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MOTIVATION

EFFECT OF SWIFT HEAVY IONS THERMAL CONDUCTIVITY DEGRADATION
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1-10 keViu 1 to 100 MeV/u « The resistance at irradiation with n, alpha
and fission fragments;

* Good thermal properties

« The aluminum oxide (Al,O;) is a promising
material for various nuclear applications, it is
considered as a candidate material for inert
matrix fuel host in the reactor core;

® 0

length /
«—>
c—
—
[
[c—)
1
——
——
e« o
- ®@®)
oOc>ol

o)
continuous  discontinuous

SHiI tracks from accelerator - « Study thermal conductivity degradation after
Schematic representation and TEM image of tracks irradiation with fission fragments s an
important issue of materials for future high

« Simulate an influence of fission fragments temperature nuclear reactors.

and cosmic rays on material properties;

* Nanostructuring of solids 2/10



Initialization:
set for each particle ¢
position r;(¢p)

velocity v;(tp)

!

METHOD

Molecular Dynamics

XMW http://lammps.sandia.gov/

Initial conditions for simulation with MID

| !

— > Loop Over Time Steps

Crystal structure (Unit cell) Interatomic potential
- pP=3.99 g/cms V=2 V) + 2 Villrry).
i=j ik
. H. ZZ. . D. . W.
Vidl(r) = =2 + ﬁe"’" ~ et =L,
' rioor r r

Time Step:
update for each particle i
ri(t) — ri(t + At)
vi(t) — v;(t + At)

Fj‘?ﬂ.-’{f’ij-f’u]' = Rryri) P00,

Al,O3 has a tfrigonal syngony with the Three-body Vashishta-

)

MD based on solving Newton
equations:

—>

F=-7V

d*r;(t)
AT

= Fi(T'),i = 1,2,

space group R3c.The crystal lattice type potential[1]
consists of AI3* and O?. Oxygen ions

form a distorted hexagonal dense

packing, and aluminum cations occupy

2/3 of octahedral voids

[1]P. Vashishta et al., J. Appl. Phys. 103 (8) (2008) 083504
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SIMULATION

1) Track formation = TREKIS + MD
I _=f e .
: ' Swift Heavy ion impact wesoumioe|  DisTribution
§ o 2 e 167 MeV Of excess
. § ' lattice
TREKIS: IT @ R . energy[2]
Monte- ' Electronic kinetics R R A
Car‘ I o Radius (nm)
simulation @
IIT Velocity
. Atomic dynamics distribution
of atoms
. Formation
Ag::;i:::g; | v Macroscopic track [3]
: : relaxation
Simulation OVITO

™ Open Visualization Tool

Further this structure was used as input  https://www.ovito.org/
data for simulation thermal conductivity

Was very successfully applied for other materials:

SisN, , LiF, Y,05, Olivine, CaF,, WO;, ZrO,, ZnO [2]1 R.A. Rymzhanov et al., J. Phys. D. Appl. Phys. 48 (2015) 355303.

[3]R. Rymzhanov et al.,, J. Phys. D. Appl. Phys. 50 (2017) 475301.
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2) Direct method for calculation thermal

(Fourier law)

IT. Transition of the system to a

conductivity

ITI. We used the simulation

I. Creation of non- ‘ stationary state; cells varying from 29 to 330
equilibrium system Computation of thermal ‘ nm (22-250 unit cells) in
conductivity. length.
a)  Hot region Cold region Y J
14
J J J % 1 ]0) b) [ 34
- - - - S 121 _ Enot = Ecola -32
- " - é 10 Y [ 30
- 2 84 4x2 uc F28 o
s i | 5 N 26 E
0 i - L T 4 6X3u° 8xduc  10x5 uc :24§
400{0) ~—— Temp. profile T 24 e =
= = = Linear fit 0 H—r————————r————————; r20
~3501 604 |d) )i —— Calculated -18
55 501 k = —2%| ---- Moving average N e
= 300 - 240_ VT 4 6 8 10 12 14 16 18 20
vT daT §30 Transversal area (nm?)
250+ = — S 30
dz * 20
o ; ; : 10
0 100 200 300 5
Z coordinate (nm) 0 2 4 6 8 10 12 14 16 18 20 0.093) 1 1 B
Simulation time (ns) — m = T + T
This problem is solved with the well-developed i
.. . . £ _22.6 Wi(m.
method of thermal conductivity calculations in = Dy Rg R,

several simulation cells of different sizes with | =

subsequent extrapolation of its value o an

infinitely large system, ke, according to the
Mathiessen's rule.

~ 0.05-
A4
0.04 . »  4x2 cells
2 e 8x4 cells
0.034 Linear Fit
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RESULT

1) Change of thermal conductivity after SHI irradiation
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(a) MD simulated track of 167 MeV Xe
ion in alumina. The squares show cut
cells for different fluences. Blue dots
with numbers shows the positions of
the ion frajectories in order of its
simulations. (b) Selected central area
with simulated several subsequent ion
passages. (c) Plot of inverse thermal
conductivity vs inverse cell length for
different fluences

Fl = —

uence =
(@) Fluence dependence of the
calculated thermal conductivity

coefficient of alumina. Experimental
data and their fit with the phonon-
mediated thermal transport model. (b)
Thickness of amorphous layer for Xe
ions of different energies from Kabir
et al., Abdullaev et al., Okubo et al..
Inset shows the scheme of layered
structure of AI203 irradiated with
high fluences.
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(a) MD image of 167 MeV Xe ion track in AI203. Red square shows the cut of the track core of 2 x 2 nm?
in size; (b) pristine matrix and (c) track core inserted into pristine matrix in order to eliminate effects of
track halo; (d) MD image of track core in pristine matrix relaxed at 300 K with NPT ensemble; (e) Finite-
size scaling of calculated thermal conductivity (with linear fits) of MD cells shown in (a) and (d).
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(a) MD image of three subsequent 167 MeV Xe tracks in AlI203. (b) pristine matrix with inserted
three track cores; (c) MD image of three track cores in pristine matrix relaxed at 300 K with
NPT ensemble. (d) Finite-size scaling of calculated thermal conductivity (with linear fits) of MD

cells shown in (a) and (c).
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SUMMARY

For the first time thermal transport was simulated in SHI
irradiated solid using a direct method, which demonstrated
good applicability in this case. Degradation of the thermal
conductivity of single-crystalline AI203 with fluence
demonstrates good agreement with the experimental TDTR
data.

The applied method allowed to separate an effect of
discontinuous crystalline cylindrical tracks from that of an
amorphous surface layer on the thermal conductivity of
irradiated alumina. The results demonstrate that a very narrow
highly damaged track core, created by SHI, most strongly
affects the heat transport in such targets.

The obtained data can be used for prediction of long-term
radiation stability and thermal properties of materials exposed
with fission fragments. They also can be used as the basis for
the design of thermo-electronic devises with tailored properties
and for advanced technologies of their productions.

“A neutron walks
into a bar and asks
how much for a drink.
The barman replies
for you no charge”.

-Dr Sheldon Cooper
The Big Bang Theory
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Appendix_1: Interatomic potential

V= 2 U 'raj}'l' 2 ”,k rjﬂrf.ﬁ.']'

/ - \
w‘?sg{?]‘jfm] =RV (ry,ri) P (0;),

+ 2% o _ Dij e Wi j

Vc{!‘) r?}” rf I—r4£* —rﬁ. l l

Spatial factor  Angular factor

Steric-size Coulomb  Charge-induced Van der Waals
effects interactions dipole interactions

TABLE II. Parameters for two- and three-body parts of the interaction

potential used in the MD simulation of structural and dynamical properties Fr'O m pGper‘

of amorphous and liquid Al,O;. . . .
- . Interaction potentials for alumina and
molecular dynamics simulations of
Zi (e) 1.5237 -1.0158 . . .
. amorphous and liquid alumina
A=50A £=375A r=6.0 A e=1.602%107"°C
o Two bf::yo o Priva Vashishta, Rajiv K. Kalia, Aiichiro
- - Nakano and José Pedro Rino
i 7 9 7
:I" (L\"'A") 12,7506 249.3108 564.7334
ﬁ,__‘{“\’é‘ﬁ) ’ s e JOURNAL OF APPLIED PHYSICS 103,
— 083504v (2008)
By (eV) EM (deg) Cii v (A) ry (A)
https://doi.orq/10.1063/1.2901171
Al-O-Al 8.1149 10947 10 1.0 2.90

0O-Al-O 12.4844 90.0 10 1.0 2.90 11
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Appendix 2:TREKIS and MD
Time-Resolved Electron Kinetics in SHI Irradiated Solids

(a) passage of a swift heavy ion ionizing the target and
generating primary electrons and holes;
(b) interaction of OJ-electrons with lattice and target

Collective response of a electrons and further secondary electronic cascades:;
material is taken into (c) Auger decays of deep shell holes also producing secondary
account electrons;

(d) Radiative decays of core holes, following photon transport
and photoabsorption exciting new electrons and holes;

(e) Valence, holes redistribution and their interaction with
electrons and lattice

The dynamic structure factor - complex dielectric function formalism is applied to build up cross
sections describing charged particles interactions within TREKIS.

From paper
d*s | 2[Ze(v, q)e)? 1 —1
d(hw)d(hg) | zh™? h - cw.q) [ Time-resolved electron kinetics in swift
heavy ion irradiated solids
N A Medvedev, R A Rymzhanov and A E Volkov
Y
Scattering center Loss function J. Phys. D: Appl. Phys. 48 (2015) 355303 (24pp)

http://dx.doi.org/10.1088/0022-3727/48/35/355303
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Appendix_3: Direct method TC

11 . 4 ™
Z(:‘:ff_lﬁO Lz.
1 a° 1+4
1 —_ = N
k=3 ovl, [ YT 4k \ L L.
c:%an,
From paper

Comparison of atomic-level simulation methods for
computing thermal conductivity

Patrick K. Schelling, Simon R. Phillpot, and
Pawel Keblinski

PHYSICAL REVIEW B, VOLUME 65, 144306

https://doi.org/10.1103/PhysRevB.65.144306
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CW  Millenia  pumped
: . : H Tsunami femtosecond
Appendix_4: Experimental details of TC sunemi  femtosecond

. . . thermoreflectance
Picosecond time domain thermoreflectance (TDTR)  studies

To perform near surface nanoscale thermal transport measurement on irradiated sapphire
samples, have implemented the TDTR setup. The Ti:Al203 mode-locked femtosecond laser
(Tsunami, Spectra Physics) at 782 nm wavelength, 80 MHz repetition rate and 80 fs pulse
duration, was used as pump and probe beams.

Recorded picosecond TDTR signal of -V, /V, as a function of delay time between pump and
probe beams was fitted with a thermal diffusion model to extract unknown thermal conductivity.
The thermal analysis was based on the iterative algorithm applied to a multilayer geometry with
thermal conductivity, volumetric specific heat capacity, and thickness defined for each layer.

Fluence (ions/ Kion track tayer (W/mK)
cm?) measured by TDTR
Pristine 31.2+48
1.0x 10" 145423
50107 58+0.7
= 1.0x 10" 48+0.7
1.0x10" jons/em” Fr.om paper.

1 |
100 1000
Time (ps)

Thermal transport across nanoscale
damage profile in sapphire irradiated by
swift heavy ions

A. Abdullaev, V. S. Chauhan, B. Muminov, J.
O'Connell, V. A. Skuratov, M. Khafizov and
Z. N. Utequlov

J. Appl. Phys. 127, 035108 (2020)

https://doi.org/10.1063/1.5126413
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