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Abstract

Specific hea€p of zirconia and yttria stabilized zirconia doped or not with erbia and ceria was measured from 128 to 823 K
and of yttria stabilized zirconia doped with erbia and plutonia from 443 to 1573 K. The new determined data were modelled
using Debye theory. Data for the tetravalent oxide and for the studied solid solutions show that the extended Dulong and
Petit law in Neumann—Kopp rule is verified for zirconia and the quaternary compounds. The Debye temperature of zirconia
(590K) and its yttria, erbia and ceria doped solid solutions (575-625 K) derived from@heseasurements between 150
and 823 K is discussed and compared with that reported for other tetravalent metal oxides.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction Determination of molar heat capacity K‘()? is re-
quired on one side to calculate the thermal conduc-
Among the properties studied in the research tivity from the thermal diffusivity of the materigP]
and development programs concerning yttria sta- and to calculate the enthalpy of the fuel. Thermal con-
bilised zirconia, e.g. ¥2Zrgg01.9 and its application ductivity is a safety relevant parameter, which allows
as advanced inert matrix fuels, e.g.ob4gY0.138 fuel temperature calculation in normal reactor opera-
Pu.oseZro.72801.907 the study of specific heat is tion conditions. Knowledge OI',"," is also necessary to
of safety relevance interest. Specific heat capacity predict fuel behaviour in reactor transients. Lacj
has been the subject of theoretical and experimental values imply significant amounts of stored energy, and
studies for classical nuclear fuels and for new fuels potential temperature increase for low thermal con-
implying dissolution of fissile oxides in solid solution  ductivity material[3].
materials as it is for a zirconia based inert matrix ~ Calculations ofCE," may be performed applying
fuel. Such a fuel could be used to eliminate excess Einstein[4] or Debye[5] model. The later is how-
plutonium while producing energj]. ever more complete to describe capacity change over
a large temperature range. This later model allows
also determination of a material specific parameter:
"+ Corresponding author. Tek+41-56-310-4176; .the Debye temperaturéy. Debye temperature is an
fax: +41-56-310-2203. important parameter that appears in the temperature
E-mail address: claude.degueldre@psi.ch (C. Degueldre). dependent factor of the thermal conductiiy.
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This paper revisits the theory of specific heat of
un-doped ZrQ and doped (i.e. ¥2Zrps019 and
EI’O‘05Y0,10CQ).102I’0.7501.925) zirconia that can be
utilized as an analogous of an advanced inert ma-
trix fuel of formula E.048Y 0.138PW.086Zr0.72801.907
[1]. Comparison with U@ and with other tetravalent
oxides is made in the discussion.

2. Theory

The molar heat capacity is derived from the energy
of 1 mol of substanceZ™M = 3nNAKT (J mol1) where
n is the number of atom per moleculd, the Avo-
gadro constant ankl the Boltzmann constant. When
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andCY can be derived from the basic thermodynamic
relationship:C¥ = ¥ + VM (a?/y) T, whereC¥ is
calculated byEq. (2),a = (3V/8T)p/V is the isobar
coefficient of linear thermal expansion k), andy =
—(dV/3P)1IV isothermal compressibility (P&) and
VM the molar volume of the substance{mol1).

At higher temperature, additional increasesa&
result from lattice defects, electronic excitations and
an harmonicity. Specific heat increases together with
the increases of lattice defects which concentration
increases at high temperature (betw@gnand Ty,
with Ty the melting temperature). This is observed
for UO, as well as for Zr@. This anomaly has been
discussed widely, e.g9], however these authors con-
clude that further efforts are required to understand

energy is absorbed, if temperature changes, the spe+his behaviour.

cific heat at constant volume may be defined as fol-
low: ¢Y = GUM/8T)v (IK L mol~1). Combining
these equations yields to the Neumann—Kopp [tie

CY = 3nNak 1)

or for elementary material (= 1) leads to also a
temperature independent valcé' = 3nNak known
as Dulong and Petit lav8]. In a triatomic lattice
like MOy, this givesC¥ = 9nNak with a specific
heat capacity of 74.7 J¥ mol~1. This rule may be
extended to 1 mol of a solid solution: MMMz . ..
Migi ... Mjgi ... Mg, O0_1/25i41/25¢)) with & the
stoechiometric coefficientsxé = 1 and M(IV),
M; (1) and M;(V). However, as a consequence of
Neumann—Kopp law, the comparat(llé," values are
given by:C¥* = 3cM (2 — 1/23¢i + 1/2%¢)) L.

The simple model of harmonic oscillator is unable
to explain the specific heat at low temperature. How-
ever, Debye model based on quantum theories of lat-
tice properties may be used. A Debye temperaligre
is defined above which all modes begin to be excited,
and below which modes begin to be “frozen out?
may be written as a function d@fandTp as follow:

T 3 ,Tp/T
Y = 9Nk<—) /
Tp 0

with N = nNa. Experimental determination of the

xer

—(e" 17 dx

(2)

The isobaric molar specific heat may obtained com-
bining Eq. (2) and the termv™ (a?/y)T. A C¥* may
also be defined for comparison with thi%' of MOo.

3. Experimental

3.1. Material production and characterization

The preparation of all zirconia based material was
carried out at PSI by the wet route because it yields
a large material densitjd0]. All solutions were pre-
pared by mixing nitrate solution of each element (Zr,
Y, Er, and Ce) composing the final product. The start-
ing compounds, zirconyl nitrate (purum, FIURY),
erbium and yttrium nitrate (puriss, Fluk4), and
diammonium cerium hexanitrate were diluted sep-
arately in (Milli Q™) ultrapure water and mixed
together to result in a solution with the required con-
centrations co-precipitation was carried out by adding
ammonia under strong stirring. The precipitate was
filtered on paper filter and washed 10 times with ul-
trapure water. The filtered phase was contacted with
alcohol and milled utilizing a Retch unit with zirconia
container and bowls. The wet powder was then dried
for 24h at 420K. The dried powder was then man-
ually desegregated prior calcination for 5h at 900 K.
The calcinated powder was milled again utilizing the

isocore molar heat capacity is experimentally less easy Retch unit with zirconia vessel. The final powder

than the isobar values. The later is defined-§s =
(8HM /8T)p, whereHM is the molar enthalpy given
by HM = UM + PWM. The difference betweeg}

was then pressed with 700 MPa during 1 min, two
different brands of pellets were produced with 5mm
in diameter. Pelletized samples were then sintered in
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an oven with a temperature program including a first ence sapphire sample with similar dimensions like the
step at 1475K for 4 h followed by a final step of 48h other pellets and the specific heat capacity was also in
at 1875 K. For the plutonia doped sample the prepara- the same range as the zirconia samples. In these con-
tion was performed by applying a dry route using an ditions the precision on th€p values is better than
attrition-milling unit adapted to the zirconia material 5%. For the plutonia doped sample, the measurements
[11] starting with the powder of the oxide constituents. were performed in Ar using a Netzsch STA 409 C
The sintered pellets were cut to dimension of 1 mm DSC unit up to 1573 K. A sapphire disc was also used
thickness and 5 mm diameter with masses of the order as a reference. THep measurements were carried out
of 110+ 0.05 mg. The cutting was performed by a dia- under contract at the Institute for Transuranium ele-
mond saw. These disks were used to measure the heatnents, Karlsruhe.
capacity of the different compositions. The experimen-
tal sample density (of the disks used was determined
by measuring the sizes (diameter and thickness) and4. Results and discussion
weight utilizing a Mettler balance (AG204). The theo-
retical density (g about 6 gcm?3) was obtained from Thermodynamic measurements from the pellet sam-
lattice parameter (a) gained by XRD (Phillips diffrac- ples were converted from heat capacities in molar heat
tometer PW1710, precision ant- 0.001 A) measure-  capacities. For the samples doped with yttria, erbia
ments carried out on crushed materials. The relative and ceria, calculations from experimental values re-
densities (,Qo,oal) of the samples vary from about 0.85 quire hypothesis on the behaviour of the dopants in the
to 0.95. For the plutonia doped sample the character- solid solution. The solution is supposed to be ideal,
isation was also performed by XRP2] confirming consequently(3HM /3x;)t = 0 andC¥ = 3" x;CNi.

the quality of the material. An average molecular weight of mixed phase
_ (solid solution) (M) may also be defined hy =
3.2. Calorimetry > xiM; where M is the average molecular mass,

o . _ X the fraction ofi for 1mol of solid solution
At the University of Geneva, a Seiko 220 DSC unit and M; the molecular mass of the component

was used for differential scanning calorimetry (DSC) i, For the studied compounds, it is respectively:
measurements. The output signal is recorded as arawi23 2 for zrQ, 121.2 for Yo20ZfogoO1o 130.5

data set. It must be evaluated using a separate COM+or EryosY10Ce0.10Z20.7501 925 and 137.8 for
puter unit with the calculation method. Sapphire was Er, 146Y 0 138P 0862072801 907.

used for calibration. It was measured to control the  The molar heat capacities of zirconia, yttria sta-
reliability of the equipment. The parameters used for pjjized zirconia and the latter doped with erbia and
the DSC measurements were the following. ceria or plutonia are reported as a function of tem-
perature inFig. 1. They are compared with data ex-
tracted from the literaturfl3—20]and corrected from

Temperature range  128-823 (+0.5)K

Temperature 15min at 128 (+£0.5)K the stoechiometry (»= 3). It must be noted that the
program 1Kmin~2 up to 133 (£0.5) K measured capacities a@ values and that the mod-
15min at 133 (+£0.5)K elled values ar€y data. The correction factor is es-

10K min~t up to 823 (+0.5)K timated inTable 1. Clearly the correction is small
(<0.5JK 1T mol~1 for temperature ranging from 150
All measurements were carried out from 128 to 823 to 820K extended to 1400K for the plutonia doped
(£0.5) K using nitrogen (Bt 99.995%, 1bar) as gas sample) and does not affect significantly the accuracy
flow and liquid nitrogen as a coolant for the low tem- of the data, which range from 40 to 80 3kmol~1.
perature. The samples were putted into an aluminium Fig. 1 shows that all samples reach a plateau with a
pot with cover. The sample containing pot-cover unit specific heat capacity at about the theoretical value of
was tighten by a manual press to assure a good ther-74.7 JK-2mol~ (for n = 3). These solid solutions
mal contact of the unit. The prepared samples were could be in a first approximation considered as ideal
positioned manually on the sample holder. A refer- solutions sincéCp values between experimental and
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Fig. 1. Molar heat capacities of zirconia and, corrected for dioxide stoechiometry, yttria stabilized zirconia doped with erbia and ceria or
plutonia as a function of temperature.

theoretical data are rather small, while distortions in ~ The temperature dependence of the molar heat ca-
the lattice of the zirconia solid solutions are identified pacity of the zirconia sample was normalized for a
[21]. However, it must be noted that there are slight theoretical plateau value of a triatomic £ 3) molec-
differences between the curves. That relative for ex- ular material Fig. 2 shows the plot of the normalized
ample to the sample o2ZrpgO1.9 presents a slight  molar heat capacity of monoclinic zirconia with the
increase above the Debye plateau that could be ascrib-absolute temperature normalized with zirconia Debye
able to lattice defects for this sample or that studied temperature. In the experimental temperature range of
by Leclercq et al]20]. In this case a correction by  150-800K, the best fit for zirconia was obtained for
ACY = (¢Ep/RT?)el~Ep/RD (with Ep the activation ~ Tp = 5904+ 10K. Similar plots may be obtained for
energy of the defects andtheir fraction) suggested the doped zirconia samples.

se€[9] may be applied to model the increaseﬂy on Table 2presents Debye temperatures obtained so far
the Debye plateau. However, tests with this equation for similar samples but determined by neutron diffrac-
could not yield any reasonable valuesky. tion [25,26]. It is noted that the Debye temperature
Table 1

Relevant macroscopic physical properties used for the correcti@p af Cy

Material (MQ,) o (1°K-1) y (102 pal) Vum (10° m3mol—1) Vi (e2y )T K 1mol-1)2

Zr0; 8.8-10.% 5.6 21.8 0.35

uo; 9.4-12.3 4.8 24.6 0.62

aAt 1000K, data from[23,24].
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Fig. 2. Comparison of experimental and theoretical molar heat capacity values of(Zr© 3) normalized by its theoretical values vs.
the temperature normalized f@b = 590 K.

values reported by these authors are different from the pounds from a same type, e.g. MlO'rhe comparison
data determined in this work. Our data are, however, in may be complemented by using the relation between
between the data reported by these authors. The tem-Debye temperaturdp and the melting temperature
perature ranges for whiclhp values are determined Ty suggested by Lindenmar@2]:
are reported. It should however be noted that Debye 1
. o /2

temperatures are depending on the model conditions To = cTy )
used, and that authors currently report temperatures Ml/zvla/?
ranging from 400 to 900 K.

Debye temperature results for zirconia may be com- The ¢ values, calculated foilp, Ty, M and Vy
pared for others tetravalent oxide materidlable 3 reported in the literature, are given ifable 3for
presents a comparison @ values for several com-  comparison. The value for TiQ (which exists under

Table 2

Tp for zirconia samples and from various studies

Material To (K) Ti-Tr (K) Remark Reference
ZrOy 590 + 20 150-800 Calorimetry This work
ZrO; 575 3-350 Calorimetry [14]

Y 0.091Z2r0.90901.955 527+ 20 15-1323 Neutron diffraction [25]

Y 0.086Zr0.91401 957 963 4-1923 Neutron diffraction [26]

Y 0.20Zr0.8001.90 575+ 50 150-800 Calorimetry This work
EI’o_o5Yo_locaj_lozro_7501_925 625 + 50 150-800 Calorimetry This work

Conditions: Ti—T; studied temperature range.
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Table 3
Relevant thermodynamic properties used for testing Lindenmann equation
Material Tw (K) Vum (cm®mol1) M (g mol1) To (K) ¢ (KY2gY2cm?/2mol-1)
TiOz2 2383 18.7 79.9 943 746
ZroyP 2988 21.8 123.2 590 557
Y 0.2Zr0.g01.9° 3075 21.6 121.2 575 531
CeQ° 3003 241 172.1 410 481
ThO,° 3573 26.8 264.0 393 553
uo,* 3120 24.6 270.0 280 415
Data from[21,27,28].

aTetragonal.

b Monacline.

¢ Cubic.

several allotropic forms) is relatively larger than the
other, however th&p value estimated for an average
values (e.g. 550 &° g%5 cm®®> mol—1) would be about
650 K. TheTp decrease with increase of atomic num-
ber of the tetravalent cation is consequent of its in-
creases of size. Since tfig value for UG is smaller
than for Zr@, the C,“D" values reach faster the Debye
plateau for UQ than for ZrQ.

5. Concluding remarks

Progress in the understanding of basic thermody-
namic properties of zirconia and zirconia based solid
solutions has been achiev@i;’I values of zirconia and
its solid solutions with yttria, erbia and ceria or plu-

tonia as dopants were measured from 128 to 1500 K.

They follow the Debye model and the plateaus reach
Dulong and Petit law extended in Neumann—Kopp rule
for poly-atomic compounds and tested in this work
for solid solution materials. These solid solutions may
be in a first approximation considered as ideal solu-
tions. Debye temperaturgy of the studied samples

(575-625K) are compared with other tetravalent ox-

ides.Tp decreases with the atomic mass of the cations.
These data can be used to quantify the behaviour of

the materials as an advanced inert matrix fuel in nu-
clear reactors.
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