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Background on Crystalline Nuclear Waste Forms

In crystalline waste forms, radionuclides are incorporated into lattice site Evolution of a-decay dose in
; ’ P Gd,Zr,0, over geological time

positions
= Complex crystal structures
» Increases chemical durability (i.e. lower leach rates)

= Allows for easier prediction of corrosion and alteration
mechanisms
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2 Alpha-decay produces both damage and He buildup in the lattice
Lo I = High He concentrations expected over geologic time will strain

the crystalline lattice

» Helium buildup can result in nano-sized bubble formation at
high concentrations (several at.%) in ceramics, which leads to
cracking at high concentrations

(2014)
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Pyrochlore, A,B,0O-, Is Similar to Fluorite in Structure
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He Bubble Formation in Pyrochlore Pre-Damaged with 7 MeV Aus*

> Bulk samples were pre-damaged with 7 MeV Au3*to induce
phase transformations, then implanted with He

» Gd,Ti,O, formed bubbles at ~6 at.%, Gd,Zr,0, formed
bubbles at ~4.6 at.%

Individual bubbles formed
“chains”

He was implanted into gy
amorphous Gd,Ti,O- to
simulate real waste
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Preferred site for interstitial He can be predicted using Voronoi volume

calculations
» In a perfect lattice, He will reside in interstitial sites.

» He was shown to prefer the octahedral interstitial site in Y, Ti,O-, prefers individual sites
as opposed to clustering - did not consider vacancy binding

» Danielson et al. JINM 452 (2014) 189-196. Tetrahedral site appears most
favorable in pyrochlore and
» Yang et al. JAP 115 (2014) 143508. fluorite Gd,Zr,0, Octahedral site most

> Interstitial He diffuses between octahedral sites with E,. ~ 0.5 eV in Y, Ti,O, favorable in Gd, Ti,0O;

» Danielson et al. INM 477 (2016) 215-221. 8F — ' '

=@~ Gd,Ti,0;
He prefers larger interstitial sites

- | -m- Gd,zr,0,

- | =& Fluorite Gd,Zr,0;

6F
:' , * Site 7]

Octahedral

3
Voronoi Volume (A")
N
|

Tetrahedral

Interstitial Site



Sandia’s Concurrent In situ lon Irradiation TEM Facility

10 kV Colutron - 200 kV TEM - 6 MV Tandem
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Effect of Particle Size on Bubble Growth

»GTO and GZO TEM samples were prepared by drop-casting powders onto holey-C TEM Grids

»Samples were implanted ex-situ at 300 K using the Colutron

Beam defocused to
cover two samples at
once (one GTO, one

Colutron Implaftation
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He Bubbles Formed at Higher Dose in GZO than in GTO

5x101% He/cm? 8x1017 He/cm?

»No bubbles observed in GZO sample
implanted with 5x10'® He/cm?

»#1igh density of small bubbles observed
GTO sample implanted with 5x10'® He/cm

»High density of small bubbles observed in
Z0 sample implanted with 8x10" He/cgs

»Large cavities observed in GTO sample
implanted with 8x10” He/cm?

> Dissolve under e-beam

Samples with high density of small
bubbles were annealed in-situ:

» Annealed in steps of 100°C,
stopping at each step for 20 min, up
to 700°C
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In-situ annealing experiments revealed kinetics of He evolution with high
density of bubbles present in material-Gd,Zr,0O
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In-situ annealing experiments revealed kinetics of He evolution with high
density of bubbles present in material-Gd,Ti,O
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Quantifying bubble size and density changes during annealing

Bubble Density
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» Summary

» He implants into TEM samples resulted in a high density of bubbles at 5x1016 ions/cm? in
GTO and at 8x10'7 ions/cm?in GZO

» In GTO, bubbles were about the same density and size as in bulk at 7 at.%
» Amorphizes quickly, then seems to more easily trap He
» In GZO, bubbles formed at a much higher fluence than in pre-damaged bulk

» Becomes defect-fluorite, but then seems to need buildup of defects before
trapping He
» Annealing of GZO implanted with 5x10*% ions/cm? resulted in no bubbles

» Suggests that He was either very strongly trapped, or that most He diffused out of the
sample during the implant

» Future Work
» Repeat annealing studies with additional fluences
» In-situ HT He implantations
» In-situ dual beam ion irradiation (Au + He)
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Thermal desorption spectroscopy was used to study He trapping in

Gd,Ti,O, and Gd,Zr,0,

5 7 (- | S Each peak corresponds to Defect trapping sites can be determined
= RS bR B He dissociation from a by comparing THDS data with E,

20keV noble gas
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different trapping site calculated by DFT
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Gd,Zr,0,

He flux (ions/cmz/s)
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