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Abstract

Uranium—cerium mixed oxides of three different compositiong L& g)O., (UssCe5)O, and (W sCe 2)O,, were prepared by combustion
synthesis and characterized by XRD. The compositional characterization was done by ICP-AES. Heat capacity measurements employed a
flux type differential scanning calorimeter from 280 to 820 K. The heat capacity valueg §E€k)O., (UysCe 5)O, and (L sCey 2)O, at 298 K
are 62.8, 64.2 and 70.1 YKmol~?, respectively. Enthalpy increment, entropy and Gibbs energy function were computed from the heat capacit
data.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction behaviouf2,17]oxygen potentigll8,19], lattice paramet¢i 9]
and thermal expansid20]. The only heat capacity data are of
Uranium—plutonium mixed oxides (MOX) are used as theArita et al.[21] for (Ug.91Cey.09)O2. In the present study, heat
fuel in fast breeder reactors. Cerium is one of the major fissiogapacity measurements were carried out on the uranium-cerium
products. Owing to its structural similarity Ce@adily forms  mixed oxides (Ce; _,)O2 (x=0.2, 0.5, 0.8) in the temperature
solid solutions with UQ and Pu@, the fuel constituents. Hence range 280—-820K by differential scanning calorimetry.
the thermodynamic properties of uranium—cerium mixed oxides
are of interest. Cerium is also an inactive analogue for plutoniun2, Experimental
as the ionic radius of cerium and its chemical properties are
very close to that of plutoniurfi,2]. Experimental data on the 2.7. Sample preparation
heat capacity and enthalpy increments of uranium—plutonium
mixed oxides are available only for a limited compositionrange, Uranium oxide of nuclear grade purity supplied by Nuclear
namely, 20% to 28% PufJ3-11], though correlations by Fink Fuel Complex, Hyderabad, India, and Ge@f 99.9% purity
[12], Cordfunke and Koning$13], MATPRO [14] and Car-  supplied by M/s. Indian Rare Earths were used for preparing the
bajo et al.[15] exist for the estimation of enthalpy and heat samples. The solid solutions of urania and ceria were prepared
capacity data. Since experimental data on the heat capacity B combustion synthesis, which uses the large exothermicity of
uranium-plutonium mixed oxides containing more than 28%he chemical reaction between the fuel and an oxidant to energize
PuQ are not available, data on uranium—cerium mixed oxideshe synthesi§22—27]. In our preparation, citric acid was used
will be helpful in estimating the same for MOX fugB]. Most  as the fuel. The uranium oxide was heated at 1073K for 4 h
of the data available in the literature for the uranium—ceriumin a flowing stream of Ar+8% bl mixture, which had been
mixed oxides are for the electrical conductivify6], oxidation  equilibrated with water at 298 K to convert it into gy [28].
CeO was heated in air at 673 K to remove any sorbed moisture.
Stoichiometric quantities of U9and CeQ thus treated were
* Corresponding author. Tel.: +91 4114 280098; fax: +91 4114 280065.  dissolved in nitric acid by heating at around 353 K. A drop of
E-mail address: knag@igcar.ernet.in (K. Nagarajan). hydrofluoric acid was added to catalyze the solubility of @eO
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Citric acid was added to the nitrate solution and mixed to gef.3. Calorimetric measurements

a clear solution. This mixture was then heated on a hot plate

at 673 K. Combustion of the mixture took place with a flame. A heat flux type differential scanning calorimeter, model
The resultant fine powder was ground, calcined at 1073 K imumber DSC 821e/700 of M/s. Mettler Toledo GmbH, Switzer-
air for 4h and compacted into pellets of 5mm diameter withland, was used in this study. Temperature calibration was carried
a hydraulic press. The pellets were heated at 1073 K for 4 lout by determining the melting temperatures of indium, tin, lead
under a flowing stream of Ar+ 8% Hgas equilibrated with and zinc supplied by National Institute of Standards and Tech-
water at 298 K to ensure that the O/M of the mixed oxide is 2.0hology, USA (NIST), at heating rates of 2, 5, 10 and 20 Kndin

[28]. The onset temperature of melting at different heating rates was
plotted against the heating rate and extrapolated to zero heat-
2.2. Sample characterization ing rate. The extrapolated onset temperature at zero heating rate

was used for temperature calibration. The calibration curve was

Pellets of (W 2Cey.g)O2, (UpsCey 502 and (Lh.gCey.2)O2 obtained by fitting the difference between the known melting
as well as those of Ceand UQ, from the same lot used for point of the calibration substances and the extrapolated onset
DSC measurements, were powdered and characterized by potemperatures to a second order polynomial. This provides instru-
der X-ray diffraction (XRD). The XRD patterns of the O ment calibration under steady state condition.
and CeQ agreed well with those given in literatuj&,29-33]. The slope of melting point against heating rate curve gives
The XRD pattern of the solid solutions showed the absence dhe t-lag, the difference between the time for the temperature
peaks due to pure UQand pure Ce@ confirming the forma- sensor and sample to attain a given temperature under dynamic
tion of solid solution. Lattice parameters were derived from theconditions. The calibration curve for thdag was also obtained
XRD patterns of the uranium—cerium mixed oxides. The latticeby fitting z-lag at different temperatures to a second order poly-
parameters of (b2Cey.8)O2, (Ug.5Cen 5)02 and (Lh.gsCey.2)O2 nomial. The typical value of-lag is 1-3s.
were also computed from the lattice parameters of, l4@d Heat calibration was carried out by measuring the enthalpy
CeQ from literature[1,33], using Vegard’s law. The two sets of of melting of indium, tin, lead and zinc at 10 K mih.
lattice parameters are in good agreement (Table 1). The lattice Heat rate calibration was performed prior to each heat capac-
parameters of (bJsCey.5)O2 and (Lh.gsCey 2)O2 are also ingood ity measurement with a disc of sapphire supplied by M/s. Mettler
agreement with the values reported by Martin efjland Kim  Toledo GmbH, Switzerland, using the heat capacity data of sap-
et al.[34]. phire from NIST, USA.

Compositional characterization was done by inductively Heat capacity measurements were carried out from 280 to
coupled plasma-atomic emission spectroscopy (ICP-AESB20K. To eliminate any adsorbed moisture on the sample, the
Accurately weighed amounts of UOCeQ, (Up.2Cey.8)Oo, samples were heated to 573 K before starting the experiment.
(Uo.5Cey.5)02 and (Lh.gCey.2)O2 were dissolved in nitric acid. About 50-100 mg samples in the form of pellets were weighed
Ce (IV) was converted into Ce (Ill) by addingB, during dis-  accurately and hermetically sealed inglOaluminum pans. The
solution. Standard and sample solutions were 500—-1000 pprfiow rate of the purge gas (ultra high pure argon) was 50 mL/min.
Five sets of standard solutions for each elementranging from 5 tA three-segment temperature program was used. The first seg-
25 ppmwere prepared and used for calibration. The results of thment was isothermal lasting for 5 min at the initial temperature;
analysis are: The concentrations of uranium i §0e) g)O2, the second segment was from the initial temperature to the final
(Uo.sCen.5)02 and (Lh gCen.2)O2 are 19.7, 49.1 and 80.9 mol% temperature at a heating rate of 10 K mtrand the final seg-
and those of cerium are 80.3, 50.9 and 19.1 mol%, respectivelynent lasting for 5min was again an isothermal one at the final
The homogeneity of uranium and cerium within the pellet wasemperature.
ensured by SEM with EDAX. The results of compositional anal- Each heat capacity measurement consisted of a set of three
ysis by SEM-EDAX agree withie=1% with the expected values runs, namely, a blank run with empty pans on both sample and

for all three solid solutions. reference sides, a sapphire run with empty pan on the reference

Table 1

Room temperature lattice parameter ofQg; — )02

Compound Lattice parameterﬁ()

Computed using Vegard’s law Experimental Literature data

uo, - 5.4719 5.4703[29]
5.4705[30]
5.4710[31]
5.4700[1]

CeQ - 5.4116 5.4110[1,32,33]

(Ug.2Cen.8)02 5.42291,33] 5.4230 -

(Uo.sCen.5)02 5.44081,33] 5.4337 5.43901]

(Uo.sCe.2)02 5.45861,33] 5.4577 5.457934]
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side and the pan with disc of sapphire on the sample side an@ble3
finally the sample run with empty pan on the reference side antléat capacity data for CeO

the sample in the form of pellet on the sample side. T (K) Cpm (KT mol?)
Measured Fit Kuznetsov et al[35]
3. Results

298 62.6 62.0 61.5
) , 300 62.7 62.4 61.7
The heat capacity of UPmeasured by DSC in the present 409 68.8 69.3 67.1
work and given inTable 2is the mean of five or six measure- 500 73.0 73.3 70.6
ments. The relative standard deviations are 1-2%. The measuréep 76.5 76.0 73.3
heat capacity of U@was fitted to obtain the following polyno- 790 78.6 782 5.7

. 800 79.3 80.1 77.8
mial in temperature by least squares

Co.m (@K tmol™) = 75.466+ 0.0149T

following polynomial in temperature by least squares
— 144384772 (280820 K) 1) gpoy P y d

Com(@Ktmol™) = 71.152+ 0.013351

The standard error of the fit is 0.37 Jkmol~1. The mea- 114542572 (280-820K) )
sured data along with the fit values are showhim 1. The heat
capacity data of U@reported in the literaturgl2,36-40], are The standard error of the fit is 0.59 JKmol~1. The mea-
also shown irFig. 1. As can be seen, the present data are slightlgured data along with the fit values are showRimn 2. The heat
higher (maximum 3%) than the literature data. The heat capa@apacity data of Kuznetsov et #5] are given inTable 3and
ity data of UQ 25 measured by Kurepifl] are also shown in  are also shown iffrig. 2. As can be seen, the present data are
Fig. 1, which are much higher than the present as well as otheglightly higher (2—4%) than those of Kuznetsov efah].
literature data for stoichiometric YO The heat capacity of (§LCe g)O2, (UpsCes)O2 and

The heat capacity of CeOneasured in the present work is (Ug gCep 2)O2 measured by DSC in the present work are given
given in Table 3. The relative standard deviations are 1-2%in Tables 4-6, respectively. The measured data are the mean of
The measured heat capacity of GeWas fitted to obtain the six to seven measurements and the relative standard deviation is

~3% for all three mixed oxides. The measured heat capacities of

Table 2 (Uo.2Cey.8)O2, (Up.5Cen.5)O2 and (Lh sCep.2)O2 were fitted to a
Heat capacity data for UD olynomial in temperature by least squares to give R2)s«(5),
pacity _ _ !

TK) Com (U K-mol D) rgspe(_:tlvely. The measured_ data along with the fit values are
iven inTables 4-6, respectivel
y
Measured Fit Fink [12]
-1 -1
298 64.0 63.9 63.7 Cp.ml(U0.2Ce.8)02] (JK™"mol™7)
300 64.1 63.9 63.9
400 727 724 714 = 90.983— 0.00169T — 245886572 (280-820K)  (3)
500 775 771 76.0
600 80.4 80.4 79.1 1 1
700 82.6 83.0 81.2 Cp,ml(Uo5Cen5)02] (JK™"mol™)
800 85.9 85.1 82.6 )
= 103.316— 0.01077T — 32521557 “ (280-820K) (4)
95
I 100
90 sae?®’ 95 [}
L seo®”® [ o Measured C,m of CeO,
85 - @ 90 H C,m Fit
- 3 TE g5 I Measured values of
© 80 £ ! Kuznetsov et al. [35]
£
. - 80
- | a ! L
¥ 75 a - 75}
2 r © Measured C, ,of UO, ~ F
e 70 | ——C, o Fit € 70
U‘l L ® Assessed data of Fink [12] P I
®  Amaya et al[38] Q 65
65 - & Gronvold et al.[37] 3
F v Fredrickson et al[38] 60
60 F L] + MATPRO[39] F
. A Ogard et al.[40] 55
55 I ) . ) . ) o Heat capacity data of UQ 55 by Kurepin etal.[41] 50 I . . . , . .
200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900
T/IK T/IK

Fig. 1. Heat capacity data for YO Fig. 2. Heat capacity data for CeO
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Table 4

Thermodynamic functions for @,Ce g)O2

T (K) Cpm (JK~1mol~?) H — H3gq (Jmol) 52 (JK=Tmol1) G$ — Hgg/ T (JK~tmol~t)
Measured Fit

298 62.8 62.8 0 69.4 —69.4

300 64.0 63.2 126 69.8 —69.4

400 73.3 74.9 7116 89.9 —-72.1

500 81.2 80.3 14909 107.2 —77.4

600 84.6 83.1 23095 122.2 —83.7

700 84.5 84.8 31498 135.1 —-90.1

800 85.2 85.8 40030 146.5 —-96.5

Table 5

Thermodynamic functions for §5Ce 5)O2

T (K) Cpm (KT mol™?) H2 — Hgg (Jmol?) 53 (IK"Tmol1) G$ — Hyge/ T (K T mol™2)
Measured Fit

298 64.2 63.5 0 75.4 -75.4

300 64.8 63.9 118 75.8 —75.4

400 76.8 78.7 7362 96.6 -78.2

500 85.9 84.9 15583 114.9 —83.7

600 89.2 87.8 24238 130.7 -90.3

700 89.6 89.1 33096 144.3 —-97.0

800 88.3 89.6 42039 156.2 -103.7

Table 6

Thermodynamic functions for §.6Cey 2)O2

T (K) Cpm (JK T mol™?) H2 — Hgg (Jmol?) 83 (IK"Tmol1) G$ — Hyge/ T (IK T mol™2)
Measured Fit

298 70.1 69.9 0 78.3 -78.3

300 70.4 70.2 140 78.7 —-78.3

400 79.7 80.7 7759 100.6 —-81.2

500 86.0 85.8 16111 119.2 —87.0

600 88.9 88.7 24849 135.1 —-93.7

700 90.3 90.7 33826 148.9 —100.6

800 92.0 92.1 42967 161.1 -107.4

Cp.ml(Uo8Cen2)02] (JK~tmol™)

= 92.105+ 0.00402T — 207891472 (280—-820K)  (5) 95
90
85 I
4. Discussion 5 80r
£ L
The data for all three mixed oxides are showrrig. 3. The v 72 i ,/'
heat capacity increases with increase in urania content becaus 2 y | 7. Gt Ui, Ce,, 0,
the heat capacity of UDs higher than that of CefDAs can be s65T ¥ T Rt
seen fronFig. 3, the heat capacity data of all the mixtures are ~ 60| / L U CRh5 ) oy Nowmen Kopo's
10-15% higher than that estimated by Neumann—Kopp’s law 55 | o ;S‘jrgj;g;ig?){(gi;ee“o:;g:'*“m's law
using the literature heat capacity data for 4J@2] and CeQ 50 Q Veasured ;:E::;Eg“gzw%
[35]. The only comparable heat capacity data hitherto reported L. . | Sre—
in the literature are for (blo1Cep.09)O2 [21]. The present study 200 300 400 500 600 700 800
covers a range of compositions from uranium rich to cerium T/K

rich. Fig. 3. Heat capacity data for l3Cey.g)Os, (Ug.sCe.5)O2 and (Lp sCep.2)Oo.
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