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Abstract

The motion of inert gas bubbles induced by thermal vacancy gradients has previously been used by the present authors to
understand gas bubble release in UO, and metals. This approach has been recently questioned by Tiwari. In the present
letter, a critical discussion of his viewpoint is presented, together with an analysis of the important experimental results of
Marachov et al. There appears to be good evidence for the disputed effect. © 1998 Elsevier Science B.V.

1. Introduction

In his recent paper [1], Tiwari discusses the behaviour
of inert gas bubbles in vacancy gradients, with particular
reference to a model [2-4] in which the movement of
fission gas bubbles to grain boundaries in UO, during
post-irradiation annealing is explained by the directed mo-
tion along the thermal vacancy gradient set up between the
vacancy source at a boundary and the bubbles within a
grain. A linear approach for the model, applicable to
implanted inert gas bubble populations in metals, has aiso
been published [5]. In this case the surface is the source of
thermal vacancies. There appears to be agreement that a
vacancy gradient exists under these circumstances but,
using various arguments, Tiwari concludes that there is no
evidence for bubble migration due to the gradient alone
and thus that an additional temperature or stress gradient is
necessary. The purpose of this letter is twofold: firstly it
presents a critical discussion of the many points made by
Tiwari, and secondly, since the results of Marachov et al.
[6] seem to have been misinterpreted, these are presented
again, together with a simulation of the bubble behaviour,
including their movement under the vacancy gradient. A
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comparison of calculated and experimental results illus-
trates that the latter are indeed consistent with bubble
movement, and thus contrary to Tiwari’s conclusion.

As far as possible we shall follow the order of results
as presented in Ref. [1]. One general point is worth
mentioning at this stage. In order to be confident of a
negative result regarding the movement of bubbles in
vacancy gradients (particularly when there are clear theo-
retical arguments in favour of a positive result [5,7,8]), the
results need to satisfy two criteria. The first is that from
the data it must be absolutely clear that no bubble move-
ment has taken place; the second is that we have to be
certain that under the experimental circumstances being
discussed, observable bubble movement should have been
expected.

2. Discussion of Tiwari’s arguments

2.1. His own experimental data

Tiwari begins by presenting evidence from his own
work on the precipitation of helium bubbles in diffusion
couples between Ni and irradiated Cu-B alloys. He con-
curs with previous experimental evidence for vacancy flow
from thermal vacancy sources, but concludes that there is
no evidence for bubble migration in the vacancy gradient
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set up during his experiment. However, no calculation is
presented to show that bubble movement should have been
large enough to be observed; thus it is impossible to draw
any conclusion, negative or positive. This also applies to
the work of van Gurp et al. [9] who used xenon bubble
layers as markers in studying the formation of cobalt
silicides during the annealing of evaporated cobalt on
silicon.

To support his viewpoint in his own work, Tiwari adds
that there is an absence of any preferential alignment of
the bubble axes in the expected direction of movement. It
is not clear where this idea comes from but it is well
known that a bubble in equilibrium will always tend to a
spherical shape in order to minimise its surface energy.
Observations with transmission electron microscopy show,
for example, that when two bubbles coalesce the spherical
shape of the new bubble is re-established almost instanta-
neously, e.g. Refs. [10,11]. There is no justification, there-
fore, for using the presence of spherical shaped bubbles to
infer a negative result on bubble migration.

2.2. Evans’s model

In his next section, Tiwari discusses the model given by
the present authors [5], introduces some of the comments
of van Siclen [8], and, in his Fig. 4, presents the results of
Marachov et al. [6]. In introducing the model, Tiwari
admits that previous application to results on copper, nickel
and silicon (also beryllium) do *‘indeed provide an indirect
or circumstantial support’” for the gas release behaviour in
these systems, but he goes on to suggest that the results
might equally be explained by the annealing of radiation
damage and the break up of inert gas—vacancy complexes.
This view ignores the fact that, in all the experimental
cases, percentage values of inert gas concentrations were
involved. In such cases, transmission electron microscopy
(TEM) has demonstrated that the precipitation of the ion
implanted inert gas in small bubbles must be expected
during implantation [12]. Where TEM was applied in the
metal cases quoted above, this result was confirmed. The
possible break-up of small inert gas/vacancy complexes
during high temperature annealing cannot possibly play
any significant role in such a system.

Tiwari goes on to discuss the results of Marachov et al.
[6] but much of this discussion seems based on misinter-
pretation. There is not space to discuss every point but in
his comments on the presence of bubbles in the near
surface regions, Tiwari appears not to have recognised that
the initial deposition of helium is in a relatively thin layer
at close to one micron from the implant surface (see Fig. 1,
Ref. [6]), and, at the dose used (1 X 107 He/cm?), will
almost certainly be present as sub-microscopic bubbles.
Discussion of incubation time for bubble formation is
therefore not appropriate and certainly there are no grain
boundaries present as he claims (the ‘artefacts’ are photo-
graphic rather than structural). He gives the strong impres-

sion that, if bubble movement has taken place in the
vacancy gradient, bubble movement out of the surface
would have been expected. However, as we discuss in
Section 3, this is not so. Possibly there has been confusion
on the question of scale since Tiwari’s scale marker on the
reproduced Marachov et al. figure should read approxi-
mately 400 nm rather than his 2 nm. In his figure caption
in the same figure, he is only correct in stating that the
highest density of bubbles coincides with the region hav-
ing the highest helium concentration if he concedes that
the helium bubble profile has moved from its original peak
at near 1 pm.

The suggestion by Tiwari that the results of Marachov
et al. [6] and Evans et al. [13], might have been affected by
beam heating is unfortunate. In both experiments, where
systematic bubble effects were seen, out of microscope
heating at, respectively, 1023 and 1650 K were required.
Any effects from beam heating would have easily been
recognised in unannealed material. In both studies the
samples were subjected to conventional TEM and thus can
hardly be compared with the work of Barnes and Mazey
[10] cited by Tiwari, in which thin foils of copper were
held on grids and then subjected to electron heating by
removing condenser apertures.

The outline of the model as given by Tiwari, see also
his fig. 5, is generally accurate, but it is difficult to
understand his main objection, based on the assertion that
‘*quilibrated bubbles will not accept vacancies because
they have already achieved equilibrium™’. While the total
number of vacancies in an equilibrium bubble may stay
constant, the dynamic nature of vacancy evaporation and
absorption in such a bubble has been known since the
classic work of Greenwood et al. [14] and is crucial in the
present context. Van Siclen presents the simplified picture
that “‘bubbles move since the vacancy absorption at the
bubble is proportional to the vacancy concentration there
(and so is anisotropic) while vacancy emission is
isotropic’’. Although easily visualised, this is not quite
accurate; as outlined in more detail in Refs. [5,7], the
vacancy fluxes are proportional to the radial gradient of
the vacancy concentration at the bubble surface. Neverthe-
less, there can be no doubt that, theoretically, bubble
movement is to be expected in a vacancy gradient. Tiwari’s
objection to the theory is unfounded.

2.3. Results of Pati and Barrand

In his Section 4, Tiwari discusses the results of Pati and
Barrand [15] who examined helium gas bubble formation
in an irradiated Cu-B alloy, and again concludes that the
experimental results provide no evidence for bubble migra-
tion induced by the vacancy flux. However, there is no
guide to how such migration would have manifested itself
nor how much migration might have been expected. It is
thus not at all clear how Tiwari reaches his negative
conclusion. The discussion on the morphology of bubbles
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does not immediately seem relevant (the morphology even
in the same sample, figs. 6 and 7 appear very different)
while the quoted absence of any sharp step between large
and small bubbles must depend on several factors such as
the original distribution of helium and the time at which
the micrographs were taken relative to the complete an-
neal.

Tiwari’s other approach is to compare the Pati~Barrand
micrographs, his figs. 6 and 7, with the rate equation

dS/dt=D,0C,/x, (N

in order to explain the bubble distributions observed. This
equation, where D_ is the vacancy diffusivity, {2 is the
atomic volume of the metal, and C,, is the vacancy
concentration at the surface, gives the instantaneous
swelling rate at a depth x; where the incoming vacancies
have created an interface between equilibrated (coarsened)
bubbles and the original bubble population. (See Tiwari,
fig. 5 and Evans and van Veen [5], fig. 1 for further
details.)

Eq. (1) is correct, but Tiwari’s conclusion that it pre-
dicts a swelling that varies inversely with distance from
the surface is in error. The reason for this is that x, is time
dependent and thus, in the present context, it is impossible
for the equation to give any guidance to the final distribu-
tion of swelling with depth from the surface. In calculating
this distribution, the value of (dx,/dr) has to be consid-
ered. As given in the equations set out in Ref. [5], this
value depends on the vacancies needed to bring the bub-
bles at x; to equilibrium. For the particular case where
bubble movement is ignored and equilibrium bubbles have
all the same size, then the final variation of swelling with
depth will exactly follow the original gas distribution.

3. Modelling of the Marachov et al. results
3.1. Background

Marachov et al. [6] used cross-sectional TEM to follow
the annealing of helium bubbles introduced into nickel
using 500 keV helium ions. The results were important in
directly demonstrating the initial development of bubble
coarsening in regions nearest the surface (see Fig. 1). In
agreement with Barnes et al. [16,17], the results thus
showed that during annealing the surface was the dominant
source of thermal vacancies. As a consequence of the
resulting vacancy flux, Evans [2] pointed out that a va-
cancy gradient had to exist between the surface and the
bubbles which had previously nucleated in the narrow
helium implanted peak, and that this gradient had the
ability to induce bubble movement up the gradient. Al-
though rough calculations by Evans [2] and Van Siclen [8]
suggested that the results of long time annealing in the
Marachov results were consistent with some bubble move-
ment towards the surface, the renewed interest in this topic

in Tiwari’s paper makes it worthwhile to examine the
bubble behaviour in more detail.

3.2. Description of modelling

We apply the approach described by Evans and van
Veen [5] to calculate the expected development of the
bubble profiles in the Marachov et al. [6] results. Essen-
tially the methodology divides the material depth and the
gas atom profile into slices allowing computer simulation
to follow, first, the movement of the interface between the
coarsened equilibrium bubbles and the original small bub-
bles, and second, the subsequent movement of the gas
population in response to the vacancy gradient and anneal-
ing parameters. As discussed in Ref. [5], the expression for
the net movement of bubbles relative to the surface fol-
lowed that of Geguzin and Krivoglas [7] as

V, = -2D,dC,/dx, (2)

where dC, /d x is the vacancy gradient. This equation was
also derived by electrostatic analogy and is in the range
given by van Siclen [8]. It is the fortunate absence of the
bubble size in this equation that allows the calculation to
disregard the bubbles as such. Effectively the bubbles are
smeared out and incorporated into the gas atom profile,
allowing changes in the profile to be followed. In the
modelling, D, and C, are incorporated into the self-diffu-
sion coefficient, D_4.

For these calculations, the initial helium profile for 500
keV helium ions in nickel was calculated with TRIM90
[18]. The peak gas concentration was at a depth of 1.015
pm, very close to the 1.0 pm value given by Marachov et
al. [6] (see fig. 1 in their paper), although they had
assumed a Gaussian distribution. As is clear from both
linear and grain modelling [4,5], the accumulation of va-
cancies in growing equilibrium bubbles to their final size
(the number of vacancies required per gas atom) is a
crucial factor in controlling all the qualitative aspects of
bubble movements particularly the final gas profile at the
end of the anneal. This vacancy accumulation has been
defined in previous papers as AS and is identical to the
local fractional swelling of the equilibrium bubbles (before
any induced bubble movement might have reduced this
swelling), i.e. AS=G/(p,f2), where G is the gas con-
centration fraction, p, the gas packing density in bubbles
and {2 is the atomic volume of the matrix material.

Some judgement is needed in respect to the equation of
state to evaluate p,, but for the application that follows
(T = 1023 K, bubble size, 32.5 nm), the van der Waals
equation is appropriate. Using the equilibrium bubble
equation, p = 2vy/r, where vy is the surface energy and r
is the bubble radius, and replacing G/ by f(x)¢, where
f(x) is the normalised gas distribution profile and the
helium implant dose, we derive the equation

AS=f(x)$[23.7+4.16 X 107*/T/v]/6.03 x 10°,
(3)
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where the units of f(x), ¢, r and 7y are, respectively,
(cm™ 1), (10" He atoms/cm?), (nm) and (J/m?). In the
present case, f(x) was calculated from the initial TRIM
helium distribution while the other parameters used were
T=1023 K, y= 1.8 J/m? (nickel [20,21]), and r =32.5
nm (from the micrograph of Marachov et al. [6], see
below). The dynamics of the annealing process was con-
trolled by the nickel self-diffusion coefficient. At 1023 K,
a value of 5.21 X 107" cm? /s [8,22] was used.

3.3. Results

The results of this approach are given in Fig. 1b and
can be compared with the experimental results from fig. 2
of Marachov et al. [6] which are reproduced here in Fig. la
and show the evolution of the bubble populations with
annealing time. Marachov et al. gave no scale marker in
their figure, but it is reasonable to assume that the large
bubbles in their final 100 h micrograph are centred close to
the original helium peak near 1 pm. Thus, both Fig. la
and b here have the same depth scale. While the early
times can be directly compared, the computed results show
that as far as any bubble movement was concerned, the
annealing was over at 87 h as the interface between the
equilibrium and original bubbles reached the end of the
helium profile. Thus, although further bubble coalescence
may have taken place, as far as the helium gas distribution
is concerned, this last calculation is equivalent to the
experimental 100 h micrograph.

In the calculations it is clear that the bubble movement
up the vacancy gradient induces a marked change in the
helium gas profile during annealing. Although no gas is
predicted to have left the sample surface, gas atoms origi-
nally on the periphery of the helium profile at a depth of
0.6 wm are calculated to have moved over 300 nm, while

Original gas distribution

4 -
Helium profiles at
end of anneal:
3r 16, - 2
2.5 x 10 "He ions/cm"—»
r 16, - 2
5 x 10 "He ions/cm
2+ a7, 2 \
10 "He ions/cm

il \

0 L | l i ) .
0 02 04 06 08 10 12 14

Depth from surface (microns)

Gas distribution (microns'1)

Fig. 2. Calculated end-of-anneal gas atom profiles showing the
effect of gas level on induced profile (bubble) movement. For a
dose of 1x10'" He ions/cm?* (not shown) the final profile was
close to that of the original gas distribution.

the helium peak at near 1 pwm has changed to a much
broader profile with a flat maximum near 0.85 pm. A
direct visual comparison between this calculated data and
the four experimental micrographs certainly suggests good
agreement in the bubble evolution sequence, particularly
the limited change in the 2 h anneal, the movement of the
equilibrium bubble /original bubble interface seen experi-
mentally in the 12 and 20 h anneals, the large difference
between the 20 and 100 h anneals in the depth around 0.7
pm, and the final distribution of bubbles centred at the
same depth. It should be emphasised that in the calcula-
tions, all the parameters are reasonably well known. The
greatest uncertainty probably lies in the chosen self-diffu-
sion coefficient though it is reassuring that at 1023 K the
careful assessment of Seeger and Mehrer [23] give a value
of 4X 107" c¢m”/s, only a little smaller than the value
used. In any case the value of D does not affect the final
profile at the end of the anneal, only the rate at which it is
approached.

The comparison between the calculated and experimen-
tal results can be discussed further for the depth range 0.6
to 0.8 wm. The calculations show that by combining the
value of helium implant dose with the average value of
normalised gas distribution curves for the start and finish
of the anneal sequence, the average helium concentration
in this range has changed almost fivefold during the anneal
from 3.05 X 102 to 1.47 X 10?' helium atoms/cm®. The
question is whether this final predicted helium level is
reflected in the bubble distribution seen experimentally.

This question has been addressed by examining in
detail the experimental data given by Marachov et al. (Fig.
la in the present paper). For the 100 h anneal, the bubble
parameters have been carefully measured over the 0.6-0.8
pm depth range. The area in question, 200 X 602 nm?,
contains 21 bubbles with a root mean cube average size of
32.5 nm. The size here is the edge length since all the
bubbles appear to have cube symmetry although there is
some truncation analogous to that observed by Niwase et
al. {24] for similar helium bubbles in nickel annealed over
the 923-1048 K range. Although the computer calcula-
tions as described tacitly assume spherical bubbles, they
are independent of the change to a cube morphology; this
follows since the equilibrium pressure in a cubic bubble
with a 2r edge length is identical with that in a spherical
bubble of diameter 2 r {25].

In order to proceed, we have taken the sample thickness
as 175 nm, thus giving a bubble density of 1.0 X 10'* /cm®.
Taking the equilibrium bubble pressure (y = 1.8 1 /m?) for
the average size, together with the van der Waals gas law
and the cubic bubble shape, leads in turn to the helium
packing density in bubbles, to the average number of
helium atoms per bubble and finally, together with the
bubble concentration, to the local helium concentration. In
this way, the value of 1.65X 102! He atoms/cm® was
obtained for the average helium concentration lying in the
0.6-0.8 wm depth range after the final anneal at 1023 K.
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Given that this helium level will be reduced proportion-
ately by the degree of truncation in the bubble shape, the
agreement with the predicted value of near 1.5 X 107
helium atoms /cm?® is very satisfying. Although small er-
rors in the values of surface energy and sample thickness
are possible, it is hard to escape the conclusion that by the
end of the anneal sequence, the Marachov et al. [6] results
give clear evidence of bubble movement. This contradicts
Tiwari’s suggestion that there is no evidence for bubble
movement under a thermal vacancy gradient.

3.4. Effect of helium level on bubble movement

Although we believe that in the Marachov data, bubble
movement has induced a significant change in gas atom
profile with depth, it is important not to assume that such
bubble movement must always be present. The level of gas
plays a vital role. If levels are low and bubbles small, then
relatively few vacancies are needed to bring bubbles to
equilibrium. Thermal equilibrium is then set up rapidly
over the volumes containing bubbles, thus strongly limit-
ing the time over which the vacancy gradient can exist to
induce bubble migration. In the Marachov et al. experi-
ment (dose 10'7 He ions/cm?), the helium level at the
peak of the profile was nearly 5%. To illustrate the effect
of reducing the gas level, computer calculations have also
been made for lower doses but maintaining other parame-
ters as before. In Fig. 2, the results for the three doses,
I X 10", 5% 10' and 2.5 X 10'® He ions /cm’, annealed
to completion are compared. The decrease in the profile
movement with drop in gas concentration is very evident.
For a dose of | X 10'® ions /cm?, the profile was hardly
changed from the as-implanted profile.

It is not possible to make any rule about detecting gas
bubble movement in vacancy gradients. As demonstrated
above, low gas levels mitigate against movement but as
shown in Eq. (3), an increase in the equilibrium bubble
radius could provide some compensation. The optimum
method of detecting a bubble movement might well be in a
gas release experiment where the original gas levels were
up to the surface, allowing any induced bubble movement
to be immediately reflected in gas release.

Returning to the experimental data given in Tiwari’s
paper, the preceding discussion highlights the general point
that only by examining bubble radii, gas concentration
levels and gas profiles can any firm deductions be made on
ascertaining whether experiments should be expected to
show bubble movement.

4, Conclusions

In his conclusion Tiwari states ‘‘that the mere presence
of a vacancy flux originating from a surface or interdiffu-

sion does not seem to be enough to induce migration of
inert gas bubbles’’. This is of course correct: it is easy to
show, as in Section 3.4, that situations will exist where
effects are minimal. However, this can hardly be a rational
basis for concluding, as Tiwari has done, that an additional
driving force such as stress or a temperature gradient
appears to be necessary. We would contend with our
discussions in the present letter, that Tiwari has nowhere
presented any evidence to support this. In contrast, our
computed results appear to give an accurate simulation of
the Marachov et al. data suggesting that bubble movement
under a vacancy gradient does take place as expected
theoretically. This must help to validate the models of high
temperature gas release for irradiated UO, [2-4] and met-
als [5] that are based on this bubble movement.
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