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Nanovoids Contribute to Irradiation Strengthening

Irradiation Results in
Very High Localized

Defect Density
Damage Profile
| Wang D. et al., 2022. Journal of Nuclear Materials 569 153940
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Influence Extends Beyond Irradiation Damage

Nanovoids Also Exist in Ductile Metals
More Broadly...

Noell P. et al., 2020. Acta Mater. 184 211-224




Nanovoid Strengthening Literature
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Plastic Deformation
Screw Dislocation

Dislocation Defects are Primary Carriers of

Edge Dislocation

Crash Course on Dislocation Mechanics

Macroscopic Deformation
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Model System Analogous to Precipitate Hardening
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Analytical Model Gives Complicated Strengthening Relationships

Crone Munday and Knapp (CMK) Model
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What About Dissociation in FCC Metals?

Separate Net Displacement into

Stacking Fault Width (SFW) Partial Dislocation Steps

Sl
Sl
S

Add Energetic Penalty with the Stacking Fault

Change Dislocation Character for Each Partial

Lower Line Tension for Each Partial




Dislocation Dissociation Alters the Fundamentals

Leading Partial
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Elastic Repulsion

w \
Stacking Fault
Force

-
%!
~
\
1
W
|
S,

F elastic

]

If Partials Act Together:

Total Force Balance Remains Consistent v/

If Partials Act Sequentially:
Total Force Balance Changes (!)

Larger SFW Materials

l

Higher Likelihood of Sequential Shearing




Extension to Partials in FCC and Atomistics

Atomistics Capture Dissociated Core

Strength Trends in MID versus Analytics
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Size and Material Sensitivities are Expected

Pseudo-SFE Study into Material Dependence
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Additional Modeling Techniques Are Needed

Molecular Dynamics (MD) Desired Metrics
Small Void
and Cell Sizes Relevant Length Scales
Shock
OF Relevant Time Scales
Loading

Limited Reliable

. . Full Material Variability
Interatomic Potentials

[Nanovoid strengthening in FCC still has unanswered questions... }




Phase Field Dislocation Dynamics (PFDD)

Energetic Framework: Evolve order parameters and minimize system energy using

Time Dependent Ginzburg Landau (TDGL) Equation

Dislocations as Boundaries Between

Slipped and Unslipped

Unshearable Shearable
Voids Pseudo-Voids

Xu S. etal., 2022. Comput. Meth. Appl. Mech. Eng. 389 114426




Gamma Surface Enables Physics-Driven Dislocation Evolution

Energetic Penalty to Dislocation Motion
Within Slip Plane

Energy Landscape
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PFDD Expands our Investigative Abilities for this Problem

Phase Field Dislocation Dynamics

(PFDD) Desired Metrics
Larger*
Cell Sizes Relevant Length Scales
*(still small)
Stress Controlled _
Motion Relevant Time Scales

Easily Probe SFE Space
* Elastic Anisotropy Full Material Variability

Material Inhomogeneity

Gamma Surfaces




Simulation Approach:
Phase Field Dislocation Dynamics (PFDD)
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Simulation Cell Design for Voids in PFDD

Periodic boundaries in
X, Y, Z
1 — Perfect Dislocation Dipole




Simulation Cell Design for Voids in PFDD

” ) Un-slipped

Stacking Fault




Material Inputs Consider All Properties
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Material ISFE/USFE

Silver 0.15
Copper 0.26
Rhodium 0.44

Nickel
Platinum

more diffuse core
than dissociated core




Void Geometries Span Characteristic Lengths
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Results: Nanovoid Strengthening Trends
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Strong Dependence on Linear Void Fraction
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ISFE/USFE is a Dominant Property

0.0121 — ag.b=61 || | —— Cu,D=6.1 | | — Rh, D=6.1
[ Ag, D=7.8 | e CU, D=7.8 | s Rh, D=7.8
r s 0.010 .~ Ag D=16.5 —— Cu,D=165 —— Rh, D=16.5
ISFE T e Ag, D=25.1 | | --+ Cu,D=251 | | --- Rh,D=25.1 .
— + — - .-" ®
c _|USFE 4 F S 0.006- $ | il
= W <
7] 100 57
\_ o 0.004 A
0.0021
0.000 . :
0.4 0.6 0.2 0.4 0.6
Material Ranking F F
PFDD EQUO'ﬁOﬂ ; . | [— Pt D=6.1 ’°
wiisiis N D= = 4
oy Ni, D=7.8 _ Pt, D=7.8
Ag Ag = Ni, : —— Pt, D=16.5
e | L : |-+ Pt D=25.1 7
Rh X "
::;: 0.006
Ni Rh
0.004
Ni 0.002 1
T, Pt Pt 0.000- : . . - . . ,
0.2 0.4 0.6 0.2 0.4 0.6




ISFE/USFE is a Dominant Property
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Obstacle Strength Trends Shift from Literature

Strengthening Dependence
from Literature

T b
== In(S = F)
n 2TtLeffective

Logarithmic dependence on void geometry

Additional dependence on characteristic length
at max bowing

Higher order void geometry dependence
than F alone captures

Our LF Model
T
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Linear dependence on void geometry
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Empirical slope dependent ONLY on
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Relevance of Our LF Model in FCC Due to Dissociation

Comparing to Pseudo-SFE Study in MD
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Takeaways from Nanovoid Strengthening with PFDD

Dissociation Governs LF Meodel Relevant for Un-Dissociated Model

Linear Strengthening Curve

in FCC Response Low SFE Metals Relevant for High SFE
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