Thermal conductivity of ceramics in the ZrQ,-GdO, 5 system
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Low thermal conductivity ceramics in the ZrO,—GdO, 5 system have potential in
structural (refractories, thermal barrier coatings, thermal protection) and nuclear
applications. To that end, the thermal conductivities of hot-pressed

xGdO, 5 - (1 = x)ZrO, (where x = 0.05, 0.15, 0.31, 0.50, 0.62, 0.75, 0.89, and 1.00)
solid solutions were measured, for the first time, as a function of temperature in the
range 25 to 700 °C. On the ZrO,-rich side, the thermal conductivity first decreased
rapidly with increasing concentration of GdO, 5 and then reached a plateau. On the
GdO, s-rich side, the decrease in the thermal conductivity with increasing
concentration of ZrO, was less pronounced. The thermal conductivity was less
sensitive to the composition with increasing temperature. The thermal conductivity of
pyrochlore Gd,Zr,0, (x = 0.5) was higher than that of surrounding compositions at
all temperatures. A semiempirical phonon-scattering theory was used to analyze the
experimental thermal conductivity data. In the case of pure ZrO, and GdO, s, the
dependence of the thermal conductivity to the absolute temperature (7°) was less than
I/T. Therefore, the minimum thermal conductivity theory was applied, which better
described the temperature dependence of the thermal conductivity of pure ZrO, and
GdO, ;. In the case of solid solutions, phonon scattering by cation mass fluctuations
and additional scattering by oxygen vacancies on the ZrO,-rich side and by gadolinium
vacancies on the GdO, s-rich side seemed to account for the composition and
temperature dependence of the thermal conductivity.

. INTRODUCTION

There is a growing demand for high-temperature struc-
tural ceramics with low thermal conductivities for a
variety of thermal-insulation applications. These appli-
cations include nuclear reactor components,' furnace
walls, crucible linings, thermal barrier coatings (TBCs),2
and thermal insulators. Rare-earth zirconates, which have
one of the lowest thermal conductivities of all ceramics,
are being explored for use in the above applications.
Rare-earth zirconates, with a general formula M,Zr,0,
(M = rare earth), crystallize in the ordered pyrochlore
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structure over a narrow composition range.>* At elevated
temperatures the disordered fluorite is the stable phase,
as it is also outside that composition range.**

VaBen et al.” have measured the thermal conductivity
of hot-pressed, monolithic La,Zr,0, ceramics (ap-
proximately 97% dense, pyrochlore phase) to be approxi-
mately 1.6 W m™" K" at 700 °C, while Maloney®’ has
reported a thermal conductivity of approximately 1.3 W
m~' K™! (at 700 °C) for a monolithic Gd,Zr,O, (fluorite
phase) of unknown density. Suresh et al.""® have meas-
ured the thermal conductivities of porous (87 to 91%
dense) materials and report values of approximately
1.5W m™' K" (at 700 °C) for M,Zr,0, (pyrochlore
phase), which are virtually independent of the nature of
the cation M (M = Eu, Gd, La, and Sm). Wu ez al.’
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have also measured thermal conductivities of fully dense
M,Zr,0, (M = Gd, Sm, and Nd) to be approximately
1.6 Wm™ K™' (at 700 °C) and found them to be indepen-
dent of the nature of the phase (pyrochlore or fluorite).

Although thermal conductivity of stoichiometric
Gd,Zr,0,—one of the most promising low thermal con-
ductivity candidate oxides—has been measured, there is
a paucity of thermal conductivity data for solid-solutions
in the system ZrO,—GdO, 5 in the full compositional
range. Furthermore, there is a need for an adequate
theory that describes the high-temperature thermal con-
ductivity of ceramics in this and similar systems.

Thus, the objective of this work was to measure the
thermal conductivities of ceramics in the ZrO,—GdO, 5
system, as a function of temperature and composition and
to analyze them in terms of a phonon-scattering theory.

Il. EXPERIMENTAL
A. Powder synthesis and specimen preparation

Ceramic powders of compositions xGdO, 5 * (1 — x)ZrO,
(where x = 0.05, 0.15, 0.31, 0.50, 0.62, 0.75, and 0.89)
were prepared using the coprecipitation method.'® The
starting materials used were Gd(NO5); - 6H,0 and ZrOCl,
8H,0 (99.9% pure, Alfa Aesar, Ward Hill, MA). Indi-
vidual solutions were mixed in appropriate propor-
tions and were stirred for 30 min. The precursor solutions
were slowly added to ammonia solutions (NH;OH;
pH = 12.5) while being stirred to obtain gel-like pre-
cipitates, which were then filtered out and washed with
distilled water. The washed precipitates were dried at
120 °C for 12 h and were heat treated at 500 °C for 10 h
to remove any organics. The resulting powders were then
calcined at 1500 °C for 24 h. The pure Gd,O; powder
(x = 1.0) was obtained from a commercial source
(99.9% pure, Alfa Aesar, Ward Hill, MA). Individual
powder batches were then placed in BN-coated graphite
dies (25-mm diameter) and were consolidated in a hot-
press (OxyGon, Nashua, NH) at a pressure of 50 MPa
in flowing Ar for 0.5 h at 1500 °C. A heating and cool-
ing rate of 900 °C h™' was maintained in all hot-pressing
runs. The hot-pressed pellets were then annealed in air at
1500 °C for 12 h to oxidize the specimens completely.
Since theoretical densities of the solid solutions in the
ZrO,—GdO, 5 system are not available in the literature,
the degree of densification in the hot-pressed specimens
was estimated using quantitative image analysis of opti-
cal micrographs of polished cross sections. The relative
density of the hot-pressed specimens was found to range
between 87 to 98%.

B. Thermal conductivity measurements

Thermal-conductivity specimens of dimensions 8.7 x
8.7 x 1.0 mm were machined out of the hot-pressed pel-
lets. The thermal diffusivity (k) for each material was

measured using the laser-flash method'' (Thermaflash
2200, Holometrix, Bedford, MA) as a function of speci-
men temperature (in the range 25 to 700 °C) in Ar atmos-
phere. Prior to thermal diffusivity measurements, the
front and the back faces of each specimen were coated
with two thin layers of gold and carbon, respectively.
This was done to prevent direct transmission of the laser
beam through the translucent specimens. Appropriate
corrections were made in the thermal diffusivity calcu-
lations to account for the presence of these layers. The
precision of the thermal diffusivity measurements is
within +5%. The specific heat capacities (c) as a function
of temperature were determined from the chemical com-
positions and the heat-capacity data of the constituent
oxides (ZrO, and Gd,O,) obtained from the literature,'”
in conjunction with the Neumann—Kopp rule.'? To verify
the accuracy of this method, the specific heat capacity of
Gd,Zr,0, was measured using differential scanning
calorimetry (DSC-2, Perkins Elmer, Wilmington, DE),
which was found to be within #3% of the calculated
values in the temperature range 25 to 700 °C. The ther-
mal conductivity (k') for each material was then calcu-
lated using the relation k' = kpc. Since some of the
hot-pressed specimens were not fully dense, the resulting
thermal conductivity values were normalized, to repre-
sent values for 100% dense materials (k) for ready com-
parison, using a previously calibrated relation:'*'>
k'Tk = 1—4/3¢, where ¢ is the fractional porosity.

lll. RESULTS

The experimental thermal conductivity data for pure
ZrO, and GdO, 5 are given in Figs. 1(a) and 1(b), respec-
tively. The ZrO, data are taken from Raghavan et al.,'®"’
while the data for GdO, 5 are from this work. The ther-
mal conductivity of ZrO, is significantly higher than that
of GdO, 5 at lower temperatures, while the conductivities
for both ceramics decrease with temperature.

Figures 2(a)-2(e) show experimental thermal conduc-
tivities of ceramics in the xGdO, 5 * (1 — x)ZrO, system
as a function of x, at T = 25, 100, 300, 500, and 700 °C.
The following general trends in these data are observed:
(i) On the ZrO,-rich side, the thermal conductivity de-
creases rapidly with increasing x and then reaches a pla-
teau. (ii)) On the GdO, s-rich side, that trend is less
pronounced (with decreasing x). (iii) The thermal con-
ductivity of the solid solutions becomes less sensitive to
the composition with increasing temperature. (iv) The
thermal conductivity at x = 0.5 (pyrochlore Gd,Zr,0)
is higher than the plateau values at all temperatures. (v)
The thermal conductivity at x = 0.89 is higher than the
trend at all temperatures.

The curves in Figs. 1 and 2 are from theoretical cal-
culations, as described in Sec. IV.
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FIG. 1. Experimentally measured thermal conductivity (solid symbols),
as a function of temperature, of fully dense (a) pure ZrO, (data from
Raghavan et al.)'®'” and (b) pure GdO, 5. Dashed curves represent 1/T
temperature dependence [Eq. (3)], and the solid curves represent results
from the minimum thermal conductivity theory [Eq. (5)].

IV. THEORY
A. Intrinsic thermal conductivities of pure ZrO,
and GdO, 5

The intrinsic mean free path of acoustic-mode pho-
nons (limited by phonon—-phonon anharmonic interac-
tions) has been calculated to be'®!®

3
pa vop

Tw)=—"—"—3
(Tw) 2v*kgTor’N'"?

)

The intrinsic thermal conductivity, using the classical
specific heat of the acoustic branch, which has an upper
frequency limit w,N~'", becomes'®'?

3x pwz
k' =135 T_l ) 2
1 (272)<N2/3wp> @

where o is the phonon frequency (rad s™'), kg is the
Boltzmann constant, and 72 is the Griineisen anharmon-
city parameter, which is taken to be equal to 4.0 for both
Zr0, for GdO, 5. There is uncertainty in the y> value;
however, for most oxides it is between 3.0 and 4.0.° The
parameter X is adjustable, and it is included to obtain an
empirical fit between the theory and experiment at room
temperature (298 K). The shear modulus represented by
w is 100 GPa for ZrO,*" and 45 GPa for GdO, 5.* The
transverse phonon velocity v is given by (u/p)"/?, where
p is the density which is equal to 5.83 and 8.35 Mg m™>
for ZrO, and GdO, s, respectively. The velocities for
ZrO, and GdO, 5 are calculated to be 4.1 x 10° and
2.3 x 10 m s™', respectively. The number of atoms per
molecular unit is represented by N and is equal to 3.0
for ZrO, and 2.5 for GdO, 5. The Debye frequency for
monoatomic lattice, wp, is given by (6m*v/a’)'">;
the atomic volume a” is given by M ,/p, where M, is the
average atomic mass or mol wt/NyN (N, is the Avagadro
number).'? M, for ZrO, and GdO, s are 6.8 x 107>* and
1.2 x 107** g, respectively. Thus, a’ values for ZrO,
and GdO, 5 are 1.2 x 107° and 1.4 x 1072 m?, respec-
tively. The Debye frequency wp, for ZrO, is calculated to
be 7.1 x 10"? s7', and that for GdO, 5 is 4.2 x 10"? s7".
Thus, the temperature dependence of intrinsic thermal
conductivity is given by

k, = BT~ | 3)

where B = 2.2 x 10° W m™" for ZrO, (x = 0.51) and
B = 1.4 x10° Wm™' for GdO, 5 (x = 0.84). Equation
(2) for ZrO, and GdO, s is plotted as dashed curves in
Figs. 1(a) and 1(b), respectively. Figure 1 shows that the
theory underestimates the experimentally measured ther-
mal conductivities in both cases and that the deviation
increases with increasing temperature. In other words, at
elevated temperatures, the heat conduction provided by
phonons does not vary inversely with the absolute tem-
perature T but gradually approaches a lower limit, as
described by Roufosse and Klemens.*

To reconcile these differences, we invoke the idea of
minimum intrinsic conductivity, where the dimension
of the unit cell limits the phonon mean free path (/),
resulting in a lower limit in the thermal conductivity.>
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FIG. 2. Experimental thermal conductivity (open symbols) of fully dense xGdO, 5 (1 — x)ZrO, ceramics as a function of x at (a) 25 °C, (b)
100 °C, (c) 300 °C, (d) 500 °C, and (e) 700 °C. Solid curves on the left (0 < x < 0.5) and on the right (0.5 < x < 1.0) are calculated theoretically
using a combination of Egs. (9), (10), and (12) and Egs. (9), (10), and (20), respectively. Horizontal lines at x = 0.5 were calculated using a
combination of Egs. (9), (10), and (17). Dashed lines are used to connect the curves and have no theoretical significance.

Here, a critical temperature 7 = T, is defined where the
mean free path at ® = w,N~" reaches a lower limit
given by’

1 a’BN A
0T RuToky @

Thus, at temperatures T > T, the intrinsic thermal con-
ductivity departs from Eq. (3) and becomes™

. 2T\ YT\]
iovimy = B 3\ +3 T . (5)

3196

Fitting this expression to the measured values in
Figs. 1(a) and 1(b), we obtain T, = 231 K for ZrO, and
T, = 235K for GdO, 5. Equation (5) for ZrO, and
GdO, 5 is plotted as solid curves in Figs. 1(a) and 1(b),
respectively, which better describe the trend in the ex-
perimental data.

B. Thermal conductivities of solid solutions

The thermal conductivity can be reduced by the intro-
duction of phonon-scattering lattice imperfections. In the
case of solid solutions, these are point defects: (i) sub-
stitutional atoms, (ii) vacancies, and/or (iii) interstitial

J. Mater. Res., Vol. 17, No. 12, Dec 2002
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atoms. Point defect scattering is a strong function of the
phonon frequency and increases rapidly with increasing
frequency. If the point defects are randomly distributed,
they contribute to the reciprocal of the phonon mean free
path as follows'®'?

1 1
lw) ~ L(To)

+ A0t . (6)

For simple substitutional solute of concentration ¢ and
differing in mass from the host atom of mass M by AM,

A is given by
A a@  (AM\?
\ 7 . @)

- 2
47v

The thermal conductivity in the presence of point defects
then becomes'®'”

_ (Lo 1M
kP_ki(wM> tan (w()) , ®)

where w, is the phonon frequency at which the mean free
paths due to point-defect scattering and intrinsic scatter-
ing are equal and w,, is the phonon frequency corre-
sponding to the maximum of the acoustic branch of the
phonon spectrum (=wN""?). Since Eq. (5) describes
the intrinsic thermal conductivity more accurately than
Eq. (2), we replace k; in Eq. (8) by k;jin):

) ®
kp = ki(Min)(ﬁ) tanl(_M) , 9)

W

w, 4y’NKg AM\? !
[ox) s 5o

The function fin Eq. (10) would assume a value of unity
in the case of Eq. (8). However, when k; is replaced by

and

k;iminy in the case of Eq. (10), the function fis empirically
defined as
298k; i |
i(Min)
O =——""7" 3y
Tki(Min)lT

This correction takes approximate account of the mini-
mum mean free path as well as point defect scattering.
The parameter {s is adjustable, and it is included to obtain
an empirical fit between the theory and experiment at
room temperature (298 K).

To define an effective c(AM/M)? parameter in
Eq. (10) for different types of point defects, the solid
solutions in the system xGdO, 5: (1 — x)ZrO, are
conveniently divided into three composition ranges:
(1) ZrO,-rich (0 < x < 0.5); (ii) pyrochlore Gd,Zr,0,
(x = 0.5); (iii) GdO, 5-rich (0.5 < x < 1.0).

1. ZrO,-Rich (0 < x < 0.5)

The addition of GdO, 5 dopant to ZrO, creates two
types of phonon-scattering point defects: (i) substitu-
tional solute atoms (Gd on Zr sites); (ii) corresponding
oxygen vacancies due to the aliovalent nature of the do-
pant. The scattering strength due to the disorder in the
cation sites is proportional to the square of the atomic
weight difference between the solute (Gd) and the host
(Zr) cations. The scattering strength of oxygen vacancies
is larger than substitutional solutes and is due to the
missing oxygen mass and the missing interatomic bonds
at the vacancy site. Thus, the term c(AM/M)* is com-
posed of two parts corresponding to the two types
of point defects present, solute atoms and oxygen
vacancies:

AM\2  [AM)\2 X[ AMgy,. \2
cl — = x| = + 5 e ,
M M Gd-Solute M O-Vacancies

12)

where M is the average atomic weight in a unit cell:

Mg, o, + (2 = 0.5x)M,

M= 1
3 -0.5x ’ (13)
M., is the average cation atomic weight:
Mcqion = Mgq + (1 = )My, . (14)

Also, since Gd is much heavier than Zr, it moves in
opposition to the surrounding lattice, and the effective
value of (AM/M)Gy.sorue 15~

(el 09
A_/[ Gd—Solute_ MGd MZr A_/[ ‘

For oxygen vacancy:*’

AM,, = (M x2)-M, , (16)
O-Vacancies O

where, the factor 2 in Eq. (16) arises because the number
of broken bonds at the vacancy is twice the number of
bonds per atom. M., Mg, and Mg are the respective
atomic weights.

Equation (9) for 0 < x < 0.5 is plotted as solid lines in
Figs. 2(a)-2(e) at temperatures ranging from 25 to
700 °C (¢ = 1.06). The theory describes the trends in
the experimental thermal conductivity data, including the
dramatic decrease in the low-temperature thermal con-
ductivity with increasing x at small values of x and the
small change of the thermal conductivity at higher tem-
peratures.

2. Pyrochlore Gd,Zr,O, (x = 0.5)

The compound Gd,Zr,0, exists as a disordered fluo-
rite phase at high temperatures, and it has an ordered
pyrochlore crystal structure at lower temperatures, where
the cations and the oxygen vacancies are ordered.* Thus,
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a perfect pyrochlore Gd,Zr,0, will not contain appre-
ciable concentration of point defects. However, the
relative temperature independence of the thermal con-
ductivity of Gd,Zr,0,’ (Fig. 2) clearly indicates the pres-
ence of some point defects. Although the calcination and
hot-pressing experiments were carried out at 1500 °C,
which is below the order—disorder phase transformation
temperature of 1550 °C,?® the resulting specimens are
likely to contain both fluorite and pyrochlore phases
(verified by x-ray diffraction”) due to the sluggish nature
of that reaction. Also, during the heat treatment, the
oxygen sublattice is more likely to attain its ordered
structure before the cation sublattice due to faster oxy-
gen-vacancy assisted diffusion. Thus, the point defects in
the Gd,Zr,0, specimens investigated here consist mainly
of random cation solute atoms. Thus, omitting the second
term in Eq. (12) for the case x = 0.5 and from Eq. (15)

we have
AM\2 1 1 \2/1\2 7
¢ M - MGd - MZr M ' ( )

With substitution of Eq. (17) in Eq. (10), the thermal
conductivity of Gd,Zr,0; is calculated using Eq. (7) and
is plotted as horizontal solid lines in Figs. 2(a)-2(e) at
temperatures ranging from 25 to 700 °C. Once again, the
calculated values capture the trend in the measured ther-
mal conductivity of Gd,Zr,0,. The pyrochlore phase ex-
ists over a range of composition near x = 0.5; the
thermal conductivity variation as a function of composi-
tion within the pyrochlore phase was not investigated.

3. GdO, 5-Rich (0.5 < x < 1.0)

On the GdO, s-rich side, ZrO, is the dopant, resulting
in the following possible point-defect reactions, written in
the Kréger—Vink notation

2GdOg 5
2710, —— 2714 + 305 + OF (18)
and
2GdOq 5
32rO0, —— 3Zrgq + 606 + Via - (19)

Since the ionic size of O is large, the formation of O
interstitials is not expected. Therefore, the formation of
Gd vacancies and reaction given by Eq. (19) will be
favored. Thus, for the GdO, s-rich case, the relation
analogous to Eq. (12) becomes

AM\?2 AM\?2
cl=| = -x)|=
M M Zr-Solute

1 —x) [ AMGyvac \2
n (AMoav ) : (20)
3 \ M Gd-Vacancies
where in the second term
AMGayae = Mg - 21
3198

There are two extreme cases of phonon scattering by
vacancies: scattering due to the missing atomic mass
[Eq. (21)] and scattering due to the missing atomic mass
and the missing bonds [Eq. (18)].>” The difference arises
from the electronic state of the vacancy. It appears from
our data that the anion vacancy follows the first model
[Eqg. (18)] and the cation vacancy follows the second
[Eq. (21)]. Since Zr is lighter and follows the motion
of the surrounding Gd-rich lattice, in the first term of
Eq. (20)

AM = M, - Mg, . (22)

With substitution of Eq. (20) into Eq. (10) and using
appropriate values for the constants for GdO, 5 in
Eq. (10), the resulting Eq. (9) for 0.5 < x < 1.0 is plotted
as solid lines in Figs. 2(a)-2(e) at temperatures ranging
from 25 to 700 °C (y = 2.95). Once again, on the
GdO, s-rich side, the theory describes well the trends in
the experimental thermal conductivity data.

The results of all these theoretical calculations are
summarized in Fig.3 as a function of composition at
fixed temperatures.

V. DISCUSSION

We have measured the thermal conductivity of ceram-
ics in the ZrO,—GdO, 5 system as a function of compo-
sition and temperature. A semiempirical model was
successfully applied to describe the effects of composi-
tion and temperature on the thermal conductivity of these
ceramics. First consider the thermal conductivity of pure

7 T T T T d T 4 T

xGdO, 5.(1-0)Zr0,

Thermal Conductivity, k (W ! .K'l)

0 0.2 04 0.6 0.8 1.0
70, X GdO, 5
FIG. 3. Summary of theoretically calculated curves from Figs. 2(a)-

2(e). Dashed lines are used to connect the curves and have no theo-
retical significance.
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7Zr0O, and GdO, 5. The measured thermal conductivity of
pure ZrO,'*'” was clearly found to be less dependent on
the temperature than 1/7 [Fig. 1(a)], and was found to
approach a lower limit at elevated temperatures. This is
possibly due to the limitation on the applicability of the
intrinsic thermal conductivity theory to materials like
ZrO, of short phonon mean free paths. This is also indi-
cated by the small value of the empirical constant (x =
0.51) in Eq. (2). Furthermore, the smallest phonon mean
free path, [, (at the highest frequency, w,,) at the highest
measurement temperature (7 = 800 °C) calculated using
the intrinsic thermal conductivity theory [Eq. (4)] is
about 4 A. This value is smaller than the dimension a,,
(=a’IN)"" of approximately 7 A for ZrO, and is, there-
fore, physically unrealistic. The minimum phonon mean
free path for 7, = 231 K [Eq. (3)] is calculated [Eq. (4)]
to be 19 A, which is about three times the dimension ay,
for ZrO, and is a more realistic value. In the case of pure
GdO, s, the empirical constant in Eq. (1) (x = 0.84) is
closer to unity than that in the case of ZrO, (x = 0.51),
indicating better agreement between intrinsic thermal
conductivity theory and the experimental data. The mini-
mum thermal conductivity theory [Eq. (5)] was also fit-
ted to the experimental data for pure GdO, 5 with T, =
235 K. The corresponding minimum phonon mean free
path is calculated [Eq. (4)] to be 22 A, which for GdO, 5
is also about four times the dimension a,; = 6 A.

The semiempirical theory also describes the trends in
the thermal conductivities of xGdO, 5 * (1 — x)ZrO, solid
solutions as a function of composition (x) and tempera-
ture (7). On the ZrO,-rich side, the theory accurately
captures the dramatic decrease in thermal conductivity
with increasing x, for small values of x. Near-unity value
for the empirical constant ({y = 1.06) attests to the va-
lidity of this theory. For pyrochlore Gd,Zr,0O; (x = 0.5),
the theory adequately describes the temperature depend-
ence of the thermal conductivity but only when the
phonon-scattering contribution of oxygen vacancies is
omitted. On the GdO, s-rich side, the theory captures the
composition and temperature dependence of thermal
conductivity not as well (y = 3.3). Also, thermal con-
ductivity values at x = (.89 are higher than the trend at
all temperatures. At that composition an ordered hexago-
nal phase is present, while the phases at all other inter-
mediate compositions are cubic,® which is possibly
responsible for this deviation.

Recently, Nicholls et al.*® and Zhu and Miller*® have
used the concept of codoping of YSZ (4.6 mol% Y,O5)
with one or more oxides (M,05: M = Yb, Gd, Nd, Sm,
Sc) to achieve lower thermal conductivities, which have
been attributed to defect-cluster formation.?® However,
those measurements were made on porous coatings of
unknown densities and, as such, cannot be readily com-
pared with the fully dense thermal conductivities meas-
ured here.

VI. SUMMARY

The thermal conductivity of ceramics in the ZrO,—
GdO, 5 system was measured as a function of tempera-
ture and composition. On the ZrO,-rich side, the thermal
conductivity was found to decrease rapidly with increas-
ing concentration of GdO, 5 and was then found to reach
a plateau. On the GdO, 5-rich side, that trend with in-
creasing concentration of ZrO, was found to be less pro-
nounced. The thermal conductivity of the solid solutions
was found to become less sensitive to the composition
with increasing temperature. The thermal conductivity of
pyrochlore Gd,Zr,0, was found to be higher than the
plateau values at all temperatures. A semiempirical pho-
non-scattering theory was used to analyze the experi-
mental thermal conductivity data. In the case of pure
ZrO, and GdO, s, the temperature dependence of the
thermal conductivity was less pronounced relative to
the 1/T temperature dependence. Therefore, the mini-
mum thermal conductivity theory was applied, which
captures better the temperature dependence of the ther-
mal conductivity of pure ZrO, and GdO, 5. In the case
of solid solutions, the theory described the composi-
tion and temperature dependence of the thermal con-
ductivity. For the ZrO,-rich side, Gd solute atoms and
associated O vacancies were considered as the primary
phonon-scattering point defects, whereas, for the Gd-rich
side, Zr solute atoms and Gd vacancies were considered.
In the case of Gd,Zr,0,, only Gd solute atoms were
considered.
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