Available online at www.sciencedirect.com

SCIENCE@DIHECT' Egsas

www.elsevier.com/locate/jeurceramsoc

Journal of the European Ceramic Society 24 (2004) 3081-3089

Thermal diffusivity and conductivity of Zr;_, Y, O>_,
(x=0, 0.084 and 0.179) single crystals

Rémy Mévrel®*, Jean-Claude Laizet?, Alban Azzopardi®, Bérangére Leclercq?,
Martine Poulain?, Odile Lavigne?®, Didier Demange?

A8ONERA BP 72, 92322 Chatillon Cedex, France
bSnecma-Moteurs, Site Villaroche, YKOS, 77556 Moissy-Cramayel, France

Received 15 June 2003; received in revised form 17 October 2003; accepted 25 October 2003

Abstract

The thermal diffusivity of Zr,_ Y ,O»_y/» (x=0, 0.086 and 0. 0.179) single crystals has been determined up to 1100 °C with a laser
flash method designed to minimize radiative transfer effects. The thermal conductivity of these materials can be satisfactorily
described in the framework of the phonon theory, provided a minimum phonon mean free path is introduced. Both experimental
results and a theoretical approach indicate that for this system, and in the composition range explored, the high temperature limit
of the thermal conductivity does not depend on the constitutional point defect content. The point defects influence the decrease of

the thermal conductivity at intermediate temperatures.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Zirconia ceramics constitute an important class of
materials of technological and scientific importance, due
to a wide range of useful properties such as high che-
mical stability, high toughness, fast ion conduction, low
thermal conductivity, that render this group of materi-
als particularly attractive for various applications:!
electrochemical cells, biomedical implants, thermal bar-
rier coatings. In these applications, zirconia is partially
(or fully) stabilised with the addition of heterovalent
cations, for example yttrium, rare-earth elements, Mg,
Ca, etc. Pure ZrO, exhibits a monoclinic<>tetragonal
phase transformation in the range 1180-1200 °C (on
heating) and 1050-920 °C (on cooling).> This phase
transformation is accompanied by a large volume
change, which generally prevents the use of pure zirco-
nia and explains why few studies have concerned dense
monoclinic zirconia.
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The objective of this investigation is to determine the
variation with temperature of the thermal conductivity
of undoped and yttria-stabilized zirconia single crystals.
Strictly speaking, as for nickel superalloy “‘single crys-
tals”, the phrase “single grain” would be more appro-
priate to designate these materials which may contain
twins and/or coherent precipitates. However, we will
keep the phrase “‘single crystal”’, which is the one adop-
ted previously by authors’® who investigated similar
materials, provided by the same supplier (Zirmat Corp.,
North Billerica).

It is expected that these results will shed some light on
the effect of point defects on the thermal conductivity of
doped zirconias, a topic of scientific interest”-® as well as
of technological importance, in particular for designing
thermal barrier coatings.®-!°

Few results have been reported on the thermal con-
ductivity of zirconia single crystals. Youngblood et al.’
determined the thermal diffusivity of a set of zirconia
single crystals partially and fully stabilised with yttria
up to 1000-1200 °C. The results show a marked increase
of the thermal diffusivity above around 600 °C, which is
attributed by the authors to radiative heat transfer.
More recently, Bisson et al.® determined the room
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temperature thermal conductivity of undoped and
yttria-doped zirconia single crystals by photothermal
microscopy. Their results show a clear decrease of the
thermal conductivity as a function of yttria content up
to 0.21 mol.YO, 5 above which value, the thermal con-
ductivity increases, an effect attributed to a possible
ordering of the point defects.

The thermal conductivity of polycrystalline yttria—
zirconia materials has also been investigated by Hassel-
man et al.,'' Raghavan et al.'? (for nearly dense mate-
rials), and by a number of authors!3>~!> who studied
porous coatings. Concerning undoped ZrO,, to our
knowledge, only Raghavan et al.!? reported the thermal
conductivity (between 100 and 800 °C) of an undoped
polycrystalline zirconia obtained by sintering at 1150 °C.

In the present work, the thermal diffusivity of
Zri_+YO,_y, single crystals undoped (x=0) and
doped with YO; 5 (x=0.084 and 0.179) has been deter-
mined by the laser-flash technique up to 1200 °C. The
variations as a function of temperature and of x,
derived from these diffusivity measurements, are dis-
cussed within the framework of the phonon theory of
thermal conductivity.

2. Experimental
2.1. Materials

The single crystals investigated, supplied by Zirmat
Corp. (North Billerica), were produced by skull melting
crystal growth, a directional solidification process.
Compositions and density are reported in Table 1.

2.1.1. Composition

Apart from hafnium, an element usually associated
with zirconium, no element other than Zr, Y or O was
detected by electron probe microanalysis (EPMA). The
atomic fraction Hf/(Hf+ Zr) determined by EPMA,
amounts to less than 0.01 (Table 1).

2.1.2. Structure

It is often mentioned that the tetragonal to mono-
clinic transition in undoped zirconia is deleterious for
the integrity of specimens. However, the single crystals
studied in this work present no obvious crack. Accord-
ing to Ingel et al., such single crystals are heavily twin-

Table 1

Composition and density of the single crystals studied in the present work

ned materials (with no visible high-angle grain
boundaries). These twins, which form on cooling,
reduce the strains resulting from the shape change
during the cubic/tetragonal and tetragonal/monoclinic
transformations. As observed by transmission electron
microscopy by Wunderlich et al.,* the thickness of the
twin lamellas is about 100-300 nm. In the present work,
we checked by Raman spectroscopy that no zirconia
phase other than monoclinic was present in the undoped
zirconia materials. We noted an increased opacity after
the first excursion to 1200 °C, as mentioned by Adams
et al.? for similarly heat treated zirconia materials.

According to the supplier information and in agree-
ment with Raman spectra recorded at Laboratoire de
Dynamique, Interactions et Réactivite (LADIR, CNRS,
Thiais, France), as well as published TEM observations
by Martinez-Fernandez et al.,'® crystal B which corre-
sponds to a partially stabilized zirconia is a mixture
of tetragonal precipitates within a cubic matrix, and
crystal C is fully cubic.

2.2. Diffusivity—laser flash technique

For measuring the thermal diffusivity, a single pulse
(duration: 3-5 ms; energy: 5 J) from a CO, laser (wave-
length: 10.6 pm) was directed on one face of a disc
placed inside a high temperature furnace (atmosphere:
argon). The incident laser pulse is absorbed at the sur-
face of the zirconia-based materials, which have an
absorption edge in the range 5-7 um according to Cox
et al.'7” An HgCdTe infrared detector was used to
measure the temperature from the rear face of the spe-
cimens over the 20-1200 °C range. An optical long-
wave pass filter which eliminates the wavelengths
shorter than 8 pm was interposed between the back face
of the specimens and the detector. Thus, radiation
coming from inside the zirconia material (which corre-
sponds to wavelengths shorter than 7 um) is stopped by
the filter and the radiation recorded by the detector
comes only from the back surface of the specimen. With
this arrangement, no opaque coating is therefore needed
on either face of the specimen, as employed in general
for measuring the thermal diffusivity of semitransparent
materials.

Diffusivity specimens consisted of 10 mm discs with
thicknesses of 1.15 and 2.15 mm (ZrO,), 2.17 mm
(x=0.084) and 1.73 mm (x=0.179). The discs were

Amount of
Y203 (Wto/o)

Amount of
YO|_5 (mol%)

Sample

A 0 0
B 8.4 7.7
C 17.9 16.6

Hf/(Zr + Hf) Density (kg M—) Theoretical

at.% present study density (kg M—3)
5845+4 5859

0.75 6043+4 6053
5942+38 5961
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ultrasonically machined out of slices cut with a diamond
wheel, perpendicularly to the crystal growth axis. Spe-
cimen surfaces were ground with SiC abrasive papers
down to a 1200 grit.

The variations of back-surface temperature as a
function of time (called thermograms in what follows)
are analyzed by a method!'® which takes into account
radiation and convection losses, and these loss terms are
determined essentially by considering the cooling part of
the experimental thermogram. The thermal diffusivity,
«, 1s then calculated by minimizing the difference
between a calculated thermogram and the experimental
one, this optimizing operation being carried out on the
rising temperature part (usually between fpi,=0.6 1)
and fymax=1.5 11, with 11, the time at mid-height).!”
With this data treatment, a diffusivity value can be cal-
culated for each time step in the interval between #.;,
and .. This provides an indication of the reliability of
the results since, for a homogeneous material, this cal-
culated diffusivity should be constant in this interval.

Each value of diffusivity reported represents the
average value of 4-6 measurements.

2.3. Thermal conductivity

The thermal conductivity was calculated according to:
K=oa.p.C, (M

where « is the thermal diffusivity (m? s='), p the density
(kg m—3) and Cp the specific heat capacity (J kg~! K=).

2.4. Density

Density was determined by helium pycnometry
(Accupyc 1330, Micromeritics, USA) and the values,
reported in Table 1, show a good agreement with theo-
retical densities calculated from crystallographic data,
indicating that the materials are fully dense.

For ZrO,, the theoretical density has been calculated
from the unit cell dimensions derived in the study
reported by Hill and Cranswick?® on a high purity
monoclinic ZrO, (¢=0.5146 nm; b=0.5212 nm;
¢=0.5313 nm; 8=99.22°) and by taking into account
that the material studied in the present work contained
some hafnium. It was also assumed that the introduc-
tion of hafnium (Hf/(Zr+ Hf)=1.0 at.%) did not affect
the unit cell dimensions, given the close ionic radii of
Hf** and Zr*" (respectively 0.083 and 0.084 nm for a
coordination number of 8).2! The density thus derived is
5859 kg m—3, which is very close to the value measured
in the present study (5845 kg m—3).

The theoretical density of the yttria-containing zirco-
nia single crystals were determined from the cell dimen-
sions determined by Scott?? and by taking into account
the hafnium content.

To calculate the density change with temperature, we
adopted the thermal expansion coefficients determined
experimentally by Adams? (8.1x107¢ K~! for pure zir-
conia) and those proposed by Kisi et al.>3 for cubic
yttria-stabilized zirconia, derived from the crystal-
lographic data determined by Terreblanche,?* i.e.
10.5x107°K~!, a value which is practically independent
of the yttria content and also close to the thermal
expansion coefficient of the tetragonal phase.?’

2.5. Specific heat capacity

For the specific heat capacity of undoped zirconia, the
reference data reported by NIST?® have been used. To
convert the molar specific values into specific heat
capacity per unit mass, the hafnium content has been
taken into account. For the specific heat capacity of
yttria-zirconia systems, the values determined by
Leclercq” on Zr;_, Y0,y (x=0.086 and x=0.152)
have been adopted. Although the composition of the
zirconia richest in yttria does not exactly coincide with
the material studied in the present work (respectively,
x=0.152 and x=0.179), these values have been adopted
for, as it can be seen in Fig. 1, the specific heat capacity
of yttria—zirconia systems does not depend significantly
on the yttria content in this range of concentration. This
fact had also been shown at low temperature, between
15 and 300 K for x=0.177 and x=0.204 by Tojo et al.?’

The uncertainties are estimated to be less than 5% for
the heat capacity, 5% for the diffusivity and 0.5% for
the density, so the precision on the absolute value of the
thermal conductivity is estimated at around 10%. It
should be noted though that the measurements are done
in similar conditions and the relative precision may be
significantly less than this value.

3. Results
3.1. Thermal diffusivity

The variations in temperature of the thermal diffusiv-
ity of undoped ZrO,, reported in Fig. 2, show a very
small scatter of the data points for two different speci-
mens (differing by their thickness) and for two succes-
sive runs on each specimen.

Similarly, a remarkably small scatter of the results can
be noticed in Fig. 3 for slightly different operating con-
ditions (laser pulse duration of 3 and 5 ms) for yttria-
containing single crystals (only one specimen of each
composition has been studied).

The thermal diffusivity continuously decreases in
temperature (Figs. 2 and 3). The experimental device
employed in the present study appears to eliminate
radiative heat transfer effect which, according to
Youngblood et al.,> causes an increase above 600 °C in
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Fig. 1. Specific heat capacity of undoped zirconia and yttria-zirconia. See comments in text.
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Fig. 2. Thermal diffusivity of undoped ZrO, single crystals. Each point is the average of at least four measurements at a given temperature.

the thermal diffusivity they recorded for zirconia single yttria-poor composition. For the yttria-rich composi-
crystals containing yttria. tion, the room temperature value seems slightly high but

We note that the thermal diffusivity values obtained the results are compatible if we take into account the
at room temperature on similar single crystals by Bisson experimental uncertainties (the experimental methods
et al.® are in the continuation of the variations observed are different and the uncertainty reported by Bisson et

in the present work for the undoped zirconia and the al. is of the order of 15%).
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Fig. 3. Thermal diffusivity of Zr,_,Y O5_,» (x=0.084, 0.179). Each closed symbol corresponds to the average of four measurements for a given set
of conditions. For each composition, two laser pulse durations (#;, =3 ms and #, =35 ms) have been used in the laser flash experiment. These results

indicate a very good reproducibility.

3.2. Thermal conductivity

Fig. 4 shows the variations of the thermal con-
ductivity in temperature. In this graph, for each com-
position, one point corresponds to the average of the
thermal diffusivity of the different runs.

The thermal conductivity of ZrO, single crystals
decreases in temperature, with a classical trend for
ceramic materials, whereas for yttria-stabilized zirco-
nias, the variations are much less pronounced. For the
yttria-rich composition, above 200 °C, the thermal con-
ductivity is constant within experimental error. At high
temperature, we note that the thermal conductivities
seem to converge towards a same value, for all the single
crystals studied.

Given the experimental uncertainties, the results near
room temperature are consistent with the values repor-
ted by Bisson et al.® for single crystal zirconia, but
determined by a completely different technique (infrared
thermography).

Regarding undoped zirconia, if the thermal con-
ductivity values at 100 and 200 °C coincide with the
values reported by Raghavan et al.'? for polycrystalline
materials, we note that the temperature variations are
different: in the present work, the thermal conductivity
decreases more rapidly than the values for the poly-
crystalline materials. It is difficult to explain this

discrepancy. A priori, one would expect a polycrystal-
line material to have a lower thermal conductivity than
a single crystal having the same composition. Moreover,
according to Raghavan et al.,'?> the influence of the
grain size on yttria-containing zirconia should be small,
even for the small grain materials they studied (grain
size > 100 nm). Another effect which would explain the
difference is the presence of cracks in the single crystals.
But the porosity of the single crystals is very low (< 1%)
and the presence of cracks would also affect the room
temperature values, which they do not. Moreover, at
high temperature, the thermal conductivity of the gas
inside the cracks would increase and this would result in
values in excess of the values reported by Raghavan et
al.,'? contrarily to what is observed. Another effect to
consider is the anisotropic structure of pure zirconia,
which is monoclinic. In principle, the thermal con-
ductivity is anisotropic for such a structure. This might
result in different values of thermal conductivity for
single crystals and for polycrystalline materials. How-
ever, it is to note that such a discrepancy would be
independent of temperature (at least to the first order)
whereas it increases as the temperature increases. We
note also that Bisson et al.® found no evidence of ani-
sotropy for the thermal conductivity of a ZrO, single
crystal by exploring different faces and different
directions on one face of ZrO, single crystals.
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Fig. 4. Thermal conductivity as a function of temperature for Zr,_,YO,_., single crystals. The dark symbols (K.p) are experimental values
obtained in the present work and the open symbols refer to experimental values determined by infrared thermography.® The continuous lines (Kcaic)
correspond to Egs. (10) and (19) with the following values of the adjustable parameters: 4 =2400 W/m, T; =420 K and f=1.5 K s=2 (see text for

details).

The thermal conductivity values of the yttria-stabi-
lized zirconia single crystals are comparable with the
values already reported by Raghavan et al.'? In the
present work, at low temperature, a decreasing trend is
observed for x=0.084, this does not seem to be the case
for the polycrystal having the same composition. For
x=0.179, the value at room temperature is lower than
the value at 200 and 500 °C. This would be consistent
with previous results reported by Cahill et al.?® for the
thermal conductivity of yttria zirconia (x=0.15) below
room temperature where a glass-like behaviour can be
observed.

4. Discussion
4.1. Lattice thermal conductivity

The lattice contribution of the thermal conductivity
can be written as:?°

K= lrm C(w, T) (@) [, T)do 2)
3Jo

where C'(w)dw is the contribution to the specific heat of
the vibration modes having a frequency comprised
between w and w+dw, v(w) is the phonon velocity (=v
constant in what follows) and /(w,T) is the phonon
mean free path.

In the framework of the Debye approach, wpax is
Debye frequency wp, v can be considered constant and

equal to the sound velocity. Moreover, at temperature
higher than the Debye temperature ©®p, C(w) is
proportional to @? and independent from temperature:

C'(w, T) = B.o*

with B a constant.
Lastly, the mean free path /(w) can be written as:

L
@)~ ly(@)  Ip(w)

where /y(w) is the mean free path associated with
Umklapp phonon—phonon interactions and /p(w) is the
mean free path for phonon—point defect interactions.
This relationship assumes that the interaction mechan-
isms can be considered independent. These individual
mean free paths can be expressed as:3°

(€)

1 *T

@~ Dy @
1 _ cqo*

Ip(w)  Dp ©)

where Dy and Dp are parameters independent of tem-
perature and frequency, cq4 is the point defect concen-
tration. In the following discussion, this concentration is
defined as the ratio of the number of point defects and
the total number of atomic sites.
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4.2. Case 1: undoped zirconia

In the case of a solid containing no point defects, /p
can be neglected and the integration of expression (2)
leads to the classical T—' variations of the intrinsic
thermal conductivity in the high temperature limit:3!

1 [ , 1 [“r D
Ky = gL C'(w)v.l(w, T)dw = gj szv.wz—?da)

0

A
- ©)
with

1
A= §BV.DUa)D.

Theoretical approaches®*3? developed for solids hav-
ing one atom per primitive cell give:

A M.QPI303 /iy (7

T )

where M is the atom mass, €2 is the atomic volume, y is
Griineisen constant and ®p is Debye temperature. The
value proposed by Klemens® for the numerical factor
(B'=1.61), based on a number of simplifying assump-
tions, usually gives a satisfactory description of the
measured conductivity at high temperature.

To generalise these approaches to the case of solids
containing p (> 1) atoms per unit cell, i.e. with optical
branches in the phonon spectrum, Slack?? finds that the
result must be divided by p*>.

We note that the integrand in (6) being independent
of w, the contribution of all modes are important for the
thermal conductivity at high temperature, even long
wavelength phonons.

In fact, as for a number of other solids, the thermal
conductivity of undoped zirconia decreases less rapidly
than 7—!. This arises from the fact that /(T) decreases
with increasing temperature, but it cannot be shorter
than the wavelength of the corresponding phonon, and
this wavelength cannot, in turn, be much shorter than
the distance between two neighbouring atoms.3*

To take this limit into account, we can introduce (as
originally suggested by Roufosse and Klemens®3) a
minimum mean free path /.,;, such that:

Dy .. Dy A
@) = 20 i > dy @®)
D
lw) = lnin if =2 < Imin )

*T

The integration of expression (2) gives:

I D 1 [er
Kint = §J Bw’v. ﬁdw + §J B’ v.Ipindw
0 [0}

Al2 [Ty, T
:?%¢;+ﬁﬂ (10)

where

DU T] DU
o = =.—wp and T} = —— 11
VigaT VTP ' hin-(0p)? (

Given all the simplifying assumptions underlying this
model, we consider 4 and T as adjustable parameters
and the fit reported on Fig. 4 corresponds to 4 =2400
W m~! and T, =420 K.

Bisson et al.® have estimated Dy=2.9 10720 (S.I.
units) for pure ZrO,. Given a Debye temperature’® of
510 K,

/

_Du >=0.15 nm (12)
T .(wp)

which is of the same order of magnitude as the shortest
interatomic distances in zirconia. In monoclinic zirco-
nia, each zirconium ion is seven-fold coordinated, with
Zr—0 distances ranging from 0.205 to 0.228 nm.

lmin -

4.3. Case 2: Zr;_ Y Os_y» (x #0)

The approach exposed above can be extended to the
case of zirconia—yttria systems. In these systems, the
substitution of two zirconium ions by two yttrium ions
is accompanied by the incorporation of one oxygen
vacancy to keep the electroneutrality of the lattice
according to the relation:

Y05 — 2V, + Vi 430 (13)

where, in terms of the Kroger—Vink notation, Y/, des-
ignates an yttrium ion occupying a zirconium ion site
(single negative charge), V' is a doubly charged (posi-
tive) oxygen vacancy and O¢ is an oxygen ion on an
oxygen site (neutral). The electric charges are defined
with respect to the pure zirconia lattice.

Two types of point defect are therefore introduced,
yttrium ions (concentration cy) and oxygen vacancies
(concentration ¢y = cy/2), and the collisions of phonons
with these defects are characterised by parameters Dpy
and Dpy, respectively. The phonon mean path can be
written as:

I 1 1 o ﬂ+ Cya)4 Cv(,()4
lw) Ilu(@) (@) Du Dpy  Dpy
a)zT ( Cy Ccy ) 4
LAY (R SRR P 14
Dy Dpy  Dpy 14
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For a composition Zr|_Y yO,_y, cy = x/3 and cy = x/6,
and the general expression for the mean free path can be
rewritten as:

1 0T cqo?

(@ Du ' Dp

(15)

where c¢q=Xx/2 is the concentration of point defects and

1 2 1
== 4 16
Dp  3Dpy + 3Dpy (16)

Introducing the minimum mean free path /., Eqgs.
(8) and (9) can be rewritten as:

1 ’T  cqo” 0’T  cqo” 1
== — 4+ =< 17
(w) Dy Dp Dy  Dp  Ilnin {17

1 1 T 4 1
11 0T ot a18)

The integration of Eq. (2) is straightforward and gives:
1 1
K= fJ Baw?v. -
3)o o°T  cqw
Dy  Dp

1 (“p
+§J Bw*v.lyindwK

do

w1

_Aa)1 w( arct w1 + A 1
a Ta)D w1 £ w( 3T w1 2
1+ (2)
w 2 w
“ [(_D> __1} (19)
w1 wp

/N 2
— l_}_ 1_|_ 2
w] = Wy 3 4 )

The frequency w; is defined by (w;) = lnin-

Only one more adjustable parameter has been intro-
duced, B, and with =1.5 K s~2, a reasonable fit can be
obtained for the variations as a function of temperature
of the thermal conductivity of the yttria—zirconia sys-
tems studied (Fig. 4).

It has been implicitly assumed that the constants A4
and T are the same for doped and undoped materials.
This is certainly valid for low defect concentrations. For
high concentrations, the quantity A in particular should
be in principle re-evaluated as several quantities in Eq.
(7) are dependent on composition. In particular, as
underlined by Grimvall,3* 4 varies as M~!/? given the
mass dependence in ®p (which varies as M~%?). How-
ever, for the yttria—zirconia system, we do not expect

this term to vary much as the atomic masses of yttrium
and zirconium are close (respectively, 88.91 and 91.22
g). The situation could be different if another dopant is
considered.

According to the approach proposed, the value of the
high temperature limit of the thermal conductivity for
this system is given by A4/(3.7;). The point defects pre-
sent decrease the thermal conductivity at a given tem-
perature but do not influence the high temperature limit
of the thermal conductivity. This is because the limit is
governed by value of the minimum mean free path,
which has been assumed identical for undoped zirconia
and yttria-stabilized zirconia. It is interesting to note
that the limit calculated in the present work—
A)(3.T))=1.9 W m~! K~!—is very close to the value
determined theoretically by Slack’’ for the minimum
thermal conductivity of zirconia (2.06 W m~! K1), a
value derived by remarking that the minimum mean free
path of a phonon in a crystal must be of the order of
one phonon wavelength.

5. Conclusion

The thermal diffusivity of Zr; Y O, yp (x=0,
0.086, and 0.179) single crystals has been determined
with a laser flash method. The use of a CO, laser and
the interposition of a long wavelength-pass filter
between rear face and detector minimized possible
radiative effects. The thermal conductivity of these
materials can be described in the framework of the
phonon theory, if a minimum phonon mean free path is
introduced. Both the experimental results and the theo-
retical approach indicate that for this system, and in the
composition range explored, the high temperature limit
for the phonon thermal conductivity does not depend
on the defect content.
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