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Abstract

Recent experimental studies on the annealing of helium implanted copper showed unusual surface pinholes which

could not be explained using conventional bubble migration and coalescence theory. However, computer simulation

results indicated that at some threshold, breakaway bubble swelling was taking place, thus giving a plausible picture of

the experimental results. In the present study the computer simulations have been repeated for an initially uniform

helium level in bulk material, allowing the threshold effects to be examined without any surface effects and any loss of

helium. Assuming equilibrium bubble conditions, the results showed that when bubble coarsening reached an average

of 20% swelling, breakaway swelling occurred. This phenomenon has been examined as a function of helium content

and results extrapolated (with some assumptions) to other temperatures and metals. The implications for fusion reactor

materials is briefly discussed.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

A recent experimental study by Escobar Galindo

et al. [1] in which copper was implanted with helium ions

to give a peak helium level of less than 2% at 130 nm

from the surface, produced the surprising result that

after annealing at 973 K, �80% of the helium was

released and surface pinholes seen, even though the

average bubble size predicted from migration and coa-

lescence theory was �14 nm. The appearance of the

pinholes and their size were consistent with scan-

ning electron microscopy images of subsurface bubbles

(radius �150 nm) found after surface removal using

electropolishing. In computer simulations [2] of random

bubble migration and coalescence, an unexpected phe-

nomenon was found in which at sufficient values of local

swelling, super-large bubbles were formed centred at the
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helium peak which grew quickly to bisect the surface,

thus providing a probable explanation for the surface

pinhole observations and the large subsurface bubbles.

Furthermore the magnitude of the gas release fitted the

experimental data extremely well.

The appearance of particularly large bubbles during

annealing of bubble populations are also found in the

earlier work of Birtcher [3] on helium implanted nickel

and seem to be consistent with the Escobar Galindo

et al. results.

In the light of these experimental and computer

simulation studies, it was felt that further insight into the

breakaway growth of bubbles might be gained by sim-

ulation of gas bubble annealing in a bulk situation, thus

avoiding any complication due to initial non-uniform

helium concentrations or to bubble loss at surfaces. This

would allow the fundamental rules controlling the for-

mation of the large bubbles (probably at some critical

swelling, but possibly at some other bubble concentra-

tion–radius combination) to be found, and the rapid

increase in bulk swelling to be studied. This breakaway
ed.
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swelling phenomenon also deserves investigation in

relation to its possible application to bulk materials

containing high helium levels that might be found in

fusion reactor environments. Although the basic results

presented here are for different levels of helium in copper

annealed at 973 K, assumptions on the surface diffu-

sivity allow extrapolation to other temperatures, and

more tentatively to other metals.
2. Outline of modelling

Brief details will be given here; a fuller description of

the methodology is given in Appendix A. In the main

computer program an initial population of 4000 bubbles

was set up in a pseudo-random distribution within a

(100 nm)3 block, equivalent to a bubble density of

4· 1018/cm3. The distribution was made following a

procedure suggested by Foreman [4], with every new

bubble position being tested against all previous bubble

coordinates to ensure that initially a minimum distance

existed between bubbles. The starting radius was chosen

to reflect the helium level being studied. To prevent too

much quantization of bubble radii after coalescence, the

starting radii were treated to give a Gaussian distribu-

tion of radii about the average. In the simulation of the

high temperature anneal, the modelling simulated the

random walk of bubbles, allowing the migration and

coalescence of the bubbles to be followed under thermal

equilibrium conditions. Spherical equilibrium bubbles

were assumed, with coalesced bubbles immediately re-

equilibrating to a new radius to maintain the usual

P ¼ 2c=r relation where P is the bubble pressure, r its

radius and c the surface energy. Calculations were sim-

plified by using the ideal gas law to relate the bubble

sizes with their helium content.

The model allowed individual bubbles to move ran-

domly according to surface diffusion kinetics given by

the appropriate equation for bubble diffusion, Db, [5,6]

Db ¼ ð3X4=3Þ=ð2pr4ÞDs; ð1Þ

where X is atomic volume of the matrix and Ds the

surface diffusivity, is given by

Ds ¼ Do expð�Es=kT Þ; ð2Þ

where Es is the activation energy for surface diffusion.

Using random walk theory, it is easy to show that for a

bubble with radius ri, the jumpstep in a given time is

proportional to 1=r2i . After each jumpstep cycle in which

all bubbles were moved, bubbles were tested against

their near neighbours for touching, and if so were al-

lowed to coalesce, to give a new bubble with a radius

reflecting its new larger helium content. Because of the

inverse relation of bubble pressure with radius, any

coalescence under equilibrium bubble conditions leads,
as is well known, to an increase in the vacancy to helium

atom ratio and hence an increase in local swelling.

Bubbles were also tested in position against the block

surfaces. If they crossed the surface, they were intro-

duced on the opposite face to maintain periodic

boundary conditions. The overall procedure allowed the

bubble size parameters and swelling to be followed with

time.

One problem with modelling coalescence events is

that the process leads to a reduction in bubble numbers

and therefore in statistics. In a recent simulation of

Ostwald ripening (for voids in silicon [7]), an analogous

problem was treated by using a cloning procedure. In

the present case, after the bubble numbers were reduced

by a factor of eight from 4000 to 500, the block was

cloned and used to create a new block with volume a

factor of eight greater, thus returning to 4000 bubbles in

the system but maintaining the radius distributions.

While the local spatial distributions of bubbles within

the eight subblocks were initially identical, their sub-

sequent random movement quickly introduced differ-

ences. This iteration procedure could be repeated as

many times as required.

The swelling value in the work was always defined

(arbitrarily) as the bubble volume divided by the original

volume. Since these values reached 20% and greater, it

was felt important to make the simulation more realistic

by uniformly increasing the block size at regular inter-

vals by an appropriate amount to reflect the swelling. At

the same time all the bubble positions were changed,

again appropriately, moving slightly apart but keeping

their relative positions within the block.
3. Results

In this work the initial calculations were made using

parameters for copper at 973 K as used in the near-

surface calculations of Ref. [2]. The important parame-

ter of surface diffusivity was taken from the work of

Willertz and Shewman [8] who give an average value of

8· 10�9 cm2/s at 973 K. Uniform helium contents of 1.0,

2.0 and 3.0 at.% helium have been studied with several

computer runs being made at each concentration. As

will be seen, although there were run to run quantitative

variations, the main qualitative result of breakaway

swelling was exactly as found in the simulation of results

for implanted helium. The results also show the effect of

varying the helium concentration and also discuss the

extrapolation of the basic results to other temperatures

and to other metals.

3.1. Breakaway bubble formation

During the first part of the anneals, the bubble

coarsening behaviour was much as expected with a



Fig. 1. Projection through the working volume showing the formation and growth of a large bubble; (a) time¼ 27.9 s, (b) time¼ 33.5 s,

(c) time¼ 38.9 s. The projected area has sides of 424 nm.

Fig. 2. Typical results, here for 2 at.% He, showing the sharp

breakaway in the swelling and root mean cube radius coincident

with the formation of large bubbles.

Fig. 3. Graph showing the rapid rise in ratio of largest bubble

volume to the average bubble volume during the growth of a

breakaway bubble.
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gradual coarsening of the bubble populations, the rise in

average radius closely following the expected t1=5 varia-

tion with time [9,10]. In this region all runs gave results

which were quantitatively extremely close. However,

eventually, out of what appeared to be a typical distri-

bution of bubbles, a large bubble was formed. Although,

as shown later, there were clear variations between

computer runs for the annealing time required to form

these large bubbles, the qualitative picture was always

the same. An example, showing the emergence of a large

bubble for a 3% helium level, is seen in Fig. 1 simulation

results. Unlike the near surface simulations in Ref. [2]

where bubble growth stopped when the surface was

touched, in the bulk case there was no physical restric-

tion to bubble growth.

The formation of the large bubbles was very strongly

reflected in the bubble size and swelling parameters, as

seen in Fig. 2 for the 2% helium case. The smooth rise in

all these parameters with annealing time was interrupted

by the very clear sharp rises in the swelling (with the

breakaway swelling occurring when the average swelling

reached close to 20%) and in the value of the root mean

cube radius. Only a small perturbation in the average

radius line was apparent. Another way of demonstrating

the breakaway effect was in a plot of the volume of the

largest bubble compared to the value of the average

bubble. As shown in Fig. 3, this ratio changes over a

relatively short period from a steady state value (of

around 20) to a value well in excess of 1000. However,

once a large bubble has formed, the simulations might

be expected to be affected more and more by the

assumptions such as the immediate return to thermal

equilibrium after coalescence.

3.2. Statistics

As already mentioned, up to the breakaway point the

bubble parameters were very consistent from run to run.



Fig. 4. Bubble swelling as a function of time for 3% He in

copper at 973 K showing the run to run variations for the

breakaway swelling.
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However, the time at which the breakaway occur varied

considerably, as might be expected from the accumu-

lated randomness imposed on the bubble movements in

the relatively small simulation volume. This is demon-

strated for the 3% helium case in Fig. 4. The variation

seen here, of between about 35 and 65 min was sur-

prisingly large, but the same order of variation, almost a

factor of 2, was also found for the 1% and 2% helium

levels.

3.3. Influence of helium content

The effect of varying the helium concentration made

no obvious difference to the breakaway swelling phe-

nomenon except in the time required for the breakaway

swelling to occur. This is seen in Fig. 5 where repre-

sentative data for three helium levels are shown. The

important result from this figure is that is shows the
Fig. 5. Effect of helium level on time to breakaway swelling.

The horizontal dashed line emphasises the 20% swelling level.
initiation of breakaway effects occurs in all cases when

the average swelling reaches approximately 20%. For the

three helium levels studied (1%, 2%, and 3%), the

approximate average times for this breakaway were

3· 104, 400 and 50 s, respectively.

3.4. Extrapolation to other temperatures

In Appendix A it is shown that the time increments

for a given set of starting conditions (i.e. given helium

content) are proportional to ½ð9X4=3=pÞDs��1
; the same

must hold for the total sum of the increments, i.e. the

total time. Thus using Eq. (1) for Ds we can write the

breakaway time, tb, as

tb ¼ Kðx%Þ expðþEs=kT Þ; ð3Þ

where Kðx%Þ is a constant for a given x% helium con-

centration.

The data at 973 K for copper can thus be translated

to any temperature provided the assumptions in the

model still hold, and we have a value for the surface

diffusion energy. Although data for the surface diffusion

obtained from bubble behaviour as a function of tem-

perature is shown in Ref. [8], the error bars are too large

to allow the surface diffusion energy to be obtained with

any confidence. An alternative approach is to take the

973 K value of 8 · 10�9 cm2/s already used from this

work for the surface diffusivity and combine it with a

calculated value for the pre-exponential, Do thereby

allowing a value for Es to be deduced. We can write

Do ¼ mk2=6 where m is the jump frequency, usually as-

sumed to be 1013/s, and k is the jumpstep, i.e. lp=
p
2,

with lp being the lattice parameter. For copper, we ob-

tain Do ¼ 1:1
 10�3 cm2/s, and thus applying Eq. (2) at

973 K obtain a value of Es ¼ 1:0 eV. Although this value

is not inconsistent with the data in Ref. [8], the

approximations of ideal gas and the instantaneous

growth of coalesced bubbles back to equilibrium would

anyway make extrapolation somewhat approximate.

Nevertheless, the approach seems worthwhile if only to

get an order of magnitude feel for possible effects. Pro-

ceeding on this basis, the K values required for Eq. (3)

are trivially obtained from the breakaway times already

given and are: Kð1%Þ ¼ 0:194; Kð2%Þ ¼ 2:56
 10�3:

Kð3%Þ ¼ 3:23
 10�4. With these values it was

straightforward to obtain the breakaway time for dif-

ferent helium contents as a function of anneal temper-

ature. The results are shown in Fig. 6.

For copper half the melting point is at 405 �C. Below
this temperature one might expect that the assumption

of instantaneous re-equilibration of coalesced bubbles

holds less strongly. However, it is worth noting that

Johnson and Mazey [11] in discussing some in situ

recordings of helium bubble behaviour in implanted

copper during hot stage annealing, reported clear bubble

coalescence as low as 325 �C (0.44Tm).



Fig. 6. The extrapolation of the computed results for helium in

copper at 973 K to other temperatures.

Fig. 7. Self-diffusion energies for different metals as a function

of melting temperature, Tm [10].

Fig. 8. Universal plot of time to breakaway as a function of

T=Tm, see text.
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3.5. Extrapolation to other metals

The extrapolation difficulties of the previous section

also apply here but again in the sense of giving a

guideline, it seems a worthwhile exercise to extend the

model to other metals. To do this requires an expression

for self-diffusion energy in terms of metal melting point.

Such an expression has been proposed by Neumann and

Neumann [12] based on surface measurements. They

suggested that for T=Tm < 0:75, the value of Ds could be

expressed as

Ds ¼ 1:4
 10�2 expð�5:64
 10�4Tm=kT Þ cm2=s: ð4Þ

However, for bubble applications this expression gives

values which are several orders of magnitude too large

to fit experimental data. This has been pointed out in

bubble diffusion papers on copper and gold [8,13]. A

possible explanation lies in the suggestion of Mikhlin

that in the high pressure bubble environment surface

diffusion can be much reduced [14].

Because of the difficulties in using Eq. (4), it is pro-

posed here to use an alternative approach. It turns

out that for copper, the activation energy for surface

diffusion deduced in Section 3.3 is approximately half

the self-diffusion energy. If for the sake of argument

this is assumed for other metals, extrapolation of the

copper results to other metals is relatively straight-

forward since one can obtain results in terms of

T=Tm where Tm is the melting temperature. It is not

difficult or novel to suggest a relation between activa-

tion energies and melting temperature. In Fig. 7 this is

done for the self-diffusion energy using data from Siegel

[15].

It can be seen that the relation Q ¼ 1:5
 10�3 � Tm eV

is a reasonable fit to Fig. 7 data. If, we assume the value
of Es is given by Es ¼ Q=2, then Es ¼ 7:5
 10�4 � Tm.
Replacing the value of Es in Eq. (3) we obtain:

tb ¼ Kðx%Þ expð7:5
 10�4 � Tm=kT Þ; ð5Þ

This expression allow us to use the values of K ob-

tained from copper to plot a universal curve, Fig. 8, for

different metals showing the breakaway time as a func-

tion of T=Tm. The approach uses the approximation that

the pre-exponential in Eq. (2) is invariant with metal so

that in practice when other assumptions are also con-

sidered, Fig. 8 can only be an order of magnitude guide

to the importance of the breakaway swelling. Never-

theless this could still be useful. As modelled in this

paper, the results would apply to situations where

materials containing helium are then subjected to high

temperature annealing.
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4. Discussion

This paper has extended recent work on breakaway

swelling during the annealing of near surface helium

bubbles to the case of bubble swelling in bulk material,

under initial conditions of a uniform helium level.

During the computer simulation of bubble movement,

and the consequent bubble coalescence, a breakaway

swelling effect is again seen. The simulations suggested

that the effect is initiated when the average swelling

reaches �20% after which the overall swelling increases

sharply to high levels.

The phenomenon of breakaway swelling has been

discussed previously by Barnes [16]. By considering

equations for bubble movement under driving forces he

derived a condition that bubble touching would be

inevitable at zero bubble velocity when the swelling

reached 33%. However, the equations for random walk

bubble coalescence used in Refs. [9,10] to give the

average bubble radius as a function of time, tempera-

ture, gas concentration, etc. do not lead to any break-

away condition. These equations do not involve bubble

size distributions. The breakaway swelling in the present

simulations appears to develop as follows. There will

always be a largest bubble as referred to in Section 3.1

where its volume in relation to the average bubble vol-

ume is discussed. Translating this result to radius, the

largest radius will be about 2.7 times the average. At

some stage, this largest bubble reaches a value where, as

it grows, its surface area increase provides an increas-

ingly larger sink for the local smaller bubbles which are

more mobile. As shown in Fig. 1 this breakaway con-

dition is not instantaneous but clearly it is fast. There is

no intuitive reason for the critical 20% swelling thresh-

old but the simulation results were very consistent.

Although any results in practice will be modified by

the assumptions in the model, particularly the supply of

thermal vacancies (and possible spatial effects [17]), the

qualitative effects should remain. This could be impor-

tant in predicting the behaviour of helium in materials

under fusion reactor conditions although the effect could

be limited by grain boundaries and gas release. Never-

theless, for worse case scenarios, the results of Fig. 8

would suggest that even material with low helium levels

could give high swellings if held at moderate tempera-

tures for long times or inadvertently (e.g. under accident

conditions) at high temperatures for short times.
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Appendix A

In this section we give a more formal description of

the methodology used in the simulation program. In

each cycle the bubbles (having a wide distribution of

radii) perform one jump in a random direction, at which

stage each bubble is tested against its nearest neighbours

for touching, and thus whether coalescence should take

place. The main question is how one chooses a time-step

appropriate to the scale of the bubble distribution and

diffusion parameters.

It is worth starting by introducing the main diffusion

equation for bubbles, radii r, moving under surface

diffusion conditions

DbðrÞ ¼ ð3=2pÞ � ðX4=3=r4Þ:Ds; ðA:1Þ

where X is the atomic volume of the metal and Ds is the

surface diffusion coefficient.

If the jumpstep cycle takes place in a time dt then the

distance l moved in this time by a bubble of radius r will
be

lðrÞ ¼ pð6Db � dtÞ: ðA:2Þ

Combining Eqs. (A.1) and (A.2) we obtain

lðrÞ ¼ ½ðð9=pÞX4=3DsdtÞ1=2�=r2 ðA:3Þ

or

lðrÞ ¼ jsp=r2; ðA:4Þ

where jsp is a jumpstep parameter given by jsp ¼
½ðð9=pÞX4=3DsdtÞ1=2�.

While this is useful, it is also necessary to connect the

time step to the scale of the bubble system. A measure of

the system scale, ss, was chosen to be related to the

bubble density, rho, and the average radius, rave by the

relation

ss ¼ ðrhoÞ�1=3 � 2 � rave: ðA:5Þ

It can be seen that this is roughly the average distance

between bubble surfaces.

Reference has been made to the nearest neighbours

of the bubbles in testing for touching. Each bubble in

fact had a neighbourhood list giving the bubbles which

lay within a distance ss; this list was revised every 100

cycles. The purpose of the list was of course to avoid the

considerable computing time required if every bubble

was to be tested for touching against every other bubble

in each cycle. It was decided that the time step could be
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defined to ensure that the smallest bubble in the system

(i.e. the fastest moving) should not diffuse more than the

value of ss in the 100 cycles between the neighbourhood

list revision. This in turn ensured that only the bubbles

on the neighbourhood list of a given bubble could reach

the bubble in the 100 jumps; thus potential collisions

between bubbles would not be missed.

Random walk theory shows that in a given number

of cycles, N , only a very small fraction of random

walkers travel further than three times the root mean

square value, i.e. 3j
p
N , where j is the jumpstep. If this

distance is reasonably described as the maximum dis-

tance moved, then for the smallest bubble, radius rsml we

can equate its maximum movement, jsml in 100 cycles to

the value of the average bubble spacing, bs. Thus

bs ¼ 3jsml � 10; i:e: bs ¼ 30jsml: ðA:6Þ

From Eq. (A.4) we have jsml ¼ jsp=r2sml and hence we

can write

jsp ¼ r2smlbs=30: ðA:7Þ

Since we already have an expression for jsp in terms

of dt it is easy to rearrange the equations to obtain the

relation

dt ¼ jsp2=ðð9=pÞX4=3DsÞ: ðA:8Þ

Clearly from Eqs. (A.7) and (A.8) the value of dt can
be computed continuously throughout the program in

terms of rsml and bs, thus reflecting the scale of the

bubble distribution and the fastest moving bubble. Re-

sults using these equations were compared with data

obtained with a value of 60 instead of 30 in Eq. (A.7),

giving time increments a factor of 4 smaller. No differ-
ences were perceived in the data up to the formation of

the breakaway bubbles. However, their subsequent

growth appeared to be faster with the smaller time step.
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