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In situ TEM
microscopy

has recently
undergone
significant growth
providing
capabilities to
investigate the
structural evolution
that occurs due to
various extreme
environments and
combinations
thereof
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Sandia’s lon Beam Laboratory
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IBIL from a quartz stage inside the TEM

Sandia’s Concurrent In situ lon
Irradiation 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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Single lon Strikes:
46 keV Aut-ions into 5 nm Au nanoparticles

Collaborator: D.C. Bufford




Formation of Dislocation Loops & Sputtered Particles
due to He implantation

Collaborators: D.C. Bufford, S.H. Pratt & T.J. Boyle
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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
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Hummingbird
tomography stage
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The application of advanced
microscopy techniques to

extreme environments provides
exciting new research directions




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




Quantifying Stability of Nanocrystalline Au
during 10 MeV Si lon Irradiation

Collaborators: D.C. Bufford, F. Abdeljawad, & S.M. Foiles
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Any texture or grain boundary evolution can be directly observed and quantified




~ . Direct Comparison to Mesoscale Modeling

Collaborators: D.C. Bufford, F. Abdeljawad, & S.M. Foiles
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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.
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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
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ions can all
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sample
concurrently
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Simultaneous In situ TEM Triple Beam:
2.8 MeV Au“t + 10 keV He+/D

Collaborator: D.C. Bufford

Video playback speed x1.5.
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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




Hysitron PI95 In Situ Nanoindentation TEM Holder
Sub nanometer displacement resolution

Hysitron Corp.

Quantitative force information with uN resolution

m Concurrent real-time imaging by TEM

Nanoindentation

Load (uN)

b |

25

15 -

10:
4
Lodl

207- §§§§

..............

In situ Quantitative Mechanical Testing
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\ In situ TEM Corrosion

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.
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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.

Vapor-Phase Heating TEM Stage
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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




Summary

Sandia’s I’TEM capabilities:

A,
60{
O,
= In situ high energy ion irradiation from H to Au <

= In situ gas implantation i s

= Heating up to 1,000 °C Q@é\, Ve

* Quantitative and bulk straining L 4

*  Two-port microfluidic cell 5 i i g%

=  Gas flow/heating stage Sample -

= Electron tomography , ‘
lectron

=  Precession Electron Diffraction T

Sandia’s I’'TEM although still
under development is
providing a wealth of

Sandia’s I3TEM future capabilities being developed: interesting initial observations
and harsh environments

R

Currently applying the current ISTEM capabilities to various material
systems in combined and harsh environmental conditions

= Insituion irradiation TEM in liquid or gas (currently capable)

=  DTEM: Nanosecond resolution (laser optics being developed)
= Beamline: Add 1 MV NEC Tandem & convert 90° magnet to bend beams 45°
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