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CONDITIONS FOR THE SUPPRESSION OF VOID FORMATION DURING ION-BOMBARDMENT*

D.L. PLUMTON, H. ATTAYA, and W.G. WOLFER

Fusion Engineering Program, Nuclear Engineering Dept., University of Wisconsin, Madison, WI 53706

In the region of jon deposition the number of interstitials is larger than the number of vacan-
cies produced by displacement damage. As a result void formation can be suppressed. The follow-
ing conditions must be satisfied for the suppression to occur: the distribution of injected ions
and the distribution of displacement damage must overlap; within this region of overlap, the ir-
radiation conditions must be such that recombination is a significant process. It is shown that
void-free zones along the ion range can be produced bordering on regions with voids both behind

and in front of the displacement damage peak.

severe in low-energy ion bombardments.

1. INTRODUCTION

lon bombardment has been used to study void
swelling because the higher damage rates are
capable of giving, in hours, displacement
doses "equivalent" to years of neutron irradi-
ations. However, the injected ions affect
void formation more dramatically than origin-
ally anticipated. A review of the experimen-
tal evidence has recently been presented by
Garner.l Brailsford and Mansur? found that
the injected ions would reduce the void growth
rate whenever recombination was a dominant
process. Lee et al.3 experimentally verified
this by Ni-ion irradiation of 316 SS that had
been preconditioned by neutron irradiation to
a uniform void distribution. Recently,
Plumton and Wolfer? have shown that void
nucleation can be drastically suppressed by
the presence of the injected ions. This
implies that the region of ion deposition and
peak damage should be avoided in void for-
mation studies.

The injected ions affect void nucleation by
coming to rest as interstitials without a va-
cancy partner. These excess interstitials are
relatively few in number. Therefore, they

The suppression of void formation is particularly

will only be important when most of the point
defects produced by displacements are recom-
bining either at sinks or in the bulk. This
recombination loss is predominant at low
temperatures and for large vacancy migration
energies.z’4

The effect of injected interstitials de-
pends on the overlap of the displacement
damage and deposited ion profi]es.4 For a
high energy ion, e.g. 14 MeV, there is a large
ion range so that TEM work can be done in a
region midway along the range far from the
influence of the front surface or the injected
ions. However, as the ion energy is lowered,
the mutual overlap becomes an increasing
fraction of the total range, until the overlap
will be large enough so that no region exists
free from the influence of the surface or the
injected interstitials.

2. THEORY AND RESULTS

The void nucleation theory presented previ-
ous'ly4 is used in this study with the modifi-
cation that a surface sink term also is in-
cluded. The experimental results of Garner
and Thomas5 were used to obtain the reduction
in vacancy concentration due to front surface

* This work was supported by the U.S. Department of Energy under contracts DE-ACO2-82ER52082 and DE-

AC02-78ET52019 with the University of Wisconsin.



proximity. The experimentally determined aver-
age denuded zone width, Lyf» was found to de-
pend on the vacancy diffusivity Dv and dis-
placement rate P according to the relation

L - (DVJ]./Z .

vf P
This denuded zone width was then used to re-
duce the value of Cy» the vacancy concen-
tration, in the rate equations according to
the equation

-2x/va
DLy = D Cylgun(l - e )

where x is the distance into the sample. This
approach gave denuded zones on the same order
as those observed by Garner and Thomas.5 The
materials parameters used are the same as
employed previous]y.4

The calculated void nucleation rates versus
depth for fon irradiated nickel are presented
in Figs. 1-3 for 2.5 MeV Ni ions, in Figs. 4
and 5 for 1 MeV Ni ions, and in Fig. 6 for 0.5
MeV Ni dons. The extensive parametric study
on the effect of surface denuding and injected
interstitials 1is 1illustrated here by two
cases, namely: case 1 for E,n = 1.1 eV, Eyf =
1.8 eV, and Q = 1 x 1014 m'z; and case 2 for
Eym = 1.2 eV, Ey¢ = 1.7 eV, and Q = 5 x 1013
m-2, Eym and E e are the vacancy migration
and formation energies, respectively, while Q
is the total sink strength. Figures 1, 5, and
6 are for case 1 (sink dominant regime) while
Figs. 2, 3, and 4 are for case 2 (recombi-
nation dominant regime). In these figures,
the void nucleation rate with excess inter-
stitials neglected is shown by a dashed 1line
and with excess interstitials included by a
solid line. :

The BRICE code® and HERAD code’ were used
to calculate the displacement rate and excess
interstitial fraction for Figs. 1, 2, 5, and 6
and Figs. 3 and 4, respectively. For 2.5 MeV
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FIGURE 1
Void nucleation rate vs. depth for 2.5 MeV Ni
jons incident on Ni (BRICE code, case 1).
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FIGURE 2
Void nucleation rate vs. depth for 2.5 MeV Ni
jons incident on Ni {BRICE code, case 2).

Ni ions, and higher energies, the difference
between the two displacement codes is evident
(Figs. 2 and 3). For energies of 1 MeV and
lower, the overlap between the displacement
rate profile and excess interstitial fraction
profile is almost complete so that differences
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Void nucleation rate vs. depth for 2.5 MeV Ni Void nucieation rate vs. depth for 1 MeV Ni
jons incident on Ni (HERAD code, case 2). ions incident on Ni (BRICE code, case 2).
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Void nucleation rate vs. depth for 1 MeV Ni Void nucleation rate vs. depth for 0.5 MeV Ni
ions incident on Ni (HERAD code, case 1). ions incident on Ni (BRICE code, case 1).

in shapes of the profiles do not manifest and 3 (case 2) both show 1-1/2 orders of mag-
themselves in the nucleation profile. nitude decrease at 600°C (suppression values

A1l figures illustrate the suppression of quoted at peak suppression). At 500°C Fig. 2

void nucleation at T = 300°C, while Fig. 1 shows a 4-1/2 decade decrease while Fig. 3
{case 1) shows only a small decrease in the shows almost 7 orders of magnitude decrease.
nucleation rate at 500 and 600°C. Figures 2 Figures 2 and 3 illustrate (T = 300-500°C) the



possibility of two void swelling peaks in the
depth profile, one before and one after the
peak of ion deposition. Figure 4 (case 1)
demonstrates that as the incident ion energy
is lowered, the suppression of void nucleation
becomes pronounced even at high temperatures.
For 1 MeV incident ions in a recombination
dominated case (Fig. 5, case 2) only a band of
voids nucleated just below the surface is left
at low temperatures. At higher temperatures,
two bands of severely suppressed void nucle-
ation occur. For 0.5 MeY ions, the surface
denuding prevents void nucleation at 600°C
(Fig. 6, case 1), while the suppression is
again severe and leads to two peaks at 400°¢,
and a reduction by 4 orders of magnitude at
500°C.

3. DISCUSSION

When void swelling after ion bombardment is
measured either from step heights or by TEM in
the peak damage region the effect of injected
interstitials 1is present. The precipitous
decline of void swelling towards lower temper-
atures as obtained by these two techm‘ques8 is
possibly due to injected interstitials.

A void free gap or a reduction in swelling
in the middle of the displacement depth pro-
file has been observed by several authors.
whitley9 observed a void free gap in the depth
distribution at low temperature (400°C) in
nickel. Johnston et al.10 found a midrange
swelling reduction at high temperatures
(625°C) in stainless steel. Farrell et al.ll
also observed a midrange swelling reduction at
600°C in nickel. The existence of two bands
of voids, one before and one after the peak of
ion deposition, 1is in agreement with the re-
sults of the present study.

The degree and -extent of the injected
interstitial effect depend critically on the
overlap of the profiles for displacement
damage and deposited jons. The comparison be-

tween two codes for displacement damage shows
that  the HERAD code gives larger void sup-
pressions in the peak deposition region than
does the BRICE code at high temperatures.
Since HERAD involves a more detailed modeling
of the collision process, results derived from
it are presumably more accurate.

The combined effect of surface denuding and
injected interstitials can lead to a total
suppression of void nucleation at all tempera-
tures for heavy-ion bombardment with energies
on the order of 0.5 MeV or less, as found in
the present study. In order to compensate for
this total suppression, significant amounts of
inert gases must be implanted either before or
during the heavy ion bombardment.
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