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Study of lattice thermal conductivity of alpha-zirconium
by molecular dynamics simulation®
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The non-equilibrium molecular dynamics method is adapted to calculate the phonon thermal conductivity of alpha-
zirconium. By exchanging velocities of atoms in different regions, the stable heat flux and the temperature gradient are
established to calculate the thermal conductivity. The phonon thermal conductivities under different conditions, such
as different heat exchange frequencies, different temperatures, different crystallographic orientations, and crossing grain
boundary (GB), are studied in detail with considering the finite size effect. It turns out that the phonon thermal conductivity
decreases with the increase of temperature, and displays anisotropies along different crystallographic orientations. The
phonon thermal conductivity in [0001] direction (close-packed plane) is largest, while the values in other two directions of
[2110] and [0110] are relatively close. In the region near GB, there is a sharp temperature drop, and the phonon thermal
conductivity is about one-tenth of that of the single crystal at 550 K, suggesting that the GB may act as a thermal barrier in

the crystal.

Keywords: alpha-zirconium, lattice thermal conductivity, molecular dynamics simulation

PACS: 66.70.—f, 65.40.-b, 44.10.+i, 02.30.Em

1. Introduction

Alpha-zirconium and zircaloys have been widely em-
ployed in fuel cladding and pressure tubes in nuclear reac-
tors. Understanding the mechanisms, which control the pro-
duction, number, and arrangement of defects during irradiation
in metals, is crucial to predicting and assessing the material
performance in power reactor system. Molecular dynamics
(MD) computer modeling has been demonstrated to be a valu-
able technique for dealing with these matters. Several studies
of cascades in alpha-zirconium have been reported.!' ! How-
ever, those papers did not consider the edge heat transport of
the system, which is a factor influencing the accuracy of sim-
ulation results. Moreover, in MD simulations of radiation ef-
fects in solids, the sizes of models are limited by computer
power. However, the boundary heat transportation obtained
by the phonon conductivity can eliminate the effect of limited
size model, which makes the MD simulations more realistic.

The thermal conductivity of alpha-zirconium at high tem-
perature consists of two major contributions of electron con-
ductivity and phonon conductivity.[*! According to Born—
Oppenheimer approximation, electronic motion and nuclear
motion, namely electronic dynamics and lattice dynamics can
be considered separately. Properties such as thermal expan-
sion, specific heat capacity of non-electronic contribution, and
thermal conductivity of semiconductor and ceramic are deter-
mined by lattice dynamics, while electronic dynamics controls
the properties of the conductivity, electronic thermal conduc-
tivity, and superconductivity. In the radiation damage process,

DOI: 10.1088/1674-1056/22/7/076601

the defect production is determined by the lattice dynamics
rather than electronic dynamics, because the damage in solids
is caused by the displacements of atoms through atomic colli-
sion (such as cascades). MD is a technology and tool for deal-
ing with lattice dynamics, which has been widely used to sim-
ulate radiation damage and phonon thermal conductivity with-
out considering electronic behavior.!® As is well known, the
electron thermal conductivity makes the main contribution to
the total thermal conductivity in metal or alloy. The electron
thermal conductivity plays a predominant role in heat trans-
portation in the case of thermal contact, yet it has a little in-
fluence on the defect production if the electron thermal energy
does not convert into the atomic kinetic energy. As both the ra-
diation damage process and the phonon thermal conductivity
are related to the lattice dynamics, understanding the phonon
thermal conductivity is also helpful to account for the dam-
age mechanism, which motivates us to study phonon thermal
conductivity of alpha-zirconium.

In fact, MD simulation has been a useful method to
study thermal conductivity by phonons.!”"!° The anisotropy
of thermal conductivity,['’! interface effect,!®'®! and size
effect!”>!%!1l on thermal conductivity were specially dis-
cussed. In MD simulations, the thermal conductivity can be
computed either using equilibrium MD (EMD)!!3:16.20211 or
non-equilibrium MD (NEMD).[7-9-1L1416-191 Relatively, the
NEMD method provides direct information about transport
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phenomeno 1'So in this paper, the phonon conductivity

of alpha-zirconium is theoretically estimated using the NEMD
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method. The rest of this paper is organized as follows. The
simulation model and method, including the empirical many-
body potential and the calculation of the heat flux and the tem-
perature gradient, are given in Section 2, and the results and
discussion are presented in Section 3. Finally, some conclu-
sions are drawn from the present study in Section 4.

2. Model and method

The thermal conductivity can be obtained by Fourier’s
law as

S
T /X’

K= (1)
where J is heat flux along a special orientation and 97 /dX
is the gradient of the temperature along the heat flux. A sim-
ple nonequilibrium molecular dynamics method of calculating
the thermal conductivity was presented in Ref. [23]. In this
study, the phonon thermal conductivity is simulated using this
method.

The empirical embedded atom method (EAM) potential
of #3 given by Mendelev and Ackland!?*! for alpha-zirconium
is employed in the present study. The total energy is given by

N-1 N N
U=Y Y Viy)+)Y Flp), @)
i=1 j=it+1 i=1
where the subscripts 7 and j run over all atoms in the system,
rij is the separation between atoms i and j, V(r) is a pairwise
potential, F(p) is the embedding energy function and

pi=Y @ (rij), 3)
J

where @(r) is the electron density contributed to i site from j
atom.

Before starting the simulation of thermal conductivity,
we first investigate the thermal expansions of alpha-zirconium
at different temperatures. Figure 1 shows the sketch of a
cell for constructing the simulated block. The simulated
block contains 4000 atoms in 10 x 10 x 10 cells, with pe-
riod boundary condition used in x, y, and z axes along the
[2110], [0110], and [0001] directions respectively. The simu-
lations are carried out in the constant temperature — constant
pressure (Nose—Parrinello-Rahman) ensemble,!>?"1 and a
fourth—order predictor-corrector algorithm!?® is used to inte-
grate the equations of motion, in time steps of 2 fs. The pres-
sure is set to be standard atmospheric pressure, and the target
temperatures are set to be in a range from 200 K to 800 K.
The total simulation time is 0.1 ns, which is enough to obtain
a steady state of the system. Figure 2 shows the variation of
average atomic volume with temperature. From the volume-
temperature curve, the volume-expansion coefficients at vari-
ous temperatures are determined to be 17.88 x 1079, 21.76 x

107°, and 25.62 x 107% K~ at 600, 700, and 800 K, respec-
tively, compared with the corresponding experimental values
of 20.38 x 1074, 21.32 x 1079, and 22.22 x 1076 K~ 1.2
It is seen that the potential of Zr used here can reproduce
well the thermal expansion in the temperatures ranging from
500 K to 800 K, which are compatible to the experimen-
tal results. However, it predicts the expansion coefficient of
6.1 x 107® K~! at 300 K compared with the experimental
value of 17.35 x 10~ K~!, showing obvious deviation at low
temperature from the experimental results. Thus we limit our
study on thermal conductivity at the temperatures higher than
450 K, and use the equilibrium cell parameters determined
here for the further simulation of thermal conductivity

. [0001]

[2110]
Fig. 1. A sketch of a cell for constructing the simulated block. The
cuboid constituted by thick lines, containing four atoms, is one cell.
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Fig. 2. Average atomic volume of Zr versus temperature.

2.1. Establishment of heat flux

In order to obtain a heat flux profile and a temperature
profile, the simulation box is divided into N layers perpen-
dicular to the heat flux orientation as shown in Fig. 3.123] We
simply take the coldest atom in the hot slab (slab N/2) and
the hottest atom from the cool slab (slab 0), and then ex-
change their velocities to generate the heat flow. The kinetic
energy distributions of the two slabs are wide enough so that
the hottest atom of the cool slab is always found to have more
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kinetic energy than the coldest atom of the hot slab. A temper-
ature gradient in the middle region will be established after a
certain amount of energy has exchanged between cool and hot
slabs. After reaching a steady state, the exchanged energy is
exactly balanced by the opposite heat flow.

slab: 0 1 N/2—1 N/2 N/2+1 N—1

L

Fig. 3. Dividing the periodic simulation box into slabs. Slab 0 is the
“cool” slab and slab N/2 is the “hot” slab.

Then the heat flux is calculated by

A€

J=—- 4
2AWtvp “)

where Aeg is the average kinetic energy difference between
the two atoms exchanged every W steps (heat exchange fre-
quency) after reaching a steady state, fyp is the time interval
of MD step, and A is the area of the slabs. The factor of 2 in the
formula arises from the symmetry of the arrangement (Fig. 3),
and energy can flow from the hot slab to the cold slab in two
directions, effectively doubling the area available for the flux.

To validate the above method applicable for Zr studied
here, we first check whether the steady state can be established
by exchanging atomic energy. The simulated system consists
of 7680 atoms in a periodic supercell of 8 x 6 x 4 cells. The
direction of heat flux is along [0001] crystallographic orienta-
tion, W is chosen to be 25, and the target temperature is 700 K.
The total simulation time is 0.6 ns (3 x 10°> MD steps), which
is needed because phonon—phonon scattering events in a solid
are far less frequent than in a fluid of comparable density."!
Figure 4 gives the variation of accumulated heat exchange en-
ergy (¢ ) with time. It can be seen that the exchange energy and

t/10° fs
Fig. 4. Variation of the accumulated heat exchange energy (€) with

time obtained in the simulated block with the size of 8 x 6 x 40 cells at
700 K.

time are well related to each other linearly, which means that
the heat flux is constant and the simulation of thermal conduc-
tion is in a steady state.

2.2. Calculation of temperature gradient

When the system reaches a steady state, heat flux can be
determined exactly by Eq. (4). Then it needs to determine the
temperature gradient so as to calculate the thermal conductiv-
ity by Eq. (1).

According to the theory of the statistical mechanics, we
can use equipartition theorem to determine the temperature (7)
of slab k by

1 &

T =
T kg 4

mv?, ()

where n; is the atomic number of the slab k, m; the mass of
the i-th atom in the slab k, kg the Boltzmann’s constant, and v;
the velocity of the i-th atom. Figure 5 shows the averaged
temperature-z profile at four different simulation times, ob-
tained by the simulation block the same as that in Fig. 4. It
can be seen that the four temperature-z curves, performed for
four different simulation times 0.3, 0.4, 0.5, and 0.6 ns, are al-
most the same, indicating that the system has achieved a steady
state after 0.3 ns. It should be noted that in the slabs near the
hot slab and the cool slab, a strong nonlinear phenomenon is
seen, which contributes to the strong scattering caused by the
heat source or heat sink.[”° In the middle region, tempera-
ture profile is linear and can be fitted by a straight line. As
to the symmetry of the two middle regions, the slopes of the
curves for the two different middle regions should be close
to each other. The obtained values of 2.30354 and -2.36302
from Fig. 5 demonstrate that the thermal conduction of the
two middle regions is symmetrical. Therefore, the tempera-
ture gradient can be determined from the temperature-z profile
of the steady state by averaging right and left middle regions
as expressed by

1
T /dz = §(|3T/3Zright\ +[0T /9ztete|)- (6)
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Fig. 5. Averaged temperature-z profiles at four different simulation
times.
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Then, based on Eq. (1), the phonon thermal conductivity
can be computed. We will use the same calculation process in
the other simulation conditions.

3. Results and discussion
3.1. Effect of heat exchange frequency

As introduced in Subsection 2.1 the interval W (heat ex-
change frequency) between atomic velocity exchanges gov-
erns the magnitudes of the heat flux and of the temperature
gradient. To check its influence on the calculation of the
phonon thermal conductivity, we choose W = 25, 40, 55, re-
spectively to compute the phonon thermal conductivity along
[0001] crystallographic orientation at 700 K. Figure 6 gives the
variations of the accumulated heat exchange energy (&) with
time for different values of W. It can be seen that the curves
are straight lines, suggesting that the steady heat flux has been
established in all simulation systems. Accordingly the corre-
sponding phonon thermal conductivities are calculated to be
2.073, 2.170, and 2.056 W/(m-K) respectively. It is seen that
difference between those values appears to be small, indicat-
ing that the phonon thermal conductivity is almost insensitive
to the heat exchange frequency. The similar results have also
been reported in Ref. [7]. Therefore, we set W = 25 in the
following simulations.

40r —— % Ww=25
' % W =55
3.0F

251
20

1.5 /.

N

t/10° fs

e/10°eV

Fig. 6. Variations of the accumulated heat exchange energy (g) with
time for three different values of W.

3.2. Effect of finite size

When the dimension of the simulation systems along heat
flux direction is not significantly longer than the phonon mean-
free path, the effect of finite size on the phonon thermal con-
ductivity will appear.?%3% This can be explained by the scat-
tering that occurs in the regions near the heat source and sink.
Figure 7 shows the variations of the inverse of phonon thermal
conductivity with the inverse of the dimension along heat flux
[0001] direction at various temperatures. It can be seen that
there exists a linear relationship between 1/x and 1/L, i.e.,

1/k=s/L+b. )

This linear relationship between 1/k and 1/L of Eq. (6) has
also been discussed in Refs. [7] and [30]. The phonon thermal
conductivity of the infinite system is equal to the inverse of b,
which can be obtained from Fig. 7 by extrapolating the fitting
straight lines to 1 /L = 0. Thus, we obtain the phonon thermal
conductivity of the infinite system by extrapolation to 1/L =0
in the later cases of the simulations. In order to do so, at least
three computed blocks with the dimensions of 30, 40, 60 cells
along the heat flux direction are employed in the simulations
so that such an extrapolation could be done.

0.56
[ = 600 K
0.52F ¢ 700 K
. L 4800 K
L 0.48
<
v 0.44
g 0.40
~
e 0.36
0.32
0.28 F R,
0.03 0.04 0.05 0.06

L'/nm™
Fig. 7. Variations of the inverse of phonon thermal conductivity with
the inverse of the dimension along heat flux [0001] direction at three
different temperatures, showing a linear relationship between 1/x and
1/L, and very close slopes.

3.3. Effect of temperature

To investigate the variation of the phonon thermal con-
ductivity with temperature, three simulation systems with the
dimensions of 8 x 6 x 30, 8 x 6 x 40, 8 x 6 x 60 cells, contain-
ing 5720, 7680, 11520 atoms respectively, are employed. In
the simulations, the heat flux is along [0001] crystallographic
orientation and the temperatures of the systems are set to be
in a range from 600 K to 800 K. The calculated results of the
phonon thermal conductivity are given in Table 1. It can be
seen that k decreases with the increase of temperature from
600 K to 800 K.

Table 1. Phonon thermal conductivities at different temperatures.

Temperature/K Thermal conductivity/W-m~1.K~!
600 5.8734
700 3.7769
800 29174

According to the classical model, the phonon thermal
conductivity is given by

1
k= 3eRpl, 8)

where c is the lattice heat capacity, 7}, the average speed of
phonon movement, and [ the phonon mean free path.[*!l In
fact, as temperature increases, the average number of phonons
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and the probability of mutual collision between phonons in-
crease, resulting in the decrease of the phonon mean free path.
Furthermore, the lattice heat capacity at high temperature is
almost independent of temperature. Thus, thermal conductiv-
ity will increase with temperature decreasing.!*!! In Ref. [32],
the author pointed out that such a trend is mainly due to enhar-
monic effect that becomes predominant at high temperature.
The same phenomenon was found in Refs. [7], [20], and [21].
Through examining Table 1, the quantitative dependence of

T-2443) can be found.

77243 (namely, Kk o

In the literature, it was found that the total thermal con-
ductivity of zirconium (in W-m~!-K~!) can be given by the
recommended equation*3! in a temperature range from 298 K

to 2000 K as

Kiotal = 8.8527+7.0820 x 107°T
+2.5329 x 107072 +2.9918 x 10°T~!,  (9)

which gives Koy = 16.5133 at T = 800 K. It can be deduced
that the present phonon thermal conductivity of single crys-
tal is about 17.67 percent of the total thermal conductivity at
this temperature. As the total thermal conductivity consists of
electron and phonon thermal conductivity, the above results
indicate that the electron thermal conductivity makes the main
contribution to the total thermal conductivity, which is a com-
mon case for metals and alloys.

3.4. Anisotropy of thermal conductivity

We now analyze the influence of the anisotropy of the
crystallographic orientation on phonon thermal conductivity.
We choose three orientations [2110], [0110], and [0001] as
heat flux direction, respectively. The case of [0001] crystal-
lographic orientation has been discussed in the above section.
For [2110] crystallographic orientation, the dimensions of the
simulated block are 30 x 6 x 8,40 x 6 x 8, 60 x 6 x 8 cells with
the numbers of atoms being 5720, 7680, 11520, respectively.
As for [0110] crystallographic orientation, the simulated block
includes 8 x 30 x 6, 8 x 40 x 6, 8 x 60 x 6 cells and consists
of 5720, 7680, 11520 atoms, respectively. The simulations are
performed at 700 K. The calculated results are given in Ta-
ble 2. It can be seen that the phonon thermal conductivity has
different values for different crystallographic orientations and
that maximum occurs along the direction perpendicular to the
close-packed (0001) plane while the other two directions have
the values of x close to each other.

Table 2. Phonon thermal conductivities along different crystallographic
orientations.

Crystallographic orientation ~ Thermal conductivity/W-m~!.K~!

[0110] 2.8345
[21710] 2.6661
[0001] 3.7769

As the phonon thermal conductivity is correlated with
transport of lattice vibration waves, we discuss a possible rea-
son for the occurrence of anisotropy of k. According to De-
bye’s model, the circular frequencies of all lattice vibration
waves obey @ = v4K, where vy is the group velocity of wave
along the wave vector K direction. In the Debye’s model, it
was assumed that vg was equal to the velocity of sound, which
is the velocity of the longitudinal acoustic wave of long wave-
length. In solid, the velocity of sound is given by

Vg = Z, (10)

p

where Y is the elastic modulus and p the density of solids.
It was reported that the elastic modulus of zirconium is
1.24 x 10° MPa in [0001] direction, and 1.04 x 10> MPa in
both [2110] and [0110] directions.!** Thus, we deduce vs =
4371 m/s along the [0001] direction and vy = 4003 m/s along
the other directions. Accordingly, the largest vs along [0001]
direction indicates the fastest energy transportation of lattice
vibration wave along this direction, for the group velocity rep-
resents the velocity of energy transportation of wave. Thus the
largest k along the [0001] direction is ascribed to the largest
group velocity of lattice vibration wave along this direction.
It is therefore concluded that the anisotropy of x is due to the
anisotropy of the group velocities of lattice vibration waves in
different crystallographic orientations.

3.5. Effect of grain boundary

We now discuss the effect of grain boundary (GB) on the
phonon thermal conductivity. Figure 8 shows the sketch of the
simulated block containing X7 grain boundary. It can be seen
that the simulated block consists of two parts, the left and the
right. The three crystallographic orientations of the left part
are [2110], [0110], and [0001], while they are [131120], [3580],
and [0001] in the right part. The left part contains 7 x 41 x 8
cells, and the right part has 1 X 5 x 8 constructed cells. The
total number of atoms in the simulated block is 17072. Con-
sidering the symmetry, we put the hot slab in the middle of the
left part, and the cool slab in the middle of the right part.

[0110]

slab = &\?&\ \

7 GB

7 GB

Fig. 8. Sketch diagram for the simulated block with grain boundaries.

The simulation condition is similar to that in the above
section. The calculated averaged temperature y curve is given
in Fig. 9. It can be obviously seen that a sharp drop of tem-
perature across the GB occurs. The same phenomenon was
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found in the simulation of heat flux across Si grain boundary
in Ref. [9]. It should be noted that the average temperatures in
the two regions are different, i.e., the average temperature is
717.47 K in the left and in the right it is 468.17 K. Apparently,
the heat fluxes in the two regions are the same when the steady
state has been established. The phonon thermal conductivities
are calculated to be 2.3105 W/m-K and 3.8302 W/m-K for the
left and right parts, respectively. The large value of k of the
right part as compared with that of left part, is due to the lower
average temperature in the right part.

900 | .
J
/\
800 F LY
Lo
700 | .‘.,-"
v 3 S
& 600F '\.\
500 \-. //
400 | w
300 10 20 30 40 50
y/nm

Fig. 9. Averaged temperature y profile for the simulated block with
grain boundaries.

From the temperature y curve in Fig. 9, we can see a
grain boundary phase with four or five slab thickness values
at about 550 K in the GB region. The temperature gradient is
relatively large, with a value of 71.7951 K/nm. Accordingly,
the phonon thermal conductivity near GB is 0.6212 W/m-K.
Additionally, we calculate the phonon thermal conductivity in
the [0110] crystallographic orientation at about 550 K and ob-
tain the value of 5.2127 W/m-K in the bulk of single crystal.
The phonon thermal conductivity near GB is only 12% of that
in the bulk at the same temperature. We can use the ratio of
the temperature discontinuity of GB and the heat flux to char-
acterize the thermal/Kapitza resistance of a GB (Rgr)P as
follows:

ATcp

Rop = —=. (1)

Therefore, we can obtain Rgg = 2.2 x 10~° m2-K-W~!, which
is comparable to the thermal resistances of the GBs ranging
from 107" m?>.K-W~! to 107 m?-K-W~! reported by other
simulations.3>! From the above analysis, we can conclude that

in the crystal, the GB may act as a thermal barrier with low
thermal conductivity.

4. Conclusions

In this paper, we study the phonon thermal conductivity
using the NEMD method. The influences of different factors,
including heat exchange frequency, finite size, temperature,

crystallographic orientations, and grain boundary, on the sim-
ulated phonon thermal conductivity are considered. The simu-
lation results indicate that heat exchange frequency has no sig-
nificant influence on k. The finite size of the simulation sys-
tem has an effect on «, and that there exists the linear relation-
ship between 1/x and 1/L, which can be used to deduce k of
infinite system through extrapolation to 1/L = 0. The phonon
thermal conductivity is found to decrease with the increase of
temperature. Anisotropy of x is observed, which is due to
the different group velocities of lattice vibration waves along
different crystallographic orientations. In the region near GB,
there is a sharp temperature drop, and the phonon thermal con-
ductivity is about one-tenth of that in the bulk of single crystal
at 550 K, suggesting that the GB may act as a thermal barrier
in the crystal.
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