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| Sandia’s lon Beam Laboratory
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IBIL from a quartz stage inside the TEM

‘Sandia’s Concurrent I’TEM Facility

Collaborator: D.L. Buller

10 kV Colutron - 200 kV TEM - 6 MV Tandem

Direct real time observation
of ion irradiation,

ion implantation, or both
with nanometer resolution

lon species & energy introduced into the TEM
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ISTEM capabilities

Radiation Environments Other Extreme Environments

= Single lon Strikes through 100s of dpa ~m Thermal (77K to 1273 K)
v = Gas and Liquid Environments
' = Mechanical =

Quantitative
High Cycle
Fatigue of

nc- Cu

A 46 keV Au1 ion |nto 5 nm Au nanoparticles
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R&D Topics of Interest

Current R&D Topics Under Investigation:

Accelerated aging testing in harsh environments,

Development and testing of surrogate fuels,

Validation and refinement of pellet cladding interface properties,

Validation and testing of current and advanced radiation detectors,

Fundamentals of hydrogen isotope production, transportation, and storage,
Exploration of radiation tolerant structural materials for cladding and duct systems,
Determination of radiation tolerance in microelectronics,

Predicting the performance margins in structural metals,

Basic Science understanding of grain boundary stability under thermal, mechanical,
and radiation environments,

m Exploring the microstructural stability in complex wear environments,

\[1] Sandia National Laboratories



Summary & Future Directions

A,
Sandia’s I3TEM capabilities: or,
=  Insitu high energy ion irradiation from H to Au
* Insitu gas implantation @0&
=  Heating up to 1,000 °C J
=  Cooling down to 77 K N~ )

= Quantitative and bulk straining
=  Two-port microfluidic cell

=  Gas flow/heating stage

=  Electron tomography

=  Precession Electron Diffraction

Sandia’s I3TEM future capabilities being developed:
= Insituion irradiation TEM in liquid or gas (currently capable)
= DTEM: Nanosecond resolution (laser optics being developed)
= Adding 1 MV NEC Tandem to complete the ion energy range
=  Converting a 90° switching magnet to bend beams at 45 ° to obtain 88 MeV Au

Currently applying the current ISTEM capabilities to various
material systems in sequential or combined harsh
environmental conditions to elucidate the governing
mechanisms and inform computational models

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed
Martin Corporation, for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-AC04-94AL85000.
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Current Status of the In situ TEM Beamline

2o k-

‘ '

Beam burn from
14 MeV Si

Gas Heating TEM
Stage Controls

Microfluidic TEM
Stage Controls

Collaborators: D.L. Buller & J.A. Scott

e

\
Double tilt stage
needs to tilt only

4 / Quantitative
- c Mechanical

6 MV
Tandem

Bending Testing
Magnet to TEM Stage
Mix Beams Controls
|
Pre-TEM Coupon
Irradiation Chamber

N =

ISTEM is operational,
but also still in development




In situ TEM Luminescence

Collaborators: D. Masiel, D. Buller, and C. Chisholm

Optical Mirror in TEM First IBIL in TEM

Two optical port were
added to the ISTEM already
containing a electron beam
and two ion beams, which

permits in situ TEM
luminescence studies

Optical Pathway in an I3STEM

= Angled mirror with bore hole for the
electron path was installed above the
polepiece

= Another mirror is located just above the ion
beams in the beamline

=Two perspective of the sample are possible
=Permits in situ IBIL and CL.




Single lon Strikes:
46 keV Autions into 5 nm Au nanoparticles

Collaborator: D.C. Bufford




Single lon Strikes:
2.8 MeV Au#* ions into 60 nm Au nanoparticles

Collaborator: D.C. Bufford

>,

= 2.8 MeV Au#*ions into
1 60 nm diameter Au
/ nanoparticles
| m 100 kx magnification

m Nanoscale filaments
created by individual
ions

The permanent and
transient structures
resulting from single ion
strikes can be directly
observed

60 nm

Video playback at 2x real time. '_J Sandia National Laboratories



Formation of Dislocation Loops & Sputtered Particles
due to He implantation

Collaborators: D.C. Bufford, S.H. Pratt & T.J. Boyle

olmin ((@l 07 [He®/cm 10fmin
S

EB30Inm

C—1

10 minutes

04r d,, =206 +0.74 nm 04 d, =263+0.77 nm
: :
5 2
© 02} & 02}
— L

0.0 0.0

0 2 4 6

0 2 4 6

== Sputtered Particle Diameter (nm) Sputtered Particle Diameter (nm)

Sandia National Laboratories




Electron Tomography Provides 3D Insight

Collaborators: S.H. Pratt & T.J. Boyle
In situ lon Irradiation TEM (ISTEM) Aligned Au NP tilt series - Unirradiated Au NP model

' unirradiated

e F
Irradiated Au NP model

Aligned Au NP tilt series -
irradiated

Hummingbird
tomography stage

rh—m

The application of advanced
microscopy techniques to

extreme environments provides
exciting new research directions




New scintillating materials
are critically needed to
protect the United States.

Need for Advanced Scintillators

Goal: determine the utility of size-selected high Z transition metal
tungstates (MWQO,) as novel scintillating materials

» Characterize novel nanotungstates and their radiation hardness
* Investigate size effects on radiation interaction

* Elucidate radiation interaction mechanisms

s High Z Nanocomposite

* 3 "
g
T

Single crystal scintillators suffer from : low luminosity, volume
restrictions, mechanical ruggedness, and chemical instability

CdWOQ, single crystal scintillators

Nanorods of
Cdwo,

Improvement in
scintillation
properties?

Sandia National Laboratories



Tomographic Reconstruction of CdWQO,

Recent advancements in TEM control and
reconstruction software permit collection
and production of 3D model of the
“transmission” micrograph.

Sandia National Laboratories



Tomography of CAWO, irradiated
with 30 nA of 3 MeV Cu?3*

Unirradiated 30 minutes

Tilt series were collected after each dose of irradiation
resulting in 4D tomography with 3D reconstructions
showing radiation damage over time.

Sandia National Laboratories



Current work: In situ Proton Irradiation as First
Order Simulation of Neutrons

Unirradiated 15 minutes 60 minutes

160 nA of 2.5 MeV H* used to simulate
neutron radiation shows less change.
Results suggest good radiation
hardness for tungstate nanorod-
composite scintillators.

Sandia National Laboratories



- Future Direction: In situ TEM
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Collaborator: J. Gutierrez-Kolar

lon beam Induced Luminescence (IBIL)
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Significant optimization is still needed; potential is promising
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Quantifying Defect Evolution
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Dose Rate Effects

Collaborators: C. Chisholm , P. Hosemann, & A. Minor

7.9 x 10%ions/cm?/s 6.7 X 107 ions/cm?/s

Improved vibrational and ion beam stability permits us to work at 120kx
or higher permitting imaging of single cascade events




In situ Implantation

Gold thin-film implanted

with 10keV He?*

Result: porous
microstructure

Collaborators: C. Chisholm & A. Minor

4.0 x 1016 jons/cm?

1.0 x 1017 ions/cm2_




Single lon Strikes During Concurrent
Irradiation: Nucleation of Helium Cavities

Collaborators: C. Chisholm & A. Minor

a) Initial
microstructure

b) Cascade: Creation
of dislocation loops,
vacancy clusters,
and three cavities

d) Cascade damage
still evolving

e) Apparent stability

f) Final
microstructure: Only
two remaining
cavities




Simultaneous In situ TEM Triple Beam:
2.8 MeV Au“t + 10 keV He+/D

Collaborator: D.C. Bufford

Video playback speed x1.5.

.- N
L 4

In-situ triple beam He,

D,, and Au beam
irradiation has been
demonstrated on
Sandia’s ISTEM!

g Intensive work is still

Approximate fluence: : 2 P o needed to understand
Au 1.2 x 108 ions/cm? FLTAN the defect structure

He 1.3 x 10%° jons/cm? A" 4 @ evolution that has been

D 2.2 x10% ions/cm? observed.
Cavity nucleation and disappearance




Precession Electron Diffraction Microscopy

() ()
Scan
() ()
Specimen o g
De-scan 000 ()

Advantages:

e <10 nm spatial resolution
. Near kinematical electron diffraction

«  Symmetry ambiguities are resolved
R : L Fast and automated acquisition
B R - <200 grains in 15 min.

(Diffracted ~ L N S
amplitudes) -~ - T L 1) Sandia National Laboratories

Angular resolution =1°

X NanoMEGAS

Advan diffraction



Quantifying Stability of Nanocrystalline Au
during 10 MeV Si lon Irradiation

Collaborators: D.C. Bufford, F. Abdeljawad, & S.M. Foiles
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“ = Direct Comparison to Mesoscale Modeling

Collaborators: D.C. Bufford, F. Abdeljawad, & S.M. Foiles
-

orefls ‘Boundsiisdiciors P~
v". .ﬁ ?% _18" ,j.l'l._g |
- 15 '.: -t : g h

 « . legi“ ! .l' B ~

\‘
X
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—+— Avg. Thermal Events

Time [X 7]
Because of the matching length scale, the initial microstructure
can serve as direct input to either MD of mesoscale models &
subsequent structural evolution can be directly compared. F) Sandia National Laboratories




v

“Modeling Beam Mixing and Deflection Necessary to

Develop a In situ Triple Beam Facility

Collaborators: M. Steckbeck, D.C. Bufford, & B.L. Doyle

TEM

Obj. Lens

m Must compensate for deflection of Tandem beam by bending magnet

= With 10 keV He/D, we can use Tandem beams £13 MeV/q?

Bending
Magnet

Required Tandem Mass-Energy Product

(u-MeV/q?)

Colutron beams deflected by the TEM objective lens
m Insignificant deflection of Tandem beams

40
35
30-—
25 -
20-—
15_—
10

5

0
0.00

Tandem beam MEP too high to be bent toward TEM

1 2.8 MeV Au*
1

Tandem beam MEP too low and deflected
too much by Bending Magnet
0.02 0.04 0.06 0.08 0.10 0.12

Colutron Mass-Energy Product (u-MeVqu)

/ 10 keV He*/ D]

Steering Magnet
20°

2.8 MeVAuU**

Au, He, and D,
ions can all
reach the
sample
concurrently
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10 keV He* Implantation
followed by 3 MeV Ni3* Irradiation

Collaborator: B. Muntifering & J. Qu

He*then Ni3*

‘ Visible damage to the sample High concentration of cavities along
grain boundaries

() . . .
|I1) Sandia National Laboratories ,q
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Cavity Growth during In-situ Annealing of 10 keV He*

. Implanted and then 3 MeV Irradiated Ni3*

20

Average Diameter (nm)
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Cavities in
helium
implanted,
self-ion
irradiated,
nc nickel film
annealed to
400 °C

Cavities
span
multiple
grains at
identified
grain
boundaries

Precession Electron Diffraction
Reveals Hidden Grain Structure




Cyclic Pillar Compression

m Cyclic loading with increasing force amplitude
- After a previous monotonic compression
- 23 cycles to failure

m Failure initiated at notches due to
fabrication defects

40
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Tension Specimen Fabrication

* Hysitron “Push-to-Pull” devices

o Microfabricated Si test frame

o Cu film (75 nm) floated onto device, then FIB milled

WD |mag | det | mode| HFW | tilt

WD mag | det |mode| HFW tnt}

by
-“-.:3‘51 mm |500 x|ETD| SE [512ym |0 ° ®/5.0mm | 20000 x |ETD| SE |12.8 ym|0

= Nearly pure tension, uniform cross sectional area, stable load frame
m Sensitive to shape of edges, issues with magnetic materials

111! Sandia National Laboratories




| In situ TEM Monotonic Tension Testing

Video playback % 0.5

500 nm

Raw Mechanical Property Data
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In situ TEM Cyclic Tension Testing

Video playback %10 Collaborator: D. Stauffer

= Cyclic loading:
- Crack initiated in previous
monotonic test
- 9 cycles to =87.5% of that load
- 50% unloading

- Slow crack propagation
400 Raw Mechanical Property Data
300 -
-3
= 200}
-
©
o
_|
100 |-
 Slow crack propagation
o - 0 e 1 . ] J 1 e
« Evidence of grain growth 0 50 100 150 200

D e pth (1) National Laboratories



~ .. Cyclic Tension In Situ

Collaborator: D. Stauffer

Before

= Wealth of information from one sample:

- Images and electron diffraction at each stage

- Video and force/displacement during load cycles
m Microstructural change still elusive
Difficult to confirm and quantify

(Post-failure)

111 Sandia National Laboratories




T

In situ TEM Quantitative Fatigue Testing

Contributors: D.C. Bufford, D. Stauffer, W. Mook
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Quantifying Microstructural Change

m EBSD-like capability in the TEM

- Powerful analytical tools available
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Quantifying Microstructural Change
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«» - Insitu TEM Quantitative Mechanical Testing
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Contributors: D. Stauffer, C. Chisholm, H. Bei, E.P. George, P. Hosemann, & A.M. Minor
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TEM micrographs of Mo-alloy nanofibers. (a) 0% pre-
strained, no observable defects. (b) 9% pre-strained with ) ¥ :
mobile dislocations and sessile loops. (c) Dark-field 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
micrograph of 15% pre-strained fiber. (d) He* and Ni2*
irradiated, 9% pre-strained fiber.
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\ Future Direction: In situ TEM Corrosion Direction

Contributors: D. Gross, J. Kacher, & .M. Robertson

Electron Beam

SiN Membrane

Flowing Liquid

Scattered Electrons Metal Fil
etal Film
SiN Membrane

Microfluidic Stage

= Mixing of two or more channels
= Continuous observation of the reaction channel
= Chamber dimensions are controllable

=Films can be directly deposited on the electron transparent
SiN membrane

Pitting mechanisms during dilute flow of acetic
acid over 99.95% nc-PLD Fe involves many grains.

(1) Sandia National Laboratories




\ Future Direction: In situ TEM Hydrogen Exposure

Contributors: B.G. Clark, P.J. Cappillino, B.W. Jacobs, M.A. Hekmaty, D.B. Robinson, L.R. Parent, I. Arslan. & Protochips, Inc.

—o 2 Vapor-Phase Heating TEM Stage
1 Op" N = Compatible with a range of gases
@ H lll | Mottt = In situ resistive heating
o e | i i
—o 2 : | 1 P n Contlnuous_, obse.rvatlon of the reaction channel
5 <l ){/‘ Bubplesit = Chamber dimensions are controllable
% | { ""\\ = Compatible with MS and other analytical tools
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R. Delmelle, J., Phys. Chem. Chem! Cowgill, D., Fusion Sci. & Tech., 28 (2005) p. 539
Phys. (2011) p.11412 Trinkaus, H. et al., JNM (2003) p. 229

Thiebaut, S. et al. JNM (2000) p. 217

- : = 1 atm H, after several pulses to specified temp.
‘ Harmful effects may be mitigated in nanoporous Pd

300° C

New in situ atmospheric heating
experiments provide great insight into
nanoporous Pd stability




First “Hot” sample into IS'TEM

Contributors: A. Aitkaliyeva, R. Hess, R. Dingreville

This Pellet Cladding Interface is the first “hot”
'|‘ TEM sample approved for study in Sandia’s IS'TEM




Low Temperature Synthesis of
Lanthanide and Actinide Nanoparticles

Fabrication of nuclear fuels at low
temperatures allowing for the
formation of complex Uranium metal
and alloys with minimum volatility of
alloy compounds in the process

Potentially permits the recycling of
dissolved uranium and lanthanide ions
from acidic solutions (used fuel) into
metals and alloys

Gamma (g) irradiation is used to
reduce uranium and lanthanide ions to
metal in solution at room temperature

result in Limits potential release to the
environment and/or other ES&H issues

Radiolytic formation of actinide nanoparticles
RT approach for nuclear fuels synthesis reducing
defect formations in bulk metals when compared

to normal sintering at 1500-1700°C
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STABLE CLUSTERS

T.M. Nenoff, et al. J.
Nuc. Mater. 442 (2013)
T.M. Nenoff, et al.

Chem. Mater. 2011, 23,




: In situ Observation of the
Various Structural Evolutions

Structural evolution is
highly dependent on:

 thelanthanide salt
 Jocal salt conc.

+ flow rate
* proximately to other
nanostructures

e e beam dose
e e beam dose rate
* etc.

111 Sandia National Laboratories




The Resulting Microstructures
EuCl;in H,0O EuCl;in H,0O LaCl; in H,0




