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Thermal conductivity of zirconia based inert matrix and analogous fuel materials were measured
and modelled, Measurements were performed using the laser flash method and systematically
applied for binary and ternary zirconia - yttria - erbia as well as quaternary systems including thoria
or ceria. Measurements were carried out from room temperature to 1250 K. Thermal conductivity
was also modelled taking into account the dopant effect on the lattice parameter of the cubic solid
solution, the oxygen vacancy size and their concentration. Experimental and modelled lattice
parameter values are compared prior to full justification of the results. In the temperature range
from 300 to 950 K, the thermal conductivity of the single phase solid solution with yttria, erbia and
ceria as analogous fuel material is about 2 W-m™K". Energy transfer in these materials is discussed

on the basis of both photonic and phononic conductivities.
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1. Introduction

Recent work has demonstrated the feasibility for burning the excess plutonium by employing a
U-free fuel”?. For this purpose, the fuel material should be composed of inert - fissile - absorbent
material components. Stabilised zirconia (ZrQ, - YO, ;) was identified suitable as inert fuel component.
A rare earth oxide may be added as absorbent or burnable poison component. Erbium oxide was selected
by Degueldre et al., while gadolinium oxide was chosen by Nitani et al. The advantage of erbium ina
single phase zirconia based material is that it may contributeto stabilize the solid solution”. These inert
matrix components are selected to dissolve the actinide oxide. Here CeQ, or ThO, are taken as an
analogous compound of Pu0,. In this study, the phases composed of zirconia, yttria and erbia are called

the inert matrix material and those doped with ThQ, or CeO, are called simulated fuel.
| To be an efficient fuel, the material must allow an energy transfer through the fuel bulk toward
the reactor coolant as large as possible. With advanced inert matrix material, fission energy is not only
transferred from the fuel to the coolant by heat transport (as in the traditional UQ,). In addition to this
phononic component, one photonic fraction of energy must also be taken into account”. This is due to
the fact that the zirconia based material is semi-transparent compared to UO, which is black or opaque
for a wide range of wavelength ranging from UV to IR®.

This paper clarifies how energy may be transferred in zirconia based ceramic arxl allows to better
understand the operational and transient behaviour of a possible inert matrix nuciear fuel.

2. Theoretical background

A fission product recoil yields a thermal spike of the order of 3000 K overa 10 nm range and for
a period of the order of 10™ s ™. The maximum wavelength 4, [m] of the emitted photons associated
to this energy spike and material temperature T [K] would be given by:

AT =2898x10" m-K )

if the black body theory® can be applied to this system. Clearly, at 5000 K the maximum light emitted
is in the visible with A, around 580 nm and at 1000 K the maximum is 2900 nm. Consequently,
radiance in the semi-transparent inert matrix nuclear fuel may not be negligible compared to other
energy transfers. However, phononic conversion must take place later when the zone affected by recoil
cool down.

The basic energy transfer concept, coupled with phenomenological approaches are used to
account for the complement of both phononic and photonic transfers. The effective energy transfer is

thus the sum of a phononic heat conductivity component K, [W-m™-K"'] and a photonic radiative
component k... [W-m™-K"]. The equation of the energy transfer or effective conductivity x,,

[W.m™-K'] is simply given by the sum of the two components” as:
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Keﬁ

The phononic conductivity may be estimated from the classical formula:

= K + K i ()

1 _ =
Kphnzg-pwcv-v.l (3)
with
_ 2mkT, [V, Y7
V= P 0(610’2) 4

where p [kg-m?] is the density, ¢, [T-K™-kg] the specific heat capacity, Vv [m-s'] theaverage phonon
velocity, I {m] the phonon mean free path, T, the Debye temperature [K], V, the average molecular

volume [m’] and & Planck’'s constant [J-s].

The phononic conductivity is currently modelled on the basis of its inverse (resistivity R). Its
variation with the temperature (7) may be modelled as:

Ky =R=A+B-T (5
with according to Ambegaokar'”:
4-7*-v, T,
2 Yo'ip
A= T, -T (6)
and Gibby " :
}’2 'h3

(M

—_—1/3

381 M-V, (T,

11),12),

I' = 2T, may be estimated as follow

e

For the materials of interest in this study, i.e. for binary, ternary or quaternary mixtures
M, .M M M 0,, with a matrix material M and the dopants M’, M’* and M””’ (forexample for M

1y-z-a

and M’ tetravalent and for M’ and M’ trivalents 2-x = y+z). In equation (7) and (8}, y isthe Griineisen
constant,  the Boltzmann’s constant, x; the molar fraction of the component #, M, its mass and r, its ionic

radius. £ is given by 32-(1+1.6y)". The average atom mass ( M ) and object radius ( 7) are given by:

M=x, M, +2 %, My+x,-M, ©
and
T=X,Ty +2xM; T+ Xo TotXgy Ty, (10)
where O and OV stand for oxygen and oxygen vacancy, and X;+2X,,+Xo+Xoy=1.
For phase heterogeneous mixtures, the values of the phononic conductivity becomes muchlower

than that dictated by this physical law. Its estimation remains therefore subject tohypotheses; itisalso
linked to the accuracy of the selected values of the parameters.
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Because its theoretical approach is still difficult to apply to real phases, the phononic or thermal
conductivity must be derived from the experimental thermal diffusivity, and it may be obtained by using
the equation:

Kp}m:D'cp.p’ (11)
where K ,, is the thermal conductivity [W.m™ K], D the thermal diffusivity [m"s"]corrected fromthe

porosity, ¢, the specific heat capacity [J kg"K"], and p the bulk density of the material [kg-m™].
On the other hand the photonic conductivity component may be estimated and for a mono-crystal
of infinite thickness, it is given by ™
_16-0: n®-T?
SR

where G is the radiation constant: 5.672x10" W-m™K*, a(4) theabsorption coefficient of the material

K (12)

[m?] at the wavelength A [m], T the absolute temperature [K] and n [-] the breaking index of the

material. Now, for phase mixtures a(A) additivity is generally acceptable, except when specific solvent
effects affect the additivity, This should not be expected for the solid solution derived from the stabilised
zirconia However, the system supposed to form the suggested fuel is not mono-crystalline but more
specifically poly-crystalline in which case each interface may be a source of photonic reflections.

3. Experimental
3.1 Material preparation

The preparation of all zirconia based materials was carried out by the wet route because it was
earier found that it gave the best material based on relative theoretical density'”. The material was
prepared by mixing nitrate solution of each element (Zr, Y, Er, Th or Ce) composing constituentsin the
final product. Co-predpitation was camried out by adding ammonia under strong stirring. The
precipitate was filtered on paper filter and washed 10 times with ultrapure water. The filtered phase was
contacted with alcohol and milled utilising a Retch unit with zirconia container and bowls. The wet
powder was then dried for 24 hours at 420 K. The dried powder was calcined for Shours at 900K. The
calcined powder was milled again utilising the Rech unit with zirconia vessel. The final powder was
then pressed at 352 MPa for 10 seconds, and pellets of 11 mm in diameter were obtained. Pelletised
sampies were then sintered in an oven with a temperature program including a first stepat 1500 K for 4
hours followed by a final step of 48 hours at 1900 K.
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porosity, ¢, the specific heat capacity [J kg" K"}, and p the bulk density of the material [kg-m®].
On the other hand the photonic conductivity component may be estimated and for a mono-crystal

of infinite thickness, it is given by
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where G is the radiation constant: 5.672x10"2 W-m™.K*, a(A) the absorption coefficient of the material

K (12)

[m’] at the wavelength A [m], T' the absolute temperature [K] and n [-] the breaking index of the

material. Now, for phase mixtures a(2) additivity is generally acceptable, except when specific solvent
effects affect the additivity. This should not be expected for the solid solution derived from the stabilised
zirconia. However, the system supposed to form the suggested fuel is not mono-crystalline but more
specifically poly-crystailine in which case each interface may be a source of photonic reflections.

3. Experimental
3.1 Material preparation

The preparation of all zirconia based materials was carried out by the wet route because it was
carlier found that it gave the best material based on relative theoretical density'. The material was
prepared by mixing nitrate solution of each element (Zr, Y, Er, Thor Ce) composing constituents in the
final product. Co-precipitation was carried out by adding ammonia under strong stirring. The
precipitate was filtered on paper filter and washed 10 times with ultrapure water. The filtered phase was
contacted with alcohol and milled utilising a Retch unit with zirconia container and bowls. The wet
powder was then dried for 24 hours at 420 K. The dried powder was calcined for Shours at 900K. The
calcined powder was milled again utilising the Rech unit with ziroonia vessel. The final powder was
then pressed at 352 MPa for 10 seconds, and pellets of 11 mmin diameter were obtained. Pelletised
samples were then sintered in an oven with a temperature program including a first stepat 1500 K for 4
hours followed by a final step of 48 hours at 1900 K.
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3.2 Sample characterization

The sintered pellets to final relative densities ranging from 92 1080 %TD. Disk samples of 9.60
+ 035 mm in diameter and about 1 mm in thickness were prepared by cutting the original pellets
utilising a diamond saw. The density of the material was determined by measuring the sizes (diameter
and thickness) and weight utilising a Mettler balance (AG204). Size, weight and densities are givenin
Table 1. p is the theoretical density and p,,, is the geometrical density of the pellet.

X-ray diffraction (XRD) analysis was carried out on the crushed pellets in order to identify the
phases and the lattice parameter. The XRD unit was a Phillips diffractometer PW1710, equipped witha
Cu X-ray tube. The samples were analysed after crushing and Iattice parameters were measured witha
precision ranging from + 0.001 to 0.0001 nm. The absence of any other phases as the cubic phase was

confirmed in the inert matrix and simulated fuel materials.

3.3 Thermal conductivity measurements

Disk samples were preliminary examined and those presenting any heterogeneity, small fissureor
hole were discarded. Since the sampies are white or slightly coloured, the surface of the disk samples
was treated with gold and carbon™. Gold was physically vapour deposited on the surface to prevent the
sample from transmitting the laser beam through the semi-transparent material. Surface treatment was
completed by carbon powder spray on the suface to absorb efficiently the laser beam. The coating is
very thin so that its influence on the measured thermal diffusivity is less than 1 %. The thermal

diffusivity of the zirconia based disk samples was measured from room temperature to 1250 K by the
laser flash method'®. The measurements were performed in vacuum below 3x10° Pa.

The sample was heated in an electric furnace to the required temperatures and the sample
temperature was measured with a thermocouple near the sample. The method consists in illuminating
the front face of the disc with a short laser pulse creating a heat pulse at the surface when the light is
adsorbed. The energy of the laser pulse is 6 J which allow locally a temperature increase of the sample
surface of some 10 K. The thermal diffusivity D,,, is deducedfrom the thermal transient of the rear face,
called thermogram. The temperature rise at the rear surface measured by a In-Sbinfrared detector after
the front surface of the sample was heated by a ruby laser pulse. The data of the temperature change
were analysed using the logarithmic method™. The unit for thermal diffusivity was tested using a
stainless-stee] sample (SUS304) as standard. The experimental uncertainty was less than 3%.
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4. Results
4.1 Effect of the sample preparation

As mentioned earlier, the thermal conductivity is measured with double coated samples inorder
to translate the photonic pulse of the laser flash ina thermal pulse. For regular measurements, semi-
transparent samples are coated on both faces so that the light pulse is transformed in a thermal impulse
on the inddent surface, the transmitted thermal signal is then detected on the rear sufface. Figure 1
shows a comparison of the signal obtained for two type of sample: the first one with both sampie sides
coated and the second one with the back side coated only. The uncoated signal is not presented because
it would be null for a thermometer and would be the laser flash light in the detector. Figure 1 presents the

- phenomenological complement of energy transfer processes and shows that both phononic and

photonic transfers may be registered separately for the specimern.
It must be noted that for a UQ, sample the uncoated and coated thermogram are the same because
the material is black in the visible, near infrared and infrared spectral area.

4.2 Fffect of material composition at room temperature

The relative density of the material is derived from the experimental density obtained by
measuring sizes and weight of the disks or pellets and from the theoretical density obtained from the
atomic weight and lattice parameter. The conductivity results for the studied samples (see Table 1) are
given in Table 2 for room temperature measurements. All specimen examined were carbon coated on
both faces and the experimental diffusivity D,,, corrected from the relative density pm,-p'f toobtain the
material thermal diffusivity D= Dw-p-pw'I . The effect of component mixing was first investigated at
room temperature.

For the binary mixture Zr,,Y,0,, or Zr_,Er,G,,, the thermal conductivity changes in a
comprehensive way. It decreases when the dopant concentration increases. Resultsare givenin Table 2.

For ternary systems Zr,,,Y,Er,0,, and for the investi gated concentrations, the thermal conductivity was
nearly 2 W-m™-K". For quaternary systems Zr,y..Y,Er,Ce0O,, and for the investigated concentrations,
the thermal conductivity was a bit larger than 2 W-mT K" and is slightly increasing with the Ce

concentration. For Th doped sample, the conductivity is, however, reduced.
4.3 Effect of temperature

The effect of temperature was studied from room temperature to 1250 K. The conductivity was
rather constant at temperatures range below 950 K (Table 3) for a ternary system Zr, ., Y ErO,,.
However, above this temperature, it increased systematically. This increase in conductivity was later
identified to be due to the carbon coating sublimation and direct photonic transfer. This fully
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demonstrates that the conductivity of the real sample may effectively be larger than that measured for

phononic transport.
The measured thermal diffusivities of two quatemary samples, ZriOYSEri0Ce and
Zr10YSEr10Th, are shown in Figure 2 a and b. Their thermal conductivities arelisted in Table 4and 5.

5. Discussion
5.1 Modelling

In order to understand the measured data, conductivity modelling was performed and the
experimental data were compared with the calculated one utilising classical models. Ohmichi™

reviewed the calculation (equation 3 and 4) for stabilised zirconia considering its Debye temperature fo

be 800 K and the phonon pathway of 0.3 nm. Calculation of phonon velocity of 8x10° m-s” may yield

a thermal conductivity of 2 W-m™K".

To calculate the thermal resistivity utilising equations (5-8), a defined evaluation of the lattice
parameter or of the cation-anion distance is required. This is done by analysing the ionic radii for the
species considered in this study. This aliows to estimate the radius of the oxygen vacancy. The basic
data are reported in Table 6. The lattice parameter () or the cation-anion distance (d =a-4- (3y*%)of the
cubic zirconia samples was calculated as a function of the rare earth dopant.

For Zr,,, Y Er,Ce,0,, with 2x=( y+z) given from the charge balance relation for 7, Y*, Er,
Ce*and O, the cation (i) -anion (j) distance d in the solid solutionis expressed as d = Zx,7, +2x;r(with
Zx+3x; =1) or:

d= X, 1, +% '(75* - rZr) +xEr-(rEr_ rZr) +xCe—(rCe - rZr) +Xp Tyt Xy (rov - ro) (13)
With f=Zx(Ar-Ax") and according to the relation:

-l
—t= . (14)
Ax, \A(CN)j\ Ax,

[}

The value of (Ar-Ax") is 24 pmfor r,,, ryand ., and 20 pm for r,,. Calculation tests were performed with
the ion radius values given by Shanon™ (see Table 6). For O”, 136.4 pm was used as the bestfit with
the lattice parameter of cubic zirconiaa = 500.9 pm (d= 220.4 pm). Figure 3a shows the correlation
study of d,,, - d,,;- px again 2-x for the solid solution not-containing Ce. 4., is the experimental value
obtained by XRD and d_,, is calculated utilising equation (13). A straight relation exists between both
values. From the slope, the value of 7, is derived for the stabilised zirconia sample non-doped with ceria
giving its value of 160 pm. In the zirconia-yttria-erbia system yttria and erbia are comparable for their
stabilization role of the material. Figure 3b is similarly obtained for the solid solutions containing ceria
{about 10 atom %). In this case, the value of r,, obtained is 172 pm.

Using equations (5-8) it is then possible to calculate the phononic conductivity of the zirconia
based material.
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giving its value of 160 pm. In the zirconia-yttria-erbia system yttria and erbia are comparable for their
stabilization role of the material. Figure 3b is similarly obtained for the solid solutions containing ceria
(about 10 atom %). In this case, the value of r,, obtained is 172 pm.

Using equations (5-8) it is then possible to calculate the phononic conductivity of the zirconia
based material.
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5.2 Effect of component mixing at a given temperature

Thermal conductivity experimental results obtained for binary, ternary and quaternary systems
(Zr,,.. Y,Er,Ce0,,) are presented in Figure 4 together with values calculated using the adapted model
predictions. Calculations were performed using equations derived from the model presented earlier on

the resistivity (equations 5, 6 and 8). The equation of the resjstivity is:
-1
R= (K phn ~ Kpn(zro, )) (15
with R.=x*?-V,?"7.36"" &' - AT and:

2 2
AFJ Xy My +_Zfo-MM' M, X, M, 6-M, ]
{ M (MM+2'M0)2 J

[ ot g 2 2 2 2 2 -|
+£- XM rM +2xM: rM, 3.r J_}_ xo.ro +xOV.rOL_ 6.r0 ]J (16)

M> (M, +2-M,)

r - (rM+2-ro)2 7 (J"M+2-ro)2

R, was calculated in the case of the sample non doped with Ce considering r,, = 160 pmand ¢=
200 and in the case of the Ce doped samples withr,, =172 pmand £= 250. In the calculation, the value
16427 [W'-m-K} was used for % V,;**-(36)""-k". The results for both doped and non-doped samples
with Ce are given in Figure 4. As seen inthe figure the conductivity values for the specimens Zr10Y SEr
and Zr10Y7Er15Ce are more difficult to be fitted.

The modelling is based on the effect of ion masses and radii, as well as on the presence of
vacancies. Clearly according to equation (16) the mass effect has less impact on the thermal
conductivity than the ion size effect, indicating that this is due to the rather high vaiue of ¢. The addition
of yttria and erbia increases the proportion of vacancies in the solid solution and decreases consequently
the thermal conductivity. On the other hand, addition of ceriainto the solid solution should increase
slightly the thermal conductivity because the cation-anion distance increases consequentl y. However,
the size of the vacancies increases when adding ceria.

In this study the presence of the 1-2% hafnium as impurity in the zirconi um is not considered.

Since its ion size is comparable to that of zirconia, its impact on I"is not significant (equations 6 & 8).

5.3 Results as a function of temperature

For all the samples studied as a function of temperature, it was noted that the conductivity was
rather invariant with the temperature. B in equation (5) is found experimentally tobe about zero. Thisis
due to thefact thatin equation (7) Debye temperature is rather large (800 K for ZrO, and 242 K for UO,)
and the Griineisen constant yis smaller than 1(e.g.0.9 for ZrO, and 1.6 for UQ,). In these conditions, B

for Zr0, is much smaller than that for UO,. For example, Gibby'” found for UO, 2.29x10* m-W. The
value of B for ZrO, should at least be one order of magnitude smaller than thatfor UQ,. Consequently,
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the resistivity and therefore the conductivity of Zr0, is expected to be constant and non-temperature
dependent. Figure 5 presents this result for the inert matrix material.

In this work, results are not corrected from the thermal expansion coefficient of zirconia
(8x10° K). The correction on the conductivity would be small over the experimental temperature

range (e.g. 0.6% for 400 K) and negligible with regard to the 10% accepted in this study.
5.4 Estimation for a plutonium doped sample

The results and the modelling show clearly that the thermal conductivity decreases with addition
of yttria or erbia and that its value may increase with addition of ceria. The same behaviour would be
expected with addition of plutonia. Addition of ceria or plutonia into the solid solution should increase

the thermal conductivity according to the modelling.
5.5 Action of the disc coating and analogy thermal spike - laser flash

Clearly the nuclear thermal spike would interact ina similar way into the material as the laser
pulse on the uncoated disk. If not transformed by the carbon coating, a laser pulse or the photons emitted
bya thermal spike will be transferred through the fuel material from its local impact to all directions.
This is not the case with UQ, because this material is not semi-transparent at the mm scale. The latter
material transforms then all photonic transfer in phononic conduction. Zirconia if pure is semi
transparent and allows energy transfer by photonic facilitated mechanism. This would not be the case at
low temperature thermal spike and with doped or dirty (e.g. crude coated zirconia as resultof cladding
oxidation) because impurities such as iron in crude coatings also absorb strongly in the Vis- NIR
region substituting the photonic in phononic transport.

Potential impact of the photonic conductivity has to be taken into account. Effective energy
transfer is evaluated considering firstk,; = x,,, only,and secondly considering K,z = K, + K- For
zirconia, # is 2.2 and a(A) is very low (e.g. 107 to 10® m") so k,,, calculated with equation (12) ranges

from 18 to 1.8 W-m™-K™. In addition this value increases very rapidly with temperature.

Absorption coefficients of the main components may be estimated from the infrared spectra
21),22).
IR spectra of other materiats composing the inert matrix or of interestfor this study are shown inFigure
6. It must be noted that while UQ, is black and opaque in a large spectral area, the other materials are
rather transparent. Presently the degree of transparency is linked to the grain size distribution of the
material.

It is difficult to anticipate the changes of the optical properties of the inert matrix fuel during
irradiation in the reactor because the formation of fission product ions will modify the photonic
absorption properties of the material and because of irradiation induced structural and electronic
modifications in the fuel materials. Therefore, the real thermal conductivity in the fuel material is
expected to be comprised between the two limiting cases that givenby x,,,, only, and x,,+ K., However,
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the concentration of fission products will never be larger than 1 at% in the spent fuels, and theirradiation
damages generated will currently be repaired by annealing of the zirconia based material.

6. Conclusion

The main mechanisms describing the energy transfer in the studied zirconia based materials have
been identified. The thermal conductivities of the investigated inert matrix and simulated fuel materials

were found to be between 2.0 and 2.6 W-m™-K" and they were rather independent of the temperature.

The yttda and/or erbia presence decreases the thermal conductivity. However, ceria addition may

_ slightly increase the conductivity when the material formsa solid solution. Presence of heterogeneity or

excess of trivalent rare earth dopant concentration may decrease the conductivity by increasing the
oXygen vacancy concenfration. Photonic conductivity is, however, expected to contribute to a
proportion of the energy transfer in these materials, as indicated by the measurement. The effect of
yttria and erbia addition can be best modelled using equation (15) and (16) with r,, = 160 pm and £=200.
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Table 1 Sample density, size, weight and relative density
Conditions: Pellet press CAUO-10, matrix diameter: 11.6 mm, lubrification with stearic
acid, pressing time: 10's, pressure on the pellet 352 MPa, Sintering oven: Gilller, sintering

atmosphere: air, sintering rate 5 K-min™, 1500 K for4 h, 1900 K for 48 h. The precision

on g, p* is about 4%. Note: in ZrnY, n stands for the Y concentration in at%.

Sample p/kem™®  d/m h/m m/Kg PexsP /%
Zr 58910° 93610° 8510° 28610° 83
Zr10Y 58010° 9.4010° 8410* 3.0210" 88
Zr20Y 570107 98310° 7.810° 2.7210° 82
Zr30Y 56110° 9.7510° 8310 29710 83
Zr10Er 6.1810° 9.7010° 8.510* 3.2510° 81
Zr10YSEr 59410° 9.5010° 8310° 3.2310° 92
Z1r20Y5Er 58510° 98410° 8510% 3.2610" 86
Zr15Y5Er10Ce 6.03 10° 9.6010° 8210* 3.1210° 89
Zr15Y5Er10Th 623 10° 99510° 8310% 3.2210% 80
Zr10Y7Er15Ce 6.2010° 92510° 8610% 3.0110° 83

Table 2 Thermophysical characteristic of the zirconia based samples, effect of the composition

Conditions: temperature RT (293 K), ¢,=Zx,c, withc, data from Touloukian'® with Cozr02
= 4.509, Covors = 4.522, CpEro1.s = 2.81, Coceoz = 3.55, Cornoz = 2.32x10% J‘kg'l'Kll,
respectively. Note : in the system Zr,.,.,.Y,Er,Ce,C, ;, only 1 phase is observed for

y+7>0.10. Precision on D : 10% and on K, also about 10%.

Sample D/mis?  p/kem® ¢, /Tkeg KT kg, /WK
Zr 10.55 107  5.8910° 4.509 10 2.80
Zr1oy 920107 58010 4.510 107 2.41
Zr20Y 1021 107 5770 10®  4.511 107 2.40
Zr30Y 841107 56110° 4.513 107 2.13
Zr10Er 050107 6.1810% 4.259 107 2.50
Zr10Y5Er 786107 594 10° 4381 107 2.04
Zr20YSEr 882107 58510° 4.381107 2.26
7r15YSErl0Ce  8.60 107  6.03 10°  4.259 10% 2.20
Zr15YSErl0Th  7.07 107 6.23 107 3.978 107 1.75
Zr10Y7Er15Ce  9.17107 620107 4.156 107 2.36
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Table3 Thermophysical characteristic of the Zr10Y 5Er sample
Conditions: d= 9.50x10°m, h = 8.3x10™ m, m = 3.23x10*kg, ¢, data from Touloukian for pure

Zr0,. Precision: 10%. Note: above 950 K, the carbon coating sublimates and part of the laser pulse
passes through the pellet and consequently increasing the apparent conductivity by a photonic

e A T

component.
T/K D/mést  p/kem® ¢ /Ikg KT K /WK
293 7.86 107  5.94 10% 4.498 107 2.10
357 7.56 107  5.94 107 4.887 10 2.20
434 728107 594 10" 5.247 10% 2.27
525 7.09107 594 10° 5.565 10™ 2.34
628 6.95107 594 10% 5.775 10% 2.38
704 684107 594 10° 5.900 10% 2.40
788 627107 594 10" 5.990 107 2.42
880 6.75107  5.94 10" 6.100 10% 2.47
970 6.70 107 5.94 107 6.165 10" 2.45
1065 6.78 107 594 10° 6.220 10% 2.51
1159 7.52107 594 10° 6.275 107 2.80
1238 8.01107 59410° 6.315 10" 3.00

Condition: Zr15Y5Er10Ce, diameter 9.60 mm, thickness 0.81 mm, weight 312 mg.

Table 4 Thermophysical characteristic of the Zr15Y SEr10Ce sample

T/K D/m*s?t p/kem® ¢, /Tkg K K, /Wm KT
289 8.62 107 6.03 10® 4.500 10* 2.34
371 8.11107  6.03 10" 4.998 10* 2.45
462 7.75 107 6.03 10% 5302 10* 2.48
570 7.50 107  6.03 10% 5.643 10" 2.55
636 7.39 107 6.03 10® 5.796 10" 2.58
741 7.26 107 6.03 10% 5.962 10% 2.61
839 720107  6.03 107 6.018 107 2.61
924 7.19107  6.03 10¥ 6.120 10% 2.65
1015 7.18 107 6.03 10° 6.201 107 2.68
1088 7.32 107 6.03 10° 6.234 10 2.75
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Table 5 Thermophysical characteristic of the Zr15Y SEri0Th sample
Conditions: diameter 9.95 mm, thickness 0.82 mm, weight 322 mg.

T/K D/m?s?  p/kem® ¢, /IkglK? K, /WmK!
289 7.07 107 6.22 10" 4.500 10% 1.98
372 6.81 107 6.22 10° 5.000 10” 2.11
450 6.62 107 622107 5111 107 2.11
567 6.45 107 6.22 107 5.630 10" 2.25
639 6.37 107 6.22 10% 5.805 10® 2.30
729 629107 622 10" 5931 10% 2.32
839 622107 622107 6.018 10 2.33
932 6.17107  6.2210% 6.125 10" 2.35
1009 6.17 107 622107 6.189 107 2.38
1010 6.16 107 622107 6.190 10* 2.37
1013 6.16 107  6.22 107 6.193 107 2.37
1014 6.17107 622107 6.194 10% 2.38
1084 6.17 107 622107 6.230 10% 2.39

Table 6 Ion radii of the investigated species as a function of co-ordination number (CN)
The ion radius of O% (r,,) = 136.4 pm for CN = 4, estimated by Shannon & Prewitt™.

CN 8 7 6

ion r/pm ripm  ripm  _ArACN'/pm
" 84 78 72 6

Y 101.9 96 90 59
Ce™ 114.3 107 101 4.4

Ce* 97 92 87 5

Er* 100.4 94.5 89 5.9

u* 100.0 95 89 5

Pu™ 110* 100 5

Pu® 96 86 5

* estimated value



JAERI-Research 97-087

840
5 il
o
g .
% 560 }
Q -
U -y
Q
E 4
x 280 :

- both sides coated
O | : [ | i 1
(.00 (.64 1.28
fime/s

© 4
C
o 4
¥ 560 [:]
Q -
o i
% | back sides coated
©
o 280 -:
0 1 I ! | !
.00 0.64 1.28
time/s

Fig. 1 Effect of the sample preparation on the energy transfer recorded.
a : Classical thermogram obtained with a sample coated on both faces.

b : Thermogram obtained with the sample coated on the detector side only.

Conditions: material, Zr10YSEr, d = 9.50x10° m, 4 = 8.3x107 m.
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Fig.2 Experimental thermal diffusivity measured for two quaternary samples.
a : Zr15Y 5Er10Ce with single phase.
(diameter 9.60 mm, thickness 0.81 mm, weight 312 mg)
b : Zr15Y5Er10Th, two cubic solid solutions.
(diameter 9.95 mm, thickness 0.82 mm, weight 322 mg)
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samples.  a: without ceria, b: with ceria.
Tests based on the experimeéntal d,,, and calculated d,,, values of the cation-anion distance.

Modelling from equation(l3).Precision on d: £0.5 pm. Note: since r,=r, both Y*and Er**ions act

in a complementary way.



Kphﬂ / W.m" .K.T

Korn / Wom™ K

[N

o

&0

(a8

M

M

o

JAERI-Research 97-087

rov=1. 60, =200

rov=1. 72, E=250

3 .
T ‘ !
m cal. T cal.
1 IR s Mecal. §
@ exp. #® exD.
6 - [ D ! [ S -
i S f ol | T m
AR & (3
; |
o) _.__m&__m_ N ! -
i Ce w % Ce
5 R ® L
0 01 0.2 0.3 0.40 0.1 0.2 0.3 0.4
vtz ytz+u
‘rov=1. 60, E=200 rov=1. 72, E=250
3 [ : 7
. cal.
88 ’: ] R . @Wcal. | |
& exp. $ eXp
. \
§ | ? |
D . . L ym
; Ce c:.-‘ '
g - : M?F L o
e W ||
9 . = oi ¥ |
0 0.1 0.2 0.3 0.40 0.1 0.2 0.3 0.4
y+ztu y+z

Fig. 4 Effect of yttria or erbia oxide concentration on the thermal conductivity x,,, of the binary,

ternary and quaternary zirconia material. Comparison of the experimental and modelled results.
Modelling using equations (15)and (16). The bestmodelling is obtained for r,, = 160 pm and ¢
= 200.
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Fig. 5 Effect of temperature on the thermal conductivity of the inert matrix material.

Comparison of the experimental and modelled results. Conductivity parameter obtained from

equation (7) and (8), A = 0.435 K-m-W' and B=0 m'W', sample Zr10YSEr.
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