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Starting point should be a
comprehensive thermodynamic
description

metastable
ZrH




Oxide microstructure

. 2
Courtesy of Emmanuelle Marquis



Thermodynamics Kinetics

Interface free energies Atomic transport coefficients
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Thermodynamics: Temperature and Entropy

ES
/ = Zslex KT

E. = energy of microstate S

Effective Hamiltonians to describe

dependence of Eg on degrees of freedom

F=-kTlnZ
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Effective Hamiltonians

Configurational
Cluster Expansion

Phonon Hamiltonian
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CASM

A Clusters Approach to Statistical Mechanics

Software Development Project

Electronic Structure Methods
Vv )+ A, (ol r) =0

(Kinetic)
Monte Carlo

Thermodynamics

Chemo-Mechanics
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Starting point should be a
comprehensive thermodynamic
description
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ZrH




Very high oxygen solubility in Zr

This should affect many chemical and mechanical properties

o—Zr(O) region

é‘ 20 - --..,“
Z ' Ok
prevent charging. To find out chemical interaction layers formed
it the pellet-cladding interface, optical microscopy was performed
on a shielded optical microscope equipped with a digital image
/ ) wcquisition system. Scanning electron microscopy was also per-
! , \ formed on a shielded Phillips XL30 microscope to compensate opti-

] zal microscopy for examining interaction layers. The electron
710, Zr0,., pmh:e micro-analyzer (EPMA) equipped with two wavele_ngth dis-
persive spectroscopy (WDS) was used to generate chemical com-

ZrHy positions of interaction layers.
K.T. Kim J. Nucl. Mat. 404 (2010) 128

210, 710,
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Zero-Kelvin phase stability

Formation energies
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Cluster expansion for hcp Zr-O

Cluster Expansion
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1400

Calculated Zr-O phase diagram

Solid Solution
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Oxide microstructure

. 12
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Tetragonal-monoclinic transition ZrO Phonon Dispersion and Density of States
temperature 1440 K

I8 I8
16 16f
5100 _u Wy
g T T 12
3 e e
GEJ 60 10 10
=0 G 8 S sk
o 3 3 |,
Y2 g 0 g 0 ;
8 c it — Total
(-? 0 s ; -0
) 9
0 =20 - -
E—Jz[} YT A LH AL K H T 7 % 1
0 500 1000 1500 Wave Vector Density of States
Temperature (K)
ZrO, , + BZrO,
0 ——— 2000 —Zr0
N o+
~ 000} «ee a-zi0, 1600F| 7.0 ! pzro, <« BZrO,
g 140K o N
2 = 1200F| zrO
g = ¢
E 800 B Zro‘”z Z:_O
] aZrO
o 400} aZrO, < 2
= o Zro‘uz
—0.20 = = <]
500 1000 1500 —

Temperature (K) 0.3 0j4 0.5 0i6

Atomic Fraction Oxygen 1

CASL-U-2015-0220-000



CASL-U-2015-0220-000

Kinetics
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HCP O ordered phases: DOS
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Gibbs Free energy
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Oxygen diffusion
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Self diffusion coefficient

O Diffusivity in ZrOx, T=800K
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Zr-H system

Y X

metastable
ZrH
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Cubic to tetragonal phase

Temperature (°C)

E. Zuzek et al., Bulletin of Alloy Phase Diagrams 11, 385 (1990). S-ZI'HZ
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Crystallography of ZrH,
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We’re going to consider the case of zirconium dihydride, which is a nice phase to work with experimentally.  The Zirconium atoms can be discribed on an FCC
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Anharmonic strains fluctuations

Expansion of cluster functions
expressed in terms of deformational degrees of freedom

24
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Cubic—tetragonal phase transition in ZrH,

Stress-free Monte Carlo simulations performed
using anharmonic Hamiltonian

Experimental IIExtrapoIation
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Comparison to experiment
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Free energy as a function of c/a
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Helmholtz FE (meV/Zr)
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Phase diagramasa B )
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High temperature elastic moduli of ZrH,
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Role of hydrogen vacancies
(future work)

882°C
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Merging a configurational
cluster expansion with an anharmonic
lattice dynamical Hamiltonian
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Mechanisms of metastable

hydride nucleation

882°C
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E. Zuzek et al., Bulletin of Alloy Phase Diagrams 11, 385 (1990).
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Mechanism with which hydrides
nucleate

Crystallographic relation between hcp and
fcc: look at habit plane for inspiration

metal (0001)
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| [110]

Hydride (001)

H. Numakura, M. Koiwa, Acta Met. 32 (1984) 1799
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Hydride could nucleate between
Two oppositely oriented dislocations




Relation between hydride crystal
structure and dislocation core

A A AV . L A U
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Relation between hydride crystal
structure and dislocation core

A A AV . L A U
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Relation between hydride crystal
structure and dislocation core
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Relation between hydride crystal
structure and dislocation core

F W g
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Relation between hydride crystal
structure and dislocation core
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Relation between hydride crystal
structure and dislocation core
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Relation between hydride crystal
structure and dislocation core
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Basis functions encode crystal symmetry

E(ihy.ofiys...rfiy) = Vo + P VOB (V) + Y VID(GP) 4+ Y VID(OD) + ..
a.m B.n YsP

Compact and arbitrarily extendible Hamiltonian

42
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High temperature elastic moduli of
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