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Bi ion in Al2O3

Swift Heavy Ions (SHI)

• E > 0.5 МэВ/nucl., М > 4mp  

• Snucl/Sel<0.01 - structural 

effects caused by 

ionization losses;

• Simulate an influence of 

fission fragments and 

cosmic rays on material 

properties;

• Nanostructuring of solids



Motivation

-The aluminum oxide (Al2O3) is a promising material
for various nuclear applications, it is considered as a
candidate material for inert matrix fuel host in the
reactor core.

-Study thermal conductivity degradation after
irradiation with fission fragments is an important
issue of materials for future high temperature nuclear
reactors.

The aim of this work

Numerical study thermal conductivity degradation of aluminum oxide irradiated with
Xe 167 MeV
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Monte-Carlo model of 
electron subsystem excitation 

(TREKIS) [1]

Molecular dynamics [2] 

Pristine (ideal 
crystal lattice)

Amorphous structure
of Al2O3

• 𝜌 = 3.44 ൗ
𝑔

𝑐𝑚3

melt-annealing 
method

Irradiated state

Structures of Al2O 3 in Molecular Dynamics

• 𝜌 = 3.99 ൗ
𝑔

𝑐𝑚3

Further these structures were used as input data for simulation of 
thermal conductivity



Direct method of Non-equilibrium MD

Creation a non-equilibrium system Transition of the system to a 
stationary state

Computation of thermal 
conductivity

𝐽𝑧 =
𝐸ℎ𝑜𝑡 −𝐸𝑐𝑜𝑙𝑑

𝑆 ∙ ∆𝑡

𝛻𝑇 =
𝑑𝑇

𝑑𝑧

𝑘 = −
𝐽𝑧
𝛻𝑇

(a) Scheme of the simulation cell: where w is the width of the hot and cold regions; (b) the 

corresponding temperature profile T(z) in the simulated cell; (c) Evolution of heat flux with 
time in MD cell with L=65 nm.



Results

• L = {65Å, 140Å, 285Å, 650 Å, 1300 Å, 1950 Å, 2600 Å, 
3250Å} with the same cross-section 19.0 x 16.5 Å2

Thermal conductivity of pristine

[3] A. Abdullaev, et al., J. Appl. Phys. 127 (2020) 035108. 

Finite-size scaling of thermal conductivity of pure alumina 
calculated at 300 K. Solid line shows the extrapolation with 

exponential function.

In this work, 
𝑊

𝑚∙𝐾
Picosecond time-domain 

thermoreflectance (TDTR)[3], 
𝑊

𝑚∙ 𝐾

34.99 ± 1.29 kexp = 31.2 ± 4.8 
𝑊

𝑚∙𝐾

𝑦 = 𝑦0 +𝐴1 ∗ 1− 𝑒
−
𝑥
𝑡1 +𝐴2 ∗ 1− 𝑒

−
𝑥
𝑡2• Extrapolation function:

where 𝒚𝟎 =
𝟏

𝒌∞
, 𝐴1 = 0.05497, 𝑡1 = 5.74928𝐸− 4, 𝐴2 = 0.38061, 𝑡1 =

0,04174.



Thermal conductivity of irradiated samples (ion track layers)

(c) plot of inverse
thermal conductivity
vs. inverse cell length
for different fluences.

Fluence, cm-2 𝑘∞, W/m/K

0 34.99 ± 1.29

1.6 · 1011 29.6736

4.4 · 1011 23.83 ± 4.49

1 · 1012 19.43 ± 4.34

2 · 1012 15.87 ± 2.71

3 · 1012 13.72 ± 1.02

5 · 1012 11.91 ± 2.24

(a) MD simulated track of 167 MeV Xe ion in alumina. Square shows 
the cuts of the cell for corresponding fluences for thermal 
conductivity simulations.

(b) selected area from central part of the box with simulated two, 
three and ten ion passages. 

Simulated thermal conductivity 
coefficient for irradiated Al2O3 at 
different fluences.

35×35×15 nm3



Thermal conductivity of amorphous structure

• 5 MD-cells of different lengths

• L = {140 Å, 280 Å, 700 Å, 1400 Å, 2100 Å} and with the 
same cross-section 19.0 x 16.5 Å2

𝑦 = 𝑦0 +𝐴1 ∗ 1− 𝑒
−
𝑥
𝑡1 +𝐴2 ∗ 1− 𝑒

−
𝑥
𝑡2

where 𝒚𝟎 =
𝟏

𝒌∞
, 𝐴1 = 0.08968, 𝑡1 = 0.00123, 𝐴2 = 0.08968, 𝑡2 =

0,00123

• Extrapolation function:

[3] A. Abdullaev, et al. Thermal transport across nanoscale damage profile in sapphire 
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In this work, 
𝑊

𝑚∙𝐾
Cahil expression for [3], 

𝑊

𝑚∙ 𝐾

5.15 ± 1.94 1.55



Comparison of the simulation results with the experimental data

𝜎

𝑘𝑒
=
𝜎a
𝑘a

+
𝜎tr
𝑘tr

𝐷𝑡ℎ = Τ𝑘𝑒 𝜋𝐶𝑓Amorphous 
layer, 1/𝒌𝒂

Discontinuous 
tracks, 1/𝒌𝒕𝒓

Al2O3

𝑫𝒂

𝑫𝒕𝒓

Linear extrapolation of these data gives the threshold 
fluence of ~2.3·1013 cm-2

a) Calculated thermal conductivities of alumina vs. ion fluence. Experimental data
and it’s fit with the phonon-mediated thermal transport model are from Abdullaev
et al. [3].

(b) Thickness of amorphous layer for Xe ions of different 
energies

[3] A. Abdullaev, et al., J. Appl. Phys. 127 (2020) 035108. 



Conclusion

• Simulation with direct method showed, that the obtained thermal conductivity of ideal alumina
crystal is in good agreement with the experimental data at the room temperature;

• The calculated TC values for discontinuous crystalline tracks in irradiated alumina are also in good
agreement with the experiment at low fluences;

• There are discrepancies between modeling and experiment at large fluences. In order to solve this
problem, Al2O3 was considered as layered system within multilayer thermal model including two
regions: amorphous and discontinuous ion track region. This approach allowed us to describe the
experimentally observed dependence of thermal conductivity of alumina on irradiation fluence.




