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Abstract

In this study, we studied simultaneous and intermittent electron irradiation effects on bubble
growth in a simple sodium borosilicate glass during Xe ion implantation at 200 “C. Simultaneous
electron irradiation increases the average bubble size in the glass. This enhanced diffusion is also
shown by the migration of Xe from bubbles into the matrix when the sample is irradiated by an
electron beam after the Xe implantation.

Introduction

The radioactive environment provided by the decay of radionuclides in nuclear waste could
dramatically affect the ability of nuclear waste glasses to retain the radionuclides. One question is
the dedirnental effects of beta decay on nuclear waste glasses. To unravel the physical processes
surrounding this issue, we have studied the effect of electron irradiation on Xe bubble growth in a
model sodium borosilicate glass (designated as NBS-1 in this paper).

Experiment

The chemical composition of NBS-1 glass is provided in table 1. While this 3-component
glass is not a good simulant of complex borosilicate nuclear waste glasses, the simple composition
provides a means to investigate the role of N% which is sensitive to ionization, on bubble formation
processes. This is important in understanding bubble formation in more complex glasses, since
previous studies have linked the kinetics of electron-induced bubble formation to alkali migration
[1]. The glass has a covalent-bonded random network structure with sodium ions as network
modiilers. In our experiments, NBS-1 glass slides were cut into 3mm diameter discs and then
dimpled from both sides. The fmai thinning process was done by chemical etching with jet electro-
polishing. This avoids possible damages from ion milling. Ion implantations were performed in-situ
in a Hitachi-9000 transmission electron microscope with 50 keV Xe+ ions. The ion flux was about
1.25x 1012Xc/cm’2 s-l.The sample was heated to 200 “C, which was found to prevent charging in
this glass, Transmission electron microscopy (TEl@ images were recorded at increasing ion
doses. TRIM calculations verify that Xe ions with energy of 50 keV will be stopped in our samples.
Bubble formation and growth were studied as a function of implanted ion dose. During the ion
implantation, two control areas were examined. One was constantly illuminated by an electron beam
while the other was exposed to electrons only when TEM images were being Mcen.

TEM images were taken with a Hitachi-9000 300 kV transmission electron microscope at
magniilcations from 50,000 to 160,000. Fresenl contrast was utilized to image bubbles. The image
contrast depends on the difference in the inner potential of the glass matrix and the bubble inside
the glass. This contrast is achieved in an out-of-focus imaging mode. In an under-focus mode, a



. bubble or a cavity shows up as a bright disc with a dak fringe in a T13Mimage. While in au over-..
focus mode, a bubble or a cavity looks like a dark disc with a white fringe. The size of disc yields

. the radius of the bubble. Hence, by taking a pair of images on a specific are% one in an over-focus
mode and another in an under-focus mode we can ver@ whether features in an image are bubbles.
Bubbles with a diameter as small as 10 ~ can be detected in the amorphous glass. To verify the
content of bubbles, EDAX data were also collected for all samples with an EDAX Falcon system on
a CM-30 300 kV transmission electron microscope.

Table 1. NBS-1 glass

SiOz 64.62%

BzO~ 18.72%

N~O ‘ 16.67%

Results

Figure 1 shows images taken from these two control areas on a NBS-1 glass sample. The
area in fi ure la was constantly illuminated by an electron beam with an estimated electron dose of

2?3 25.2 x 10 /cm , the area in figure lb was only exposed to electrons intermittently. It is shown that
bubbles in the area being illuminated by electrons tend to be larger than those in the area that had
limited electron exposure.

Figure 2 gives the ratio of the bubble volume from an electron-irradiated area over that from
an area without constant electron irradiation. When bubbles become visible in both areas at an
doses of 1.1x 10IGXe/cm2, the average volume of bubbles from the electron-illuminated area is 8
times larger than that from the unexposed area. However, this ratio decreases” as tie ion dose
increases and approached 1.15 at a dose of 1.5 x 10IGXe/cm2.

In table 2, EDAX data collected from the above sample show that the area with bubbles has
more Xe than the area without visible bubbles. Meanwhile, the oxygen content remains the same for
both areas with or without bubbles. This suggests tiat Xe is inside those bubbles.

The above results show that electron irradiation enhances bubble growth during Xe
implantation. This enhancement by electron irradiation increases the volume swelling through
increasing the size of gas bubbles when there, are gas species present in the glass. Large volume
swelling increases the probability of cracking in the glass and cause waste storage failure.

Table 2. Xe and O content in implanted samples.

Percentage Area with bubbles Area without bubbles

Oxygen 21.6% 20.9%

Xenon 11.7% 7.0%

Interestingly, when we irradiated a Xc-implanted sample after the implantation with the same
electron dose as previous, the formed bubbles decreased in size and disappeared. The decrease in
size as a function of irradiation time is given in figure 3. Within 20 minutes, the average size of
bubbles decreased from 14 nm to 6 nm- EDAX data was also collected for the irradiated tu-% which
shows that there was no significant change in both Xe and O concentration in figure 4. Bubbles just
shrank to become invisible but the total Xe concentration did not change. Thermal annealing without



c-
b any electron

above.
irradiation was also conducted and did not introduce any bubble shririkage described

50 Kev Xe implantationinNBS-1 glass “

with electrons without electrons

Figure 1. Images tdcen from two areas of the sample that was implanted by 50 kev Xe at 200”C.
(ajwith cons~t electron illumination. (b) without constant electron illumination.
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Figure 2. The ratio of the average bubble size under electron irradiation and that without electron
irradiation as a function of dose.



. , Discussions

Because of the signillcant presence of sodium ions as modifiers in the glass network, it
would be easy for mobile oxygen ions to be bonded with those modifiers even after the chemical
bonds that previously link those oxygen ions to the network were broken by the high energy
electron beam. On the other hand, Xe does not have this affinity to other species of ions. This may
explain why bubbles contain mainly Xe, as indicated circumstantkdly by EDAX data. Therefore, any
oxygen ions that may be mobile have a very limited role in observed bubble growth in NBS-1 glass.

With the electron current in@ experimen~ the temperature increment from thermal heating
by the electron beam is about 100 C for SiOz based glasses[2]. Therefore, the enhancement of
bubble growth under electron irradiation and the bubble shrinkage under electron irradiation after
the implantation are not likely a thermal effect. However, they suggest that electron irradiation
enhances Xe migration.
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Figure 3. Bubble shrinkage under electron irradiation after Xe implantation as a function of time.

Conclusions

Electron irradiation effect was observed on NBS-1 nuclear waste glass during Xe ion
implantation. The electron beam is found to increase the bubble size during the Xe implantation.



. ,, Electron irradiation after the Xe implantation however makes Xe bubbles shrhik. These electron
irradiation effects are speculated to be caused by enhanced Xe diffusion as a result of self-trapped
excitons produced by electron irradiation.
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Figure 4 Measured oxygen and xenon content through electron irradiation as a function of time
after Xe implantation.
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