structure shown in

Fig. 1 [14] indicates values j > 1 (j � 3) [16], i.e. values

larger than deduced [12,13] or assumed [9] previously

(0:16 j6 1). Unfortunately, to my knowledge, no other

experiments or computer simulations are presently

available for getting more information on relevant cas-

cade resolution parameters such as j.

The secondary gas production associated with cas-

cade induced gas resolution becomes dominant over the

primary one, P ð2Þ > P ð1Þ, only at a dose level where most

of the gas atoms produced are accumulated in bubbles,

i.e. where ĉc � c ¼ P ð1Þt (c: total atomic gas concentra-

tion produced during time t). Using this in Eq. (1), one

finds that P ð2Þ > P ð1Þ applies at displacement doses

Kt > 1=j, i.e. even below 1 dpa for j > 1.

3. Modeling bubble formation

The following considerations are devoted to the ki-

netics of bubble formation at intermediate temperatures

(0:2Tm < T < 0:5Tm) where, on the one hand, gas atoms

are mobile under irradiation, and, on the other, once

formed bubble nuclei are thermally stable. The simplest

assumption for this temperature range is that already

two gas atoms form a stable bubble nucleus [19]. In this

�di-atomic nucleation� model discussed in detail in the

1980s [3,8,9], the rate equations for the evolution of the

concentration of mobile gas atoms, �cc, and the number

density of bubbles, N , may be written as

d�cc=dt ¼ P � 2aD�cc2 � 4pRD�ccN ; ð2aÞ

dN=dt ¼ a�cc2; ð2bÞ

where P ¼ P ð1Þ þ P ð2Þ is the total (primary plus second-

ary) gas production rate, a ¼ 8pr0=X � 1021 m�2

(r0 � 0:5 nm, clustering radius; X � 10�29 m3, volume

per matrix atom) is a geometrical factor characterising

the efficiency of gas atom clustering, D is the gas atom

diffusivity and RP r0 is the average radius of the

evolving bubbles increasing continuously upon gas atom

absorption. Binary defect-reaction equations of the form

of Eqs. (2a,2b) may be assumed to be applicable at

moderate total gas concentrations (<a few at.%) and

bubble number densities (<1026 m�3).

The evolution of the bubble structure passes several

stages characterised by the dominance of certain com-

binations of terms in Eq. (1). The evolution at low gas

concentrations/displacement doses where P ð2Þ � P ð1Þ has

been discussed previously in some detail [3,8,9]. It suf-

fices therefore here to briefly review the main features of

this low dose evolution.

3.1. Primary bubble nucleation

At constant primary gas production rate P ð1Þ, the

initially increasing gas atom concentration �cc and the

associated nucleation rate surpass maxima, d�cc=dt ¼ 0,

d2N=dt2 ¼ 0, when the 2nd and 3rd terms in Eq. (2a), i.e.

the number densities of gas atoms and bubble nuclei,

become comparable, meaning that in this stage a newly

created gas atom is as likely to reach an existing nucleus

as to meet another gas atom. After this nucleation peak,

the gas atom concentration and the nucleation rate de-

crease continuously due to the increasing absorption of

gas atoms by bubbles of increasing density and size. The

density of bubble nuclei at the end of the thus �self-
limited� early nucleation phase is some multiple (two to

three times) of that at the time of maximum nucleation

rate. The condition that the nucleation and absorption

(the 2nd and 3rd) terms in Eq. (2a) are comparable at

the nucleation peak, where d�cc=dt ¼ 0, yields, with

R � r0, an estimate for the bubble number density nu-

cleated in the primary nucleation phase [3,8,9]

N � ðP ð1Þ=pr0DXÞ1=2 at c � 2ðXP ð1Þ=r0DÞ1=2: ð3Þ

As long as P ð2Þ � P ð1Þ, the bubble evolution beyond

the nucleation phase is dominated by bubble growth due

to the absorption of newly produced gas atoms. In this

growth phase, the terms d�cc=dt and 2aD�cc2 may be ne-

glected in Eq. (2a), but, according to Eq. (2b), under this

quasi-steady-state condition some bubble nucleation

takes place at decreasing rate. The fact that, in this

phase, most of the gas atoms produced are accumulated

in bubbles, can be used to express the average radius,

RðtÞ, by the number density, NðtÞ, of the bubbles and the

total He concentration c (see below).

According to Eq. (3), the temperature dependence of

the bubble density nucleated in the primary nucleation

phase is characterised by an apparent activation energy

Ea, equal to (minus) half of that of D. In the temperature

range considered here, 0:2Tm < T < 0:5Tm, gas atom

(He) diffusion under irradiation is most likely controlled

by the replacement of gas atoms from substitutional

sites by self-interstitial atoms (replacement mechanism).

In this case, D is equal to the vacancy diffusion coeffi-

cient Dv [8,9,20], and Ea is consequently half of the va-

cancy migration energy, Ea ¼ Em
v =2. The corresponding

function for N according to Eq. (3) is in order of mag-

nitude agreement with bubble densities observed in He
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implantation experiments, including its relatively weak

temperature dependence in this temperature range [9].

Experimental and theoretical bubble densities between

1021 and 1023 m�3 indicate that primary bubble nucle-

ation occurs at very low He concentrations around and

below 1 appm (and correspondingly low displacement

doses).

It is noted here that the possibilities of replacement of

more than one gas atoms from a substitutional site by

one self-interstitial atom and the migration and coales-

cence of small bubbles result in reduced bubble densities

compared to Eq. (3), but, otherwise, do not change the

general conclusions concerning the nucleation phase and

the dependence of the nucleated bubble densities on the

main parameters P and DðT Þ [9].

3.2. Secondary bubble nucleation

At significant displacement doses Kt � 1=j, the sec-

ondary gas production associated with cascade induced

gas resolution becomes important, P ð2Þ � P ð1Þ. In this

phase, the fact that most of the gas atoms produced are

accumulated in bubbles, may be used to express ĉc in Eq.

(1) by P ð1Þt and R in Eq. (2a) by N

P ð2Þ � jKP ð1Þt; ð4Þ

ð4p=3ÞR3N � P ð1Þtðv=XÞ; ð5Þ

where v � X [18] is the volume per gas atom in bubbles.

Assuming that this remains constant during bubble

evolution and using in addition that, in this medium to

high dose phase, d�cc=dt (quasi-steady-state) and 2aD�cc2

(growth dominant) may be neglected in Eq. (2a), �cc in Eq.

(2b) can be expressed by N . Elementary integration

yields then NðtÞ and, with aid of Eq. (5), RðtÞ. The result,

valid beyond the primary nucleation peak, is shown in

Fig. 3, where the bubble density, NðtÞ, and the average

number of gas atoms per bubble, ng ¼ ð4p=3ÞR3=v ¼
P ð1Þt=ðXNÞ, normalised to their values at jKt ¼ 1, are

plotted vs. the �effective dose� jKt. For doses jKt � 1,

NðtÞ increases only very weakly (N � t1=7) while ng in-

creases almost linearly with dose (ng � t6=7;R � t2=7),
whereas for jKt 	 1, NðtÞ increases linearly while ng

converges to an asymptotically constant value. Here,

only the asymptotic high dose behaviour is quoted:

N ¼ ðX=48p2vÞ2=7ðaP ð1Þ=XDÞ3=7ðP ð1Þ=jKÞ1=7jKt; ð6aÞ

R ¼ ½27v3DP ð1Þ=4pX2aj2K2�1=7: ð6bÞ

According to Eqs. (6a) and (6b), in this high dose

range, bubble density and size do not only depend on the

primary gas production rate, P ð1Þ, but even stronger on

the displacement rate K. Both depend, via DðT Þ, only

weakly on temperature. For K ¼ 100P ð1Þ ¼ 10�6 s�1,

typical for He implantation experiments (and j ¼ 3,

X ¼ 10�29 m3, a ¼ 1021 m�2, D ¼ Dv ¼ 10�5 expð�6Tm=
T Þ m�2) Eqs. (6a) and (6b) yield at Kt ¼ 1 dpa: N ¼ 1:2�
1025 m�3, R ¼ 0:6 nm and N ¼ 5 � 1021 m�3, R ¼ 7:5 nm

for T ¼ 0:2Tm and 0.5Tm, respectively.

From these values, it becomes clear that 0.2Tm and

0.5Tm mark the lower and upper temperature limits of

the approximations used here. Below 0.2Tm (annealing

stage III), the mechanism of gas (He) diffusion changes

from the replacement mechanism to the cascade mixing

mechanism [20], primary and secondary bubble nucle-

ation 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), unless bubble

migration and coalescence occur at high gas concentra-

tions. Above Tm=2 (annealing stage VI), gas resolution

becomes increasingly inefficient because of increasing re-

absorption of resolved gas atoms for increasing bubble

sizes (case c in Section 2, Fig. 2(c)), whereas thermal

dissociation of gas atoms from bubbles becomes in-

creasingly important.

It must be emphasised here, that, at all temperatures,

Eqs. (6a) and (6b) represent upper and lower bound es-

timates for the bubble density and size, respectively. The

replacement of more than one gas atom from a substi-

tutional site by one self-interstitial atom, for instance,

would result in a reduction of the bubble density and

increase the bubble size compared to Eqs. (6a) and (6b).

At high gas concentrations (around and above 1 at.%),

the bubble density is expected to be limited by inter- and/

or intra-cascade bubble migration and coalescence.

4. Implications for hardening

An important consequence of damage accumula-

tion in metals under energetic neutron, proton or He

Fig. 3. Bubble density and average number of gas atoms per

bubble, normalised to their values at jKt ¼ 1, vs. the �effective

dose� jKt. For jKt � 1 (left), the lines are broken to indicate

that they are valid only beyond the primary nucleation peak.
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irradiation is hardening (increase in yield stress, Dry)

and embrittlement (decrease of the strain to failure).

There are two types of microstructural components

contributing to hardening [21]:

(1) displacement damage in the form of defect clusters,

dislocation loops and the thereof evolving disloca-

tion network, and

(2) bubbles, primarily filled with He.

Mechanical tests on austenitic and martensitic steels

irradiated at or somewhat above room temperature in-

dicate that

(1) the hardening increment per dpa decreases with in-

creasing displacement dose and tends to saturate

above about 1 dpa, and

(2) the contribution of bubbles to hardening is negligi-

ble at low He concentrations and becomes, after

He implantation, significant only above a critical

He concentration around 1 at.% [4–7].

In discussing the contribution of He to hardening the

�dispersed barrier hardening model� for discrete obsta-

cles is used where the increase in the yield stress behaves

as [21]

Dry �
pðRNÞ: ð7Þ

According to the above described model, the contri-

bution of bubbles to hardening described by the func-

tion
pðRNÞ increases only weakly ð� t3=14Þ with He

concentration/dose, certainly much weaker than the

contribution of displacement damage, between the pri-

mary nucleation peak, occurring at low He concentra-

tions, and the dose Kt ¼ 1=j, where cascade induced He

resolution from bubbles becomes significant. This weak

dependence changes at higher doses, jKt > 1, to a de-

pendence stronger than that due to displacement dam-

age. In this dose range, equations (6a,6b) yield the

scaling behaviour

Dry � ½P ð1Þ5=ðjKÞ3D2�1=14pðjKtÞ

� ½ðjKÞ4=P ð1Þ2D2�1=14pðcÞ: ð8Þ

According to Eq. (8), the contribution of bubbles to

hardening may be written to increase with the square

root of the He concentration or with the square root of

the displacement dose, with factors depending, in op-

posite directions, on the He-to-dpa ratio, and in addi-

tion, on the ratio of one of the rates to the He diffusion

coefficient DðT Þ. To reach a certain (�critical�) level of

hardening due to bubbles at a given temperature (given

DðT Þ), a certain minimum (�critical�) He concentration

or displacement dose is required, increasing with

½P ð1Þ2=ðjKÞ4Þ�1=7 and ½ðjKÞ3=P ð1Þ5�1=7 (increasing and de-

creasing with increasing He-to-dpa ratio), respectively.

In Table 1, an attempt is made to extrapolate the

known critical He concentration of 1 at.% and critical

dose of 1 dpa, respectively, for a significant contribution

of bubbles to hardening after He implantation [4–7] to

the irradiation conditions of fast fission reactors, fusion

reactors, and spallation neutron sources assuming that

the value of the resolution parameter j is the same in all

cases. Since j is certainly larger under pronounced cas-

cade damage conditions than under He implantation

conditions, only upper bound values for critical He

concentrations and doses can be given for the three cases

considered, indicated by the sign 6 in Table 1. It be-

comes, however clear from Table 1 that the critical He

concentrations and displacement doses in reactors and

spallation neutron sources are lower and higher, re-

spectively, than in the case of He implantation, respec-

tively. This general statement which is found to be rather

insensitive against modifications of the model [16],

should be checked by mechanical tests on samples im-

planted with He to different levels between 0.05 and 1

at.% and irradiated (simultaneously) with self-ions or

(subsequently) with fast neutrons up to high displace-

ment doses.

It must, however, be emphasized here that a quanti-

tative application of the �dispersed barrier hardening

Table 1

Extrapolation of critical He concentration and displacement dose for a significant contribution of bubbles to hardening after He

implantation to the irradiation conditions of fast fission reactors, fusion reactors, and spallation neutron sources. The sign 6 is in-

troduced to indicate that, in the latter cases, the resolution parameter j is expected to be larger than under He implantation conditions

Implantation Fission reactor Fusion reactor Spallation source

Displacement rate (dpa/s) 1.5� 10�6 10�6 10�6 2� 10�6

He production rate (paa/s) 1.5� 10�8 2� 10�13 6� 10�12 3� 10�10

He/dpa 10�2 2� 10�7 6� 10�6 1.5� 10�4

ðP ð1Þ2=K4Þ1=7 (s2=7) 12.4 0.63 1.67 3.4

Critical He conc. (%) 1 6 5� 10�2
6 0.135 6 0.27

Critical dose (dpa) 1 6 2500 6 225 6 18.4

a pa: per matrix atom.
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model� to the hardening of steels due to He implanted at

or somewhat above room temperature (somewhat below

or around 0.2Tm), would formally require values for the

�obstacle strength� of sub-nm scale bubbles formed at

such temperatures (numerical factor missing in Eq. (7))

much lower (<0.1) than commonly assumed (�0.2 [21]),

and is therefore doubtful. More experimental and the-

oretical work is required to clarify this problem.

5. Summary and perspectives

Many TEM observations of bubble structures

formed in metals and alloys during He ion implantation

or during irradiation associated with He production at

intermediate temperatures (0:2Tm < T < 0:5Tm) show

clearly that displacement cascades result in the resolu-

tion of He atoms from existing bubbles, inducing the

nucleation of later generations of bubbles at displace-

ment doses above about 0.1 dpa. In the present contri-

bution, this phenomenon and its implications for

hardening and embrittlement has been discussed.

A simple model allowing a fully analytical descrip-

tion of both the gas resolution from existing bubbles by

displacement cascades and the nucleation of bubbles

under the related internal He generation has been pre-

sented. For this, it has been assumed that a certain

fraction of He atoms in a bubble (characterised by a

resolution parameter) is resolved per dpa and that di-He

clusters form immobile stable bubble nuclei. These as-

sumptions have been shown to yield a linear increase of

the bubble density with dose at constant average bubble

size, in qualitative and crude quantitative agreement

with experimental data.

In principle, already intra-cascade reactions of the

debris of one primary bubble hit by a cascade may yield

several stable secondary bubbles which would result in a

higher bubble density and a lower average bubble size

than predicted by the present simple model. On the

other hand, the possibility of inter-cascade migration

and coalescence of small bubbles is expected to result in

a reduction of the bubble density and an increase of the

bubble size compared to the values predicted by the

present model. Both effects would have to be included in

a more sophisticated future model of bubble formation

at high dose levels.

The use of the present simple model for bubble

formation under cascade damage conditions within the

framework of the �dispersed barrier hardening model�
predicts a change from an initially very weak increase

of the contribution of bubbles to hardening with in-

creasing He concentration/dose to a significantly

stronger dependence at higher doses. This result of the

model provides an explanation for the transition form a

displacement damage dominated hardening at low do-

ses/He concentrations (<1 at.%/1 dpa) to a He domi-

nated hardening at higher doses as found in systematic

mechanical tests on austenitic and martensitic steels

implanted with He at or somewhat above room tem-

perature. In the present paper, this change is found to

occur at a �critical He concentration�/�critical dose� de-

pending on the He-to dpa-ratio, which provides a basis

for extrapolating the data for mechanical tests after He

implantation to irradiation conditions of fast fission

reactors, fusion reactors, and spallation neutron sour-

ces.

The trends in hardening predicted by the present

model should be systematically checked by mechanical

tests on samples implanted with He to different con-

centration levels between 0.05 and about 1 at.% and

irradiated (simultaneously) with self-ions or (subse-

quently) with fast neutrons up to displacement doses of

several dpa. In future attempts to quantitatively model

hardening due to He, implanted or produced at low to

intermediate temperatures a detailed theoretical study of

the �obstacle strength� of sub-nm scale bubbles formed at

such temperatures would have to be included, in addi-

tion to a more sophisticated model of He cluster and

bubble formation.
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