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Abstract

During high-temperature exposure, the microstructure of thermal barrier coatings evolves, leading to increased thermal conductivity.
We describe the evolution in the thermal properties of a 7 wt.% Y2O3 stabilized ZrO2 electron beam-physical vapor deposited (EB-PVD)
thermal barrier coating with thermal cycling between room temperature and 1150 �C until failure. The thermal diffusivity and conduc-
tivity of the coating were evaluated non-destructively based on the analysis of its photothermal infrared emission. Although the coating
density does not increase significantly with thermal cycling, the thermal diffusivity and conductivity of the coating increased substantially,
particularly during the first 20 1 h cycles. The values then approach a limiting value. Complementary Raman spectroscopy suggests that
the increase is accompanied by a reduction in the defect concentration in the coating and that there is also a correlation between the
width of the Raman lines and the thermal conductivity.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Thermal barrier coatings (TBCs) are increasingly being
applied to metallic components in the hottest sections of
turbine engines to provide a low thermal conductivity bar-
rier to heat transfer from the hot gas to the surface of alloy
components [1]. The introduction of TBCs since the early
1990s has allowed the turbine inlet temperatures to be
increased dramatically, improving the efficiency of engines
without increasing the surface temperature of the coated
components. A lower alloy surface temperature is also ben-
eficial in extending the creep and oxidation life of the
coated metallic components [2].

The current coating material of choice, with a nominal
composition of 7–8 wt.% Y2O3 stabilized ZrO2, has a rela-
tively low intrinsic thermal conductivity [3,4] and further
conductivity reduction is achieved by incorporating poros-

ity and microcracks during deposition. During high-tem-
perature service, the microstructure of the coatings can
change, and the coatings can also undergo densification.
These processes have been considered to be the primary
reason for the increase in thermal conductivity observed
during prolonged annealing at high temperatures [5–7].
The increase in thermal conductivity during service is unde-
sirable since it results in an increase in the alloy surface
temperature and increased heat flux through the compo-
nent, decreasing the turbine thermal efficiency. For this rea-
son there is interest in understanding the mechanisms
responsible for the increase in thermal conductivity .

The thermal conductivity of TBCs is typically measured
by performing flash measurements on coated buttons of
superalloy of known properties, on free-standing coatings,
or, occasionally, on coatings deposited on inert substrates
such as sapphire [6–9]. One difficulty encountered in such
measurements is that the properties change over time at
high temperatures and several phenomena, such as densifi-
cation, are dependent on the thickness and thermophysical
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properties of the substrate [10]. As a result, the measured
thermal conductivity of a free-standing electron beam-
physical vapor deposited (EB-PVD) TBC is generally not
the same as when the TBC is attached to a metallic coupon
[9]. Another approach for determining thermal conductiv-
ity has been utilized by the NASA group who measured
the temperature across the thickness of a coating under
steady-state high heat flux [5,11], i.e. the conditions pro-
duced by a CO2 laser heating the coating surface and air
cooling of the back of the substrate. Their technique
requires calibration of the laser heat flux and the simulta-
neous measurement of the coating surface and the metal
backside temperatures with infrared pyrometers. In this
manner, the thermal conductivity can be directly deter-
mined from the temperature gradient across the coating
without having to determine the TBC density. While very
useful, particularly for measurement of the thermal con-
ductivity at high temperature, the method is difficult to
implement on components that have complex shapes and
internal cooling.

In this contribution, we discuss the evolution of thermal
properties of 7YSZ EB-PVD TBCs deposited on a single-
crystal nickel-based superalloy subject to thermal cycling
between room temperature and 1150 �C. A non-destructive
front surface measurement of coating thermal properties,
based on the ‘‘phase of thermal emission” technique, is uti-
lized [12]. Complementary Raman spectroscopy measure-
ments are also reported: Raman spectroscopy is sensitive
to the presence of point defects and it has been reported
that the Raman bands from 7YSZ EB-PVD coatings nar-
row with annealing at high temperatures [13].

2. Materials and methods

2.1. Material and thermal cycling experiment

The coatings investigated in this study were provided by
Howmet Corporation in the form of standard furnace cycle
test (FCT) specimens consisting of a 140 lm thick EB-PVD
7YSZ coating deposited on a platinum-modified, nickel-alu-
minide-coated, single-crystal superalloy (25.4 mm diameter,
3 mm thick). The TBC coupons were cycled until failure
from room temperature to 1150 �C in ambient atmosphere.
Each cycle consisted of 1 h exposure at 1150 �C and 10 min
cooling to room temperature. The heating and cooling rates
were approximately 200 �C min�1. The specimen was peri-
odically removed from the thermal cycle rig for thermal
property and Raman spectroscopy measurements.

2.2. Thermal property measurements

The thermal properties of the coating were evaluated by
the phase of photothermal emission analysis (PopTea)
method [12], a non-destructive thermal property measure-
ment with the potential for monitoring serviceable parts.
While PopTea is, in essence, a thermal diffusivity measure-
ment, values of the coating density and thermal conductiv-

ity can also be determined from the same analysis. Unlike
other diffusivity techniques, the surface does not have to be
painted with carbon or some other high-emissivity coating.
The only knowledge of the TBC system required is the
coating thickness and thermal properties of the alloy on
which the coating is deposited.

The experimental procedure for PopTea is a derivative
of a more general family of modulated photothermal mea-
surements [14,15] in which the coating is heated with a
modulated 100 W CO2 laser and the thermal (infrared)
emission from the coating measured. An advantage of this
heating method is the ability to control the depth of tran-
sient heat transfer, the thermal penetration depth
ðl �

ffiffiffiffiffiffiffiffi
a=f

p
Þ, with the laser modulation frequency (f). Phase

of thermal emission measurements utilize the interaction of
the thermal penetration depth with the known thickness of
the coating to determine the coating diffusivity (a). The
phase of emission is determined by comparing the reference
waveform of the laser (signal 1, Fig. 1) with the waveform
from the infrared detector (signal 2, Fig. 1). Infrared ther-
mal emission from the coating is collected and focused
onto the detector with an elliptical mirror. The detector
operates in the mid-infrared regime (2–5 lm), well outside
the range of the laser (10.6 lm). The phase of emission
(the phase-lag between signals 1 and 2) is recorded using
a data acquisition PCI card.

Phase of emission measurements were made at various
modulation frequencies, corresponding to a range of ther-
mal penetration depths in the coating. Post-measurement
analysis consisted of fitting the data set to a combined heat
transfer and radiation model reported in detail elsewhere
[16]. In this model the temperature field is derived from
the periodic temperature field in the coating. Three sources
of thermal radiation emission are considered: the coating
surface, the alloy surface underneath the coating and emis-

Fig. 1. Experimental arrangement for thermal properties measurement by
the PopTea method (see text for details).
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sion from the volume of the coating. Dimensionless thermal
and radiative parameters are determined by nonlinear
regression analysis of experimental data, yielding values
for the thermal diffusivity, conductivity, density of the coat-
ing as well as the optical penetration depth [17]. Although
the nominal measurement temperature was ambient, the
actual coating temperature was higher (�65 �C) due to
heating from the CO2 laser.

2.3. Raman spectroscopy

Raman measurements were made at room temperature
using a confocal Raman microprobe (LabRAM ARAMIS,
HORIBA Jobin Yvon, NJ) with an excitation of 633 nm
from a He–Ne laser. The spectral characteristics of the
Raman spectra were evaluated by deconvolution of the
Raman peaks using a commercial curve-fitting algorithm
(LabSpec, HORIBA Jobin Yvon, NJ).

3. Results

Thermal property measurements, as well as Raman
measurements, were first made on the thermal barrier
coated superalloy coupons in their as-received condition
and subsequently at periodic intervals during thermal
cycling. This was continued until the coatings failed.

Fig. 2 shows the measurements of the phase of thermal
emission with thermal cycling used in determining the ther-
mal properties of the TBC presented in Fig. 3. While the
thermal properties are obtained quantitatively as described
in Ref. [16], the shape of the curves can be understood
qualitatively as follows. As the thermal barrier coatings
transmit into the near infrared, the thermal emission signal
from the sample originates from both the thermal barrier
coating and the underlying metal. The emission from the
metal has a larger phase-lag because of the longer thermal
diffusion path than from the coating itself. However, as the
modulation frequency is increased, the thermal penetration
depth for diffusion is reduced, until the emission from the

underlying metal is eventually cut-off at the highest fre-
quencies. This competition results in the existence of the
peak in the emission phase-lag curves shown in Fig. 2 since
the large phase-lag emission contribution from the metal
vanishes at the higher laser heating frequencies. The peak
magnitude is proportional to the amplitude of the transient
temperature field that penetrates to the metal. Therefore,
the emission phase-lag curve and the peak grow with
increasing thermal diffusivity of the coating material. This
behavior is observed in Fig. 2 for the measurements made
with increasing numbers of thermal cycles. Another feature
of the emission phase curves, observed in Fig. 2, is the
change that occurs when delamination occurs. The pres-
ence of a delamination disrupts the heat flow and cuts off
emission from the underlying material and no distinct peak
occurs. Wholesale delamination invalidates the heat trans-
fer model used with the measurement, and hence no effort
was made to extract the TBC properties after failure was
noted. The other striking feature of the raw data in
Fig. 2 is that the phase-lag curve for the as-received coating
was significantly different to the curves after thermal
cycling.

The evolution of thermal diffusivity, thermal conductivity
and density of the TBC derived from analysis of the emission
phase-lag curves are shown in Fig. 3, along with the laser
optical penetration depth for the coating. The low thermal
diffusivity of the as-deposited coating (aTBC = 6.7 �
10�7 m2 s�1) increased significantly during the first 20 cyclesFig. 2. Typical raw data obtained from the PopTea method.

Fig. 3. Evolution of the thermal and physical properties of the coating
with thermal cycling. The open circles represent the measurement of the
as-deposited condition.
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at 1150 �C to 8.2 � 10�7 m2 s�1. This monotonic increase
with number of cycles continued but at a much slower rate
until 200 cycles, after which the diffusivity started to decrease.
A similar trend was observed for the thermal conductivity
with a significant increase observed during the first 20 h,
increasing from 1.4 W m�1 K�1 in the as-deposited condition
to 2.1 W m�1 K�1 after 20 cycles. Further exposure up to 300
cycles did not result in significant change in the thermal con-
ductivity. Also, with the exception of the as-deposited condi-
tion, the density of the coating did not change with thermal
cycling. The typical error in coating density determination
was approximately 200 kg m�3, i.e. 3.3% of the theoretical
density, and so the difference in measured densities with
cycling does not reveal a meaningful trend.

Raman spectroscopy indicated that there was no phase
transformation to monoclinic in the coating even after
300 cycles (Fig. 4) since no Raman peaks characteristic of
the monoclinic phase were detected. However, as noted
previously, there is a progressive narrowing of the six dis-
tinct Raman bands, characteristic of tetragonal zirconia,
and an increase in their peak symmetry, as was observed
in an earlier study [13]. X-ray diffraction measurements
of the coating after it had failed revealed that although
there was no transformation to the monoclinic phase, there
was some transformation from the original tetragonal-
prime structure to the cubic phase (the Raman spectrum
from the cubic phase is much weaker than from tetrago-
nal). Together, these observations are consistent with the
progressive thermal partitioning of the as-deposited tetrag-
onal-prime phase into a mixture of cubic and tetragonal
phases reported previously [13] and predicted in terms of
the metastable phase diagram [18].

4. Discussion

Our results show that the thermal conductivity of EB-
PVD 7YSZ-TBC coatings increase with thermal cycling
between room temperature and 1150 �C, approaching an

asymptotic value of �2.1 W m�1 K�1, significantly smaller
than the conductivity of fully dense 7YSZ (�3 W m�1 K�1).
While the upper cycling temperature, 1150 �C, is considered
rather low to observe a significant TBC densification, which
would be an obvious reason for an increase in thermal con-
ductivity with thermal cycling, our results show that the ther-
mal diffusivity nevertheless increased significantly. A similar
result has been found with EB-TBCs deposited on sapphire
substrates [19]. In the following, possible explanations for
the increase in thermal conductivity with thermal cycling
are discussed. These include: (i) changes in shape of porosity,
which can have the effect of altering the cross-section of
material through which heat propagates and hence the heat
flux density; (ii) changes in the intrinsic thermal conductivity
as the metastable tetragonal-prime zirconia is annealed, (iii)
changes due to phase partitioning, and (iv) changes in the
TBC/thermally grown oxide (TGO) interface associated
with TGO thickening and possible interface separations.

4.1. Microstructural changes

Two sets of data indicate that although there is no mac-
roscopic densification, at least after the first cycle (Fig. 3),
there are nevertheless microstructural changes in the coat-
ing even at 1150 �C. The first is the increase in optical pen-
etration depth, measured at 10.6 micron, shown in Fig. 3.
The second is the change in diffuse optical reflectance over
the range 250–2500 nm (Fig. 5). Both sets of measurements
are consistent with changes in the optical scattering from
the coating, and hence microstructure, with thermal
cycling. The former is at a wavelength longer than any
characteristic microstructural length scale, and the latter
spans the size of most of the pores. There are several char-
acteristic features of the TBC microstructure that can cause
optical scattering, including irregularly shaped pores within

Fig. 4. Raman spectra taken after different numbers of thermal cycles
showing tetragonal ZrO2 phase.

Fig. 5. Evolution of spectral diffuse reflectance of EB-PVD TBC with
thermal cycling (n represents the number of 1 h cycles, from 0 to 200). The
reflectance of the as-deposited coating is represented with a dashed line.
The spectral reflectance of dense 7YSZ and oxidized bond coat are shown
for comparison.
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the individual columns, gaps between the columns, as well
as the ‘‘feathery” surface of the columns themselves. These
can all change at high temperatures via surface diffusion
processes (Fig. 6) and hence are expected to be viable
mechanisms at temperatures below which bulk diffusion
occurs, namely at temperatures below which densification
is significant. The decrease in diffuse scattering has been
attributed to smoothening of the feathery structure in the
TBC columns, the breaking up of crack-like gaps in the
feathery structure of the columns and coalescence of nano-
scale porosity inside the columns [20]. These are also con-
sistent with several transmission electron microscopy
observations of pore spherodization within the columns
[21], as well as with our own work.

In considering the contribution of porosity, the thermal
conductivity of a columnar TBC with heat flow parallel to
the columns can be expressed as:

jTBC ¼ fcolumnjcolumn þ ð1� fcolumnÞjgap ð1Þ
where fcolumn is the area fraction occupied by the TBC col-
umns which have a thermal conductivity of jcolumn and
(1 � fcolumn) refers to the area fraction occupied by the
intercolumnar gap. The thermal conductivity of the gap
(jgap) filled with air is considered negligible, although this
may in fact be significant under high-pressure conditions,
such as in a high-pressure turbine. The thermal conductiv-
ity of the columns depends on both the volume fraction of
internal porosity and the shape of the pores as well as their
orientation with respect to the heat flow. Detailed calcula-
tions, such as those performed by Lu et al. [22], are neces-
sary to determine the effect of all these geometric
parameters on the conductivity. Nevertheless, the effect of
pore spherodization is to increase the thermal conductivity
by increasing the effective area though which heat can flow
along the column. When the porosity is fully spherodized,
the conductivity is given by the Rayleigh equation which

for relatively small fractions, u, of randomly distributed
porosity is given by:

jcolumn ¼ jdense 1� 3/
2

� �
ð2Þ

While there remains some uncertainty in the room tempera-
ture thermal conductivity of fully dense, tetragonal-prime
zirconia, with values reported between 2.5 and 3.0 W m�1 K�1

[23–25], our work [4], as well as that of others, indicates that the
correct value is the latter with the lower values most likely
due to the presence of porosity. Using values for the area
fraction of columns and internal porosity (fcolumn = 0.9 and
u = 0.1) used in Ref. [22], consistent with our own value
for coating density shown in Fig. 3, the thermal conductivity
of the coating and the columns are estimated to be�2.3 and
�2.55 W m�1 K�1, respectively. Lu et al. also calculated the
thermal conductivity of an as-deposited EB-PVD coating
taking into account the microstructural features, such as
the rows of aligned ellipsoidal intracolumnar porosity in-
clined at an angle to the column axis as well as spherical
pores, that they observed by electron microscopy. Using
the same volume fractions for the porosities given above,
they found that the conductivity was approximately 65–
71% of that of dense zirconia, namely 1.95–2.13 W m�1 K�1.
Comparing this to the value for the completely spherodized
coating (2.3 W m�1 K�1), this calculation would indicate
that pore spherodization accounts for approximately 0.17–
0.35 W m�1 K�1. Although it is recognized that this is a
highly approximate estimate, it is significantly smaller than
the increase we measure from �1.4 W m�1 K�1 in the as-
deposited condition to �2.1 W m�1 K�1 after thermal cy-
cling (Fig. 3). In turn, this difference suggests that while the
thermal conductivity increase due to the change in pore mor-
phology can be quite significant, it may not be sufficient to
explain all the increase observed during thermal cycling. In
the following section we discuss the possibility that the con-

Fig. 6. Surface morphology of TBC columns in their as-deposited condition and after 350 1 h cycles at 1150 �C. The initial feathery structure evolves to a
smoother surface and some large pores are observed in the TBC columns.
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ductivity of the zirconia itself changes due to defect reduction
upon annealing.

4.2. Changes in defect structure

The unusually low and temperature-independent ther-
mal conductivity of yttria-stabilized zirconia above room
temperature is due to defect phonon scattering, in particu-
lar scattering from the oxygen vacancies required to charge
compensate for the Y3+ stabilizer. In EB-PVD coatings,
deposited in their metastable tetragonal-prime phase, it is
likely that other defects may also be present, such as clus-
ters of point defects, cation defect dipoles, point defect
ordering and planar defects [26]. As Raman spectroscopy
is also sensitive to defects, the observed Raman peak nar-
rowing suggests that thermal cycling not only alters the
microstructure of the coatings but also lowers the concen-
tration of point defects and hence increases the conductiv-
ity of the zirconia itself. To establish whether there was any
correlation between them, the width of the Raman lines is
plotted in Fig. 7 against the diffusivity and conductivity
obtained from the PopTea measurements. As shown, a
strong correlation is found. The three Raman bands of
tetragonal ZrO2, at 465 (Eg mode), 260 and 145 cm�1, were
selected because they are well separated in the spectra and
also have large signal-to-noise ratios.

Although, as mentioned previously, the defects primar-
ily responsible for the broadening of the Raman lines in zir-
conia have not been established, the narrowing of the
bands suggests that the concentration of the defects
decreases with thermal cycling. Furthermore, it is possible
to make an argument for a correlation between the width
of the Raman lines and the thermal conductivity as follows.

According to thermal conductivity models based on
extension of the phonon analogy to the kinetic theory of
gases, the lattice thermal conductivity is proportional to
the mean phonon lifetime, s, i.e. the time between phonon

scattering events [27]. The Raman spectrum is related to
the phonon spectrum of the lattice with energies of the dif-
ferent Raman bands corresponding to different phonon
modes. The Raman (and infrared) spectra can, in turn,
be interpreted in terms of damped harmonic oscillator
models with the frequencies corresponding to the eigen-
modes and the width of the lines, DE, proportional to the
damping constants, c. In general, the damping constants
have units of the reciprocal of time, with c = s�1 [28].
Equivalently, from the energy–time uncertainty relation,
the Raman line width is inversely proportional to the life-
time of the phonons and can be expressed as:

DE ¼ �h
s

ð3Þ

where DE is the Raman line width in cm�1 and �h is the Dir-
ac constant. In a defective crystal, the phonon lifetime, s, is
related to the phonon lifetime in a perfect crystal, sA, asso-
ciated with the intrinsic anharmonicity of the crystal, and
the lifetime associated with defect scattering, sd, summed
in parallel since they are parallel processes:

1

s
¼ 1

sA
þ 1

sd
ð4Þ

Consequently, defect scattering decreases the phonon life-
time, which, in turn, broadens the Raman line width. This
suggests that the product of thermal conductivity and the
width of the Raman lines is a constant, namely:

jDE ¼ constant ð5Þ
This is consistent with the correlation observed in Fig. 7,
with the strongest correlation between the two sets of mea-
surements for the Raman modes at 260 and 465 cm�1. The
correlation is weaker for the mode at 145 cm�1 for reasons
that are not yet clear but are probably related to the nature
of these vibrational modes. Unfortunately, as there is still
no consensus as to the nature of the Raman bands at 145
and 465 cm�1 [29–31], the energy dependence cannot be re-
solved at present.

There are two implications of the observed correlation.
The first is the very good correlation between the width
of the Raman bands with both thermal diffusivity and ther-
mal conductivity. Also, the Raman scattering does not
depend on porosity since it probes phonons in the crystal
lattice, and the correlations suggest that the increase of
thermal conductivity upon thermal cycling at 1150 �C is
the result, at least in part, of changes in the ‘‘intrinsic”

properties of the zirconia due to a decrease in the defect
scattering with thermal cycling. It is emphasized, however,
that the Raman signal does not provide any information
about the changing contribution from changes in the shape
and distribution of porosity. The second implication of this
correlation is that it may provide an opportunity of moni-
tor the evolution in thermal conductivity of zirconia-based
TBCs using Raman spectroscopy, a non-destructive and
non-contact method which does not require specimen prep-Fig. 7. Correlation between the evolution of width of the Raman bands

indicated and the thermal diffusivity and conductivity of the coating.
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aration and can be used to probe coatings on serviceable
parts.

4.3. Effect of partial transformation

TBCs, whether deposited by EB-PVD or plasma-spray-
ing, have the metastable tetragonal-prime structure, and
over time at high temperatures partition slowly by diffusion
of the Y3+ ion into a mixture of the equilibrium tetragonal
phase, the equilibrium cubic phase and untransformed
tetragonal-prime phase. At high temperatures, therefore,

the microstructure evolves into a mixture of phases and the
thermal conductivity is then a composite average of the indi-
vidual phases and their spatial distribution. As far as we are
aware this has not been considered previously. Our X-ray
analysis indicates that after 350 cycles at 1150 �C, the coating
contained a significant amount of cubic phase (Fig. 8), indi-
cating that phase partitioning occurs even at this relatively
low temperature. No monoclinic phase was detected,
thereby indicating that the coating consists of three phases:
tetragonal, cubic and tetragonal-prime. Taking jtetrago-

nal = 3.0 W m�1 K�1 and jcubic = 2.6 W m�1 K�1 as the
thermal conductivities of tetragonal and cubic zirconia,
respectively [3], the bulk conductivity of this mixture (75%
tetragonal + 25% cubic zirconia) is calculated to be 2.9 W
m�1 K�1. The difference between this value and the conduc-
tivity of tetragonal zirconia is rather small and is within the
experimental uncertainty of our conductivity measurements.
Thus, the effect of phase evolution on thermal conductivity
evolution at 1150 �C is considered negligible compared to
that of the changes in pore morphology and defect structure.

4.4. Effect of interface separations

According to the data in Fig. 3, the thermal diffusivity of
the coating decreased significantly after the longer exposures
(250 and 300 cycles). A similar reduction in thermal conduc-
tivity has also been reported after annealing in air for 400 h at
1100 �C [9]. The authors of that work suggested that this
might be due to changes in the substrate properties, including
the growth of the TGO and the development of microcracks
and local separation at the interface with the underlying
alloy. Both would provide additional thermal resistance
not included in thermal flash analysis models. Detailed
microstructural analysis of cross-sections of the TBC/TGO
interface of very similar coatings as in this work with cyclic

Fig. 8. Comparison of X-ray diffraction pattern of the coating in its as-
deposited condition and after failure. By the time failure occurred,
approximately 25% of the coating had transformed to the cubic phase.

Fig. 9. Mid-infrared images of the TBC coupon showing local regions of coating delamination leading to complete spallation at failure. The local
delaminations are seen as dark regions in the otherwise featureless bright image.
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oxidation at 1150 �C indicates that local separations form,
ranging in size from a few micrometers at the beginning of
thermal cycling up to a few millimeters just before final
TBC failure [32]. These were attributed to thermal cycling
induced rumpling of the bond-coat.

To examine the possibility of local separation of the
TBC/TGO interface affecting the derived values of the
thermal conductivity, infrared images of the TBC were
taken while the metal side was heated to 65 �C. In this
imaging mode, separations at the TBC/TGO interface
appear darker than those areas where the TBC was still
intact. Due to the limited spatial resolution of our infrared
camera, local separations (�1–2 mm in size) were not
observed until after 250 cycles (Fig. 9). The number and
size of these separations continued to increase until the
TBC failed at 350 cycles, consistent with the findings of
Tolpygo and Clarke [29]. However, despite the appearance
of local separations, fitting to the raw data indicates that
the added thermal resistance of these separations (prior
to failure) is only a small fraction of the overall thermal
resistance of the coating. This is consistent with the fact that
while local separations may affect the thermal boundary
conditions on which the PopTea analysis method is based,
the separations only occur at times well after the thermal
conductivity has apparently reached a limiting value.

5. Conclusions

It has been found that although EB-PVD ZrO2-7 wt.%
Y2O3 TBCs undergo negligible densification on cycling
between room temperature and 1150 �C, their thermal diffu-
sivity and thermal conductivity increased,rapidly at first,
before slowly approaching a limiting value. The observed
increase in thermal conductivity is attributed to two concur-
rent and parallel thermally activated processes. One involves
microstructural changes, such as breaking up of irregularly
shaped pores, smoothing of the feathery fine structure of
the columns, and pore spherodization. The other is a
decrease in the number of phonon scattering centers and pos-
sible defect ordering. A third possibility, that phase parti-
tioning of the metastable tetragonal-prime structure into a
mixture of phases can contribute to the changes in thermal
conductivity, cannot be evaluated but is unlikely to be signif-
icant because of the similarity in thermal conductivities of
the phases. A strong correlation is found between the nar-
rowing of the Raman bands at 260 and 465 cm�1 and both
the thermal diffusivity and thermal conductivity of the coat-
ings. This suggests that Raman spectroscopy may be useful
as a non-destructive, non-contact method for monitoring
the changes in the thermal properties of TBCs.
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Appendix A. Uncertainties in the measurement of thermal

properties by PopTea

When more than one coating property is determined, the
uncertainty associated with fitting parameters is related to
their uniqueness in describing the experimental data. When
one coating property is intentionally changed from the
‘‘best-fit” value, the sum of the squared error will increase.
Fig. A1a shows the increase in the sum of the squared error
as the fitting parameter asub ¼

ffiffiffiffiffiffiffi
asub
p

=acoat is forced from the
best-fit value and the remaining parameters refitted to min-
imize the new sum of squared error. The extent to which
the fit can be pushed away from the best-fit while remain-
ing within the bounds of experimental error (5%) estab-
lishes uncertainty bounds on the fitted parameters. The

Fig. A1. Fitting uncertainty demonstrated for representative case of a
coating after 50 cycles: (a) altering asub away from best-fit to demonstrate
5% error, and (b) an example of a 5% stray from best-fit produced with the
model.

2590 T.R. Kakuda et al. / Acta Materialia 57 (2009) 2583–2591



Author's personal copy

experimental error of 5% is appropriate if we see the effect
this difference has on the fit (Fig. A1b). The dimensionless
fitting parameters were treated in this way to determine
their uncertainty. Dimensional thermal properties are
directly dependent on two dimensionless parameters asub

and c as defined by the relations:

acoat ¼
a2

sub

asub
ðA:1aÞ

Kcoat ¼
ksub

asubc
ðA:1bÞ

qcoat ¼
½qC�sub

Ccoat

asub

c
ðA:1cÞ

Uncertainty (u) in the dimensional parameters is then
given by:

uazcoat

acoat
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

uasub

asub

� �2

þ uasub

asub

� �2
s

ðA:2aÞ

ukcoat

kcoat
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uksub

ksub

� �2

þ uasub

asub

� �2

þ uc

c

2
� �s

ðA:2bÞ

uqcoat

qcoat
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u½qC�sub

½qCsub�

� �2

þ uCcoat

Ccoat

� �2

þ uasub

asub

� �2

þ uc

c

� �s
ðA:2cÞ

Determination of errors in this work has assumed that the
uncertainties in substrate properties are small compared to
uncertainty in the fitted parameters. We have also assumed
that the properties of the underlying superalloys do not
change significantly with thermal cycling.
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