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THE EFFECT OF DOSE ON THE EVOLUTION OF CAVITIES IN 500-keV He -ION IRRADIATED NICKEL

G. FENSKE, S. K. DAS and M. KAMINSKY

Argonne National Laboratory, Argonne, Illinois 60439

G. H, MILEY

University of Illinois, Urbana, Illinois 61801

Transmission electron microscopy has been used to investigate the effect of total dose on the
depth distribution of cavities (voids or bubbles) in nickel irradiated at 500°C with 500-keV
*He+ ions. A transverse sectioning technique, which allows one to obtain the entire depth dis-
tribution of cavities and of damage from a single specimen, was utilized. The size, number den-
sity and volume fraction of bubbles or voids were measured from the micrographs taken from
samples sectioned parallel to the direction of the incident beam. The results fcr the dose
range studied (2 x 10^^ to 1 x 10^1 ions/m2) show that the average cavity diameter, number den-
sity, and the volume fraction (i.e. swelling) increases with increasing dose. The peak in the
swelling distribution occurs at depths 8 to 15% deeper than the peak in the calculated projected
range profile.

1. INTRODUCTION

While radiation blistering phenomena have
been widely studied, the mechanism of blister
formation is still not fully understood [1].
Studies on the depth distribution of dislocation
damage and of cavities (voids or bubbles) in
ion irradiated metals are of great importance in
understanding the blistering mechanism and the
physics of particle penetration in solids. The
changes in surface topography due to blistering
has been widely investigated using scanning
electron microscopy (SEM). However, only a few
investigations [2-5] have been made using trans-
mission electron microscopy (TEM) to observe
changes in the microstructure of helium implan-
ted regions. Of the TEM investigations cited
above, only those by Ehrlich and Kaletta [4]
have attempted to determine the depth distribu-
tions of the size, nuuber density, or volume
fraction of bubbles (swelling)—parameters that
are important for an understanding of the blis-
tering mechanism. The aim of the present study
is to determine how the size, density and swell-
ing change as a function of dose during the ini-
tial stages of babble formation. The evaluation
of data taken at higher doses is in progress
and will be presented elsewhere.

2. EXPERIMENTAL TECHNIQUES

Pol}- crystalline nickel foils (̂  50 pm thick)
of 99.995% purity (Marz grade) were obtained
from Material Research Corporation. The foils
were first metallographically polished, thun
annealed at 900°C for two hours in a vacuum of
^ 2.7 x 10"5 Pa and finally electropolished in
a solution containing 140 ml phosphoric acid,
10 ml I^SO^, 43 ml H2O and 2 g chromium triox-
ide. The targets were Irradiated at 500°C In a
vacuum of i 1.3 x 10" 5 Pa with 500-keV $ +

ions. The irradiated foils were first lightly
sputter cleanei with 2-keV Ar+ ions, then given
a nickel strike and f?*\ally electroplated with
nickel. The electroplated samples were then
sectioned parallel to the direction of the in-
cident beam and 3 mm discs were spark cut from
them. Thin foils suitable for TEM were prepared
by electrolytic jet polishing. This transverse
sectioning technique whose details are described
elsewhere [5] allows one to study the entire
depth distribution of bubbles from a single spe-
cimen. Some similar techniques have been used
to study the depth distribution of damage [6]
and of voids [7,8,9] but for helium gas bubbles,
only conventional techniques have been used [4].

3. RESULTS

Figures l(a) and l(b) show typical bright
field micrographs of the cavity and dislocation
mlcrostructures of nickel foils implanted with
500-keV 4He+ ions to a dose of 1 x 10 2 1 ions/m2.
The interface between the plating and the irra--
diated regions is clearly seen in these figures
together with the cavities and dislocation dam-
age. Fig.l(a) shows a cavity-denuded-zone ex-
tending to a depth of 1 0.15 to 0.2 |n from the
interface. A similar trend was also observed
for the lower doses ranging from 2 x 10^' to
1 x 102l ions/m2, A large fraction of the cavi-
ties appear to have been heterogeneously nuclea-
ted at or near dislocations. This heterogen-
eous nucleation could be observed more readily
for the lower dose range mentioned above. Simi-
lar results have been observed by Harbottle [10]
for neutron irradiated nickel, and by Laidler
and Garner [11] for neutron irradiated, annealed
316 stainless steel. The cavities seen at the
Interface and in t.ie plating (see Fig. l(a))
are probably trapped hydrogen bubbles generated
when the nickel strike was applied. It is
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Figure 1: The (a) cavity and (b) dislocation microstructure of nickel irradiated with 500 keV He

ions at 500°C to a dose of 1 x 102l ions/m2.

important to note that these bubbles do not af-
fect the cavity microstructure generated in the
helium implanted region [5].

The dislocation microstructure near the peak
in the damage (Fig. l(b)) consists of dense dis-
location tangles with a few dislocations extend-
ing towards the interface. At depths beyond the
peak, the dislocation density decreases more ra-
pidly than the density in regions located be-
tween Che interface and the peak. Figs. 2(a)-
2(d) show bright field micrographs of the cavi-
ties near the peak damage region of nickel irra-
diated at 500°C with 500-keV 4He + ions to total
doses ranging from 2 x 1 0 ^ to 1 x 102* ions/m2.
Here, the increase in the cavity diameter and in
the number density with increasing dose can be
clearly seen.

Figs. 3(a)-3(d) show quantitative results on
the variations in the average cavity diameter
and number density, and in the swelling due to
cavities as a function of depth for nickel im-
planted nt 500°C with 500-keV 4He + ions, for
doses ranging from 2 x 1019 ions/m2 to 1 x 10^1
ions/m-. For the lowest dose, 2 x 10l9 ions/m2,
examined, the average size is nearly independent
of depth (within an experimental accuracy of
± 0.5 nm). However, as the dose is increased
above 2 x 1 0 ^ ions/m2, the size is no longer
independent of depth. For doses above 1 x 102"
ions/m , it is observed that the diameters are
largest near the surface, tor the highest dose

of 1 x 10 2 1 ions/m2 the size distribution be-
comes bimodal with a second peak occurring at a
depth of VL.15 put, as shown in Fig.2(d). Near
the surface, the volume fraction increases slow-
ly with increasing depth, it then increases ra-
pidly beyond ^0.8 um to maximum values between
depths of T- 1.07 to a. 1.2 um, and then it drops
off rapidly to zero at depths beyond ii 1.4 to
1.5 um. The solid and dashed curves in Figs.
3(a)-3(d) show the depth distributions of the
energy deposited into damage and of the project-
ed range, respectively. These distributions
were computed using Brice's [12] computer pro-
grams: COREL, RASE4 and DAMG2 with theoretical
LSS electronic stopping [13]. Comparing the
swelling distribution with the theoretical range
profiles in Figs. 3(a)-3(d), it is seen that the
maximum swelling occurs at depths 8 to 15% deep-
er than the peak in the projected range profile.
It may be pointed out that the results presented
here are slightly different from preliminary re-
sults for 500-keV 4He + in nickel [14,15] given
earlier, which had larger uncertainties in the
location of the irradiated surface.

Values of the average size, number density
and volume fraction at depths where the swell-
ing is a maximum, are given in Table 1 for the
data shown in Figs. 3(a)-3(d). From this table,
it is seen that for doses up to 5 x 102"/tn2 the
increase in the volume swelling is predominant-
ly due to the increase in the number density.
Beyond a dose of 5 x lO2^ ions/m2 the increase



Figure 2: The cavity microstructure near the peak swelling depths for nickel irradiated with 500 keV
^He+ ions at 500°C to doses of: (a) 2 x 101-9 ions/m2, (b) 1 x 1020 ions/ra2, (c) 5 x 1020
ions/m2 and (d) 1 x 102l ions/ra2.

in the volume swelling is now largely due to an
increase in the size, rather than the increase
in the number density. It should be noted that
the micrographs in Figs. 2(a)-2(d) are not from
TEM foils of the same thickness, thus the den-
sity of cavities may not be in the same rela-
tive proportion as those listed in Table 1.

h. DISCUSSION

An important result of the data presented here
is that the peak swelling occurs at depths ^ 8
to 15% deeper than thj peak in the calculated
projected range profile, or 15 to 25% deeper
than the peak in the profile of the calculated
energy deposited into damage. These theoretical
profiles were computed with Brice's codec [12]
using LSS electronic stopping. In this connec-
tion it should be noted that the position of
the peaks in both types of theoretical profiles,
based on Ziegler's [16] compilation of the Ha
stopping powers in nickel are at depths closer
to the surface. A similar, but larger differ-
ence between the peaks in theoretical range pro-
files (computed with Brice's codes and LSS elec-
tronic stopping) and the experimental swelling
distributions, was observed for nickel implant-
ed at 500°C with 20-keV 4He ions to a dose of
2.9 x 1021 ior.s/m2 [14]. Here, the peak swell-
ing occurred in a depth interval that extended
from 50 to 90% deeper than the calculated aver-
age projected range for 20-keV 4He + ions.
Similar discrepancies have also been observed

by other authors for entirely different project-
ile- target combinations [6,8]. The authors
speculate that the differences between the theo-
retical peak positions and the experimentally
observed peak swelling locations are mainly due
to inaccurate electronic stopping power values
as has also been suggested by Narayan et al. [6]
and Whitley [8]. Inaccurate nuclear stopping
powers would also contribute to these discrep-
ancies , however, their relative contributions
are small when compared to those of electronic
stopping to the total stopping power.

For the data presented in this paper, the cal-
culated peak in the energy deposited into dam-
age occurs at "V* 0.95 urn assuming theoretical
LSS electronic stopping. This underestimates
the peak swelling position by 0.15 to 0.25 um.
However, e shift of 0.15 to 0.25 um in these
regions can change the swelling by more than
300% as can be seen in Fig. 3(d) for nickel im-
planted with 500-keV He+ ions to a dose of
1 x 1021 ions/m2. It is often desirable to
correlate swelling data with dpa's, however,
the use of correct dpa-values for such a corre-
lation is necessary. For example, the calcula-
ted peak energy deposited into damage ("v2 eV/A)
occurs at a depth of ̂  0.95 um for 500-keV He
ions in nickel. If one reduces the electronic
stopping by 15%, the theoretical peak shifts to
•̂  1.09 pm which corresponds to the experimental
peak swelling depth for the case shown in Fig.
3(a). The energy deposited into damage at
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Table 1. The dose dependence of cavity parameters at peak swelling depth for nickel irradiated at
500°C.

Dose
(ions/m2)xl020

Peak
Helium
Concentration
(at. 7)

Peak
DPA

Average
Diameter

(nm)

Number
Density
(no./m3)xl022

Volume
Fraction

0.2

1.0

5.0

10.0

0.06

0.3

1.5

3.0

0.04

0.22

1.10

2.20

2.5 ± 0.

2.8 ± 0.

3.0 ± 0.

4.1 + 0.

3.2

7.6

17.5

29.9

0.04

0.10

0.22

1.50

0.95 um decreases to a value of #\/ 1.5 eV/A; thus
the dpa value is overestimated by t 3352 using
the theoretical LSS electronic stopping.

Table 1 lists calculated peak helium concen"-
trations and peak dpa values. The dpa's were
calculated with a modified Kinchin-Pease expres-
sion assuming an efficiency factor of 0.8 and a
displacement energy of 40 eV. These values are
based on energy deposition profiles calculated
with a 15% reduction in the LSS electronic stop-
ping. This reduction decreases the peak value
of the energy deposited into damage by i< 15%.
Based on the peak dpa value alone, the volume
swelling values for 0.22 and 1.1 dpa are in rel-
ativply good agreement with data by Packan et al.
[17] for neutron irradiated nickel at 500°C, who
give values of 0.27. and 0.24X at 0.5 and 0.6
dpa, respectively. Additional results by Packan
et al. [17] for nickel irradiated at 500°C by Ni
ions with and without helium injection indicate
that the volume swelling, as well as the size
and number density depend not only on the total
dpa, but also on the dpa rate, the presence of
helium, and whether the helium was preinjected
or simultaneously injected.

Furthermore, it should be pointed out that the
results reported in this paper as well as those
in ref. 14 indicate that the observed discrep-
ancy between blister skin thicknesses and the
peak in calculated projected range profiles may
in part be due to inaccurate electronic stopping
power values, especially for energies of 20 keV
or telow where there exists little experimental
data on stopping powers. Finally, it should be
mentioned that work is in progress to determine
the cavity size, number density, and swelling
for doses larger than 1 x 102^ ions/m2 to deter-
mine if at higher doses bubble coalescence
occurs.

In conclusion, this paper presents the first
quantitative results on the depth distribution
of cavity size, density, and swelling of nickel
irradiated at 500°C with 500-keV He+ ions. These
data reveal that the average cavity diameter,
number density, and volume swelling increase
with increasing dose for the dose range studied.
The peak in the measured swelling distribution
occurs at depths 8 to 15% larger than theoreti-
ca.'1 estimates of the projected range. These
studies illustrate the need for more accurate
stopping power values for the interpretation of

ion induced rpjiation damage and blistering
results.

*Work performed under the auspices of the U.S.
Dept. of Energy, Div. of Basic Energy Sciences.

This paper is dedicated to the memory of Dr.
Victor M. Gusev, Kurchatov Institute, Moscow.
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