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Abstract

The thermal diffusivities of near-stoichiometric (U, Ce)$dlid solutions containing Ceup to 22 mol% were investigated in the temperature
range of 298-1273 K using the laser flash method. Also, linear thermal expansion measurements were performed in the temperature rang
298-1673 K using a thermomechanical analysis. The thermal conductivities were determined by a calculation of the thermal diffusivity, the den:
and the specific heat. The thermal conductivities of the tested samples could be expressed as a function of the temperature by the phonon cond:
equationk = (A + BT)~*. The thermal conductivity decreased gradually with an increasing Ce content. This was attributable to the increasing lattic
defect thermal resistance caused by thg Qe and G~ ions as phonon scattering centers.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The thermal conductivity of nuclear fuel materials is the most
important property to evaluate the fuel performance in a nuclear
In the investigation on nuclear reactor materials, the imporyeactor, because this property affects the fuel centerline temper-
tance of cerium and cerium oxide is emphasized as one of thre, operating power efficiency, safety, release of the fission
major fission products produced in a nuclear fuel under nuclegsoduct, etc. The thermal conductivity of oxide fuel materials
reactor operation. Further, cerium oxide has often been usegbcreases with the fission product forming a solid solution, the
as a simulating material for plutonium oxide. Although cerium pertyrbation of the stoichiometry for the fuel element, increas-
oxide cannot duplicate the behaviors of plutonium oxide exactly,ng burnup, etc. In this regard, the thermal conductivities 0pUO
it has been used owing to its similar tendency of the chemzng various doped-Ughave been intensively studied by many
ical/thermodynamic behaviors and a convenience in ha”d”nmvestigatorsf[S—lS].
[1-3]. In the present work, the thermal diffusivities of near-
In the research of mixed oxide fuel (MOX) using cerium ggichiometric (U, Ce)@solid solutions containing CeQip to
oxide, 20-30 mol% Cefxontents are mainly used to simulate 22 mol9s were measured inthe temperature range of 298-1273 K
a fast breeder reactor (FBR) fuel composition, while (U, Ge)O ysing the laser flash method. Also, the linear thermal expansion
properties data for a low content (below 20 mol%) are requiregneasurements for the samples were performed in the tempera-
in the relevant research of a MOX fuel for a pressurized watefyre range of 298-1673 K. The coefficient of the linear thermal
reactor (PWR]A4]. expansion (CTE) and the density were calculated from the mea-
sured thermal expansion data. The thermal conductivities were
mpondmg author. Tel.: +82 42 868 8867: fax: +82 42 868 8868. determined b.y.a calculation of the density, the thermal diffusivity
E-mail address: dikim@kaeri.re.kr (D.-J. Kim). and the specific heat.

0040-6031/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2005.12.009



128 D.-J. Kim et al. / Thermochimica Acta 441 (2006) 127-131

. T - . .
2. Experimental i T.L. Markin (1970) [18]

R.C. Brown (1974) [18]
H. Tagawa (1981) [19]
D.1.R. Norris (1983) [18]
K. Nagarajan (1985) [29]| -
K. Yamada (1997) [19]
Present study

added to Integrated Dry-Route YQ@IDR-UQO,), supplied by — 0540

British Nuclear Fuel plc. (BNFL), and mixed using a Turbifa £ 0.545
mixer for 1 h. The powder mixtures were milled using an attrition g
mill for 4 h. Green pellets for the milled powder mixture were g
formed by a pressing at about 300 MPa using a small amoun 5 i s
of lubricant (Zn stearate). The pellets were sintered at 2023K g 0.543 s e
for 4h in a flowing H atmosphergl15]. The sizes of the sin- . | Vegardslawline: \D\A =
tered pellets were about 8.5 mm in diameter and 12—-13 mm in— 0.542 : '
height. i \. 1

For the purpose of an observation on the formation of the solid ~ 0-541 [ ‘ L ]
solution, and a calculation of the theoretical densities, the X-ray 00 02 o4 o086  o0s 10
diffraction peak of a sample was measured by X-ray diffractome- Cel(U+Ce)
try (XRD, Mac Science, MAC-MO3XHF) from 28 10° to 120
at room temperature using a Cu Karget. The step scanning
method was used (counting time = S#p width =0.05).

In the temperature range of 298-1673 K, the axial directional
length changes of the pellets —initial length was about 12—-13 mrf#0, although the O/M ratio of the samples was not measured
— were measured under a flowing argon atmosphere usingia this study, it can be considered that the deviation from stoi-
Thermo-Mechanical Analyzer (TMA, SETARAM, TMA92), chiometric in this sample composition range is assumed to be
and a heating rate of 5 K/min, according to the ASTM designahegligible.
tion[16]. The density was calculated using the measured thermal
expansion data. 3.1. Linear thermal expansion measurements

Samples for the thermal diffusivity measurement were cut to
0.9-1.1 mm in thickness and 6 mm in diameter from a sintered For the sample of ({.,Ce)O> (0 <y <0.22), the length
pellet and polished. In the temperature range of 298-1273 Kshanges of the sintered pellet were measured using TMA from
the thermal diffusivity was measured using a Laser Flash Appa-oom temperature to 1673 K in a flowing argon atmosphere. The
ratus (Netzsch, LFA-427). The measurements of the thermainear thermal expansions of a sample forming a solid solution
diffusivity were carried out three times at every test temperincreased with an increasing Ce content (Fig. 2). This trend can
ature step in a vacuum (16Pa to 10°Pa). The thermal be correlated with the higher density and melting point o,b,UO
conductivities were calculated from the density, the therma(10.96 g/cmi, 3100 K) as compared to that of Ce(@.65 g/cnd,
diffusivity and the specific heat which was calculated by the2673 K). The measured linear thermal expansion was fitted as
Neumann—Kopp’s law using the literature dataora@d CeQ  a function of the temperature using a cubic polynomial regres-

0.547 |- S
Various contents of Ce©(Aldrich, 99.9%) powders were | \\Q

mAYXAQDP>OD

0.544

Latti

Fig. 1. The measured lattice parameters and literature data of (U,Gs)@
function of the Ce contents.

[17-22]. sion (AL/L(%) =a + bT + cT? + dT®), with the fitting parameters
giveninTable 1, wherd is an absolute temperature (K) afigl
3. Results and discussion is 298 K.
Itwas observed that Cefin the UG, matrix was fully formed 20 —— : : :
as a solid solution in this composition range using the X-ray 18l —o—vo, v ]
diffraction. The lattice parameters were obtained using the mea N e (VA oA o } v A
sured peak datf23]. Fig. 1 shows that the lattice parameter & ' [| =2 (Uy4,,C8, 40, T véﬁ e
linearly decreased with an increasing Ce content. Based on thg 14 | =7~ (UyCe)®, o ‘/9’ 4 e
fact that the data points are on a straight line, i.e. the meaa 4, [| ™ UG, (MATPRO [29], T,=298K) e ,m/g
sured data follow the Vegard's law, it can be considered thal§ ol _//sff
the oxygen-to-metal (O/M) ratio for these samples is the stoi-% : v«%y
chiometric or the near-stoichiometric state. g 08 ‘ /X//‘é,ﬂ “““
Even if oxygen vacancies were formed at a high temper-£ 0.6 fp -,--,'4 ““““
ature, an oxygen pick-up during storage in air could fill the § ¢.4 :
oxygen vacancies since the solid solution containing an oxyger5 S I - A T R
deficiency is very susceptive to oxidatifitd]. That is to say, L ;
although the samples were sintered ingatimosphere, the O/M el i T I S S SO S S
ratio changed to be the near-stoichiometric state (2.00-1.99). 200 400 600 800 1000 1200 1400 1600 1800
By many investigator$10,13,25-28], hypo-stoichiometric Temperature (K)

(U, Ln)Oz—, has been reported to OX!dI;e eas!ly In-arr, e_V_enFig.z. Measured linear thermal expansion using the TMA method for (U, £e)O
at room temperature, to almost a stoichiometric compositiongs a function of the Ce content.



D.-J. Kim et al. / Thermochimica Acta 441 (2006) 127-131 129
Table 1
The fitting parameters of the linear thermal expansion (%) for all the samplesas  1.00 R
a function of the temperature (108 L/Lo =a +bT+ cT? +dT3), 293-1673 K I
Composition a b(x1073)  ¢(x10°7)  d(x1071Y) 0.99 RIS B S
- T
uo; —0.28706  0.92445 0.08642  4.84138 % o008 NN
(U0.924C&0.076)O2 —0.32599 1.09000 —0.46248 4.94623 é ’ | "\'_-\.‘: N
(Uo.ss:LCen 14902  —0.38030 1.30000 —1.65460 8.05768 o NI
(Up78Ce2190>  —0.39764  1.36000 —1.04597  5.43329 £ 097 g
5 .
o
e 0.96 | — uo, [
¥, 1.4x10° - : : T (Uo szavcen 0763)02
S W 298~1273K 0.95 ol oo (U 5516C80 1464 Oz
2 * 298~1673K « 1  r| (Uws:szceuzws)oz
g_ A 298~1273K (UO,, MATPRO [29]) 0.94 N N . ) . .
& 1.3x10°H v 298-1673K (UO,, MATPRO [29]) " 200 400 600 800 1000 1200 1400 1600 1800
g i Temperature (K)
[0]
= " Fig. 4. Relative density variation with the temperature of (U, Gega function
g 1.2x10 of the Ce content.
£
5 . 3.2. Thermal conductivity calculations with the thermal
& 1.1x10° diffusivity, density and specific heat
2
5 iy . :
8 » The thermal conductivity was calculated using the equation of
pus . : : _ . L .
1.0x10 i ' k=amcppm. The thermal diffusivit , was measured usin
g 0.00 0.05 0.10 015 0.20 0.25 MCpPM . yom . 9
= Ce/(U+Ce) the laser flash method (Fig. 5). The densjty;, was calcu-

lated from the measured expansion data (Fignd Table 2).
Fig. 3. Mean coefficient of the linear thermal expansion of (U, Ge® a  The specific heat;p, was calculated from the literature data for
function of th_e Ce content at 1273K and 1673 K. These results were in googhdividual component materials using Neumann—Kopp's law.
agreement with the reference data. For the comparison of the different compositions, all the ther-
The mean coefficients of the linear thermal expansion werghal conductivities were normalized to a 95% theoretical density
calculated using the following equati29]: using the modified Loeb equati¢®0] and the following expres-

1 < dL> sion:
Lagg\dT / ®3)

Fig. 3 shows the calculated results from room temperature tavhere sy is the thermal conductivity of a fully dense mate-

1273 K and 1673 K, respectively. It shows that the coefficiential, kv the thermal conductivity of a sample with a density of

gradually increases with an increasing Ce content. pm, P the porosityy the experimental parameter expressed as
Finally, from the data of the measured length changes an@.6— 5 x 10-47T [29] andT is the temperature for the measure-

the following relationshig29], the density change by thermal ments (K).

expansion was fitted using a cubic polynomial regression as a

ell) = Ot = k(2 - P,

function of the temperature: 3.5 R e e S S
_ 3 = UG, 1
& = ! (1 * AL/L;)) (2) 3.0 " © (Uoszwceo‘oma)oz N
Po (1 + AL/LO) o o A (U a516C80 14000, 7
The fitted parameters are shownTiable 2. For the comparison ”E 2.5 g B a;dat(:meaichgfnf;)\% d1005% D ||
. .. . . Wi 1Z o
of the different compositions, it was expressed as the reIatwe; I o o 1
density, where the density at room temperature was normalize: 2 2.0 g N
to 1 (Fig. 4). £ I . )
= 15 v -
o A
Table 2 g °o " T
The fitting parameters of the density for all the samples as a function of the & 1.0 v A Qe B o
temperature (4g/cr?) = a+bT+cT? +dT%), 293-1673 K = vV v v 3 4 8 g
Composition a b(x10%) ¢ (x1078)  d(x1071Y 0.5 | i i | L
uo, 11.04447 -3.05135 —0.08626 —1.34855 200 400 600 800 1000 1200 1400
(Uo.924Ce.076)02 10.78779 —3.51866 1.89979 —-1.41041 Temperature (K)
(UogsCen 14902  10.53816 —4.09061 5.67156 —2.34803 _ o _ i _
(UO 78Ce 217)02 10.28983 —4.19046 3.93252 —1.53539 Fig. 5. Thermal diffusivities of (U, Ce)@Nlth varied Ce contents as a function

of the temperature.
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| T | T T T T T T T 0.20 . . . . ‘ . . .
-3 A S —a—U0, u | lattice defect thermal resistance (extrinsic)
o7 I O (U 56,8 76002 ] ;i 016 E =
b4 —A— (Uu,aswceu 1434)02 u <C
§- I U, 762085 2165) 0, | %
Ze6} wen- UQ, (MATPRO [29]) s 3 0412
:E" all data were normalized to 95% TD §
2 5| ° .
3 | 5 0.08
c - 5
8 4 S
= 3
£ I 5 0.04 -
3 3 : 5
= &
> 0.00
L i I i 1 Il L L L . . .
200 400 600 800 1000 1200 1400 0.00 0.05 0.10 015 0:20 025
Temperature (K) Ce/(U+Ce)

Fig. 6. Thermal conductivities of (U, Ce)ith varied Ce contentsasafunction F19- 7- Relationship between the perturbation of the fitted coeffieigfettice
of the temperature. defect thermal resistance) and the Ce content in the (U, £e)O

Fig. 6 shows the aradually decreasing thermal con ductiv_ference between the host (U) and the substituted atom (Ce) can
9 . 9 y 9 . be thought to be point defects which interrupt a transport of the
ities with an increasing Ce content. The thermal Conducuv'heatenergy

ity data Wﬂe fitted using the _p_honon conduction equation Fig. 8 shows that the intrinsic thermal resistance decreases
k=(A+BT)*, because it is sufficient enough to describe the

thermal conductivity using the lattice contribution only, in the with an Increasing Ce content, however, the perturbation of
. f this experiment (from room tem, eraturthe coef_ﬂmgant{? is very sma}l. The p.honon—phonon scatter—_
:gnig(;;a,t(l;reTfS'ﬁtTe% vaIuest)f coefficientsand B for eF;ch ?ng (the intrinsic thermal reS|'stan.ce) |s'due to' the anharmonlc
| ' hown iTable 3 por_nponents of_ the crystal V|l_)rat|ons, i.e. lattice anharmomc-
sample are s : ity increases with the mass difference between the anions and

The following equation for the thermal resistance — INVETSE ations in the ionic materi@B1]. But, in these samples, the mass

of the phonon conduction equation — indicates the relationsm@iﬁerence between the host {t) and the substituted cation
betweemd andB, the parameters of the lattice contribution to (Ceé™) is very large, so the influence of ecan be thought to

the thermal conductivity: be relatively small

1 In conclusion, the following recommended equation for the
w==w+wp=A+BT 4 relationship between the thermal conductivity and the Ce content
_ . (y, mole fraction) in near-stoichiometric (U, Cey€blid solution
A= Ao+ A4, B=Bo+AB, ®) " Was obtained using the fitted results:
wherew is the thermal resistance the lattice defect thermal 1
resistance (A)wp the intrinsic thermal resistance (BB, and k= —
By the coefficients for UQandAA andAB are the perturbations (0.06019+ 0.70988)) + (0.00023— 1.07768x 10~ "y)T
of the coefficient. (0<y=<0.22 (6)
In Fig. 7, it is shown that the lattice defect thermal resis-
tance increases with an increasing Ce content. Because the O/l 7.50x10® — T
ratio of the samples is the near-stoichiometric state, it can be__ | Intrinsic thermal resistance

thought that the Ce content is primarily responsible for the ther-< s.00x10°
mal conductivity of (U, Ce)@. This is mainly attributable to @ -
the increasing lattice defect thermal resistance caused by th_§ 2.50x10°
U4, Ceé* and G~ ions as point defects, i.e. phonon scattering £
centers. The mean free path of the phonon can be decreased 3 0.00 ]
the presence of point defects in the solid. Also, the mass dif- 2 T =

o 5 i o

= -2.50x10

o [}
Table 3 £
Calculated values of andB of (U1_,Cg,)O, from the fitting relationship E -5.00x10°
Composition A (MK/W) B (m/W) :

-7.50x10" : i : :

uo; 0.06019 0.00023 0.00 0.05 0.10 0.15 0.20 0.25
(Uo.924C&0.076)O2 0.10037 0.00023 Ce/(U+Ce)
(Uo.s5Cen.14902 0.15111 0.00022 _ o _ , o
(Uo.788Ce0.21902 0.22812 0.00020 Fig. 8. Relationship between the perturbation of the fitted coeffidi¢intrinsic

thermal resistance) and the Ce content in the (U, Ge)O
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