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HIGHLIGHTS

e The thermal conductivities of single-crystalline UO,, polycrystalline UO,, and polycrystalline UO, solid solutions were measured and analyzed using the relaxation-
time approximation method.

e The determined phonon scattering parameters successfully reproduced the thermal conductivities of the fabricated samples and accurately represented previously
reported data for MA-containing UOx.

ARTICLE INFO ABSTRACT

Keywords: The effects of solute elements and oxygen vacancies on the thermal conductivity of UO, were quantitatively

U0, evaluated using the relaxation-time approximation method. In UOy fuel, all solute elements—including various

Thermal conductivity FP, burnable poisons such as Gd, Pu in MOX fuel, and added MA—reduce the thermal conductivity. The

Relaxation-time approximation . . . . . s

Oxygen vacancy magnltl.lde of this 1ieduct10n .depends on the specific element and thfe effects overla.p, rr.laklng quarftltat.lve
evaluation challenging. In this study, these effects were analyzed using the relaxation-time approximation
method by determining the relevant phonon scattering parameters.

Single-crystalline and polycrystalline UOy samples, as well as polycrystalline UO; solid solutions, were
fabricated, and their thermal conductivities were measured. The thermal conductivity was found to decrease
with increasing differences in atomic mass and ionic radius between the solute elements and uranium ions, as
well as with increasing oxygen vacancy concentration. Based on these results, phonon scattering parameters,
including the Griineisen constant, were determined. The determined parameters successfully reproduced the
thermal conductivities of the fabricated samples and accurately represented previously reported data for MA-
containing UO,. These parameters can therefore be used to predict the thermal conductivity of a wide range
of UO»-based fuels.

1. Introduction oxygen defects within its lattice.

The thermal conductivity of UO: fuel is influenced by various factors,

The thermal conductivity of nuclear fuels governs fuel temperature
and indirectly affects fuel properties such as creep behavior and fission
gas release rates. UO: is widely used as fuel in light water reactors and is
therefore one of the most extensively studied materials with respect to
thermal conductivity [1-7]. UO; has a cubic fluorite-type structure that
remains stable over the entire temperature range up to its melting point
and can accommodate a variety of cationic solute elements, as well as

including soluble FP elements, FP precipitates, grain size, porosity, and
oxygen defects. A diverse range of FPs is produced and accumulates
during reactor operation, and the concentration of oxygen defects varies
depending on the atmosphere within the fuel rods. In UOz, oxygen de-
fects exist as oxygen vacancies and interstitial oxygen (Frenkel pairs),
and it is known that they form clusters, particularly at high temperatures
[8]. Additionally, certain solute elements are often added to UO;
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initially, such as Gd as a burnable poison, Pu in MOX fuel, and MA for
transmutation. Such changes in the initial composition affect both the
species and the quantity of generated FPs. These effects on thermal
conductivity overlap, making it difficult to evaluate them individually
and to estimate the thermal conductivity of irradiated UO: fuel. For this
reason, simplified equations based on experimental results for irradiated
or simulated fuels are generally employed, using burnup and other
variables as limited parameters. As an example, the following Eq. (1-1) is
used [5,9-13].

1

K= ATBT (1-1)

where « denotes the thermal conductivity, T is the absolute temperature,
A is a constant that includes all temperature-independent effects, such as
point defect scattering and grain boundary scattering of phonons, and B
is a constant that represents phonon-phonon scattering. Although this
equation reproduces experimental values well, it is overly simplified and
does not permit a quantitative evaluation of individual phonon scat-
tering. The parameters A and B determined for pure UO: fuel cannot be
directly applied to other UO2-based fuels, such as MOX fuel and MA-
containing fuel. In recent years, various UO: fuels for innovative re-
actors have been considered, and fuel property data, including thermal
conductivity, are required for their practical implementation. However,
fuel fabrication, irradiation testing, and property measurements require
significant cost and effort. Therefore, a fuel property evaluation method
applicable to a wide range of UO2-based fuels is desired.

In UOj, phonons are the dominant heat carriers at least up to
approximately 2000 K. Phonons are quantized lattice vibrations that are
scattered by point defects and grain boundaries and are useful for
describing heat transport phenomena. Heat conduction can be described
by specifying the phonon sound velocity and the relaxation time asso-
ciated with each scattering mechanism. This approach is known as the
relaxation-time approximation method [14]. In this method, the thermal
conductivity, «, due to phonon transport is given by the following Eq.
(1-2).

@max @max

K= / Conv-Adw = / Conv?-rdw (1-2)

where Gy, denotes the phonon specific heat, v is the phonon group ve-
locity, A is the mean free path, w is the phonon frequency, and  is the
phonon relaxation time. The relaxation time can be obtained by
applying Matthiessen's rule, as shown in Eq. (1-3), to the relaxation
times associated with each scattering.

A=vr,

1 1 1 1 1
—= ettt —F 1-3)
T Ty Tpin TGB  Tdef

where 7y is the relaxation time for phonon-phonon scattering, 7y, is
that for phonon-spin scattering, zgp is that for phonon-grain boundary
scattering, and 7ge is that for phonon-point defect scattering. As
mentioned above, the composition of nuclear fuel changes during irra-
diation, and a variety of initial compositions also exist. The relaxation-
time approximation approach, which can be applied to a wide range
of fuel compositions, is therefore useful for analyzing the thermal con-
ductivity of nuclear fuels.

In this study, the thermal conductivity of UO; and its solid solutions
is analyzed using the relaxation-time approximation method. The ther-
mal conductivities of single-crystalline UO5 and polycrystalline UOy
samples containing various solute elements or oxygen vacancies were
measured, and the phonon-scattering parameters for each scattering
process were determined based on the experimental thermal conduc-
tivity data. The obtained parameters can be used universally for evalu-
ating the thermal conductivity of UO2 and can be applied to a variety of
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UO»-based fuels.
2. Relaxation-time approximation method

In the thermal conductivity expression given by Eq. (1-2), @mqx is the
maximum phonon frequency assumed. To obtain the phonon specific
heat and group velocity, the sine function [15,16] shown in Eq. (2-1) is
used in this study for the w-k dispersion relation.

® = wysin (ﬁ —) (2-1)

where wg, ko are scaling parameters determined for each substance.
Dames et al. showed that wg and kg can be derived from the sound ve-
locity vs and the atomic density N of the substance as shown in Eq. (2-2)
[16].

1/3 1/3

ko = (67°N) ", wo = %vs(67r2N) (2-2)

The specific heat given by the equations corresponds to harmonic
lattice vibrations. It does not account for the thermal expansion term,
nor does it account for the increase due to Frenkel pair formation, which
is observed in UO: at high temperatures. It should be noted that this
approximation is applicable only to temperature ranges where such in-
creases in specific heat and heat conduction due to small polarons do not
occur.

Then, we discuss the relaxation time for each phonon scattering
process.

2.1. Phonon-phonon scattering

Phonon-phonon scattering can be classified into normal processes, in
which momentum is conserved before and after scattering, and Umklapp
scattering, in which momentum is not conserved. In this study, the in-
fluence of normal processes is assumed to be small and is therefore
neglected. Various expressions have been proposed for the relaxation
time associated with Umklapp scattering [14,17-19], and in this study,
Eq. (2-3) proposed by Morelli [19] is employed.

2
}U = 1\;’1’1’2 ;0" Texp <f?%> (2-3)
where T is the temperature, 6 is the Debye temperature, M is the mean
atomic weight, h = 2z# is Planck's constant, v is the sound velocity, and
y is the Griineisen constant. If the sound velocity and average atomic
weight of the sample are known, the only unknown parameter is y,
which can be used to determine the relaxation time for Umklapp
scattering.

2.2. Phonon-spin scattering

Based on thermal conductivity measurements of single-crystalline
UO; at very low temperatures, Gofryk et al. reported the existence of
phonon-spin scattering [20]. The thermal conductivity of UO5 exhibits a
sharp change near the Néel temperature, which is interpreted as a
transition from the antiferromagnetic to the paramagnetic phase. This
transition results in a random orientation of U-ion spins and the scat-
tering of phonons with a certain frequency. By taking this frequency as
the resonance frequency w;;, the relaxation time, 7y, for phonon-spin
scattering can be expressed by the following Eq. (2-4).

4
! GO gy (2-4)

Tom 2
spin i (0)2 _ w2_>
s

where C; is the coupling constant and Fi(T) is the excitation fraction of
energy level i, which can be expressed by the following Eq. (2-5) [21]
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1-— exp( - f;::}')
F(T) = N (2-5)
1+ exp( - k::}')

This equation indicates that as the phonon frequency approaches the
resonance frequency, it becomes a strong scattering source and the
relaxation time becomes very short. The resonance frequencies s 1 and
s, 2 have been reported as 5.8 x 10'2Hz and 5.9 x 10'2 Hz, respectively
[21]. In this study, the relaxation time for phonon-spin scattering is
determined by treating the coupling constants C; as fitting parameters.

2.3. Phonon-grain boundary scattering

Several models for phonon-grain boundary scattering have been
proposed. One is the simple Gray model, which assumes that phonons
are always scattered at grain boundaries. In this study, we use the Non-
gray model proposed by Wang [15], in which the scattering depends on
the phonon frequency (Eq. (2-6)).

1 Vs

= [
e o-lp-fp%2

@

(2-6)

where [gp is the average grain size, and « is the parameter for grain
boundary transmission, with 0.72 being the recommended value. The
value of f is calculated to be 0.7. The Non-gray model is adopted in this
study because it accounts for the dependence of grain boundary trans-
mittance on phonon frequency.

2.4. Phonon-point defect scattering

Phonons are scattered by point defects, that is, lattice imperfections.
The following Eq. (2-7) formalizes the scattering caused by elemental
substitution, a type of lattice defect, and shows that the scattering
strength depends on the differences in atomic weight and ionic radius
between the substituting element and the host element [22-24].

1 . Vot
ot = ——
Tdef 4xy3

re Zx{ (%”) re(2)') @7)

where Vis the volume per atom, x; is the fraction of atom i, M is the mean
atomic mass, r is the mean atomic radius, and AM and Ar are the mass
difference and ionic radius difference between the substituting and host
atoms, respectively. The parameter ¢ governs the scattering due to the
ionic radius difference and is often treated as a fitting parameter. As the
atomic masses and ionic radii of oxide materials are well known [25],
the only unknown is e. In other words, if ¢ is determined through
analysis, the effect of elemental substitution can be quantitatively
evaluated.

Next, we consider the effect of oxygen defects. Oxygen defects
include oxygen vacancies, interstitial oxygen atoms, and clusters.
Considering the sample composition, the temperature range, and the
atmosphere, this study considers only oxygen vacancies. Charge
compensation due to oxygen vacancies is achieved through changes in
the valence of cations. As oxygen vacancies occur at anion sites, a
different value of ¢ should be used. In addition, the mass and ionic radius
difference for oxygen vacancies is difficult to define. Therefore, in Eq. (2-
8), point defect scattering due to oxygen vacancies is expressed by
introducing the vacancy concentration § and combining the contribu-
tions from mass and ionic radius differences.

I'=46l0 (2-8)

where I'p is a parameter used to evaluate the effect of oxygen vacancies,
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which is determined through analysis.

In this study, the parameters necessary for the above relaxation times
were determined by fitting to measured thermal conductivity data. The
phonon-phonon, spin, and grain boundary scattering parameters were
obtained from data for single- and polycrystalline UO,. The point defect
scattering parameter ¢ was determined from measurements of Zr or Th
dissolved UO, samples without oxygen vacancies, and the oxygen va-
cancy parameter I'p was determined from results for U; MOz (M:
trivalent solute elements) samples.

3. Experimental methods
3.1. Sample preparation

To determine the relaxation times, single crystalline UOj, poly-
crystalline UOg, Uy xM;O4.5 (M=Th, Zr, Y, Gd, Er; x=0.02, 0.05), and U;.
Mx09.5 (M=Nd; x=0.02, 0.05, 0.10, 0.20, 0.50) were evaluated. The
single-crystalline UO, sample was a (100) oriented rectangular spec-
imen with a thickness of 1 mm. For the polycrystalline samples, in
addition to UO5 and ThO, powders, ZrO, (Fruuchi Chemical, 99.9%)
and M303 (M=Y, Nd, Gd, Er, Kojundo Kagaku, 99.9%) powders were
used as starting materials. Prior to weighing, the UO, powder was heat-
treated in a 4% Hy-Ar atmosphere at 873 K for 2 h to obtain an O/U ratio
of 2.0. Other oxide powders were oxidized to MyO3 or MO> in an electric
furnace at 1073 K for 2 h in air. Then these powders were weighed to
stoichiometric ratios. The weighed powders were mixed using an agate
mortar, cold-pressed into pellets, and subjected to a solid-state reaction
at 1873 K for 72 h in a 4% Hjy-Ar atmosphere. After the reaction, the
samples were manually ground and then finely granulated using wet ball
milling. The resulting powder was packed into a graphite die and
densified by spark plasma sintering in an Ar flow (SPS-515S, Sumitomo
Coal Mining Co.). Sintering was performed at 1773 K for 10 min under
an applied pressure of 50 MPa. To adjust the O/U ratio of the sintered
samples, they were subsequently heat-treated in a 4% Ha-Ar atmosphere
at 1473 K for 5 h in an electric furnace.

3.2. Sample identification

The crystal structures of the prepared samples were characterized by
X-ray diffraction using a Rigaku Ultima IV X-ray diffractometer with Cu-
Ka radiation, over a diffraction angle range of 26= 20~120°. The
measured XRD patterns were externally corrected using Si standards to
determine the lattice parameters. Sample density was calculated from
the measured dimensions and mass, and the relative density was ob-
tained based on the determined lattice constant. For polycrystalline UO,
samples, grain morphology was additionally evaluated using EBSD
measurements in conjunction with FE-SEM (JEOL, 6500F).

3.3. Sound velocity measurement

Longitudinal and transverse sound velocities of the prepared samples
were measured using the sing-around method, with a UVM-2 longitu-
dinal transducer of 5 MHz and a transverse transducer of 10 MHz. From
the obtained longitudinal and transverse sound velocities, the average
sound velocity v, and the Debye temperature 6 were determined using
the following Eqs. (3-1) and (3-2), respectively.

1/1 2\ '®
= {é (72*79} oD
_ h(3gpN, 13
0= E( 47M ) (3-2)

where vy, is the longitudinal sound velocity, vs is the transverse sound
velocity, and k is Boltzmann's constant. Ny is the Avogadro constant, and
q is the number of atoms per unit volume.
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3.4. Thermal conductivity measurement

Thermal diffusivity was measured using the laser flash method with a
thermal constant analyzer (LFA457, NETZSCH) over the temperature
range from room temperature to 1173 K. In this study, thermal diffu-
sivity was evaluated using the half-time method, and the Cowan
correction was applied to account for heat loss from the sample surface.
Using the obtained thermal diffusivity a, specific heat Cp, and sample
density p, the thermal conductivity x was calculated using the following
equation.

k = aCpp (3-3)

The specific heat capacity was estimated by summing the specific
heats of UO, and the added oxides [26] according to Neumann-Kopp’s
law.

All of the produced materials exhibited high density, ranging from
94% to 99% of the theoretical density. To account for this porosity, the
Maxwell-Eucken equation [27,28] was applied to correct the thermal
conductivity to a value corresponding to 100% density.

1+pP
K100:KP1_P

3-4)

where kg is the thermal conductivity at theoretical density, xp is the
thermal conductivity at porosity P, and f is a constant that depends on
the pore shape. In this study, g = 0.5 was used, which is appropriate for
spherical pores. Other equations, such as Loeb equation, have been
proposed for porosity correction [3]. However, this equation includes
experimental parameters, and the range of compositions to which it
applies is unclear. Since it has no unknown parameters, the Max-
well-Eucken equation was employed in this study.

4. Results and discussion
4.1. Sample identification

XRD patterns of single-crystalline (sc-) and polycrystalline (pc-) UOo,
as well as Uy_xMy;O4.5 (x=0.05) and Uy xNdxO-.5 (x=0.02-0.5), are shown
in Fig. 1, together with the PDF for UO,. The peak of sc-UO5 corresponds
to the (100) reflection in the PDF, confirming the crystal orientation. No
impurity peaks were observed in any of the XRD patterns. These results
indicate that the additive elements are homogeneously dissolved and
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that single-phase samples with a fluorite-type structure were success-
fully obtained. Since it was not detected by XRD measurement, even if
impurity phases were present, they would be sufficiently small to have
negligible effect on thermal conductivity.

Table 1 presents the lattice constants and relative densities obtained
from these XRD patterns. All samples exhibit high densities, exceeding
94% of the theoretical density. The concentration of oxygen vacancy, 8,
was calculated from the experimental data using the following reported
Eq. (3-5) [29].

a (1 =y —x)-ruay +yTusy +xTuzy + (1 —8)Toz- +5Tovac}  (3-5)

V3
where a is the experimentally measured lattice constant, r represents the
ionic radii from Shannon [25], royq is the effective size of the oxygen
vacancy [29], x is the concentration of the added elements, and y is the
amount of U°". Here, added Zr and Th are assumed to have a valence of
+4, and the O/M ratio of the solid solution containing these elements is
assumed to be 2.0. Furthermore, all the rare earth elements are assumed
to have a valence of +3, and charge compensation is achieved through
the formation of oxygen vacancies and U** jons. The amounts of these
formed were determined to correspond to changes in the lattice constant
[29].

The IPF map image obtained from EBSD observations of pc-UO3 is
shown in Fig. 2. The grain orientations are almost random, indicating
that the influence of SPS on grain alignment is negligible. The average
grain size, calculated from the area of individual grains, is approxi-
mately 10 pm.

4.2. Sound velocity measurements

Table 1 presents the longitudinal sound velocity values prior to
correction for sample density. Within the range of elemental additions of
x=0.05 or less, the effect on sound velocity was minimal, and the
observed variations were primarily attributed to porosity. Therefore, the
reported values of 5479 m st for vi, 2801 m s for vs, and 3138 m s for
v, were adopted as the sound velocities of polycrystalline U0, at 100%
density [30,31]. These values are in close agreement with the measured
results. As described below, a decrease in sound velocity is observed in
samples with high Nd concentration. Given that the melting point of
Nd;03 is approximately 2500 K, lower than that of UOs, this suggests
that the atomic bonds are weakened by the addition of Nd.

20 40 60 80 100 120 20

Diffraction angle, 20 (degree)

(a) sc U0, (100) (b) 0.05Zr (c) — 0.02Nd
_J_L‘AJ'_AL e . w..‘J;_*‘LJJ__,A_JJ__LJ_~_L_JUL_
‘ \ ——0.05Th ‘ \ 0.05Nd
._).,“& J\ ) J J{ ,\. A bk ek | A ‘ \ | C I o]
s s . | s L ||
E; L‘; _;w__iu_d‘_t,,,,,,L,J_A,” S VU . e ]
= =
- Z 0.056d | & ~—0.2Nd
8] g = |
c = "
= 1 T ] E I U I
—— 0.5Nd
U0, (01-071-6416) ] 0.05Er
[
__4‘\_J ,,,,,,, W Y M A A PN ”’Jqumwrwum_m_‘um
U0, (01-071-6416) Uo, (01-071-6416)
, , ‘ HI ‘ I‘ H ‘ ‘ ‘\I HI L1 1 ‘ , ‘ ‘\I ! HI | ——
40 60 80 100 120 20 40 60 80 100 120

Diffraction angle, 26 (degree)

Diffraction angle, 26 (degree)

Fig. 1. XRD patterns of (a) sc- and pc-UOs, (b) (U 95Mo.05)02.5 (M=Zr, Th, Y, Gd, Er), and (c) U; xNdxO, 5 (0.02 < x <0.5).
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Table 1
Characteristics of the fabricated samples.

Added element x in (U;xM,)02.5 Notation in figures Lattice constant O/M=2-8 y, amount of Ut Relative density Longitudinal sound velocity* (m s
a (nm) (%T.D.)
0 sc UO, - 2.000 0 - -
0 pc UO, 0.5471 2.000 0 96.22 5307
Zr 0.02 0.02Zr 0.5466 2.000 0 96.98 5380
0.05 0.05Zr 0.5460 2.000 0 98.57 5450
Th 0.02 0.02Th 0.5472 2.000 0 96.54 5367
0.05 0.05Th 0.5475 2.000 0 96.84 5391
Y 0.02 0.02Y 0.5468 1.995 0.0108 98.36 5390
0.05 0.05Y 0.5459 1.998 0.0460 98.22 5473
Gd 0.02 0.02Nd 0.5467 1.995 0.0172 98.45 5463
0.05 0.05Nd 0.5463 1.999 0.0455 99.12 5442
Er 0.02 0.02Er 0.5467 1.996 0.0122 97.45 5365
0.05 0.05Er 0.5469 1.985 0.0250 98.21 5334
Nd 0.02 0.02Nd 0.5469 1.999 0.0175 97.38 5358
0.05 0.05 Nd 0.5470 1.998 0.0446 99.23 5452
0.1 0.1Nd 0.5467 1.999 0.0941 97.55 5059
0.2 0.2Nd 0.5468 1.997 0.190 96.15 5253
0.5 0.5Nd 0.5486 1.965 0.430 94.27 4902

sc: single crystalline, pc: polycrystalline
*before density correction

Fig. 2. EBSD image of polycrystalline UO, (2000x).

. Thermal conductivity analysis
In this analysis, the following procedure was employed:

. Using experimental data from sc- and pc-UO,, the Griineisen con-
stant and C;, which are the unknown parameters for the phonon—
phonon and phonon-spin scattering terms, respectively, were
determined. As discussed below, the effect of grain boundary scat-
tering is small and therefore negligible.

. Experimental data from (U,Zr)O, and (U,Th)O,, containing tetrava-
lent solute elements, were used to determine the unknown parameter
e for phonon-point defect scattering.

. Experimental data from (U,M)O2.5 (M=Y, Gd, Er), containing triva-
lent solute elements and oxygen vacancies, were used to determine
the oxygen vacancy parameter I'o.

. For (U,Nd)O.s samples containing high Nd concentration, thermal
conductivity was evaluated while accounting for the change in sound
velocity.

. For validation, all obtained phonon scattering parameters were
applied to predict the thermal conductivity of MA containing UOs.

5.1. Single/polycrystalline UO2

The phonon scattering mechanisms in sc-UO; are phonon-phonon
scattering (Umklapp scattering) and phonon-spin scattering, whereas
pc-UO; additionally exhibits grain boundary scattering. The measured
and analyzed thermal conductivities of sc- and pc-UOy are shown in
Fig. 3, along with previously reported values [1-3,7,32-34]. The re-
ported thermal conductivities of single-crystalline samples exhibit
considerable variation, likely owing to the presence of small amounts of
impurities or oxygen defects. The sc-UO; data from this study are close
to those reported by Bates and are relatively high, indicating a low
impurity content. The Griineisen constant y and C; were obtained by
fitting, yielding y = 1.6 and C; = C2 = 0.11. For the Griineisen constant,
the values are in good agreement with previously reported UO, values
[35-371, supporting the validity of the analysis.

In pc-UO,, the thermal conductivity values were nearly identical to
those of sc-UQOs, as previously reported by Moore [2]. This indicates that
the effect of grain boundary scattering is minimal for UO, with grain
sizes of 10 pm or larger. Fig. 4 shows the thermal conductivity values at
various temperatures, calculated using grain boundary scattering pa-
rameters =0.72 and =0.7, which are the recommended values [15]. It
is evident that the effect of grain boundary scattering is weak for grain
sizes on the order of 10 pm, resulting in negligible changes in thermal
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Fig. 3. Thermal conductivity of sc- and pc-UO,.
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Fig. 4. Grain-size dependence of thermal conductivity at 300 K, 500 K, and
1000 K.

conductivity. As UO; pellets used in conventional reactors typically have
grain sizes of 10 pm or larger, the effect of grain boundary scattering can
be considered almost negligible at least at temperatures equal to or
higher than room temperature.

5.2. Tetravalent elements-containing UO,

The phonon-point defect scattering parameters were then deter-
mined. Fig. 5 shows the thermal conductivity of UO2 solid solutions
containing Zr and Th, which are tetravalent elements like U. As Th*" has
only small differences in both atomic mass and ionic radius compared to
U**, the thermal conductivity is not significantly different from that of
UOy, as predicted by Eq. (2-6). In contrast, the thermal conductivity of
the Zr-dissolved sample is markedly reduced owing to the larger dif-
ferences in both atomic mass and ionic radius. By fitting the experi-
mental data, the phonon-point defect scattering parameter was
determined to be ¢ = 15. The thermal conductivity curves obtained from
this fitting are shown in Fig. 5, demonstrating good agreement with the
experimental data. Using this parameter, the effect of solute elements
with any atomic mass and ionic radius can be quantitatively evaluated.

The phonon frequencies most strongly affected by scattering depend
on the specific scattering mechanism. Fig. 6 shows the mean free path, [
= vr, for phonon-phonon scattering, phonon-spin scattering, grain
boundary scattering, and point defect scattering when each occurs
independently. Grain boundary scattering is constant across all phonon
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Fig. 5. Thermal conductivity of (U,Zr/Th)O, with fitted curves.
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Fig. 6. Comparison of the mean free paths for each phonon scat-
tering mechanism.

frequencies. In most frequency ranges, its mean free path exceeds that of
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phonon—-phonon scattering, indicating that grain boundary scattering is
not a dominant scattering mechanism. In contrast, point defect scat-
tering has a stronger effect on high-frequency phonons than phonon-—-
phonon scattering. On the other hand, phonon-spin scattering strongly
affects phonons near the resonance frequency of 5 x 10'2 Hz, and its
influence extends over a broad frequency range from 102 to 10'® Hz.
Therefore, even in single-crystalline UO,, the thermal conductivity is
significantly lower than that of ThO,, as previously reported [20].

5.3. Oxygen vacancy term

We next discuss the thermal conductivity of UO; containing trivalent
solute elements, which produce US* and oxygen vacancies for charge
compensation. The concentrations of U* and the oxygen vacancy &
were calculated from the lattice constants, as shown in Table 1. The
thermal conductivities of UO3 solutions with Y, Gd, and Er are presented
in Fig. 7. By fitting the experimental results, the scattering parameter I,
representing the effect of oxygen vacancies, was determined to be 1.25.
The fitted curve reproduces the experimental values well.

5.4. High concentration of solute element

The phonon scattering parameters were successfully determined for
each scattering mechanism in samples with elemental additions of
x=0.05 or less. During reactor operation, the amounts of FP produced
are less than a few percent, even at high burnup, so their effect can be
evaluated using the above scattering parameters. However, new fuels
may contain higher concentrations of solute elements such as Gd, Th, Pu,
and MA. Therefore, we evaluated the thermal conductivity of samples
with high Nd concentrations, as shown in Fig. 8, together with the fitted
curve obtained using the previously determined scattering parameters.
In the temperature range up to 800 K, the fitted curves are in good
agreement with the experimental data for Nd concentrations of
approximately x<0.1. However, for x>0.2, the fitted curves over-
estimate the experimental values, and the discrepancy increases with
increasing Nd content. In this high-concentration region, changes in
sound velocity can no longer be neglected. The dependence of the
density-corrected sound velocity on Nd concentration is shown in Fig. 9,
where the sound velocity decreases with increasing Nd content, reaching
areduction of approximately 10% at x=0.5. For this reason, the analysis
was performed without modifying the phonon scattering parameters,
while accounting only for the change in sound velocity. The results are
shown in Fig. 10. After correcting for the change in sound velocity, the
analytical results show reasonable agreement with the experimental
data. For solid solutions with high solute concentrations (x>0.1),
correction for changes in sound velocity is therefore considered neces-
sary. It is also noted that the experimental thermal conductivity tends to
exceed the analytical curve above approximately 800 K; however, the
origin of this behavior remains unclear. One possibility is that, since
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these samples contain a large number of oxygen vacancies, the forma-
tion of oxygen clusters may have played a role.

5.5. Validation of scattering parameters

To validate the determined scattering parameters, they were applied
to previously reported thermal conductivity data for MA-containing UO,
fuel, specifically UgggPug.30Amg 92025 reported by Morimoto [38].
These data are shown in Fig. 11, along with the analytical results ob-
tained in this study. Considering the ionisation tendencies of each
element, this analysis first assumes that all Am becomes trivalent, fol-
lowed by Pu becoming trivalent until charge compensation is achieved.
Good agreement between the analytical predictions and experimental
values is observed for samples containing multiple solute elements and
oxygen vacancies.

Using the scattering parameters obtained in this study, the thermal
conductivity of UO; containing various elements, such as MA and FP, as
well as oxygen vacancies, can be quantitatively evaluated. This
approach enables the prediction of thermal conductivity for a wide
range of UOy-based candidate fuels.

6. Conclusion

The thermal conductivities of single-crystalline UO2, polycrystalline
UO,, and polycrystalline UO5 solid solutions were measured and
analyzed using the relaxation-time approximation method to determine
the phonon scattering parameters. A summary of the obtained scattering
parameters is presented in Table 2. Using these parameters, the thermal
conductivity of UO, containing small amounts of any solute element and
oxygen vacancies can be predicted. For higher solute concentrations, it
is necessary to account for changes in the sound velocity.

It must be noted that the thermal conductivity values measured in
this study and the parameters obtained from the analysis all carry un-
certainty. Furthermore, interstitial oxygen, oxygen defect clusters, and
small polaron conductions were not addressed in this study. Different
approaches are required for analyzing the thermal conductivity of UO:
with hyper-stoichiometric compositions or at high temperatures where
cluster formation becomes prominent.
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Table 2
Phonon scattering parameters determined in this study.
Phonon scattering source Parameter Value Unit
Phonon (Umklapp scattering) y 1.6
Spin C; 0.11x10'2 st
Cz 0.11x10'? st
Point defect 3 15
I'o 1.25
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10. Thermal conductivity analysis accounting for changes in
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