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Potential Evolution of System Design

Use the Nearest Stone Materials by Design

m Physics-based approach
= Requires multiscale modeling

= Engineers require given

to

- =, properties, Scientists tailor
= Radar charts and Ashby plots of current material  the chemistry and
= Accelerated and field testing microstructure to achieve it.
= Scientist create a new materials. Great vision! We are making

Engineers find an application. strides, but we are not there yet
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- ¢ Sandia National Laboratories

“Exceptional service in the national interest”

, Yucca Mountam’
Livermore, CA
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| Sandia’s USER Capabilities
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In situ Characterization and Nanomechanics

Developing and implementing world-leading capabilities to study the dynamic

response of materials and nanosystems to mechanical, electrical, or other stimuli.

In-Situ Nanomechanics

P 5

Scientific challenges M 4 i

» How do defects and crystal distortions alter the mechanical and other
extrinsic properties in nanostructured materials?

* How can we understand and control energy transfer across interfaces and
over multiple length and time scales?

6 * How does the environment change the mechanical response and surface
structure of nanoscale materials? Sandia National Laboratories




“Sandia’s lon Beam Laboratory

[on Beam Laboratory Capabilities
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lon Beam Modification (IBM)

lon Beam Analysis (IBA)

Shootingacharged Changing the
particle at an optical,
unknown material to mechanical, and
determine it's chemical
identity, local propentes
. of materials
chemistry, and o
structure. via ion
implantation
to meet
technological

needs

In Situ lon Irradiation

Microscopy (I*M)
Bombarding nano
samples with various

particles and observing
the changes in real time

to understand how
materials will behave in

extreme environments.

The IBL has a unique and comprehensive ion
beam capability set including and In situ lon

Radiation Effects
Microscopy (REM)

Using ion emissions to determine the
Radiation hardness of microelectronics,
identifying potential weaknesses.

Irradiation Transmission Electron Microscopy.
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Benefits & Limitations of in situ TEM

Benefits

1. Real-time nanoscale resolution observations of microstructural dynamics

Limitations

1.  Predominantly limited to microstructural characterization
- Some work in thermal, optical, and mechanical properties
2.  Limited to electron transparent films
- Can often prefer surface mechanisms to bulk mechanisms
- Local stresses state in the sample is difficult to predict
3.  Electron beam effects
- Radiolysis and Knock-on Damage
4.  Vacuum conditions
- 107 Torr limits gas and liquid experiments feasublllty
Local probing
- Portions of the world study is small
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Fig. 2: Sketch by the author (9 March 1931) of the cathode ray tube for testing one-stage and two-

stage electron-optical imaging by means of two magnetic electron lenses (electron myicroscope) [S]



IBIL from a quartz stage inside the TEM

Sandia’s Concurrent In situ lon
Irradiation TEM Facility

Collaborator: D.L. Buller
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Single lon Strikes:
46 keV Au'- ions into 5 nm Au nanoparticles

Collaborator: D.C. Bufford




Single lon Strikes: 46 keV Au'- ions into 20 nm NPs

Collaborator: D.C. Bufford




Formation of Dislocation Loops &
Sputtered Particles due to He implantation

Collaborators: D.C. Bufford, S.H. Pratt &;[J Boyle
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Sandia National Laboratories
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“ ©_ Exploring Radiation effects in Au Nanorods

S

Collaborators: J. A. Hinks, F. Hibberd, A. llinov, D. C. Bufford, F. Djurabekova, G. Greaves, A. Kuronen, S. E. Donnelly & K. Nordlund

Fluence (ions.cm2)
30 nn 0 3.6x10'S

AuNR-1 |+
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Crystal Orientation Matters!
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Intensity (arb units)
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Radiation Tolerance is Needed in Advanced Scintillators
for Non-proliferation Applications

m Contributors: S.M. Hoppe, B.A. Hernandez-Sanchez, T. Boyle

® ;J:‘ [ Pt .ii

s

High-Z
nanoparticles
(CdWOQO,) are

promising,
but are
radiation
sensitive

CdWO4 Rods —— ASR
3MeV Cu —— 50 sec
— 250 sec

500 sec
——— 2500 sec|

5000 sec
— 7500 sec|

T T T T T T
300 400 500 600 700 800
Wavelength (nm)

In situ lon Irradiation TEM (I*TEM)

Un-irradiated

Hummingbird
tomography stage

Tomography of Irradiated CAWO,:
3 MeV Cu3*at ~30 nA




‘ Radiation Stable Nanoparticles!

Collaborators: T.J. Boyle, S.J. Blair, B. Muntifering
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In contrast some NPs appear to be very radiation stabile l

111! Sandia National Laboratories
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Dose Rate Effects in Nanocrystalline Metals

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

111 Sandia National Laboratories




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

Collaborator: D.C. Bufford

Video playback speed x1.5.

m Approximate fluence:
- Au 1.2 X 10" ions/cm?
- He 1.3 X 10" ions/cm?
- D 2.2 x10' jons/cm?
V' » Cavity nucleation and disappearance

In-situ triple beam He, D,,
and Au beam irradiation
has been demonstrated
on Sandia’s IF'TEM!
Intensive work is still
needed to understand the
defect structure evolution
that has been observed.

111! Sandia National Laboratories




1D Brownian Motion in Real Time

Collaborator: D.C. Bufford

Triple beam condition:
2.8 MeV Au** + 10 keV He* /D,

L3

== ® Dislocation loop moves between two pinning sites
? . ~30 nm apart




Quantifying Grain Boundary Radiation Stability
of Nanocrystalline Au

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

35

Frequency (%)

35

25

Frequency (%)

directly observed and quantified

30--
25-
20_
15_

10

Before
485 Grains
davg =42.8 +26.6 nm

5 largest grains
11% of total area

HHHH‘LM’L’/;H o I

30

20
15

10

After Irradiation
368 Grains
davg =478 +32.6 nm

5 largest grains
16% of total area

50 100 150 200 250 300
Grain Diameter (nm)

' Any texture or grain boundary evolution can be ‘

Before

50 100 150 200 250 300 () (Q 1 101

After
[001]

001 101

1

—_——
Increasing Intensity

111! Sandia National Laboratories




- —©— Anneal
—+— Avg. Thermal Events

Time [X 7]

7 B;cause of the matcrhinig Ie?ngt'h' scale, the initial microstructure
can serve as direct input to either MD of mesoscale models &
subsequent structural evolution can be directly compared. @ Sl Mol i




Heterogeneous Bubble Formation under
Some Radiation Sequuences

Collaborator: B. Muntifering & J. Qu

He*then Ni3*

1017 He*/cm?2 0.7 dpa Ni®* irradiation

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

(1111) Sandia National Laboratories 55



Cavity Growth during In situ Annealing of 10 keV He*

o

\;_ - | I_ .

Bubble to
cavity
transition and
cavity
evolution can
be directly
studied

Implanted and then 3 MeV Irradiated Ni3*

Collaborator: B. Muntifering & J. Qu

Average Diameter (nm)

Temperature (°C)

Maximum Diameter (nm)

Temperature (°C)




Precession Electron Diffraction
Reveals Hidden Grain Structure

Collaborator: B. Muntifering & J. Qu

i '< - .

Cavities in
helium
implanted,
self-ion
irradiated,

nc nickel film
annealed to
400 °C

Cavities

span
multiple
grains at
identified
grain
boundaries




Bubble Migration and Growth
in a Single Grain Boundary

Collaborator: C. Taylor, B. Muntifering, J. Sugar & D. Adams

Growth at GB from
diffusion of
interstitial He or
small He-V clusters
Growth at GB from
diffusion of
interstitial He or
small He-V clusters
Bubble migration to
GB & cavity growth,
intragranular growth
from diffusion of
interstitial He or
small He-V clusters
Blister formation at
boundaries,
intragranular faceted
cavity growth. Growth
by cavity diffusion
and coalescence.

| (1) Sandia National Laboratories




Cavities Role on Grain Boundary Motion

Collaborator: C. Taylor, B. Muntifering, J. Sugar & D. Adams

Cavities in helium
implanted, Pd foil
during annealing
at 700 °C

Cavities effect grain grain boundary
boundary mobility, ﬁ motion alters
triple junction angle cavity coalescence

71| Sandia National Laboratories
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Before

Initial Laser Heating Observations

Collaborator: P. Price, C.M. Barr, D. Adams, M. Abere

Pt Grain Growth Reactive Multilayer Films

f*'»t’" i
t*l‘ A\ /.r(}" &%

We can now mtroduce rapid thermal heating W|th
any TEM stage or ion beam conditions

Electron Beam

IR Laser

‘ Sandia National Laboratories




Complex Interaction Au NPs
Exposed to Laser Irradiation

Contributors: P. Price, L. Treadwell, A. Cook

Speed = 2.5x

‘ A Complex Combination of Sintering, Reactions, and Ablation Occurs




us Resolution with a Standard Camera

Collaborator: P. Price, A. Monterrosa, D. Adams, M. Abere, & IDES Inc.

us ms

m Electrostatic deflection of electrons
m 4,9, or 16 images per frame, spread over a large camera

m Any exposure time up to the limits of the camera
* Ultimate limit is beam current/brightness




1-to-1 Frame Capture (<5 ms per frame)
Sintering of 20 nm Au Nanoparticles

Collaborator: P. Price, A. Monterrosa, & IDES Inc.

| 167framés ciaiptuféd 7with7<5 ms
exposure per frame




Temporal Compressive Sensing
to Improve Temporal Resolution

Collaborator: P. Price, A. Monterros:i,r& IDES Inc.

~ Before

Spot Number

20 30
Time Slice

A pseudorandom exposure
pattern can produce more than
16 frames within the same
exposure time




Current Status of DTEM Conversion

Collaborator: P. Price, A. Monterrosa, C.M. Barr, D. Adams, M. Abere, & IDES Inc.

Stack Extension
Lead Shielding

= Specimen Drive
CO Lens : Laser
Cathode Laser Port Section

Cathode Laser Mirror Manipulator
Lift Extension

4N e | aser Optics
(| ————— Table

Specimen Drive
Laser Optics

Movie Mode Deflector
Control Box

266 nm UV laser induced photoemission has been achieved!
6 ns single-shot DTEM image of P47
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In situ Qualitative Mechanical Testing

Collaborators: C. Barr

. Dislocation interactions as a function of GB
Gatan straining TEM Holder character (23 twin GB below):

*  Minimal control over displacement and no “out-of- _ y A
box” force information TEM \ ‘ ACOM'TEM-’ L]
g=<111> oy r

«  Successful in studies in observing dislocation-GB
7 Es

n‘ /’

r

interactions/mechanisms L

« |deally both grains have kinematic BF 2-beam
conditions: challenging in ST holder

o~ L8

J," Dev from ideal CSL:
o .
[

& .
30 nmff 3 60 nm' —

Observe deformation mechanisms in
nanocrystalline metals during tensile straining:

Thin film tension “jig”: Jet thinned disk:

) %




In situ Quantitative Mechanical Testing

Contributors: J. Sharon, B. L. Boyce, C. Chisholm, H. Bei, E.P. George, P. Hosemann, A.M. Minor, & Hysitron Inc.

Notched Bar

Hysitron PI195 In Situ Nanoindentation TEM Holder Hysiron Corp.

- Sub nanometer displacement resolution
- Quantitative force information with uN resolution
m Concurrent real-time imaging by TEM

Nanoindentation

Notched Micro
Tension Bars




Indenter Load (uN)

Cyclic Loading Coupled with ACOM
Collaborators: C. Barr & W. Mook
~_ Mean load (P,,,,) = 135 uN
- .- Amplitude load (P,,,) = 35 uN

T T T T
0 50 100 150 200 250
Test Time (s)

Orientation maps pre-, ir{t;fmediaié, and post- in-situ mechanical test can assist in
deconvoluting possible mechanisms during cyclic loading



* Crack Initiation at Notch

Collaborators: C. Barr & W. Moglf

123,600 cycles

120,000 total cycles

164,000 cycles

@.' ” Crack 1

A Crack 2
L grows

« Crack initiation and initial propagation at notch tip
« Second crack initiates at ~ 90° to first crack, both 45° to notch tip
normal

 Intra-granular crack (crack #2) propagates until reaching initial grain
and is subsequently arrested

Sandia National Laboratories



Crack Propagation, Closure, and Re-Direction

Collaborators: C. Barr & W. Mook

564,000 cycles (A) 644,000 cycles (B)

724,000 cycles (C) 800,000 cycles (D)

@ Sandia National Laboratories



Cyclic Loading: Complex Crack Propagation

Collaborators: C. Barr & W. Mook

8x playback speed time (s)
i : 0 200 400 600 800
N = 40,000 in 200s — ,
100 n p;;:glat/ anpid
g 80 — -/lli
; |
< / _
S 601 e
5 i /.’ll
% | |
2 404 |
LLI | /II
S [
© 201
S / ~ 2 pm/cycle
0s
0 40000 80000 120000 160000
Video Start CyC|eS, N Video End

« da/dN = 1.7 x 10" m/cycle
« Mean load: 135 UN, Amp“tUde load: 35 uN e Non-linear crack extension rate

. , Hz, 200s test (15 fps 1k x 1k camera) « Crack propagation path changes

“direction” i _
@ Sandia National Laboratories




Irradiation Creep (4 MeV Cu3* 102 DPA/s)

Contributors: G.S. Jawaharram, S. Dillon & R.S. Averback
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In-situ TEM
radiation
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Scaling Back Up:
In situ lon Irradiation SEM (ISEM)

Collaborators: N. Heckman, D. Buller, B. Boyce, J. Carroll, C. Taylor, B. Muntifering, & S. Briggs
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Can We Gain Insight into the Corrosion
Process through In situ TEM?

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

Microfluidic Stage ¥
= Mixing of two or more channels .
sContinuous observation of the reaction chann

Electron Beam

SiN Membrane

Flowing Liquid

Scattered Electrons T

. Metal Film
SiN Membrane

N BB W U« 8 o=} ) oY Bo il ¥ TN e PP -

Pitting mechanisms during dilute flow of acetic acid over 99.95% nc-PLD Fe involves many grains.
Large grains resulting from annealing appear more corrosion tolerant




Protocell

Drug
Delivery

S. Hoppe,
E. Carnes,
J. Brinker

Liposome
encapsulated
Silica destroyed
by the electron
beam

Liposomes

in Water

S. Hoppe,
D. Sasaki

Liposomes
imaged in
flowing aqueous
channel

Other Fun Uses of Microfluidic Cell

BSA

Crystallization
S. Hoppe

Crystallization of excess
Bovine Serum Albumen
during flow

La Structure

Formation

S. Hoppe,
T. Nenoff

La
Nanostructure
form from LaCl,
H,0 in wet cell
due to beam
effects
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-a‘; !ILn Situ TEM observation of three-phase mixture

Collaborator: Sarah Pratt

Au nanoparticles, aqueous
solution, and gas bubbles

| A pair of images
before and after
radiolysis from
focusing the
electron beam

(1) Sandia National Laboratores




PED in Liquid Cell Environment

Contributors: C. Taylor, S. Pratt, & T. Nenoff .
LGCI - 7H O 10 H O pED Virtual BF
TEM Image e e

idex + PhaSe green = hydride
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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.
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Vapor-Phase Heating TEM Stage

= Compatible with a range of gases

= In situ resistive heating

= Continuous observation of the reaction channel
= Chamber dimensions are controllable

= Compatible with MS and other analytical tools
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Cowgill, D., Fusion Sci. & Tech., 28 (2005) p. 539
Trinkaus, H. et al., JNM (2003) p. 229
Thiebaut, S. et al. JNM (2000) p. 217

i Harmful effects may be mitigated in nanoporous Pd

= 1 atm H, after several pulses to specified temp.

) ' < '

200° 300°

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




Unconventional /n situ Microscopy . &nsur

Creates a wealth Of POSSibiIities \«/ User Facilities

= Sandia’s I’TEM is one of only two facilities
in the US

= Only facility in the world with a triple beam in situ
ion irradiation capabilities

L <

= |n situ high energy ion irradiation from H to Au
= In situ gas implantation

* Dynamic TEM and time compression imaging

= 11+ TEM stages with various capabilities

Currently applying the I’TEM capabilities {_ﬁ

to various material systems in combined ‘ 3
environmental conditions - P' -

|5 e ol

Collaborators:

SR

D.L. Buller, D.C. Bufford, S.H. Pratt, T.J. Boyle, B.A. Hernandez-Sanchez, S.J. Blair, B. Muntifering, C. Chisholm , P. Hosemann, A. Minor, J. A.
Hinks, F. Hibberd, A. llinov, D. C. Bufford, F. Djurabekova, G. Greaves, A. Kuronen, S. E. Donnelly, K. Nordlund, F. Abdeljawad, S.M. Foiles, J.
Qu, C. Taylor, J. Sugar, P. Price, C.M. Barr, D. Adams, M. Abere, L. Treadwell, A. Cook, A. Monterrosa, IDES Inc, J. Sharon, B. L. Boyce, C.
Chisholm, H. Bei, E.P. George, W. Mook, Hysitron Inc., G.S. Jawaharram, S. Dillon, R.S. Averback, N. Heckman, J. Carroll, S. Briggs, E. Carnes,
J. Brinker, D. Sassaki, T. Nenoff, B.G. Clark, P.J. Cappillino, B.W. Jacobs, M.A. Hekmaty, D.B. Robinson, L.R. Par I. Arslan. & Protochips
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