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Background on Crystalline Nuclear Waste Forms

In crystalline waste forms, radionuclides are incorporated into lattice site 

positions 

 Complex crystal structures

 Increases chemical durability (i.e. lower leach rates) 

 Allows for easier prediction of corrosion and alteration

mechanisms

 Mineral analogues provide long-term points of comparison

Evolution of α-decay dose in 

Gd2Zr2O7 over geological time

Alpha-decay produces both damage and He buildup in the lattice

 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

has yielded quantitat ive information on damage formation from

alpha part icles [38] and implanted heavy ions, including U ions

[39] in UO2, revealing both instantaneous defect recovery (i.e.,

recombinat ion w ithin the t ime frame of the collision cascade

formed by the alpha-decay) and thermal recovery of defects [9] .

We report here on the latt ice parameter measurements of the

samples listed in Table 1. The latt ice parameter, for a natural tho-

rianite sample (T4) from Sri Lanka, which has been studied here by

helium desorpt ion spectrometry and by TEM, and for uraninite

(U2) is reported from a published value.

In the act inide dioxides (PuO2, AmO2, CmO2) w ith the fluorite

structure, there is a homogeneous distribut ion of alpha-decay

damage leading to a rapid saturat ion of the latt ice parameter

[40–43] . In the experiments of Chikalla and Turcotte [41] lat t ice

expansion saturat ion 0.3%is observed. This value is in substant ial

agreement w ith the measurements of Noe and Fuger [40] in vari-

ous systems, where a latt ice expansion at saturat ion of 0.28%

was measured. In a recent work of Kato et al. the latt ice increase

of MOX fuel was measured to be 0.29%[44] . In the work of Roudil

[32] the latt ice parameter of (U0.75,239Pu0.25)O2 stabil ized at a value

corresponding to relat ive increase of 0.27%. The latt ice expansion

at saturat ion of a sample pre-annealed at high temperature

(1540 °C), hence having no init ial point defect damage or helium

content, was reported to be 0.32%by Turcotte et al. [45] . Results

from the present study and from literature as plotted in Fig. 2 dem-

onstrate that further increases beyond the previously accepted sat-

urat ion values of the latt ice parameter for (U,Pu)O2 compounds

(maximum 0.4% for act inide oxides) are possible. Also external
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Fig. 4. TEM bright field images of (a) the UO-10 sample show ing bubbles of about 1–2 nm diameter and dislocation loops of 5 nm (b) RTG1 Plutonium oxide show ing the

presence of numerous helium bubbles of about 5 nm diameter and of dislocation lines and (c) a thorianite specimen from Sri Lanka aged of 550 mill ion years w ith helium

bubbles w ith an average diameter of 6 nm.

Fig. 5. TEM bright field images of (a) UO-10 after 4 dpa and (b) RTG1 after 100 dpa. The alpha-damage in (a) are dislocation loops and (b) dislocation loops and loose

nanograins (dislocation loops are indicated w ith white arrows on both TEM micrographs).

Fig. 6. Vickers Hardness evolut ion of 238Pu-doped UO2 samples as a function of

cumulated alpha-damage (dpa).
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The scanning electron microscope (SEM) used in this
study isaPhilips XL40 (Philips, Amsterdam, Netherlands)
at which the column, chamber and high voltage power
supply has been mounted inside a glove-box allowing the
confinement mandatory for the handling of radioactive
material.

III. RESULTS AND DISCUSSION

A. AmO2

The intense a-decay rate of 241Am causes significant
radiation damage. Most of this damage is caused by the
daughter, the 237Np ion, which receives a recoil energy of
91 keV. About 1200–1300 lattice atoms are displaced in
the dense collision cascade along its range of about
20 nm as determined by SRIM.29 In contrast, the emitted
a-particle of 5.5 MeV has a long range of about 12 l m
and creates much fewer displaced atoms, ; 200 only. The
total number of atomic defects per a-decay is thus 1500.
This corresponds to a damage level of 1 dpa in AmO2

within 1 wk of storage. Molecular dynamic calculations31

tend to show that the total number of displaced atoms in
an alpha-decay cascade has been previously largely
underestimated. This will/would affect the calculated
number of dpa. It is however, not the goal of this paper
to review this aspect and the SRIM calculated values are
used for all the dpa calculation.

Figure 1 shows a scanning transmission electron
microscope (STEM) micrograph and a bright-field TEM
image of a sample of AmO2 having cumulated a dose of
1.4 1020 a g 1 after 36 years of storage. Helium
bubbles of different sizes could be evidenced. The larger
bubbles observed, as shown in the TEM image of Fig. 2,
have size of up to 30 nm. There is also a population of
very small intragranular nanometer sized bubbles, which
are shown in the over-focused, focused, under-focused

TEM images in Fig. 3. In this area, the bubbles are
homogeneously distributed and their concentration
amounts around 5 1022 m 3. The TEM image of
Fig. 1 also shows that smaller bubbles are found aligned
along the grain boundaries. In this case the grains, as
shown in Fig. 1, have sizes of about 100 nm. High-
resolution TEM (HRTEM) images, as shown in Fig. 4,
revealed that the fine microstructure varied in the sample.
In the investigated area imaged in Fig. 4, grains having
sizes of about 5 nm were observed. In these grains,
neither bubbles were observed nor defects (extended).
The microstructure of this material is hence not homo-
geneous. The very large grains show the larger bubbles
whereas the smallest (around 5 nm) bubbles are free of

FIG. 1. STEM image of aged AmO2 showing the presence of bubbles (gray spots) on the left and bright-field TEM image showing a high

concentration of helium bubbles on the right. The smaller helium bubbles in the right micrograph are precipitating at grain boundaries, as shown in

the inset.

FIG. 2. Bright-field TEM image of AmO2 showing a high concen-
tration of larger bubbles.
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concentrat ion of around 0.1 at.% [12]. This disparity of results in

the literature could be linked to several factors such as the

synerget ic effect of temperature, radiat ion damage and helium

content. Moreover due to the high helium diffusivity

(D = 10.2 ± 1.8 10 18 m2 s 1 at room temperature [12]) it is

vitally important to be very careful during each step of the exper-

imental process (storage condit ions, implantat ion and irradiat ion

temperature, etc.). Thus in-situ experiments appear to be the best

way to determine the nucleat ion and growth mechanisms of

helium bubbles. In the present work, we have studied the effect

of implantat ion fluence on bubble evolut ion using in-situ TEM

invest igat ions in the Microscope and Ion Accelerator for Materials

Invest igat ions (MIAMI) facil ity at the University of Huddersfield.

2. Exper im en tal procedures

Glass samples were prepared from SON68 cylindrical rods at

CEA (Marcoule, France). The glass chemical composit ions are

described in Ref. [13]. Three foils w ith a 100 nm thickness were

prepared for TEM observat ions using the Focused Ion Beam (FIB)

lift -off technique. TEM with in-situ ion implantat ion was per-

formed in the MIAMI facil ity using 6 keV He+ ions w ith a flux of

up to 7.7 1013 He cm 2 s 1 (measured at the sample posit ion in

the TEM). Using a Gatan Model 636 double-t i lt l iquid-nitrogen

cooling holder, a low implantat ion temperature (143 K) was main-

tained in order to avoid helium diffusion according to the previous

studies on helium diffusion in SON68 glass [14]. Specimens were

implanted in successive irradiat ion steps to fluences from 0.1 to

23 1016 He cm 2 corresponding to peak concentrat ions (at the

projected range, Rp, of the implanted ion distribut ion of 35 nm)

varying from 0.1 to 23 at.% according to SRIM calculat ion [15].

TEM observat ions were made using a JEOL JEM 2000FX operat ing

at 80 kV. Images were captured using a Gatan ORIUSSC200 camera

at each fluence step w ith the electron beam switched off during the

implantat ion process in order to minimize any electron-induced

glass radiat ion damage [12].

3. Resul ts

At fluences between 0.1 and 2.8 1016 He cm 2 no bubbles

were observed although bubbles of up to a diameter of around

1 nm would have been obscured by surface-roughness contrast.

After implantat ion to 2.8 1016 He cm 2 (2.8 at.%at Rp), structures

of around several nm size w ith brighter contrast in underfocused

images are observed, suggest ing helium bubble nucleat ion. Due

to the resolut ion limit under these observat ion condit ions, we can-

not exclude the presence of smaller bubbles (around 2 nm) at

lower implantat ion fluences. The bubbles appear clearer at an

implantat ion fluence of 4.4 1016 He cm 2 as shown by the bub-

bles w ithin the dotted circles in Fig. 1a. The bubble morphology

is circular w ith a radius of around 3 ± 1 nm. Their density is low

except in areas where small bubbles are grouped along lines

(arrow in Fig. 1b). These bubbles lines could be due to local stress

induced by FIB lamella preparat ion that could favour helium bub-

ble nucleat ion. At fluences between 4.4 and 9 1016 He cm 2, the

bubbles first nucleated at low concentrat ion, remain in the same

posit ion and then grow without a significant change of shape.

The analysis of sequential images also highlights the presence of

new bubbles w ith smaller sizes in areas previously free of bubbles.

From a fluence of 9 1016 He cm 2, the distance between two

neighbouring bubbles already formed becomes lower than 10 nm

for most of the observed area. Fig. 2 presents the bubble evolut ion

from 9 to 23 1016 He cm 2. It can be seen that the bubble density

near the edge of lamella is smaller than in the center. This could be

Fig. 1. TEM micrographs of SON68 glass implanted w ith 6 keV He ions at 143 K with fluences of 4.4 1016 He cm 2: (a) the dotted circles highlight bubble nucleat ion and (b)

the arrow indicates a line along which small bubbles are grouped.

Fig. 2. TEM micrographs of SON68 glass implanted w ith 6 keV He ions at 143 K with fluences of: (a) 9; (b) 14; (c) 18 and (d) 23 1016 He cm 2. The arrows highlight bubble

coalescence w ith increase of helium fluence. The dotted ellipses indicate the nucleat ion and growth of bubbles.
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Pyrochlore, A2B2O7, is Similar to Fluorite in Structure

Oxygens on 

perfect fluorite 

sites
Oxygen 

vacancy

(8 per cell)

Full Pyrochlore Unit Cell

Oxygen

A-site 

cation

B-site 

cation

Oxygens are shifted 

from fluorite sites

by 48f positional 

parameter

Under Irradiation

 Gd2Ti2O7 undergoes a 

pyrochlore to 

amorphous

transformation 

 Gd2Zr2O7 undergoes a 

pyrochlore to defect-

fluorite transformation

 Cations and 

oxygen vacancies 

completely 

disordered



He Bubble Formation in Pyrochlore Pre-Damaged with 7 MeV Au3+

He was implanted into 

amorphous Gd2Ti2O7 to 

simulate real waste

 Bulk samples were pre-damaged with 7 MeV Au3+ to induce 

phase transformations, then implanted with He

 Gd2Ti2O7 formed bubbles at ~6 at.%, Gd2Zr2O7 formed 

bubbles at ~4.6 at.%

Gd2Zr2O7

Gd2Ti2O7

1. Taylor et al. Acta Materialia 115 (2016) 115-122

2. Taylor et al. Journal of Nuclear Materials 479 (2016) 542-547



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 Y2Ti2O7, prefers individual sites 

as opposed to clustering  did not consider vacancy binding

 Danielson et al. JNM 452 (2014) 189-196.

 Yang et al. JAP 115 (2014) 143508.

 Interstitial He diffuses between octahedral sites with Em ~ 0.5 eV in Y2Ti2O7

 Danielson et al. JNM 477 (2016) 215-221.

Tetrahedral site appears most 

favorable in pyrochlore and 

fluorite Gd2Zr2O7 Octahedral site most 

favorable in Gd2Ti2O7

*Voronoi volumes calculated 

using Voro++ C++ library*

He prefers larger interstitial sites

O

A

B

He

A-A

32e

8a

B-B

O-OTetrahedral 

Octahedral



Sandia’s Concurrent In situ Ion Irradiation TEM Facility

10 kV Colutron - 200 kV TEM - 6 MV Tandem

IBIL from a quartz stage inside the TEM
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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

Colutron Implantation 

Chamber

Beam defocused to 

cover two samples at 

once (one GTO, one 

GZO)

Cu Grid Holey 

Carbon

Particle
1  1015

ions/cm2

GTO amorphizes at 

1  1016 ions/cm2

Goal is to compare ex-situ implants/in-situ 

annealing with in-situ implants at RT and HT



He Bubbles Formed at Higher Dose in GZO than in GTO

51016 He/cm2

100 nm

81017 He/cm2

G
Z

O
G

T
O

No bubbles observed in GZO sample 

implanted with 51016 He/cm2

High density of small bubbles observed in 

GTO sample implanted with 51016 He/cm

High density of small bubbles observed in 

GZO sample implanted with 81017 He/cm2

Large cavities observed in GTO sample 

implanted with 81017 He/cm2

Dissolve under e-beam

Samples with high density of small 

bubbles were annealed in-situ:

 Annealed in steps of 100ºC, 

stopping at each step for 20 min, up 

to 700ºC
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 Bubble density decreased

after annealing in 4/6 

GTO particles and 

increased after annealing 

in 4/5 GZO particles.  No 

strong dependence on 

particle size.

 Bubble area decreased in 

3/6 GTO particles after 

annealing (others 

unchanged), and 

increased in 2/5 particles 

in GZO (others 

unchanged).  Larger 

particles had larger 

decrease in bubble area 

in GTO, no apparent 

particle size effect in 

GZO.
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Observed trends may be 

due to thickness, not 
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In-situ annealing experiments revealed kinetics of He evolution with high 

density of bubbles present in material-Gd2Zr2O7

773 K (20 min) 873 K (20 min) 973 K (20 min)

473 K (20 min) 573 K (20 min) 673 K (20 min)
Imaged region in 

grid window (not 

over C film)



In-situ annealing experiments revealed kinetics of He evolution with high 

density of bubbles present in material-Gd2Ti2O7

773 K (20 min) 873 K (20 min) 973 K (20 min)

473 K (20 min) 573 K (20 min) 673 K (20 min)

Large decrease in density

Small decrease in density

Imaged region in 

grid window (not 

over C film)

Chose particle 

close to Cu grid 

for best thermal 

flow
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Quantifying bubble size and density changes during annealing

GTO after 51016 He/cm2
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Summary/Future Work

 Summary

 He implants into TEM samples resulted in a high density of bubbles at 5x1016 ions/cm2 in 

GTO and at 8x1017 ions/cm2 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 5x1016 ions/cm2 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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Pyrochlore Samples Were Prepared by Conventional Solid State Synthesis in Air

50 μm 5 μm

Gd2Ti2O7

Cracked Surface Cracked Surface

Gd2Zr2O7

Perfect Single Phase



Thermal desorption spectroscopy was used to study He trapping in  

Gd2Ti2O7 and Gd2Zr2O7

THDS measurements were 

performed by Xunxiang Hu at Oak 

Ridge National Laboratory

15 PAS & TDS at ORNL 

Manipulator 

Gas 
Implantation 

and Thermal 

Desorption 

System at 

ORNL 
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Heating Chamber 

Measurement Chamber 
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feeding ion gun 
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radiation 

pyrometer  

Quadrupole 
mass 
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Heater (1400°C) 

Temperature 
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Each peak corresponds to 

He dissociation from a 

different trapping site

THDS sample

10 keV He

Ion gun in TDS

100 keV He

LANL

1 MeV He

UT-IBML

11015 ions/cm2

for all energies

SRIM Calculations

Defect trapping sites can be determined 

by comparing THDS data with ED

calculated by DFT



Desorption Spectra Differed for Each Implantation Energy
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