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“The only source of knowledge is experience.”
⏤ Albert Einstein (1879-1955) ⏤

MATERIALS AGING & DEGRADATION
IN EXTREME ENVIRONMENTS
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NANOSTRUCTURING AS A SOLUTION
TO MANAGING DEGRADATION UNDER EXTREMES

[X. Zhang et al. (2018) P
rog. M

ater, S
ci.]

Role of interface:
• Free surface,
• Grain/phase boundaries

Role of interface Role of interface:
• Frenkel pair
• Cascade
• Segregate

Defect evolution Role of interface:
• Multilayered
• Nanocrystalline
• Nanoporous

Role of microstructure
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Excess volume
Low formation of defects at interface
Defect core delocalization at interface

WHAT MAKES AN INTERFACE A “GOOD” 
INTERFACE?
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BEYOND “JUST” THEORY & SIMULATION:

- BROAD RANGE OF INTERFACES
- LIMITED WHEN USING ATOMISTIC MODELS

- INTERFACE AS IMPERFECT SINKS
- LIMITED WHEN USING MESOSCALE MODELS

- BEYOND MODEL (INTERFACIAL) SYSTEMS
- LIMITED WITH MOST MODELS

ACCELERATE CODE QUALIFICATION OF NEW MATERIALSACCELERATE CODE QUALIFICATION OF NEW MATERIALS
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Defect production Defect evolution Defect effects

Defect scale Grain scale Structure scale

Å nm ᵰ� m cm

Sᵰ� Snsps

MATURE MODELING TECHNIQUES AT RELEVANT 
SCALES
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10 keV5 keV 20 keV

MODEL DAMAGE PRODUCTION AT THE ATOMIC
SCALE USING MOLECULAR DYNAMICS: BALLISTIC EFFECTS



MODEL DAMAGE PRODUCTION AT THE ATOMISTIC
SCALE USING MOLECULAR DYNAMICS: BALLISTIC EFFECTS
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Nb (BCC) Zr (BCC)Zr (HCP)

Nb (BCC)

MODEL DAMAGE PRODUCTION AT THE ATOMIC
SCALE USING MOLECULAR DYNAMICS: BALLISTIC EFFECTS
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Vacancy Interstitial

Frenkel pair

Recombination regime:

Introduction N FPs
every 2ps

• Maximum allowed displacement 
(SRIM)
• First collision range

• Effective dose rate: 8×10-4 dpa/ps
• 300 K, constant P, T

MODEL DAMAGE PRODUCTION AT THE ATOMIC
SCALE USING MOLECULAR DYNAMICS: DOSE EFFECTS
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<100>1/2<111>

DEFECT ACCUMULATION MECHANISMS
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Primary Knock on Atom (PKA)

Collaboration with E. Chen and C. Deo (GaTech)

Nb (BCC)

Zr (HCP)

Zr (HCP)Nb (BCC)

[Chen et al. (2019) J. Mater. Res.]

UNDERSTANDING RADIATION RESISTANCE OF
PHASE BOUNDARIES THROUGH ATOMISTIC MODELING



14Collaboration with D. Spearot (U Florida) [Dingreville et al. (2017) Sci. Rep.]

UNDERSTANDING INTERFACIAL EMBRITTLEMENT 
THROUGH ATOMISTIC MODELING

Step 1
 Build grain 
boundary 
structure

Step 2 
Equilibrate 
system 

under pre-
tension

Step 3
Introduce 
atomically 
sharp crack

Step 4
Allow crack 
growth 

under pre-
tension

Step 5
Averaging to  
extract 

decohesion 
form

▪ Avoids having to artificially impose a boundary velocity



15Collaboration with D. Spearot (U Florida) [Dingreville et al. (2017) Sci. Rep.]

UNDERSTANDING INTERFACIAL EMBRITTLEMENT 
THROUGH ATOMISTIC MODELING

Fracture energy

Peak stress
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TAKE HOME MESSAGE:

•Simulations of the accumulation of radiation-induced 
defects near interfaces

• Insights into interplays of defect-defect interactions
• Role of atomic intermixing
• Beyond FPA?

•Most promising opportunities are at the crossroads of 
theory & simulation, data analytics, structure & property 
characterization, chemistry, …

• High-throughput simulations for screening
• Upscaling to materials qualification
• Integration into regulatory context?
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BEYOND FPA
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BEYOND FPA

4 cascades 8 cascades 12 cascades



19

RAPID ASSESSMENT OF DEFECT MANAGEMENT AT 
GRAIN BOUNDARIES AND TRIPLE JUNCTIONS

Defect behavior in the 
vicinity of triple junctions

Defect behavior in the 
vicinity of grain boundaries

[Zarnas et al. (2018) Comput. Mater. Sci.]
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RADIATION DAMAGE IN NANOSTRUCTURED 
MATERIALS

[Dunn et al. (2016) Modell. Simul. Mater. Sci. Eng.]
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FREE SCIENCE!
CINT: A NATIONAL USER FACILITY FOR NANOSCIENCE 
RESEARCH

https://cint.lanl.gov/

• 4 science thrusts
• Nanomechanics
• Nanophotonics & optical
• Quantum nanomaterials
• Soft, bio nanomaterials

• 2 facilities (SNL/LANL)
• 51 staff scientists
• 32+ postdocs and grad students
• 500+ users
• 200+ projects
• 250+ publications/year
• $0, no fee for pre-competitive 
research

• 100% full recovery cost for 
proprietary research

CINT IN NUMBERS

Next proposal cycle in September…

rdingre@sandia.gov

mailto:rdingre@sandia.gov


22Collaboration with A. Dunn (GaTech), L. Capolungo (LANL), C. Hin (VaTech), P. Zarnas (NW), J. Qu (Tufts)

Long term evolution of defects (concentration and size) 
beyond what can be achieved using atomistic models

Clustering

Dissociation

STUDYING DEFECT-MICROSTRUCTURE 
INTERACTIONS THROUGH MESOSCALE MODELS
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RADIATION DAMAGE IN NANOSTRUCTURED 
MATERIALS

[Dunn et al. (2016) Modell. Simul. Mater. Sci. Eng.]

Nanocrystalline Nanoporous
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RADIATION DAMAGE IN NANOSTRUCTURED 
MATERIALS

[Dunn et al. (2016) Modell. Simul. Mater. Sci. Eng.]


