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Helium-bubble growth in a-implanted palladium has been investigated by positron-lifetime measurements

as a function of isothermal annealing time, ¢. The bubble radius shows first an expected

t1/6 varijation and then

an anomalous time dependence faster than ¢!. It is shown that a model based on surface-diffusion-controlled
migration and coalescence, taking into account the dependence of bubble diffusivity on the time-varying
helium density in the bubble and ledge nucleation, explains the observed behavior.

A comprehensive understanding of the nucleation and
growth of bubbles of inert gases in metals has been of wide
interest.'™> The study of helium-bubble growth is also of
technological importance because of its direct relevance to
fission and fusion reactor materials.* A key parameter that
governs bubble growth is the gas pressure in the bubbles.”’
In the past, it has been assumed that annealing at tempera-
tures >0.67T,, results in equilibrium bubbles, in which the
internal He pressure is balanced by the surface tension. Evi-
dence for overpressure in bubbles, in excess of equilibrium
pressures, has recently been reported in postirradiation an-
nealing studies of Ni by small-angle neutron scattering® and
positron-annihilation measurements.” So far there is no de-
finitive study on the effect of variation of pressure in bubbles
on the growth kinetics. In this paper we report our experi-
mental observation and analysis to show the dramatic effect
of variation of overpressure on bubble growth rate.

Being sensitive and defect specific, positron-annihilation
spectroscopy can probe the states of He from substitutional
complexes through small clusters to bubbles of several na-
nometers in diameter.!>~'?> Taking advantage of this, the
present work aims at a study of the kinetics of bubble growth
in He-implanted Pd by positron-lifetime measurements as a
function of isothermal annealing time. This work was moti-
vated by our earlier isochronal annealing study on Pd with
100 appm He,'* in which He bubble nucleation and growth
regimes were identified.

Pd samples of size 10 mmX10 mmX250 wm and purity
99.99% were annealed at 1473 K for 2 h in a clean vacuum
of 1078 torr and cooled slowly to room temperature. These
defect-free specimens were implanted homogeneously over
the entire sample depth with He to a concentration of 100
appm, by degrading the energy of 40 MeV a particles from
the Variable Energy Cyclotron at Calcutta. The temperature
of the sample during the implantation was monitored
to be 320£25 K. Positron-lifetime measurements in the as-
implanted sample and during postimplantation annealing
were made, using a fast-fast coincidence spectrometer having
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a prompt time resolution (full width at half maximum) of
220 ps. The measured spectra were analyzed into different
lifetime components and their relative intensities using the
programs RESOLUTION and POSITRONFIT.* Pairs of Pd
samples containing 100 appm He were pre-aged at 773 K
for 30 min to complete bubble nucleation.!® One pair each of
the He-implanted and pre-aged samples was subjected to iso-
thermal annealing at 1073 and 1473 K, in the growth re-
gime of bubbles.!* The heating and cooling times at each
annealing step were <20 s. Positron-lifetime measurements
were made at room temperature after each annealing step.
Figure 1 shows the variation of the resolved lifetime param-
eters with annealing time, ¢, at 1073 K. Two lifetimes have
been resolved throughout the annealing range: 7; corre-
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FIG. 1. Variation of the resolved positron-lifetime components
7; and 7, and the intensity /, in Pd containing 100 appm He with
annealing time at 1073 K.

597 © 1994 The American Physical Society



RAPID COMMUNICATIONS

598 RAJARAMAN, VISWANATHAN, VALSAKUMAR, AND GOPINATHAN 50

sponding to bulk state behavior'> and 7, corresponding to
bubbles. As seen from Fig. 1, 7, increases slowly with an-
nealing time up to 4X10> s, beyond which it shows a faster
increase and finally tends to saturate upon prolonged anneal-
ing. The corresponding variation of the intensity 7, of the
bubble component is also shown in Fig. 1. Similar features
have been observed in the isothermal annealing curve at
1473 K. Since Pd readily dissolves hydrogen, a question
might arise as to whether any residual hydrogen present in
the sample plays a role in the observed variation of 7,. Such
a possibility is ruled out since complete hydrogen desorption
from Pd takes place at temperatures well below 600 K.'617

The bubble parameters, viz. He atom density ny., aver-
age bubble radius R,, and bubble concentration C, have
been determined from an analysis of experimental lifetime
parameters using the procedure described earlier.'®=!* The
positron-lifetime—He density relation proposed earlier based
on the positron surface state model for bubbles!® is given by

7(ps) = 7—23.5n4,(10%® m™3). 1)

Where 75 is the lifetime of the cavity without helium. Al-
though this relation was originally proposed for the Al-He
system,'® it can be applied as a first approximation to most
metal-He systems.'® Indeed, the above relation has been
applied successfully in the interpretation of positron-
annihilation results on Cu-He,!! Ni-He,'? and Pd-He (Ref.
13) systems. Values of ny, are obtained from 7, using Eq.
(1) and a value of 75=500 ps for Pd.!” The positron trapping
rate K,, into bubbles can be deduced from the measured life-
time parameters using the two-state trapping model> as

K,=C L + L I t_1 2
P"“PAR, BRI 7 ) 2)
where A=9.07x10"% nom 's™' and B=3.3x10'

nm 2 s~ 119 If the total He concentration, Cy, implanted into
the sample is assumed to be contained entirely in the
bubbles, then the He inventory equation can be written as

4

Cre=3 TRyuCh 3)
where Cy, and C,, are in atomic fractions. Eliminating ny,
and C,, using Egs. (1) and (3), Eq. (2) is solved to obtain
R, . The satisfactory agreement between the bubble radius
thus deduced in He-implanted Pd (Ref. 13) and that from
direct TEM observations!” gives credibility to the above-
mentioned scheme.

The variation of ny., obtained from the measured 7,
using Eq. (1), is shown in Fig. 2 as a function of annealing
time at 1073 and 1473 K. For small annealing times, ny,
decreases slowly, then shows a sharper decrease at interme-
diate times and eventually tends to saturate with time at both
the temperatures. The onset of the sharp decrease of ny,
shifts, as expected, to lower annealing times as the annealing
temperature is increased. The sharp fall in ny, observed in
Fig. 2 can arise either from accumulation of vacancies from
sources such as surfaces and grain boundaries onto bubbles
or He emission from bubbles. As He emission is energeti-
cally unfavorable, a vacancy-assisted relaxation of ny, might
well be responsible for the observed crossover behavior in
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FIG. 2. Variation of the He density, ny,, in the bubble in Pd
containing 100 appm He, with isothermal annealing time at 1073
K and 1473 K, derived from positron-lifetime measurements. The
solid lines are the best fits to Eq. (8).

Fig. 2. Figure 3 shows the variation of the bubble radius
R,, deduced from positron-lifetime data, with annealing
time at 1073 and 1473 K. The actual He pressure, p,, in
the bubble has been computed from the experimental value
of ny, using Trinkaus’ equation of state.”’ At 1073 K, the
bubbles are found to be highly overpressurized in the anneal-
ing time range up to 4X10° s. The pressure ranges from
15.3 GPa for a bubble of R,=1.2 nm to 5.7 GPa for a
bubble of R,=2.6 nm. These are nearly a factor of 5 higher
than the corresponding equilibrium pressures. For ¢>4
%103 s, the overpressure is found to relax significantly,
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FIG. 3. Variation of the average bubble radius R, in Pd contain-
ing 100 appm He with isothermal annealing time at 1073 K and
1473 K. The solid and dashed lines are, respectively, those calcu-
lated using surface-diffusion-controlled bubble migration and coa-
lescence model with and without ledge nucleation. The dash-dotted
lines are calculated with the Ostwald ripening model.
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though not to equilibrium values. At 1473 K, p, varies from
1.7 GPa for R,=5.3 nm to 0.2 GPa for R,=22.2 nm.
These are again somewhat larger than the corresponding
equilibrium pressures. For 1073 K, it is observed that at
very early times, when the overpressure is large, the varia-
tion of R, follows a ¢!/ dependence. This is followed by a
region of pressure relaxation, where an anomalous increase
in growth rate ( faster than ¢') occurs. Upon prolonged an-
nealing, the growth tends to slow down again as seen in Fig.
3.

The major mechanisms of bubble growth in metals are
migration and coalescence (MC) and Ostwald ripening
(OR).”?! First, we discuss the analysis of results based on the
MC model. In this model, bubble migration controlled by the
diffusion of matrix atoms along the bubble surface is the
dominant mechanism of growth.?!?2 The theory of coagula-
tion of colloids can be adayted to model bubble growth by

migration and coalescence®? as
dc, 8m\ )
=l /Ps(nudRbC )

where () is the atomic volume and Dj(ny,) is the He
density-dependent diffusion coefficient of bubbles migrating
via surface diffusion. Using the random walk model of
bubble migration proposed by Nichols®* and incorporating
the effect of He density on bubble diffusion as suggested by
Mikhlin,> D{(ny,) is given by

&)

. 3\(a 4D° E,
nge)=|=— {5 exp| == —gqn

b He) 2 Rb s€Xp kT qNHe
where a is the nearest-neighbor distance of matrix atoms,
Dg is a preexponential factor, E is the activation energy for
surface self-diffusion of matrix atoms, and q is the interac-

tion volume surrounding an adatom which is free of gas
atoms.> Combining Eq. (4) with Egs. (3) and (5), we get

ac, 16 ma* 0 s 3
7=—( QCHe) D, exp %7 ~9MHe ngCp. (6)
The formal solution of Eq. (6) can be written as
Cp(1)=Cp(to)| 1+ M)DO[Cb(to)]ZCXP _ﬂ)
QCx | ¢ kT
. -1/2
X J, OeXp[—anc(t')]nHe(t’)dt’} . (7

R,(t) can now be obtained by substituting for C,(¢) in Eq.
(3). This analysis should be contrasted with those done in the
past?™® to study growth kinetics of bubbles at constant
nye, which yielded only a certain power-law behavior for
Cy(t) and Ry(t). The conditions of growth in the present
case are different in that ny.(?) strongly depends on time as
seen from Fig. 2.

To obtain numerical values of C,(¢) and R,(¢) using Eq.
(7), for comparison with experimental data, it is necessary to
have an interpolation scheme for ny(¢). The observed varia-
tion of ny.(¢) (see Fig. 2) cannot be satisfactorily repre-
sented by a low-order polynomial. Instead the following
transcendental function is used:

nue(t)=[1n(1)}* (B — Ctanh{D[In(1) —E1}), ®)

where A, B, C, D, and E are fitting parameters. The solid
lines in Fig. 2 represent the best fits of the data to Eq. (8).
The other parameters used in the calculation based on Eq. (7)
are a=0.275 nm, D?=6%x10"7 m?s™,% E=0.74 eV,
and g=1X10"2% m>.13 The experimentally obtained C,, at
an annealing time ¢/,=60 s is taken to be C,(¢y). The be-
havior of R,(¢) so calculated is shown by dashed lines in
Fig. 3 for comparison with experiments. It can be seen that
the general trend of the predictions of the surface-diffusion-
controlled MC model is in qualitative agreement with experi-
ments. At 1073 K, for small annealing times up to 4X103 s
and for R,(#)<5 nm the calculated curve for surface-
diffusion-controlled MC agrees with the experimental data.
For R,(t)>5 nm, there is a small deviation of the calculated
curve from experimental values. At 1473 K, the calculated
curve underestimates R,(¢) over the entire annealing range.
It has been reported earlier”’? that for large R, bubbles are
faceted. For large faceted bubbles, the nucleation of ledges
on the bubble face limits bubble migration and hence their
growth. Therefore, growth analysis is made including ledge
nucleation, to obtain better quantitative agreement with ex-
periments. To include ledge nucleation, Eq. (5) has to be
modified as®*

)

LEL]

L
D,,=Df,(nHe)(;) eXp| ~ T

where L is the facet length and E; is the ledge energy per
unit length. As can be seen from Eq. (9), for a certain range
of parameters, ledge nucleation can enhance bubble migra-
tion while in the asymptotic limit, growth is inhibited leading
to a limiting saturation behavior. For cubic bubbles, the ledge
length is given by L=1.612R,.? The ledge energy E; is
taken to be a fitting parameter. Numerically solving Eq. (4)
with Dy} replaced by the ledge corrected diffusion coefficient
D, given by Eq. (9), and comparing with experiments, the
best fit is obtained for a value of E;=1x10"'2 J/m. The
calculated curves including ledge nucleation are shown as
solid lines in Fig. 3. For both 1073 and 1473 K, there is a
good agreement between the calculation and experiment.

Under conditions where the bubble has grown with time
and the overpressure has decreased significantly, Ostwald
ripening could be a competing mechanism of growth.” Ac-
cordingly, the growth rate corresponding to OR has been
calculated using the coupled differential equations for the
rates at which the vacancy and gas content of the bubble
change with time [Eq. (11) cited in Ref. 7)]. The resultant
variation of R(¢) for OR is shown by the dash-dotted line in
Fig. 3. As seen from the figure, Ostwald ripening does not
play a significant role in the bubble kinetics in the present
case.

To summarize, in the postimplantation isothermal anneal-
ing of Pd containing 100 appm He, there is evidence for
high overpressure in bubbles at short annealing times, and
pressure-impeded bubble diffusivity results in slower
growth. At intermediate annealing times, relaxation of this
overpressure enhances bubble diffusivity significantly lead-
ing to accelerated growth. Analysis of bubble growth within
the framework of the migration and coalescence model, by
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taking into account the pressure variation with time, explains
the observed temporal behavior in the kinetics. When
bubbles are large enough (R,>5 nm), the rate controlling
process is the nucleation of the ledge on the bubble face. In
conclusion, the present study proves that the treatment of
helium-bubble growth kinetics in metals under the assump-

tion of constant pressure is inadequate and that the effect of
variation of pressure has to be taken into account for a real-
istic description.

We thank Dr. G. Amarendra for help during helium im-
plantation runs, and Dr. C. S. Sundar for a critical reading of
the manuscript.
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