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Macroscopic and Microscopic Helium Effects

ZrT2, ~5 y 9 m old

ZrT2, ~1 y 10m old

10 keV

Ullmaier Nucl Fusion 24  (1984) 

1039

Fast Neutron Irradiation-induced 

swelling (3-6% He) in Boron 

Carbide

Stoto et al J. Appl. Phys. 68 (1990)

W Fuzz

Kajita et al Nucl 

Fusion 49 (2009)

Reactor Steel Embrittlement

2



Nanoscale Helium Bubbles

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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Bubbles evolution at temperature can elucidate 

physical mechanisms

Taylor, C. A., et al. (2020). "Using In Situ TEM 
Helium Implantation and Annealing to Study Cavity 

Nucleation and Growth." JOM 72(5): 2032-2041.

How does heating rate 

affect bubble 

evolution?

Pre-

existing 

void

◼Blisters form at boundaries by absorbing nearby 

cavities

◼Large faceted cavities form inside the grains by 

absorbing smaller bubbles and possibly He from the 

matrix

◼Blisters eventually burst, leaving behind a denuded 

zone at the boundary

1x1017 He implantation, 450 C hold 

with in-situ resistive heating
C. Taylor, TMS, 2019.



Realizing rapid, in-situ TEM heating with 1064 nm laser

Compare laser heating 

with standard in-situ 

resistive heating holder

Mirror
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lattice expansion using 
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Heating rate affects He bubble size

Fast IR laser

Slow DT heating

◼ Fast IR Laser: 3 W, 3sec pulse

◼ Slow DT Heating: 10C/min to 450 C

◼ The final temperature was attempted to be same: 

450 C

◼ Pd thin film (50 nm) ex-situ implanted to a fluence 

of 6x1016 ions/cm2 with 10 keV He

Higher heating rate 

yields larger bubbles

Future work involving direct-detection 

camera will track bubble motion during 

heating transients at up to 500 fps

Pre Post Laser

Pre Post Anneal

Direct Electron DE-64 Camera

50 nm 50 nm

50 nm50 nm



Emulating erbium hydride aging through ion 

irradiation

➢Er undergoes a phase transformation from a 
hexagonal to a fcc structure under hydriding, forming 
ErH2

➢Tritium β-decays to 3He, which models predict to 
remain in the tetrahedral site. Diffusion may occur 
through the octahedral site

➢
3He in ErT2 tends to form platelet structures instead of 
bubbles

➢ErH2 usually contains some oxide, Er2O3

10% volume expansion
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He implantation of ErD2 causes 

surface flaking through bubble 

linkage and crack growth

C.A. Taylor, et al. Materialia, 2021.

120 keV He, 5x1017 ions/cm2



Multilayered Er composites to limit He bubble impacts

30 keV He ex situ implantation at Los Alamos National Lab

C.A. Taylor, et al. Materials 14 2021.
5

Er/Mo multilayered composites 

show He bubble accumulation 

at interfaces 

10 keV He in situ implantation at SNL

• Er/Mo multilayered samples fabricated via e-beam 

deposition

• Deuterated without formation of intermetallic phases

• He implantation to investigate He bubble nucleation



D/T and He accumulation changes mechanical 

properties of metals

J.A. Knapp, et al. JNM, 350 2006. 

J.A. Knapp, et al. J. Appl. Phys., 105 2009. 

He accumulation changes 

mechanical properties of nanoscale 

specimens 

6

How are the mechanical 

properties altered via 

accelerated aging?

ErD2 shows similar hardness as 

un-aged ErT2, yet properties of 

ErT2 changes with time

Yield stress and modulus of aged 

ErT2

M-S. Ding, et al. Nano Lett. 2016.

Q. Guo, et al. Small, 2012. 



Rapid Evaluation of Helium in Materials using Sandia’s 

I3TEM

▪ In-situ implantation only takes a few hours – tritium 
aging takes several months and rad work

▪ In-situ annealing with the Gatan DT Heating stage or 1064 
nm laser used to quickly assess the stability of bubbles 

▪Hysitron PI-95 PicoIndenter In-situ TEM nanomechanical 
testing 

JEOL 2100 TEM

Ex-situ 
Implant 

Chamber

Bending 
Magnet

Cryo Trap 
Vacuum 
System

Beamline to 
Colutron

Beamline 
to Tandem

1) Indentation

2) Tension

3) Fatigue

4) Creep

5) Compression

6) Bend

Quantitative Mechanical Testing

Minimal control over displacement and no “out-

of-box” force information

• Sub nanometer displacement resolution

• Quantitative force information with µN 

resolution
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Utilizing in-situ TEM push-to-pull device for tensile 

testing

FIB liftout micro-machining to fabricate tensile 

bars for TEM testing

8

Nano-tensile bars for in situ TEM 

tensile testing successfully 

fabricated via FIB liftout

Push-to-pull testing using 

Hysitron PI-95 

Displacement 

controlled 

test, 20 nm/s



In-situ TEM tension tests resulted in brittle failure

9

Similar moduli for ErD2 and ErT2, 

though lower stress needed for 

failure of ErT2

No necking observed, brittle failure



Pillar Yield Strength [GPa] Modulus [GPa]

1 1.5 2.5x101

2 1.8 1.2x101

3 1.6 0.5x101

4 1.3 -

5 1.9 1.4x101

6 1.5 1.0x101

Nanopillar compression likely more elucidating for 

brittle material like ErD2

Testing the nanoscale 

mechanical properties of 

ErD2 as an analogue to ErT2

Thanks to Nan Li for 

assistance with experiments0.0 0.1 0.2 0.3 0.4
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Nanopillar compression likely more elucidating for 

brittle material

Mo

ErD2

In-situ TEM nanopillar 

compression tests 
Hysitron PI-95 indenter 1 um flat tip

Displacement controlled test

Load: 0-200 nm at 2nm/s

Unload: 100-0 nm at 2nm/s

PI-95 Tip
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FIB-milled nanopillars of Er on Mo substrate

120 keV He implantation profile shows He peak in center of 

pillar

Peak He concentration: ~5 at.%

Utilizing in situ TEM nanopillar 

compression of ErD2 and He-

implanted ErD2 thin film



Pillar Yield Strength 

[GPa]

Modulus 

[GPa]

2 1.2 5.9

3 1.1 1.1

4 1.2 5.1

5 1.3 4.1

6 1.7 3.4

7 1.7 -

8 1.1 -

9 1.5 -

He implantation affects pillar response, leading to 

softening, no strain hardening
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Aged ErT2 :

He concentration of 

5 at.%

From 

nanoindentation: 

Yield Strength -

~1.5 GPa

Young’s Modulus -

~165 GPa

Low fluence He implantation leads to 

hardening, high fluence implantation 

can lead to softening



Increasing strain rate increases the measured strength 

of He-implanted ErD2 pillars

Pillar Yield Strength 

[GPa]

Modulus 

[GPa]

1 2.68 4.2x101

2 4.03 5.5x101

3 5.44 7.4x101

4 4.98 9.3x101
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Aged ErT2 :

He concentration of 

5 at.%

From 

nanoindentation: 

Yield Strength -

~1.5 GPa

Young’s Modulus -

~165 GPa

J.A. Knapp, et al. J. Appl. Phys., 105 2009. 

Nanoindentation can be used to test effects of He 

implantation on accelerated-aged ErD2, scalable to ErT2

Compliance of 

device needs to be 

accounted for in 

future

Increased strain 

rate increases 

strength observed 

in other material 

systems



Further testing to decipher impacts of D and He 

loading

◼ He implantation to 1x1017 He fluence slightly softens nanopillars

• Change in yield strength: 1.59 vs. 1.35 GPa

• Intermediate He implantation concentrations

◼ Will test ErT2 pillars different aging times (days after loading)

◼ Micro-cantilevers fabricated for in-situ SEM fracture tests

Utilizing in situ TEM mechanical testing to qualify the accelerated aging 

techniques in Er 
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Micro-cantilevers of He-implanted ErD2

for in-situ SEM testing



In-situ TEM techniques to elucidate helium effects on 

metals and metal hydrides 

◼ Tritiated metals have mechanical properties that change as they age

◼ Can we simulate their aging through ion implantation?

◼ He implantation of deuterated metals used to simulate aging of 

tritiated metals

◼ In-situ TEM tensile and compression tests important for determining 

mechanical properties of aged and implanted hydrides 
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Preliminary results show accelerated aging useful to qualifying 

mechanical properties of aged films
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Sandia’s Concurrent In situ Ion Irradiation TEM 

(I3TEM) Facility to study material evolution

10 kV Colutron - 200 kV TEM - 6 MV Tandem

Capabilities

■ 200 kV LaB6 TEM 

■ Ion beams considered:

■ Range of Sputtered Ions

■ 10 keV D2+

■ 10 keV He+

■ All beams hit same location

■ Nanosecond time resolution 

(DTEM)

■ Procession scanning (EBSD in 

TEM)

■ In situ PL, CL, and IBIL

■ In situ vapor phase stage

■ In situ liquid mixing stage

■ In situ heating

■ Tomography stage (2x) 

■ In situ cooling stage

■ In situ electrical bias stage

■ In situ straining stage (3x)

Heavy Ion Irradiation + Gaseous 

Implantation

Control ratio of dpa and gas 

species implantation and 

characterize coupling effects

15

Direct real time observation of ion 

irradiation, 

ion implantation, or both with nanometer 

resolution

Effect of He implantation on tensile 

straining behavior of Nb and W

Rapid heating of He-implanted NC metals

to examine grain growth

Rapid heating of He-implanted NC metals

to examine bubble growth

Environmental heating to examine effect 

of atmospheric exposure on grain growth
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Sandia’s USER Capabilities

Gateway Facility - LANL 

• Nanophotonics & Optical 

Nanomaterials

• Soft- Biological & Composite 

Nanomaterials

• Quantum Materials

• In-situ Characterization and 

Nanomechanics

Core Facility - SNL

Ion Beam Analysis (IBA)

Radiation Effects 
Microscopy (REM)
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In situ Ion Irradiation 
Transmission Electron 

Microscopy 

(I3TEM)

Ion Beam Modification (IBM)



ErD2 Pillars



He-Implanted ErD2 Pillars



He-implanted ErD2 Pillars

Pillar 2

Pillar 4

Pillar 1

Pillar 3
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