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Abstract

The thermal conductivity of yttria-stabilized zirconia (YSZ) thermal barrier coatings increases with high-temperature aging. This
common observation has been attributed to the densification of the coatings as porosity sinters out and pores and cracks spheroidize
to minimize their surface energy. We show that the thermal conductivity of fully-dense 3 mol.% Y,Oj; stabilized zirconia (3YSZ) also
increases with high-temperature aging, indicating that densification and pore shape changes alone are not responsible for all the observed
increase in thermal conductivity of coatings. Instead, there are also increases due to a combination of phase separation and grain growth.
The increase in thermal conductivity can be described by a Larson-Miller parameter. It is also found that the increase in thermal con-
ductivity with aging is greatest when measured at room temperature and decreases with increasing measurement temperature. Measured
at 1000 °C, the thermal conductivity of zirconia is almost temperature independent and the changes in thermal conductivity with aging

are less than 15%, even after aging for 50 h at 1400 °C.

© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

It is now standard practice to coat the hottest sections of
gas turbines, including blades and vanes, with a thermal
barrier coating (TBC) so that higher turbine inlet tempera-
tures and, consequently, higher engine efficiencies can be
achieved [1]. The thermal protection provided by the
TBC enables increases in overall engine efficiency, depend-
ing on the particular engine design, by either lowering the
metal surface temperature so that the efficiency gain can
be obtained together with extending the creep and oxida-
tion lifetime of the blades and vanes [2] or maintaining
the existing metal surface temperatures by decreasing cool-
ing air flow.
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The material of choice for the majority of thermal barrier
coatings has a composition of 7-8 wt.% Y,O; stabilized
710, (7YSZ) not only because of its low intrinsic thermal
conductivity, typically in the range of 2.5-3.0 Wm ™' K!
[3], but also because it has a high fracture toughness in
the metastable tetragonal-prime form. Zirconia stabilized
with a higher yttria content (cubic phase) has an even lower
thermal conductivity [4], but its fracture toughness and its
thermal cycle life are substantially smaller [2,3]. The thermal
conductivity of actual YSZ coatings is further reduced by
the porosity and microcracks formed in the coating during
the deposition process. As a result, the thermal conductivity
of as-deposited electron-beam physical vapor deposited
(EB-PVD) coatings is reported to be about 1.8-2.0 W
m ! K~! and that of as-deposited air plasma sprayed coating
is approximately 0.8-1.1 W m ' K™' [2,5-9]. During high-
temperature service, however, the thermal conductivity of
the coatings increases so that the thermal protection pro-
vided by the coatings is reduced [8,9], with the result that
the metal surface temperature increases. The observed
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increase in thermal conductivity is typically attributed to a
combination of densification of the coating by removing
porosity and microcracks that microstructural analysis
reveals occurs during high-temperature exposure [7,9,10].
However, analysis of our own measurements on the effect
of thermal cycling on thermal conductivity of an EB-PVD
7YSZ [11] using effective medium theory [12] and expressed
in the finite element results presented by Lu et al. [7] sug-
gests that the densification and porosity evolution are not
sufficient to describe the observed conductivity increases.
In turn, this suggests that the thermal conductivity of the
zirconia material itself changes upon high-temperature
aging.

In this contribution, we study the effect of high-temper-
ature aging on the thermal conductivity of fully dense,
nanocrystalline, tetragonal 3 mol.% Y,Os-stabilized ZrO,
(3YSZ), a readily available commercial composition close
to that used in TBCs. (For comparison of compositions,
3YSZ is 5.6 wt.% Y,O5; whereas typical TBC compositions
are 7-8 wt.% Y,0s;. In terms of mol.% YO s, the composi-
tion 3YSZ corresponds to 6 mol.% YO, s.) By using fully
dense zirconia samples, which do not contain porosity,
any effects on thermal conductivity associated with the
presence of porosity, such as densification or shape evolu-
tion of the pores, can be ruled out and any observed
changes can be attributed to changes in the intrinsic mate-
rial itself. Furthermore, by starting with nanocrystalline
material, basic information on the effect of grain size on
thermal conductivity can be evaluated by comparing the
conductivity at different grain sizes. To evaluate any possi-
ble effects associated with the evolution of the metastable
tetragonal to a mixture of the equilibrium cubic and mono-
clinic phases, complementary Raman spectroscopy was
performed.

2. Experimental details

Fully dense tetragonal-prime zirconia (t'-zirconia) was
prepared using a custom-designed Current-Assisted Densi-
fication Process (CADPro), typically referred to as Spark
Plasma Sintering (SPS). Approximately 0.8 g of ZrO, stabi-
lized by 3 mol.% Y,0O5; powder (3YS from Tosoh Corp,
Japan) was loaded into a graphite die with an internal
diameter of 12.7 mm. The powder was heated under an
applied pressure of 134 MPa to 1200 °C at a constant heat-
ing rate of 100 °C min' by passing a PID-controlled DC
electrical current. The temperature was held at temperature
for 5min and the specimen was rapidly cooled to room
temperature. Throughout the entire process, a constant
vacuum pressure of 6.7 Pa was maintained. As the speci-
mens were prepared under a reducing environment, the zir-
conia changed color due to the presence of excess oxygen
vacancies so each of the specimens was subsequently heat
treated in air at 900 °C for 4 h. The resulting samples were
all translucent, as illustrated in Fig. 1, indicating the
absence of porosity. All specimens prepared in this work
had a diameter of 12.7 mm and thickness of 1 mm. The

Fig. 1. Dense, polycrystalline yttria-stabilized zirconia sample prepared
by current-assisted densification and placed 25 mm above the Harvard
logo. The absence of porosity is indicated by the translucency of the
specimen. The sample is 12.7 mm in diameter and 1 mm thick.

specimens were then aged in air at various temperatures
between 1200 and 1400 °C for up to 200 h.

The densities of the specimens were measured using
Archimedes’ principle and the temperature-dependent spe-
cific heat of 3 mol.% Y,0Os-stabilized ZrO, was calculated
using the Kopp—Neuman rule from literature values of
pure zirconia and pure yttria. Thermal diffusivity was mea-
sured using a standard laser flash technique (Netzsch LFA
457, Burlington, MA) in which a short (350 ps) pulse of a
1.06 pm laser is fired at the front surface of the specimen
and the temperature rise at the back side is measured as
a function of time with an In—Sb infrared detector. In order
to prevent the laser from penetrating through the specimen
and exciting the detector, giving a spurious contribution to
the thermogram, both sides of the specimens were coated
with approximately 50 nm of gold by sputtering. A graph-
ite coating, approximately 10 um thick, was then sprayed
on both sides to both improve the laser absorption at the
front surface and to standardize the absorptance of the
front surface and the emissivity of the back surface of the
specimen. The thermal conductivity (x) was calculated
from the measured diffusivity («), the specific heat (C,)
and the density (p) using the relationship x = p-C,,-a.

The grain sizes of the as-fabricated and aged samples
were determined using a linear intercept method on second-
ary electron images recorded of fracture surfaces of the
specimens. Phase evolution of tetragonal zirconia during
high-temperature aging was monitored using Raman spec-
troscopy (LabRAM Aramis, Horiba — Jobin Yvon,
Edison, NJ) using a 532 nm laser excitation. In addition,
the spectral width of the Raman lines was evaluated by
deconvolution of the Raman peaks using a commercial
curve fitting algorithm (GRAMS, Thermo Electron Corp,
Philadelphia, PA).

3. Results

Fig. 2 shows the temperature dependence of the thermal
conductivity of the fully dense samples after aging for dif-
ferent times at 1200 and 1400 °C. The thermal conductivity
particularly that measured at low temperatures, increases
with aging time at 1200 °C, while the measured high-tem-
perature conductivity is practically unchanged (Fig. 2a).
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Fig. 2. Temperature dependence of the thermal conductivity of dense YSZ
aged for the times indicated at (a) 1200 °C and (b) 1400 °C. The
measurement uncertainty is smaller than the symbol size except where
the uncertainty is specifically shown.

Similar variations are seen for the samples aged at 1400 °C
except for after the longest aging time (100 h), when the
thermal conductivity decreased (Fig. 2b). This specimen
was observed to have cracked and, by Raman spectros-
copy, was seen to have partially transformed to the mono-
clinic phase, indicating that the cracking, and hence the
decreased thermal conductivity, was due to the tetragonal
to monoclinic phase transformation.

Examples of the fracture surfaces of specimens at vari-
ous stages of high-temperature aging are shown in Fig. 3.
After heat treatment at 900 °C for 4 h to reoxidize the sam-
ples following the densification process, the grain size is
about 90 nm. The increase in grain size with aging, derived
from linear intercept measurements of micrographs like
those in Fig. 3, is summarized in Fig. 4. It was found that
the activation energy for grain growth is 125 + 22 kJ mol .
While this value is significantly smaller than the activation
energy for yttrium diffusion in 405 kJ mol ! zirconia [13], it
is approximately the same as the activation energy of oxy-
gen diffusion in YSZ (96 kJ mol™") [14]. With high-temper-
ature aging, it is found that the grain size varies from 90 nm
in the as-processed condition to 475 nm after aging at
1400 °C for 50 h. Combining the conductivity data in
Fig. 2 with the grain size evolution in Fig. 4, the effect of
grain size on thermal conductivity as a function of temper-
ature up to 1000 °C can be represented, as shown in Fig. 5.

With the exception of the specimen that had been aged
for 100 h at 1400 °C, referred to above, Raman spectros-
copy of all the samples indicated that they remained tetrag-
onal after each of the high-temperature aging treatments
(Fig. 6). Nevertheless, analysis of the Raman spectra indi-
cated a systematic change in the peak position and peak
width with high-temperature aging.

The dependence of thermal conductivity on aging time
and temperature can be collapsed into a single plot
(Fig. 7) using the Larson—Miller representation, indicating
that the increase in thermal conductivity can be attributed
to a single thermally activated process. For a thermally
activated process, the rate of change, r, can be written as
an Arrhenius equation of the form:

dx

O —r = dexp(~Q/RT) (1)
Rearranging, Eq. (1) becomes:

%: Tln(4) — In(r)] (2)

As a rate is inversely proportional to time, ¢, Eq. (2) can be
expressed as:

LMP = % = T[C +1In(1)] (3)

where the Larson—-Miller constant is defined as C = In(4).
As shown by Fig. 7, the increase in thermal conductivity
with high-temperature aging can be represented by a Lar-
son—-Miller parameterization and can be best described
with LMP constant C = 59.

4. Discussion

The results presented in Fig. 2 clearly show that the
thermal conductivity of fully dense 3YSZ increases with
high-temperature aging, both at 1200 and at 1400 °C. As
might be expected for any thermally activated process,
the increases are greater with the higher-temperature
aging. Less obvious is why the changes in thermal conduc-
tivity at high temperatures, whilst still distinguishable, are
smaller than those measured at the lower temperatures,
near room temperature. We will return to this difference
in Section 4.3, but the results shown in Fig. 2 pose the
question of what might be the underlying reason(s) for
the observed increase in thermal conductivity with aging.
The data in Fig. 5 clearly shows that there is a grain-size
dependence, but the changes in Raman peak width with
aging also suggest that the changes in grain size alone
may not be responsible for all the increase in thermal
conductivity with aging. Instead, the increase in thermal
conductivity with aging may be due to two concurrent
high-temperature mechanisms: (i) the t'-phase decomposi-
tion into yttrium-lean tetragonal and yttrium-rich cubic
phases; and (ii) grain growth reducing the contribution
from grain boundaries. The contribution of each is dis-
cussed in the following.
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Fig. 3. Fracture surfaces of the polycrystalline zirconia aged for the times and temperatures indicated.

————
20— . ]
500 B
T = 1400°C 151 4 1
Q Ep=125+22kJmol | A
400 EYr 14
— < ] T T T T T - "
c 05| 11 (a) Taging = 1200°C
< 0.0 ]
@ 300 T = 1300°C 60 6.5 7.0
D 10000/T (K-1) 1
T=1250C ]
£ ] —_
® 200k ] S
O L ] S
T =1200°C
1 _d2= - =
o
c 0
Q2
ol v v v ] <
0 50 100 150 200 250

Aging time (h)

100
[o]

Fig. 4. Grain size as a function of aging time and temperature. . . ) ) .

100 200 300 400 500 600 700 800

3.2 p— (b) ' ' ' ' "[ Taging = 1400°C
r 11 Imonoclinic] 1 11 11
E 3.0
s
z s
£ 26 K (500°C)
ER . . £
8 241 n - ——15.56x10 %
o S . K (1000°C) 1 =
E 221 bt 4
5 | L 2 P ——14.74x10
< 20 3 .
'_
1.8 -. M PR A T S T R 1 1 1 1 1 IlzI
’ 100 200 300 400 500 100 200 300 400 500 600 700 800
Grain size (nm) Raman shift (cm™)

Fig. 5. Thermal conductivity measured at the indicated temperatures as a Fig. 6. Raman spectra after aging at (a) 1200 °C and (b) 1400 °C.
function of the average grain size. The measurement uncertainty is shown Transformation to monoclinic is only observed after aging for 100 h at
except for those points where it is smaller than the symbol size. 1400 °C.



A.M. Limarga et al. | Acta Materialia 60 (2012) 5417-5424

2500

2000

5421

3.2 , , , ——
L K{100°C)
< 30| [} -
£ | —11.71x10°5 |
% 28| B
b L
2 26 K (5000C)
[&] | ]
=) 3 = 1
2 L4l -/./H___/_-/l/él 1.05x10°5.]
o u |
o r u u K (10000°C) 1
g 22} 2 * -
5 . W 8.81x10°6
3
£ 20f s -
18 PR S S N N N SN SN S SN SN S N SN S SO S NN S S S
85000 90000 95000 100000 105000 110000

LMP = T [59 + In (t)]

Fig. 7. Larson—Miller plot of the thermal conductivity. The Larson-
Miller parameter has a value of 59. The measurement uncertainty is shown
except for those points where it is smaller than the symbol size.

To analyze the different possible contributions to the
measured thermal conductivity, we use a macroscopic
model to discuss the effect of phase separation into a mix-
ture of two phases as well as grain size effects. For the tem-
perature dependence we use a microscopic phonon
scattering model. We use a mean field model for the mac-
roscopic model that incorporates the conductivity of two
different phases [15], introduced in the following section.
The microscopic model is the Klemens—Callaway model
[16,17], introduced in Section 4.3, which specifically
expresses thermal conductivity in terms of phonon relaxa-
tion times. While the Klemens—Callaway phonon relaxa-
tion model can be used, in principle, to describe the effect
of grain size on thermal conductivity, many of the key
parameters for zirconia are not known, so it is more
straightforward to use a macroscopic model that attributes
a single but temperature-dependent thermal resistance to
the grain boundaries.

4.1. Effect of phase decomposition on thermal conductivity

At the high temperatures of interest for thermal barrier
coatings as well as the aging temperatures studied in this
work, both the 3YSZ and the 7YSZ TBC compositions
lie in the equilibrium two-phase region of the zirconia—
yttria phase diagram (Fig. 8). However, because of the
rapid deposition processes used to form the coatings, the
zirconia is not an equilibrium two-phase mixture but rather
a single-phase metastable t'-phase. The densified nanocrys-
talline 3YSZ materials are also single-phase t’. Neverthe-
less, it is now well established from extensive studies that
this metastable phase will separate into a two-phase mix-
ture of an yttrium-lean tetragonal and an yttrium-rich
cubic phase over prolonged times at high temperatures.
This is represented schematically on the zirconia-rich por-
tion of the zirconia—yttria phase diagram reproduced in
Fig. 8. (Recent transmission electron microscopy observa-
tions and our previous Raman shift data [18] suggest that
the phase decomposition is a coherent transformation, so
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Fig. 8. Relationship between thermal conductivity and phase decompo-
sition. The solid black line in the lower part of the figure represents the
data on single crystals from Ref. [4]. The graphical construction described
in the test relates the thermal conductivity of the bulk tetragonal, x7, and
cubic phases, ¢, to their compositions, T and C.

the lines will be slightly modified from those in Fig. 8.)
In essence, with high-temperature aging, phase separation
by diffusion of the Y** and oxygen vacancies occurs, creat-
ing a two-phase composite consisting of a mixture of
tetragonal and cubic phases. This occurs concurrently with
any grain growth.

Calculation of the conductivity of two-phase mixtures
has been the subject of numerous studies for over a cen-
tury, and the results obtained depend on assumptions of
shape of the phases, the volume fraction of the two phases,
their connectivity and the conductivity of the individual
phases, as well as the thermal resistance of the interfaces
between the two phases. In this work we use an analysis
based on effective medium method that specifically incor-
porates the thermal resistance of the grain boundaries
[15]. Without reproducing the derivations in Nan and Bir-
ringer [15], there are two geometrical limits of interest. The
first corresponds to long, oriented fibers of one phase in a
matrix of the second phase, with no interfacial thermal
resistance along the length of the fibers, and the conductiv-
ity is measured parallel to the fibers. This limit is the simple
rule of mixtures for parallel heat conduction absent ther-
mal boundary resistance:

Ky = (1= f)m + 15, 4)

The other limit is a random distribution of spherical parti-
cles of one phase in a matrix of another. In this case, the
composite thermal conductivity is given by:
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S (14 2a)x, + 25, + 21 [(1 — o)1, — K]
" (1 200K, + 2K, — (1 = )i, — K

(5)

where f'is the volume fraction of the particles, a,, is their ra-
dius, and the subscripts p and m refer to the particle and
matrix phases, respectively. The parameter « is related to
the grain boundary resistance, commonly referred to as
the Kapitza resistance, Rg, by:

RK Km

o= (6)

ap

Eq. (5) is formally a Maxwell-Garnet effective medium
approximation, also independently derived by Hasselman
and Johnson [19].

Using the equations above and a graphical construction,
we can estimate the maximum change in thermal conductiv-
ity that can result without having a detailed description of
the phase evolution. In Fig. 8 we plot, as a black continuous
line, the reported variation in thermal conductivity of single
crystals over a range of yttria concentration taken from the
work of Bisson et al. [4]. In the upper portion of the same
diagram, the zirconia-rich portion of the equilibrium phase
diagram is plotted. For the 3YSZ composition, the two
equilibrium phases at 1400 °C are indicated by points T
and C. These correspond to the terminal compositions 4.9
and 14.8 mol.% YO s, which, according to the lower curve,
have thermal conductivities indicated by the points 7 and
K¢, respectively. For any random orientation of the grains,
irrespective of their internal microstructure and ignoring
any reduction due to the presence of grain boundaries, the
thermal conductivity cannot exceed the intercept with the
dashed line joining x7 and x¢, which corresponds to grains
of tetragonal and cubic phases in parallel with the heat flow
direction, Eq. (4). A smaller thermal conductivity would
result if the tetragonal and cubic grains are randomly dis-
tributed as indicated by Eq. (5). Consequently, phase sepa-
ration on aging the 3YSZ composition cannot be expected
to lead to an increase greater than going from k, t0 Kyax.

A similar graphical construction and argument pertains
to phase separation at 1200 °C. When this lever rule con-
struction is applied for the different aging temperatures,
and assuming that the slopes of the equilibrium phase lines
are as reported, the solid curve in Fig. 9 results when the
conductivity is normalized by its value, ko, measured prior
to aging. This suggests that only a modest (<10%) increase
in thermal conductivity can possibly result from phase sep-
aration even under the most favorable geometrical configu-
ration of the two phases and less than that found from our
experiments shown by the open symbols. This estimate also
ignores the possibility of any thermal resistance between
grains, which would reduce the attainable thermal conduc-
tivity still further.

4.2. Effect of grain growth

Decreasing the grain size of a material leads to a
decrease in thermal conductivity because grain boundaries

115 T T T T
—— Calculated E
O Measured ] J

0
o

increasing
aging time
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5
T

1000 1100 1200 1300 1400 1500 1600
Aging temperature (°C)

Fig. 9. Comparison of the measured conductivity and that calculated
using the procedure in Fig. 8 as a function of aging temperature, indicating
that, with one exception, the increases in conductivity are greater than that
anticipated from phase decomposition alone.

act as additional phonon scatters, thereby introducing an
additional thermal resistance to heat transport. The corol-
lary of this is that the thermal conductivity of a nanocrys-
talline material is expected to increase as grains grow and
the number of grain boundaries per unit distance decreases.
Assuming that the thermal resistance of the grain bound-
aries is in series, thermally, with the grains themselves, as
embodied in the effective medium theory, the macroscopic
heat conduction in a polycrystalline material as a function
of temperature and grain size can be written as:

Ki(T)

Ri(T)ri(T) (7)

d

where the grain boundaries have a temperature-dependent
thermal resistance, Ry, and the grains have an intrinsic,
grain-size-independent but temperature-dependent, ther-
mal conductivity, x; In writing this equation, we are
assuming that the phase decomposition results in a negligi-
ble change in conductivity, as discussed in the previous
subsection, and so «,/k,, — 1 in Eq. (5). By finding the best
fit of Eq. (7) to the experimentally measured thermal con-
ductivity as a function of the temperature and grain size
data, both the intrinsic thermal conductivity of the grains
and the Kapitza resistance can be determined, as shown
by the data in Fig. 10. Although the uncertainties in the de-
rived Kapitza conductance are relatively large because of
the slow variation in thermal conductivity with tempera-
ture, the data suggests that, for this 3YSZ composition at
least, the Kapitza resistance is temperature independent
above room temperature. This temperature is close to the
reported Debye temperature, 7p, of zirconia of 475K
[20]. We also note that the value of the Kapitza resistance
is comparable to the value derived by Yang et al. for a
compositionally related but crystallographically distinct
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temperature independent.

cubic YSZ material containing 8-15mol.% Y,O5; [20].
They found that the Kapitza resistance increased with tem-
perature up to about room temperature, then was constant
at a value of R,=(45+0.5)%x10°m*> K/W up to
~200 °C (approximately the Debye temperature).

Further insight into the significance of the thermal resis-
tance of the grain boundaries can be gained by expressing it
in terms of a characteristic length, L,. By dimensional
arguments, L, = Ryk;, meaning that it is a thermal equiva-
lent length. If the grain size is very much larger than this
length, the role of the grain boundaries in impeding heat
flow is negligible, whereas when the two lengths are compa-
rable, the grain size effects are significant. We find that the
thermal equivalent length, L, is 15nm at 100 °C and
10 nm at 1000 °C.

4.3. Effect of temperature on thermal conductivity

All the models for the thermal conductivity of crystal-
line, electrically insulating solids predict that the thermal
conductivity decreases with increasing temperature, based
on the increased probability of anharmonic phonon scat-
tering with temperature. This leads to the approximately
1/T (taking into account thermal expansivity) behavior
commonly reported for many defect-free oxides [21]. For
solids that contain defects and internal boundaries, anhar-
monic phonon scattering still occurs, but the net phonon
relaxation time decreases because of contributions from
defect and boundary scattering. In the Klemens—Callaway
model, these contributions are temperature independent, so
the net dependence of conductivity on temperature
becomes less sensitive to temperature than the 1/T depen-
dence of defect-free, single crystals. Consequently, above
the Debye temperature, the conductivity decreases with
temperature and approaches a constant value independent
of the presence of defects at temperatures a few times the
Debye temperature. The temperature dependence of the
intrinsic thermal conductivity derived from the data in

Fig. 2 using Eq. (7) satisfies the general form [22,23]
derived for the conductivity of an electrically insulating
material containing defects, including an additional term
that asymptotically reaches a constant high-temperature
limit, xn;,, that is independent of defect concentration:

ksBs 1
i T)= min T
Ki(T) = Kmin + J& JacT

(®)

where kp is Boltzmann’s constant, C is a temperature-inde-
pendent parameter that characterizes the anharmonic scat-
tering as a function of phonon frequency, I' is a defect
scattering parameter that depends on the defect concentra-
tion and scattering strength, and € is the unit cell volume.
As several of the parameters in Eq. (8) are not known for
tetragonal zirconia, the intrinsic conductivity can be most
simply represented by combining the parameters into a
function of the form:

Ki(T) = Kmin + %tan’1 (%) 9)

where B and D are fitting parameters. When this function is
fitted to the data, the fitting parameters are found to have
values: Kmin = 1.39, B=25.14+4.71 and D =72.2 4+ 269.
Eq. (9) is a very slowly decreasing function of temperature
above 1000 °C. Even at 2500 °C the conductivity only de-
creases to 1.84 Wm ' K.

4.4. Implications

Our results show that, apart from changes in porosity,
the thermal conductivity of fully dense yttria-stabilized zir-
conia can increase over periods of hundreds of hours at
high temperatures as the microstructure and phase content
stabilize. From a practical perspective, the increase at dif-
ferent times and temperatures can be represented using a
Larson—Miller parameterization. In the context of thermal
barrier coatings, the other major implication of this work is
that the changes are most marked when the thermal con-
ductivity is measured at relatively low temperatures, such
as at ambient temperatures, but are smaller when the mea-
surements are made at high temperatures. Indeed, the ther-
mal conductivity at typical turbine engine temperatures
does not change and is independent of microstructural fea-
tures such as grain size. This observation has two main
consequences. The first is that attempts to alter the micro-
structure, which have been so successful in decreasing the
thermal conductivity of room temperature thermoelectrics,
for instance, are not viable approaches to decreasing the
thermal conductivity of coatings at operational tempera-
tures. The second is that room-temperature measurements
of thermal conductivity may not give reliable values at the
actual temperatures of use.

To place these findings in the context of the commonly
observed increase in thermal conductivity of coatings on
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Fig. 11. Thermal conductivity of an EB-PVD coating as a function of the
number of 1h cycles at 1150 °C. Based on density measurements and
microstructural changes, the estimated contributions of densification,
porosity evolution and phase decomposition to the observed increase in
thermal conductivity with time at high temperature are indicated.

aging, we emphasize that these are additional to, and con-
current with, changes associated with pore shape spheroidi-
zation, microcrack closure by sintering and any
densification that occurs when a commercial coating is at
high temperatures for prolonged periods of time. These lat-
ter changes can be large, but, as their details depend on
how the coating is deposited, comparison is imprecise
and can only be discussed qualitatively. Coatings prepared
by plasma spraying, for instance, contain substantial vol-
ume fractions of splats and ellipsoidal pores as well as
microcracks, such that their conductivities are typically
only 40-50% of that of dense zirconia. In addition, there
are substantial variations in density and conductivity
according to the spray conditions [6]. There are also sub-
stantial variations, dependent on the initial microstructure,
in the changes in conductivity with aging, even at aging
temperatures between 1050 and 1200 °C [6]. Consequently,
even though coatings never completely densify in service,
increases of ~0.5W m ' K™ (40%) have been reported
after annealing for 50 h at 1350 °C [9]. In a more recent
publication of coating variability, increases of between
~04Wm'K"' (50%) and 0.8 Wm 'K (80%) after
100 h at 1200 °C were reported [6]. Smaller changes in con-
ductivity occur in coatings prepared by EB-PVD. These
typically consist of feathered single-crystal columns sepa-
rated by gaps, but with porosity within the columns. Con-
sequently, there is little opportunity for either densification
or grain growth, so changes in conductivity can be expected
to be smaller. Indeed, in our own studies of EB-PVD coat-
ings, summarized in Fig. 11, in which we also measured
density changes and pore evolution with aging at
1150 °C, most of the microstructural changes occurred
within about 10 h, and the remaining conductivity change,

~02Wm 'K, we attribute to phase decomposition in
the t'-zirconia itself [11].

5. Summary

Aging of fully dense yttria-stabilized zirconia for pro-
longed periods of time at high temperature leads to
increased thermal conductivity, which can be described
by a Larson—Miller parameter. As the materials studied
were highly translucent and so did not contain measurable
porosity, the increase in conductivity is associated with
changes in the zirconia itself. These changes are attributed
to a combination of phase separation of the metastable
tetragonal phase and concurrent grain growth. The former
is estimated to be responsible for less than a 10% increase,
with the rest due to grain growth removing the number of
grain boundary thermal barriers in the microstructure. Our
results also show that the increase in thermal conductivity
with aging is greatest when it is measured at room
temperature and decreases with increasing measurement
temperature. At the highest temperatures, of the order of
1000 °C, the thermal conductivity is almost temperature
independent and the changes in thermal conductivity with
aging are less than 15%, even after 50 h at 1400 °C.
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