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Irradiation effects on structural materials

+ Exposure to neutrons degrades the mechanical performance of structural materials and impacts the
economics and safety of current & future fission power plants:

- Irradiation hardening and embrittlement/decreased uniform elongation (< 0.4 T,,)

- Irradiation (<0.45 T,,) and thermal (>~0.45 T,) creep

- Volumetric swelling, dimensional instability & growth (0.3 -0.6 T,,)

- High temperature He embrittlement (> 0.5 T,,); Specific to fusion & spallation accelerators

+ Additional environmental degradation due to corrosive environments (SCC, uniform/shadow
corrosion, CRUD)
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Pellet — Cladding Interaction (PClI)

* Fuel - pellet (mechanical) interaction can lead to
through-thickness cracks in the cladding, and can
produce long axial splits

- Failures often occur during power ramp increases at
intermediate/high burnups

- Cladding is stressed due to mechanical contact with fuel
that is swelling & cracking, which can release corrosive
fission products (e.g., I)

- Crack initiation often (but not always) associated with
missing fuel pellet surfaces

- Cladding crack propagation mechanism related to stress
corrosion cracking

- PCl failures are correlated with plant operations
(e.g., power ramps during control rod withdrawl),
and repeatable PCI failures in the same fuel
locations/operating condition

- Lack of predictive capability of reactor operating
conditions & margins of PCI failures in current
modeling & simulation methods

- PCI mitigation currently through constrained
reactor operation (e.g., slow and carefully
controlled power increases/control rod removal)




Zr clad/bundle dimensional stability
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Fuel element dimensional stability is emerging as an
operational concern for both PWR & BWR assemblies

& control rod guides

Dimensional changes in Zr clad & channel boxes
believed influenced by:

Irradiation

- Irradiation growth Srouth
* depends on texture, =
initial microstructure/ :;}f{;;;;;\ \
chemistry, fluence, \
temperature
* driving force is anisotropic partitioning of
vacancies/interstitials to defect sinks
- Irradiation creep/stress relaxation
* depends on applied stress, fluence, flux,
temperature, alloy chemistry, growth strain
* More than 40 models proposed — none self-consistent

Fluence

- Corrosion (uniform/shadow — gradients & CRUD)

Gradients in temperature, neutron flux/power level,
stress, etc. as well as history are all inherently
coupled and believed important in determining
dimensional instability



Materials behavior is inherently multiscale
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Radiation damage produces atomic defects and transmutants at the shortest time and
length scales, which evolve over longer scales to produce changes in microstructure
and properties through hierarchical and inherently multiscale processes




Multiscale modeling approach
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Comparison between the modeling & in-situ TEM
measurements (collaboration with ANL, Kirk & Li)

New view of radiation
defects

— 3D electron diffraction tomography
measurement of defects in ion
irradiated thin foil and comparison with

lons
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TEM plane view images were analyzed and
compared in detail with computer simulations.
With critical input provided by experiments, the
defect cluster dynamic model can capture
essential physics of radiation damage in ion
irradiated thin foils



PARASPACE: Spatially dependent
cluster dynamics model

What to calculate directly

concentrations of all clusters at different depth (only one spatial dimension) at
different times (doses)

Defining a cluster I# 0 V #

v

by the number of point defects included, ‘-’ for | clusters, ‘+’ for V, clusters

How does a cluster concentration (No. density) evolve?
IMPLANTATION, DIFFUSION &

REACTION: any cluster can be lost (transformed to another) or generated
(transformed from another) through:

4—
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> capturing:

> dissociation: single V by V, clusters, or single | by | clusters
aC,

o &f (i) +Diax—2(Ci)+ Ekn,anCp "'__ Ekn,iCiCn = 2k;;C7 -k C, -

n+p=i n=i




PARASPACE Model construction

How to describe the rates?

R, ,=k,, [Cl][C2]; k, ,= 470(r, + 1, )(D, + D, ) (xBias, if both interstitial type)

vy =nr By
v = a ) =\ " D = Dyexp(-E,, /k,T)

R =k[C3]; k =k,,,Coexpl-E, . k,T)

Boundary conditions (BC)

. . - . . - X (C[xn+1 —Cix") _ (Cl_xn _Cixn—l)
Spatial derivative (finite difference) °C" _ 5 =,
ox* (X1 = %,-1) /2

Parallel, large sparse-matrix linear solver (PARDISO) using open-MP
formalism and backward difference time integration - easily treat
systems with 107 degrees of freedom




Modeling 1 MeV Kr irradiation in thin film Mo
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Areal Density (1/nm2)
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All I, -V mobile, E,, ,~=1.3 eV
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Areal Density (1Inm2)
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PKA /lon / Angstrom /log,, (eV)

All I -V mobile, cascade production
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Optimized Parameters
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All' [, -V mobile, cascade prod., 96 nm
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Modeling predictions vs experimental measurements

depth integrated concentration of
observable loops (>1.5 nm dia) (1lnm2)

depth integrated concentration of

observable loops (>1.5 nm dia) (1lnm2)

Experiments: MM Li and M Kirk, Argonne National Laboratory
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Dose rate effect on loop density

80°C, 72 and 96 nm thick foils (fringe number: 6 and 8), 0.015 dpa
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Summary & Future Challenges

- Current and future nuclear technologies require advanced materials to
withstand incredibly harsh environments

- Radiation damage involves inherently multiscale phenomena -
fundamental understanding of radiation damage requires multiscale
modeling, closely coupled with theory & experiments

- Examples of modeling radiation effects in materials:
- Nanoscale vacancy - Cu clusters & Cu precipitates formed in RPV
steels & responsible for embrittlement
- Spatially-dependent, reaction-diffusion cluster dynamics model for
comparing higher dose rate damage evolution with experiment

 Future challenges:
-> develop modeling techniques (Monte Carlo, phase field, rate theory)
to reach long-time exposure conditions, but that incorporate sufficient
physics to simulate microstructural evolution within the complexity of
engineering materials (coarse-graining & rare event dynamics important)
-> Utilize concepts of Sensitivity Analysis and Uncertainty Quantification
within a ‘top-down’ approach to refine knowledge of critical materials
degradation & important multiphysics coupling



