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ABSTRACT

Phonons contribute an appreciable proportion of the thermal conductivity of iron-based structural materials used in the nuclear industry.
The decrease in thermal conductivity caused by defects such as dislocations will decrease the efficiency of nuclear reactors or lead to
melting failure under transient heat flow. However, the phonon-dislocation scattering rate in iron is unknown, and the details of the scatter-
ing process have not been well studied. In this paper, the effect of dislocations on lattice thermal conductivity in pure iron is studied using
molecular dynamics simulations. The temperature distribution in the neighborhood of the dislocation, the spectral heat flux, and the fre-
quency-dependent phonon mean free paths are obtained. From a comparison with the results for a perfect crystal, we find that the disloca-
tion can significantly decrease the lattice thermal conductivity. By using an average phonon group velocity, the phonon-dislocation
scattering rate under a given dislocation density is obtained from the phonon mean free paths. Moreover, eigenmode analysis of a disloca-
tion dipole model indicates that the phonons have a certain degree of localization, which reduces their ability to transport heat. Our study
reveals the details of the phonon-dislocation scattering process and may help to interpret the reduced thermal conductivity caused by the
dislocations that are generated during the service lives of iron-based structural materials.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5127037

I. INTRODUCTION

Iron-based materials are among the most important structural
materials in the nuclear industry. For example, stainless steel is used
as a structural material in the cores of fission reactors and for
primary piping, and oxide dispersion-strengthened steel (ODS) will
be used as nuclear fuel cladding material in the future." In both
fission and fusion reactors, these materials are subjected to a combi-

melting failure of fuel rods under a heat flux of 1 MW /m?. In solids,
heat is carried mainly by electrons and phonons, and « is a function
of both the velocities and mean free paths (MEPs) of these carriers.’
By scattering phonons and thereby reducing their MFPs, defects
reduce the phonon contribution to the thermal conductivity, xy.
Usually, mobile free electrons dominate the x of metals according to
the Wiedemann-Franz law.” However, in ferromagnetic iron, the

nation of high radiation dose and intense heat flux, leading to the
generation of radiation defects such as vacancies, dislocation loops,
and clusters.' Defects greatly reduce the thermal conductivity x of
the materials,” which decreases the efficiency of heat transfer from
the primary coolant to the cooling water and potentially leads to

MFPs of electrons decrease sharply owing to spin disorder, as a
result of which parallel phonon conduction makes a greater contribu-
tion to x." Williams et al.” obtained & at 300 K by fitting the experi-
mental data for binary iron-based alloys and found that the lattice
conductivity contributed 20%-40% of x. Thus, a full understanding
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of phonon scattering by defects is of great practical significance for
the thermal control of iron-based nuclear materials.

Moreover, phonon-defect scattering has always been of great
interest from a theoretical point of view. There have been a number
of detailed studies of phonon scattering by point defects and
interfaces,"'” but there is limited information available on phonon
scattering by dislocations. Experimental studies have indicated that
the presence of dislocations can reduce x;.''™"” However, phonon-
dislocation scattering rates have usually been calculated using a semi-
empirical formula based on the Debye model, which is far from pro-
viding an understanding of the physical mechanism behind the
experimental results. Computational methods offer a good approach
to the study of phonon-dislocation scattering. Using molecular
dynamics (MD) simulations, Xiong et al.'® and Ni et al.'” revealed
that the anharmonicity arising from a highly distorted screw disloca-
tion core leads to phonon scattering in silicon and silicon carbide,
respectively. Termentzidis et al.'® studied the variations in phonon-
dislocation scattering among different types of dislocations, core
structures, dislocation densities, and temperatures, thereby pro-
viding very rich information about the phonon-dislocation
scattering process. Using an ab initio approach, Wang et al.'’
developed a method based on Green’s functions to measure the
phonon-dislocation scattering rate at realistic dislocation concentra-
tions. Recent theoretical work has provided new insights into the
phonon-dislocation scattering process. Li et al.”’ showed that the
dislocation strain can be seen as a quasiparticle that can undergo
inelastic collisions with phonons. Hanus et al*' found that
phonon-dislocation scattering was closely related to the spacing
between dislocations. However, in spite of these advances, a detailed
understanding of phonon-dislocation scattering is still lacking.

In this paper, we perform nonequilibrium molecular dynamics
(NEMD) simulations to study phonon transport across a virtual
interface including an edge dislocation in a bcc iron crystal. A com-
parison is made between the dislocation model (D model) and the
corresponding perfect model (P model, without dislocation). First,
the temperature distribution along the heat flux direction is
obtained directly from the NEMD simulations. Next, the frequency-
dependent heat flux is investigated using our recently proposed
frequency-domain direct decomposition method (FDDDM).””"**
Then, phonon MFPs are fitted according to the length-dependent
spectral heat flux calculated by performing NEMD simulations in
models with different lengths. Finally, the eigenmodes of a disloca-
tion dipole model are analyzed.

Il. METHOD
A. Nonequilibrium molecular dynamics

The model contains 349 100 atoms arranged in a bcc structure
(lattice parameter a = 2.867 A at 20K) with crystal orientation
i, = [100], i, = [010], ii; = [001]; see Fig. 1(a). It is 57.1 nm long
in the x direction and has a cross section of 8.6 x 8.6 nm?*. Two dis-
locations are embedded in the model: one is at the center of the
model with Burgers vector (100) and the other in the corner of the
model with Burgers vector (100). The dislocation line is (001) for
both dislocations. The dislocation density is 4 x 10'> m~2. Since the
dislocations are far away from each other, they can be considered
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FIG. 1. (a) Dislocation model and (b) schematic of the cell used in the NEMD
simulations.

isolated and the interaction between them can be neglected.
Furthermore, the model is periodic in all directions.

A schematic of the cell used in the NEMD simulations is
shown in Fig. 1(b). Both ends of the system are fixed by not includ-
ing time integration in the MD simulation to prevent it from under-
going translational movements. Next to the fixed boundaries, atoms
within a length Ly, = 2nm are coupled to Langevin heat baths.
The temperature is set to 40 K in the hot bath and 0.1 K in the cold
bath. The selected temperature is low because we are trying to
weaken the normal process (N-process) and Umklapp process
(U-process), which usually cause large disturbances in the analysis of
the phonon-dislocation scattering.” Two groups of atoms within
1.6 nm of the extra atom plane of the edge dislocation (denoted by L
and R) are selected, and their velocities are sampled at successive
time steps and will be used to calculate the spectral heat flux. The
same procedure is performed for the P model. The NEMD simula-
tions are carried out in the LAMMPS software package® with a
time step of 5fs. An embedded atom (EAM) potential taken from
Ref. 26 is used to model the interactions between atoms. We
perform 5.3 x 106 NEMD steps, corresponding to a total running
time of 26.5ns. The first 10 ns is used to relax the structure in iso-
thermal-isobaric ensemble (NPT) and canonical ensemble (NVT),
then the following 15ns is used to obtain a steady temperature
gradient and heat flux in a microcanonical ensemble (NVE), and,
finally, the temperature distribution and the velocity for the
FDDDM calculation are obtained in the last 1.5 ns.

B. Eigenmode analysis method

We also construct a dislocation dipole model containing 1128
atoms with 48-, 48-, and 2-atom layers in the x, y, and z directions,
respectively, as shown in Fig. 2(a). The corresponding perfect model
is shown in Fig. 2(b). The models are first relaxed using MD in the
LAMMPS package® with isothermal-isobaric ensemble (NPT) and
canonical ensemble (NVT), and then an energy minimization is
applied. The final structures are used to calculate the phonon density
of states (DOS) and eigenmodes using Phonopy software.”” First, the
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FIG. 2. (a) Dislocation dipole model and (b) corresponding perfect model used
in the eigenmode analysis.

POSCAR files with displacement are generated by Phonopy, and the
files are converted into LAMMPS data files. Then, the second-order
interatomic force constants (IFCs) are obtained from the MD force
calculation, and the force constants are converted back to Phonopy
FORCE_SET file. Finally, the phonon DOS and eigenmodes of atoms
can be obtained from Phonopy.

lll. RESULT
A. Temperature distribution

The temperature distribution along the heat flux direction of
the P and D models is obtained directly from the MD simulations
(see Fig. 3). A perfect linear temperature distribution is obtained in
the P model, but a temperature drop by about 2.1 K appears in the
D model in the dislocation region. The gradient of the temperature
is inversely proportional to the x of the material, so the x of the D
model decreases.

Three regions are selected to calculate the heat flux: one is
near the hot bath (H-R), another is in the dislocation region
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FIG. 3. Temperature distribution along the heat flux direction in the P model
(blue) and the D model (red).
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(D-R), and the third is near the cold bath (C-R). The heat flux is a
vector with three components J, J,, and J;. The results are shown
in Table I. Compared with the P model, J; decreases and J, is gen-
erated in the D model, which is due to the heat flux along the x
direction being diverted into the y direction by the dislocation.

k1 is calculated from Fourier’s law

Jo
L= 9T 0w (0
where ] is the time-averaged heat flux obtained directly from the
NEMD simulation and 0T /0x is the temperature gradient of the
entire system. The results are shown in Table II. xy, is reduced by
18.6% in the D model owing to the presence of the dislocations.

In the classical MD simulation, since each phonons is equally
populated,”® the low-temperature MD results reported herein can
predict the correct trend of transport behaviors of phonons.
Moreover, the scattering rate of phonon-dislocation scattering will
not change with temperature according to the theoretical equations

—4/3
_ \%4
The = Np vy o’ (2)

where 7pl is the scattering rate from the dislocation core, N, is the
dislocation density, V is the volume per atom, v is the average
sound velocity, and w is the phonon frequency,

Tpg = 0.06 X ByNpy

11 /1-2v\? w2 ®3)

x {2+24<1_v> 1+\/§(VT> ] }
where 754 is the scattering rate from dislocation strain, Bp is the
magnitude of Burgers vector of the dislocation, y is the Griineisen
parameter, v is Poisson’s ratio, and v, and vy are the longitudinal
and transverse phonon velocities, respectively. The fact that disloca-
tions cause the same reduction in thermal conductivity at different

- : : 18,29 .
temperatures has also been verified by simulations and experi-
mental studies."'

B. Spectral heat flux

To obtain a quantitative understanding of the phonon-dislo-
cation scattering process, we consider a virtual interface including
the dislocation and investigate the spectral heat flux g(w) through

TABLE I. Heat flux in selected regions: hot region (H-R), dislocation region (D-R),
and cold region (C-R). Jj, J,, and J; are the components of the heat flux vector.

Heat flux I I J.
H-R 14.00 -14 0.014
D model D-R 14.37 -2.18 0.009
C-R 13.72 —-14 0.025
H-R 15.18 —0.02 0.014
P model D-R 15.20 —0.02 0.014
C-R 15.18 —0.002 0.004
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TABLE Il. NEMD results: Jq is the heat flux, aT/ox is the temperature gradient, and
K is the lattice thermal conductivity calculated by Fourier’s law.

Jo 0T/ox K1
(GWm™) (mKnm™") (Wm™'K™)
D model 14.03 283.6 59.45
P model 15.19 208.1 73.03
D/P ratio 92.36% 81.40%

the interface. The heat flowing from the atoms in the L group to
the atoms in the R group as illustrated in the schematic of the
NEMD simulation [Fig. 1(b)] is calculated as”>?

g@=-2 3 mEKe), @

aBE(xy:2)

where o is the angular frequency, ¢ is the total simulation time, Kffﬁ
is the second-order interatomic force constant, and v{(w) and \7/; (w)
are the discrete Fourier-transformed velocities of atoms i in direction
a and atoms j in direction . The spectral heat flux through the dis-
location region is obtained from Eq. (4) by summing over all pairs of
atoms in L and R divided by the cross-sectional area A,

4@ =733 4 ) ©

i€L jER

The spectral heat flux g(w) of the D model (red), P model
(blue), and their difference (cyan) are shown in Fig. 4(a). The
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FIG. 4. (a) Frequency-dependent spectral heat flux of the P and D models and
their difference. (b) Cumulative heat flux with respect to frequency from (a). (c)
Frequency-dependent spectral heat flux of P models of different lengths. (d)
Frequency-dependent spectral heat flux of D models of different lengths.
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purple dashed line is the phonon DOS of the P model obtained
from the Fourier transform of the velocity autocorrelation func-
tion.”" g(w) reveals the contributions from phonons of different fre-
quencies to the heat flux. The curve follows the shape of the
phonon DOS, because the contribution to the heat flux from
phonons of a given frequency is positively correlated with the total
number of phonons of that frequency. q(w) decreases between 2.7
and 6.5 THz owing to phonon-dislocation scattering, but it
increases in the frequency range from 6.5 to 7.8 THz owing to the
frequency deviation of phonons in D model induced by disloca-
tion strain. The cumulative results of gq(w) are shown in Fig. 4(b),
and the total heat flux is 13.51GWm™ for the D model and
1446 GWm™2 for the P model. The values and their ratio are
approximately the same as the NEMD results. By contrast, g(w)
at frequencies lower than 2.5 THz shows little difference between
the two models. This can be understood by considering that low-
frequency phonons have relatively long phonon MFPs, and their
transport is usually ballistic in nature rather than diffusive as in
our finite-length models. Thus, these low-frequency phonons will
be not scattered by the dislocation and their energy can pass
through the dislocation interface without interference.

C. Phonon mean free paths

The phonon MFPs A(w) are obtained by fitting the length-
dependent spectral heat flux g(@, L) to the equation’”’

7"(©)
o =1 L2 w)’ (©)
where ¢°(w) is the ballistic transmission, denoting the number of
modes at frequency w. Equation (6) has been successfully used to
describe the length-dependent heat flux in various systems.””™*

We change the system length Ly between the hot and cold
baths to calculate g(,,1), and the results for the P and D models are
plotted in Figs. 4(c) and 4(d), respectively. As expected, when the
length of the model increases, the phonons have a higher scattering
possibility, which reduces the heat flux. However, ballistic transport
can be clearly observed when f < 2.5 THz, which suggests that the
phonon MEFPs in this frequency range are much longer than the
system scale considered here.”® The ballistic spectral heat flux and
phonon MFPs with 95% confidence interval are shown in Fig. 5(a).
We omit the parts of the curves where g, ) is almost the same to
avoid extremely large fitting errors. The phonon MFPs decrease
with increasing phonon frequency and are below 1000 nm for
phonons with frequency higher than 2.8 THz. The edge dislocation
reduces the phonon MFPs in the frequency range from 4.4 to
6.8 THz. The changes in q(w) and the decrease in the phonon
MFPs reveal the phonon-dislocation scattering. It should be noted
that the phonon MFPs of the P model are shorter than those of the
D model when @ > 7.0THz. This is due to the increase in the
phonon frequency caused by dislocations in the D model.

The scattering rate 7! and the phonon MFPs A are related by
77! = v, /A, where v, is the phonon group velocity. Unfortunately,
it is impossible to determine the group velocity of our dislocation
model owing to the large number of atoms, so v, is replaced by an
average phonon group velocity v,y obtained from a lattice dynamic
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FIG. 5. (a) Phonon MFPs with 95% confidence interval by fitting the length-
dependent g(w, L) to Eq. (6) and (b) phonon scattering rate with 95% confi-
dence interval by using an average phonon group velocity.

calculation for simplicity. vay. is 1.545km/s for a perfect iron
crystal at 20 K. The scattering rates are then obtained and are
shown in Fig. 5(b). The medium-frequency phonons have a higher
scattering rate in the dislocation model.

D. Phonon behavior of the dislocation core

To uncover the changes in phonon behavior caused by disloca-
tions, the phonon DOS and eigenmodes of a dislocation dipole
model and its corresponding perfect model are obtained. The
phonon DOS is shown in Fig. 6(a). The maximum of the phonon fre-
quency in the dislocation dipole model increases, and all the peaks in
the DOS of the dislocation dipole model are smoothed compared
with the result of the corresponding perfect model. By checking the
atomic vibrations of each eigenmode, we find that the atomic
motions of the dislocation dipole model exhibit different degrees of
localization. Therefore, we investigate the participation ratio (PR) of
these modes, which is defined for each mode 1 as™

2
[Z (a-,nf}
B NZ (Ei,n)4 '

where €, are the eigenvectors, N is the number of atoms in the
system, # is the mode index, and the index i runs over all the atoms

PR, (7)
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FIG. 6. (a) Phonon DOS and (b) participation ratio of the dislocation dipole
model and the corresponding perfect model.
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in the supercell. The participation ratio shows the degree of atomic
participation in a given mode and is independent of the system
size.”® The value changes from O(1) for spatially extended modes to
O(1/N) for a mode completely localized on a single atom.

The PRs of the dislocation dipole model and the correspond-
ing perfect model are shown in Fig. 6(b). We can see that the PRs
decrease dramatically in the dislocation dipole model, with a large
portion dropping to below 0.1. Vibrational modes with such low
PRs have been observed before and have been called “locons.”””
These localized modes cannot deliver thermal energy as efficiently
as spatially extended modes, and this may be the main reason that
a crystal with dislocations has a smaller k7, than a perfect crystal.

IV. CONCLUSION

In conclusion, we have investigated the influence of edge dislo-
cations on the x;, of iron. The value of k calculated by Fourier’s law
in our NEMD simulations decreased by 18.6% with a 4 x 10 m 2
dislocation density. The results of g(w) show that medium-frequency
phonons are more likely to be scattered by dislocations, and their
phonon MFPs are reduced. From an analysis of eigenmodes, local-
ization of phonons in the dislocation core region is observed in the
model with dislocation, and it is the localized phonons that
decrease k. Because of the significant phonon contribution to x
of iron-based structural materials in nuclear reactors, such a
decrease will cause a degradation of reactor performance and lead
to safety flaws. Our study reveals the details of the phonon-dislo-
cation scattering process and may help to interpret the reduced
thermal conductivity caused by the dislocations that are generated
during the service life of iron-based structural materials.
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