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Potential Evolution of System Design

Use the Nearest Stone 

to

Radar charts and Ashby plots of current material

Accelerated and field testing

Scientist create a new materials.
Engineers find an application.
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Materials by Design 
Physics-based approach

Requires multiscale modeling

Engineers require given
properties, Scientists tailor
the chemistry and
microstructure to achieve it.

Great vision! We are making
strides, but we are not there yet
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Procluction Requirements (face)

Material Design (side) Microstructure (point)



Dder dr. Mane

1 82 latcrsd :Pat c!•• .ttsdc &aro Caataaat lets.

•4I at a 41.I lea.. 'anat.:ea aora aor eara,

tls elts•:tice the tams• Laboratory R k.b.raMo

SMc arsta, r1N i• • vitat seem., cr Vie attack

••••... AWN., t• of ettar taprace ana, in Lin

Lial 4. fais. c4 aNcead Nate tee best eoultle teekaloa

tzo..

1 haw ttat after rat M. toent oars In WALL tem til•

Safi. 11.amy .1, no* ts pant,➢Ia

to lacerate lab teat, la ay optaa law two w wparterlay

to mar an exallak oseva IA a nal imara

1 8a srittne . •tall'ar cote Unto to Or. C. t. 1/WOW.

Tory saarill1 are.

M. Lere71L.I.Loot,
te..Sca,
Iala Tel.* aM tol,aSens,..o.y.

195 Snafu,.
7, • Y.

Sandia National Laboratories
"Exceptional service in the national interest"

"Sandia develops advanced
technologies to ensure global peace."
— S. Younger Sandia National Laboratories



Sandia's USER Capabilities

Core Facility - SNL

Nanophotonics & Optical
Nanomaterials

• Soft- Biological &
Composite Nanomaterials

• Quantum Materials
• ln-situ Characterization

and Nanomechanics

Gateway Facility - LANL 
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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.

ln situ Characterizatio

Optical Microsc

Low-Energy Electron Microscopy

In situ Nanomechanics

lndendation
Monotonic Loading

Scanning lectron Microscopy Creep

II•

Transmission Electron Micros II 0
Fatigue

Scientific challenges

• 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?

• How does the environment change the mechanical response and surface
structure of nanoscale materials? Sandia National Laboratories
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Sandia's Ion Beam Laboratory

Ion Beam Laboratory Capabilities
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Radiation Microscopy

Nuclear Microscopy

Radiation Physics

Support Manufacturing

L)cfcct Physics

Materials Analysis

Fission/Fusion Materials

Research

Plasma-Surface Interactions

Ion Beam Analysis (IBA)

Shooting a charged
particle at an
unknown material to

determine it's

identity, local

chemistry, and
structure.

In Situ Ion Irradiation
Microscopy (I3M)
Bombarding nano
samples with various

particles and observing
the changes in real time

to understand how
materials will behave in

extreme environments.

Ion Beam Modification (IBM)

Changing the
optical,

mechanical, and
chemical
properties

of materials

via ion

implantation

to meet
technological

needs

Radiation Effects
Microscopy (REM)

Using ion emissions to determine the

Radiation hardness of microelectronics,

identifying potential weaknesses.

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

Irradiation Transmission Electron Microscopy.



Benefits & Limitations of in situ TEM

Benefits 
1. Real-time nanoscale resolution observations of microstructural dynamics

Limitations 

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

• 10-7 Torr limits gas and liquid experiments feasibility

5. Local probing

• Portions of the world study is small
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Sandia's Concurrent ln situ Ion
Irradiation TEM Facility

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

Collaborator: D.C. Bufford



Single lon Strikes: 46 keV ALP- ions into 20 nm NPs
Collaborator: D.C. Bufford
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0 4

Formation of Dislocation Loops &
Sputtered Particles due to He implantation

10 minutes

d 
avg 
= 2.06 ± 0.74 nm

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

0.0  
0 2 4 6

Sputtered Particle Diameter (nm)

0.4

O

2 0.2
U_

0.0
0 2 4 6

Sputtered Particle Diameter (nm)

90 minutes

davg = 2.63 ± 0.77 nm

Sandia National Laboratories



50 nm

AuNR-1

AuNR-2

AuNR-3

AuNR-4

AuNR-5

Exploring Radiation effects in Au Nanorods
Collaborators: J. A. Hinks, F. Hibberd, A. llinov, D. C. Bufford, F. Djurabekova, G. Greaves, A. Kuronen, S. E. Donnelly & K. Nordlund
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Dose Rate Effects in Nanocrystalline Metals
Collaborators: C. Chisholm , P. Hosemann, & A. Minor

7.9 x 109 ions/cm2ls

VS

6.7 x 107 ions/cm2/s

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



Quantifying Grain Boundary Radiation Stability
of Nanocrystalline Au

10 MeV Si

Collaborators: D.C. Bufford. F. Abdeliawad. & S.M. Foiles
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Sandia National Laboratories



Direct Comparison to Mesoscale Modeling

Akapis 
'ey 4

iew MR2

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

1-1--r"LF

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.



1 D Brownian Motion in Real Time
Collaborator: D.C. Bufford

Triple beam condition:

2.8 MeV Au4+ + 10 keV He+/D2+

Dislocation loop moves between two pinning sites
—30 nm apart



Speed
x1.5

Simultaneous In situ TEM Triple Beam:

2.8 MeV Au4+ + 10 keV He+/D2+
Collaborator: D.C. Bufford

Approximate fluence:
Au 1.2 x 1 013 ions/cm2

He 1.3 x 1 015 ions/cm2

D 2.2 x 1 015 ions/cm2

Cavity nucleation and disappearance

ln situ triple beam He, D2,
and Au beam irradiation
has been demonstrated
on Sandia's I3TEM!
Intensive work is still
needed to understand the
defect structure evolution
that has been observed.

Sandia National Laboratories



Heterogeneous Bubble Formation under
Some Radiation Sequuences

Collaborator: B. Muntifering & J. Qu

Visible damage to the sample

100 n m

-MI 

0.7 dpa Ni3+ irradiation 

High concentration of cavities along
grain boundaries

Sandia National Laboratories 21



En,

Cavity Growth during In situ Annealing of 10 keV He'
Implanted and then 3 MeV Irradiated Ni3+

-Caw
130°C

Bubble to
cavity

transition and
cavity

evolution can
be directly
studied

Collaborator: B. Muntifering & J. Qu
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Precession Electron Diffraction
Reveals Hidden Grain Structure

Collaborator: B. Muntifering & J. Qu

Cavities in
helium

implanted,
self-ion

irradiated,

nc nickel film
annealed to

400 °C

Cavities
span

multiple
grains at
identified

grain
boundaries

100 nm

1



Bubble Migration and Growth
in a Single Grain Boundary

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

• 573K: Growth at
GB from diffusion
of interstitial He or
small He-V clusters

• 623 K: Growth at
GB from diffusion
of interstitial He or
small He-V clusters

• 673 K: Bubble
migration to GB Et

cavity growth,
intragranular
growth from
diffusion of
interstitial He or
small He-V clusters

• 723 K: Blister
formation at
boundaries,
intragranular
faceted cavity
growth.



Cavities Role on Grain Boundary Motion

Cavities effect grain
boundary mobility,
triple junction angle

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

grain boundary
motion alters

cavity coalescence

Cavities in helium
implanted, Pd foil
during annealing

at 700 °C

Sandia National Labmatodes
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Initial Laser Heating Observations
Collaborator: P. Price, C.M. Barr, D. Adams, M. Abere

Pt Grain Growth Reactive Multilayer Films Nanoparticle Sintering

We can now introduce rapid thermal heating with

any TEM stage or ion beam conditions Sandia National Laboratories



%.

,

550 nm

Speed = 2.5x

Complex Interaction Au NPs
Exposed to Laser Irradiation

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

•
10

150 nm

A Complex Combination of Sintering, Reactions, and Ablation Occurs



Ms Resolution with a Standard Camera
Collaborator: P. Price, A. Monterrosa, D. Adams, M. Abere, & IDES Inc.

Ps ms

■ Electrostatic deflection of electrons

■ 4, 9, or 16 images per frame, spread over a large camera

■ 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.

i

16 frames captured with <5 ms
exposure per frame



Temporal Compressive Sensing
to Improve Temporal Resolution

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

Before

2
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A- 10
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16

Temporal Mask Dwell Times, ms
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Time Slice
40

After

50
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1
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0.6
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0.2

0

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.

CO Lens  

Cathode Laser Port Section  

Cathode Laser Mirror Man ipuldtcr

Lift Exter::ioi

CO Lens Power Supply

Movie Mode Deflector

Movie Mode Deflector

Control Box

• 266 nm UV laser induced photoemission has been achieved!
. 

6 ns 
c•kr-• DTEM of P4701 IL/L  II I ICIG  

Stack Extension

Lead Shieldrng

Specimen Drive

Laser
•

Laser Optics

Table

Specimen Drive

Laser Optics
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In situ Qualitative Mechanical Testing
Collaborators: C. Barr

Gatan straining TEM Holder

• Minimal control over displacement and no "out-of-

box" force information

• Successful in studies in observing dislocation-GB

interactions/mechanisms

• Ideally both grains have kinematic BF 2-beam

conditions: challenging in ST holder

Traditional Gatan Heating and Straining Holder

Thin film tension "jig": Jet thinned disk:

Dislocation interactions as a function of GB
character (I3 twin GB below):

ACOM-TEM

Dev from ideal CSL:

!°
1.5060 nm

Observe deformation mechanisms in
nanocrystalline metals during tensile straining:



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.

Hysitron PI95 In Situ Nanoindentation TEM Holder

Sub nanometer displacement resolution
Quantitative force information with pN resolution

Concurrent real-time imaging by TEM

Nanoindenta
30

25 -

20 -

7_
15

0
10 -

5

0 -

l Beams

-10 0 10 20 30 40 50

Depth (

Hysitron Corp.
Notched Bar
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0

Cyclic Loading Coupled with ACOM

0 50 100 150 200

Test Time (s)

250

Collaborators: C. Barr & W. Mook

80

70 Mean load (Pmean) = 135 uN
60

Amplitude load (Pamp) = 35 uN
40 ,1
O

30 _

20 -0

10

 o

0 0 1

1 1 1

1 0 1

Orientation maps pre-, intermediate, and post- in-situ mechanical test can assist in
deconvoluting possible mechanisms during cyclic loading



Crack Initiation at Notch

*—Crack 1

100 run

Collaborators: C. Barr & W. Mook

+—Crack 1

Crack 2

100 nm 100 nm

Crack 2
g rows

• Crack initiation and initial propagation at notch tip
• Second crack initiates at - 90° to first crack, both 45° to notch tip

normal
• Infra-granular crack (crack #2) propagates until reaching initial grain

boundary and is subsequently arrested

Sandia National Laboratories



ma 4 Crack Propagation, Closure, and Re-Direction
idi

564,000 cycles (A)
Collaborators: C. Barr & W. Mook

100 nm



Cyclic Loading: Complex Crack Propagation

8x playback speed
Nt= 40,000 in 200s

7.4

• Mean load: 135 uN; Amplitude load: 35 uN .

Collaborators: C. Barr & W. Mook

0

time (s)
200 400 600 800

100 -

c 80

(13

60 -
o
(7)
a) 40 -
ILI

2 20 -
C.)

•••rt

/.
•

••••
•
E crack propgatationP

=NU arrests at GB

•

unstable/rapid
propagation

— 2 pm/cycle

0 40000 80000 120000 160000
Video Start Video EndCycles, N

• da/dN = 1.7 x 1012 m/cycle
Non-linear crack extension rate

• 200 Hz, 200s test (15 fps 1 k x 1k camera) • Crack propagation path changes
"direction"

Sandia National Laboratories



lib 4 Irradiation Creep (4 MeV Cu3+ 10-2 DPA/s)
Contributors: G.S. Jawaharram, S. Dillon & R.S. Averback

Controlled Loading Rate Experiments

1.5x109:

0.0:

200 400 600 800 1006 0 1200 1400

No Irradiation
(Loading rate 0.6 Mpa s-1

1 5x109

0.0

Interfacial Sliding

In-situ TEM
radiation
creep is
feasible!

time (s)
Irradiation Creep
(Loading rate 0.6 Mpa s-1)

• Pristine (load controlled)
Pre-Irradiated 100 DPA

• Pristine (displacement controlled)

0 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Strain

1.5x109

0_ 1.0x109

(7) 5.0x108

0.0
0 0 0.1

I •

• Pristine In-situ Loading
• Pre-Irradiated 90 DPA In-situ Loading

I • I

0.2 0.3 0.4 0.5 0.6

Strain

0.7

50 nm Cu-W multilayer
20 Min
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3. Effect of radiation environments on
nanocrystalline metals

4. Lasers in a TEM (why not?)

5. State-of-art in quantitative in sitii:090_ 09
mechanical testing

6 Other environments
(in situ SEM, liquid, and gas)
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Scaling Back Up:
In situ lon Irradiation SEM (I3SEM)

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, I.M. Robertson & Protochips, Inc.

Microfluidic Stage 
• Mixing of two or more channels
.Continuous observation of the reaction chann
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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



Other Fun Uses of Microfluidic Cell

_FAMIENIEMEIE

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

erlwrtglir

BSA
Crystallization 

S. Hoppe

Crystallization of excess
Bovine Serum Albumen

during flow

La Structure

Formation 

S. Hoppe,

T. Nenoff

La
Nanostructure
form from LaCI3
H20 in wet cell
due to beam

effects



Unconventional ln situ Microscopy ,_tilistiF
eCreates a wealth of Possibilities v tp;crer

Sandia's I3TEM is one of only two facilities
in the US

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

In 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 I3TEM capabilities
to various material systems in combined

environmental conditions

Collaborators:

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. Parent, I. Arslan. & Protochips

This work was partially funded by the Division of Materials Science and Engineering, Office of Basic Energy Sciences, U.S. Department of Energy. Materials
Science and Engineering, Office of Basic Energy Sciences, U.S. Department of Energy. This work was performed, in part, at the Center for Integrated
Nanotechnologies, an Office of Science User Facility operated for the U.S. Department of Energy (DOE) Office of Science. Sandia National Laboratories is a
multi-mission laboratory managed and operated by National Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywell
International, Inc., for the U.S. DOE's National Nuclear Security Administration under contract DE-NA-0003525. The views expressed in the article do not
necessarily represent the views of the U.S. DOE or the United States Government.

U.S. DEPARTMENT OF Office of
ENERGY Science

Sandia National Laboratories



ce SUFSandia's USER Capabilities Nuclear Science
User Facilities

D. Hanson, W. Martin, M. Wasiolek

www.cint.lanl.gov 
• Spring and Fall

proposals for 18
months

• Rapid Access
proposal anytime for
3 months

Core Facility - SNL

Gatewa Facilit LANL

www.nsuf.inl.gov 
• Three proposal

a year for 9
months
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is wor was pa ia y un e vision of Materials Science and Engineering, Office of Basic Energy Sciences, U.S. Department of Energy. Materials
Science and Engineering, Office of Basic Energy Sciences, U.S. Department of EnergyThis work was performed, in part, at the Center for Integrated
Nanotechnologies, an Office of Science User Facility operated for the U.S. Department of Energy (DOE) Office of Science. Sandia National Laboratories is a
multi-mission laboratory managed and operated by National Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywell
International, Inc., for the U.S. DOE's National Nuclear Security Administration under contract DE-NA-0003525. The views expressed in the article do not
necessarily represent the views of the U.S. DOE or the United States Government.
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PED in Liquid Cell Environment
Contributors: C. Taylor, S. Pratt, & T. Nenoff

LaCI3 • 7H20 :10 H20 : PED
TEM Image
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Radiation Tolerance is Needed in Advanced Scintillators
for Non-proliferation Applications

CdWO4 Rods
3MeV Cu

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

VP-

High-Z
nanoparticles
(CdW04) are
promising,
but are
radiation
sensitive

- ASR
50 sec
250 sec
500 sec
2500 se
5000 se
7500 se
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Wavelength (nm)

In situ Ion Irradiation TEM (I3TEM)

Hummingbird
tomography stage

Tomography of Irradiated Cd1N04:

3 MeV Cu3+ at -30 nA
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Radiation Stable Nanoparticles!
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Collaborators: T.J. Boyle, S.J. Blair, B. Muntifering
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Radius (nm)

Ion Energy
(keV)

Dose (ions/cm2)
Dose rate (ions/cm2/s)

Damage (dpa)

Damage rate
(dpa/s)

Cu 3000 1.2 x 1014
1.3 x 101°

4.45
4.9 x 10-4

He

&

Cu

10

3000

2.3 x 1018
1.4 x 1014

2.2 x 1014
1.3 x 101°

113
7.0 x 10-3

8.01
4.9 x 10-4

ln contrast some NPs appear to be=radiation stabile
_B Sandia National Laboratories


