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First principles understandin
transport in 5f electron mate
irradiation environments

Science Question 1
What is the impact of 5f electrons
bn phonon and electron structure in
Th, U0, and UZr alloys?
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Science Question 2
How do intrinsic and irradiation-
induced defects self-organize in
Th,, U0, and UZr alloys, and
what are their impacts on
electron and phonon scattering?

Science Question 3
What are the collective effects
of defects, defect ordering, and
defect supersaturation on
thermal transport of
Th,, U0, and UZr alloys?
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Presenter Notes
Presentation Notes
Our vision is that a first-principles understanding of electron and phonon transport addressing the complexity of irradiation-induced defects in nuclear fuels will provide the necessary tools to enhance thermal transport by tailoring defects and microstructure. 
SQ1: This question targets the complexities introduced by 5f electrons in electron and phonon dispersion and scattering. This foundational work is necessary to fully consider the more complex problem of transport in the presence of mesoscale defect structures.
SQ2: This question considers the self-organization mechanisms of prominent non-ordered and ordered structures found in off-stoichiometric oxide fuel, loops and void structures in ion-irradiated oxide and metallic fuel, and grain boundaries in high-burnup structures, as well as the impact of these defect structures on electron and phonon scattering. 
SQ3: This question addresses the collective impacts of electron and phonon scattering by defects on thermal transport on mesoscopic length scales. Validation of model predictions, obtained using the Boltzmann transport formalism, will come from nanometer- and micrometer-scale thermal transport measurements and from in-reactor measurements of thermal conductivity.
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Deposition on
Seed

PhVSical Properties Crystallization &
Zone g =
(690 °C) o =
Elastic Constants$ C,, = 367 GPa N
C, =106 GPa 7 S
C, =79.7 GPa A
DensityT 10.01 glem? Bk
Feedstock (i
Melting Point 3,350° C (7%8”5:) U Regain
p— 4" Feedstock
Boiling Point* 4,400° C
Molar Mass 264.037 g/mol

2105 (at 5893 nm) §P. Macedo, W. Capps, J. Wachtmann/ J. Amer. Ceram. Soc. (1964)

1J. Belle, R.M. Berman, DOE/NE—0060, (1984)
21 35 (at 4358 nm) +W.M.Haynes, Handbook of Chemistry and Physics (92nd ed.). (2011)

Refractive Index (n) T

Hydrothermal Crystal Synthesis Method

Spontaneous nucleation performed
in silver ampoules

ThO, feedstock powder placed in
silver ampoule

6M CsF mineralizer solution used to
dissolve feedstock and transport it
to crystallization zone

Water counter-pressure applied to
silver ampoule

Reaction conditions maintained for
10 days

J. Castilow, et al., Mater. Res. Soc. Sym% Proc. Vol.
1576 (2013)


Presenter Notes
Presentation Notes
ThO2 is an actinide-bearing material that does not contain 5f electrons and will serve as a baseline that enables the investigation of phonon transport mechanisms
ThO2 has a cubic lattice structure. Th atoms shown in white, O atoms shown in green. Thorium cation sublattice is FCC, while the oxygen atoms occupy all the tetrahedral sites
Phonon propagation is associated with lattice vibrations

The extremely high melting point of thoria precludes the use of traditional melt techniques such as Czochralski growth. Currently, there are no crucibles capable of withstanding the temperatures needed for the melt; thus exotic melt based techniques are required.

Single crystal growth of ThO2 was achieved by hydrothermal synthesis. Spontaneous nucleation reactions were performed in silver ampules (Stern Leach, 99.99%) of various lengths (2-8”) and diameter (1/4-3/8”). ThO2 (Strem, 99.99%) powder was placed into the ampule with a basic mineralizer and then welded shut. The ampules were then placed in a 27 mL internal volume Inconel autoclave with the remaining volume filled with water to provide counter pressure. The vessel was then heated to temperatures between 400 and 750 C, which generated pressures between 10 and 30 kpsi. For bulk growth reactions, a seed crystal of thorium oxide was drilled and hung from a ladder using 0.1 mm silver wire (Alfa Aesar, 99.997%). The frame was constructed from 1 mm silver wire (Alfa Aesar, 99.9%) and the rungs were fabricated from small sections of 1/4” tubing. The feedstock consisted of spontaneously nucleated crystals (0.25-1 mm) and ThO2 powder with a total mass between 1 and 2.5 g. Together, the feedstock and ladder were sealed in a 6”  3/8” diameter silver tube with 4 mL of mineralizer. Using two ceramic band heaters, a temperature difference was applied between the feedstock zone and the growth zone creating a solubility difference whereby the feedstock is dissolved and then transported to the growth zone for crystallization onto the seed crystal. When the reaction was completed, the seed crystal was examined to determine the overall mass increase and the dimensional growth rates.
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Sample ID Avg. dpain H* ion H* ion irradiation  Irradiation Temperature
Plateau Region  energy  fluence (ions/cm?)
(0-12.5 pm)
ThO2-SN-8f Pristine N/A N/A N/A
ThO2-SN-8h 0.01 dpa 2 MeV 1.73 x 10" Room Temperature
ThO2-SN-§] 0.05 dpa 2 MeV 8.635 x 10" Room Temperature
ThO2-SN-8¢c 0.1 dpa 2 MeV 1.73x 108 Room Temperature




Changes in Optical Absorption after lon Irradiation

»  Proton irradiation changed thorium dioxide a
colorless crystal to a dark blue appearance

» Change in optical absorption due to electrons

trapped in point defects that create states within

the bandgap
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B.G. Childs, P.J. Harvey, and J.B. Hallett, Color centers
and point defects in irradiated thoria.
J. Am. Cer. Soc., 53(8), 431-435 (1970).
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ThO2-SN-8h

0.01 dpa
Avg. Plateau

Displacement
Damage

ThO2-SN-8j

0.05 dpa
Avg. Plateau
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Characterization of Microstructural Damage via Optical Spectroscopy

Extinction Coefficient k (a.u.)

T

T T
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181 eV 2.02eV
’ Pristine ThO
Irradiated ThO
16 1.8 2 2.2 24 26 2.8
Energy (eV)

w

> Optical Absorption/ emission could be
influenced by electronic transitions from
intervalence bands created by irradiation-
induced defects, or by charged defects

» Intensities of absorbed/ emitted spectra may

be used to correlate with displacement
damage levels

‘ Trapped

electron in

L anionic
e vacancy
‘ 6
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Damage Profile using SRIM

> 2 MeV H* ions at normal incidence

05 L ‘Peak Damage Region” «—

> Total fluence: 8.65 x 10" ions/cm?
04 |

> Kinchin-Pease Method

Damage (dpa)

02

ol “Plateau Damage Region”

0 5 10 15 20 25 30
Depth (um)
R.E. Stoller, M.B. Toloczko, G.S. Was, A.G. Certain, S. Dwaraknath, and F.A. Garner: On the use of SRIM for computing radiation damage exposure. 7

Nucl. Instrum. Methods Phys. Res., Sect. B. 310, 75 (2013).


Presenter Notes
Presentation Notes
Direct measurement of thermal conductivity is achieved by applying a heat flux across a material of a known geometrical shape and measuring the temperature difference across a fixed distance using thermocouples. In general, this approach requires centimeter size samples. While this is in principle a straightforward measurement, a number of other factors need to be accounted for including radiative heat dissipation through the surface of the material as well as thermal interface resistance between thermocouple and material. For high temperature measurements, large radiative losses through the surface and unavailability of high-temperature thermocouples make direct measurement impractical.
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Laser-based Modulated Thermoreflectance Method

Beam Scanner
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Phase Amplitude

M. Khafizov, V. Chauhan, Y. Wang, F. Riyad, N. Hang, D.H. Hurley, Investigation of thermal transport in composites and ion beam irradiated materials for nuclear energy applications.
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J. Mater. Res., 32(1), 204-216 (2017).
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Amplitude (mV)

05

0.4

o
w

<
()

|FETT

(Enteriorahe
Traansgort unelar gk

Thermal Wave Amplitude & Phase Profiles in Pristine ThO,

Room Temperature Measurements

T T T

Scan Distance (

Fitted room temperature thermal diffusivity of pristine ThO,:

Using room temperature density p = 10.01 g/cm3 and heat
capacity C, = 229.1 J/(kg K), the thermal conductivity of
pristine ThO, is:
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Temperature-dependent Phase Profiles in Pristine ThO,

Phase (degrees)

>
>

Phase Profiles on Pristine ThO,
measured from 77 K - 295 K at 50 kHz
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Presenter Notes
Presentation Notes
low-temperature thermal conductivity measurements provide a sensitive method for investigating the scattering of phonons by lattice defects.
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Temperature-dependent Phase Profiles in Irradiated ThO,
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Damage Dose Dependence of Thermal Wave Phase Profiles

Phase Profiles for different damage
doses measured at 50 kHz and 77 K

Pristine
0.01dpa
0.05dpa

Scan Distance (

> Phase profiles become steeper with increasing displacement damage
» Change in slope more pronounced at low temperatures
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Temperature- and Dose-Dependent Thermal Conductivity
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Temperature-Dependent Thermal Conductivity using Boltzmann Transport Formalism

Thermal Conductivity (W/mK)
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R. O. Pohl, Influence of F centers on the lattice thermal conductivity in LiF. Physical Review, 118(6), 1499 (1960).
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Summary & Conclusions

> Investigated the influence of microstructural defects induced by irradiating single crystal ThO,
samples with 2 MeV H* ions at room temperature

> |rradiation-induced optical absorption peaks suggest formation of F-center defects in crystal
|attice

» Spatially-resolved thermal transport measurements performed on the length-scale of
microstructural heterogeneity (within the damage layer) using a modulated thermoreflectance

approach

> |rradiation-induced damage strongly affects thermal diffusivity/ conductivity — ~83% reduction
from pristine to 0.05 dpa at 295 K

» BTE model with scattering rates for different processes shows that resonant scattering from
strain fields associated with F-centers

> Future outlook:

» DFT modeling of electronic transitions will be compared with optical absorption ellipsometry
measurements

15
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