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Technical Note

Thermal Conductivity of a Zirconia
Thermal Barrier Coating

AJ. Slifka, B.J. Filla, J.M. Phelps, G. Bancke,and C.C. Berndt

(Submitted 17 April 1997; in revised form 9 October 1997)

The conductivity of athermal-barrier coating composed of atmospheric plasmasprayed 8 mass percent
yttria partially stabilized zirconia has been measured. This coating wassprayed on a substrate of 410
stainlesssteel. An absolute, steady-state measurement method was used to measure thermal conductivity
from400t0800 K. Thethermal conductivity of thecoatingis0.62 W/(m-K). Thismeasurement hasshown

to betemperature independent.
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1. Introduction

The thermal conductivity of aceramic-thermal-barriercoat-
ing wasdirectly measured. It isoften used in gasturbineengine
applications (Ref 1). Although a variety of deposition tech-
niqucsare used, plasmaspray isacommon techniquefor apply-
ing coatings on metallic substrates. The coating insulates the
underlyingsuperalloy material, thusreducing itsoperating tem-
peratureand extending thelifeof theengine. Coatingscurrently
used in gas turbine engines are not prime-reliant, since even if
thecoatingsare removed, theenginewill gtill operate within the
thermal limits of thesuperalloy materials. A materia isprimere-
liantif the integrity of thematerial isnecessary for theoperation
of theengine. A primereliantcoatingis used toextend theoper-
ating temperatureof theengine, henceincreasingitsefficiency
(Ref 2). The primary factor precluding thisis spallation of the
coating (Ref 3). A second factor isthelack of accurateand reli-
able measurementsof thethermal conductivity of thecoating.

The most commonindustrial techni queused to measurether-
mal conductivity i sthelaser-flash method. Thelaser-flashtech-
nique is fast and relatively simple to perform, but measures
thermal diffusivity. Calculation of thermal conductivity from
thermal diffusivity requiresvaluesfor density and specific heat
at theexact temperaturethediffusivityis measured.

Due to theinhomogeneousand anisotropic structures possi-
blein plasma-sprayedmateria s(Ref 4), valuesof bulk density
and specific heat, often givenfor only afixed temperature, may
not yield valuesfor thermal conductivity with suitableaccuracy.
However, fundamental measurement of thermal conductivity
would eliminate someof the uncertainty in the calculated ther-
mal conductivity valuesderived from measurementsof thermal
diffusivity. Correlating direct, steady-state measurements of
thermal conductivity and transientmeasurementsof thermal dif-
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fusivity isthe first step in developing a high-temperaturestand-
ard-reference material (SRM) for the measurement of thermal
conductivity of ceramiccoatings.

2. Measurement Method

The thermal conductivity of an 8 masspercent yttriapartialy
stabilized zirconia (8YSZ) atmospheric plasma-sprayed ther-
md barrier coating was measured using an absolute, steady-
state measurement technique. A one-sided guarded hot plate

( GHP) based, in principle,on the ASTM C 177-85standard test

method (Ref 5) was used. Detailsof thedesign of the apparatus
arefound elsewhere(Ref 6 & 7). Figure | showsaschematic of
the salient features of the measurement system. The back-
guarded, one-sided natureof the apparatusreducesheat |ossand
requires only one specimen rather than two, as specified in
ASTM C 177-85.The principleof operationisto create one-di-
mensional axial heat flow through thesamplein order to usethe
Fourier equationof heat conduction:
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Fig.1 Schematicof themeasurement stack of theguarded hot plate
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whereq isthe steady-stateflow, k is thermal conductivity,A is
the cross-sectiona area of the sample, and —dT/dx is the tem-
peraturegradient (Ref 8). A central stack of heater and sensor
platessurrounded by acylindrical outer guard was used to gen-
erateone-dimensionalaxial heat flow upward throughthespeci-
men to theheat sink. A uniform power density isapplied tothe
main/inner guard heater plate to obtain a specified temperature
at the control-RTD (resistance temperature detector). The
main/inner guard platehasseparate heater elements. onecentral
main heater, and asecond, annular inner-guard heater surround-
ingthemain heater. The power input tothemain heaterismeas-
ured and used in the Fourier heat equation to cal cul ate thermal
conductivity.

The principleof a GHPistodirect al the heat generated by
the main heater to flow axially through the specimen. Thisis
currently accomplished by theinner and outer guards and bot-
tom heater plate, all controlled to operate at the same tempera-
ture as the main heater. Heat flux in the main heater does not
flow radially because the controlled inner guard ensures that
there is no radial temperature gradient within the main heater.
Controlling the bottom heater to the same temperature as the
main heater permits no heat to descend from the main heater to
the measurement stack. The outer guard is also controlled to the
same temperature as the main/inner guard plate so that no heat is
lost radially from the inner guard. These heaters permit heat to
flow only upward through the specimen and thermocouple
plates to the heat sink, where itis radiated away to the cooler fur-
nace. In this way, known heat input to the main heater, measure-
ment of dT/dx across the specimen using the thermocouple
plates, and knowledge of the cross-sectional area of heat flow
yield the raw data needed to calculate thermal conductivity.

The raw data, however, not only include the thermal resis-
tance of the specimen, but also the finite thermal resistance be-
tween the specimen and the thermocouple plates. The thermal
resistance between the thermocouple plates and specimen de-
pends on the surface finish of the specimen and the oxidative be-
havior of the specimen.

Since the present specimens are ceramic coatings that were
atmospheric plasma sprayed on metallic substrates, there are
five thermal resistances to consider: the thermal resistances of
the coating and substrate, the interfacial resistance between the
coating and substrate, the interfacial resistances between the
coating or substrate, and the two thermocouple plates. The test
environment is 50 kPa helium to obtain good thermal coupling
between the specimen and measurement plates. Initially, two
different thicknesses of uncoated substrate material blanks were
measured to determine the thermal resistance between the sub-
strate material and thermocouple plate, and the thermal conduc-
tivity of the substrafe material. The substrate and interfacial
resistance were then subtracted from the total resistance of the
coated specimens. Using the net resistances for each of two
coated specimens of different thickness, the interfacial resis-
tance between the coatingand thermocoupl eplate and the coat-
ing thermal conductivity wasdetermined.

The coating measured here had a NiCrAlY bond coat be-
tween the substrate and 8Y SZ coating. Since thermal barrier
coatings using NiCrAlY bond coats typicaly survive for hun-

*|dentification given for scientific accuracy in the description of the
process.No endorsement of thisproduct by NIST isintended or implied.
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dredsof thermd cycles(Ref 9), the mechanical contact between
bond coat and substrate and bond coat and coating can be as-
sumed to be adeguate to neglect the thermal resistance at the
coating/substrate interface. In these measurements, the thermal
resistanceof thecoating includesthissmall resistance.

3 Results

Theatmospheric plasma-sprayed8Y SZ specimenswere pro-
duced &t the State University of New York at Stony Brook. Al
coatings were sprayed on 69.85 mm diameter substratesof 410
stainless steel with a 0.1 mm thick NiCrAlY bond coat. The
8YSZ coatings were atmospheric plasma sprayed using a
Sulzer-Metco (Westbury, NY) designation SP10655 powder*

Fig.2 Composite optical micrograph showingthe typical splat struc-
ture of the atmospheric plasma-sprayed XYSZ coating.20x. (Art has
been reduccd t0 74% of itsoriginal size I'ar printing.)
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for 200, 400, and 680cycles, resulting, respectively, in 1.0, 2.0,
and 3.0 mm thick coatings. Onc cyclecorresponds to acomplete
(down and up) traversedf the torch across the sample, with the
torch traveling at 20 mm/s a a spray distance of 130 mm. The
substrateisrotated at 160 rev/min during the spray operation.
Figure 2 shows the typica splat-type microstructurcof the
coatings. As mentioned, the thermal resistances betwecn the
substrate and bond coat and bctwecn the bond coat and coating
arc negligible. In addition, the bond coat istrcatcd as additional
substratebecause the NiCrAlY bond coat hasathermal conduc-
tivity closetothat of 410 stainlessstedl (Ref 10). The coating po-
rosity was estimated as 16.5% by measuring the volume and
mass of the sample. X-ray diffraction analysis shows the pres-
cnce of all three phasesof zirconia, but predominantly tetrago-
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nal, and is consistent with the structurc of a plasma-sprayed
coating usingacommercial powder (Ref | 1).

Three stainlesssteel substrate blanksof 1.93, 3.94, and 8.00
mm thicknesses were first mcasurcd. The thermal conductivity
and interfacial resistance betwecn the measurement plates and
410 stainlesssteel were mcasurcd from 400 to 800 K. Figure 3
shows thermal conductivity data for 410 stainless steel meas-
ured in the GHP. The valuesobtained are consistent with litera-
ture values for series 400 stainless steels (Ref 12). Figure 4
showsinterfacial resistancedatadetermined from the410 stain-
less steel test runs. These data are reported in unitsthat are not
dependent on the size of the device used for measurement. The
testsstart at 475K and increasein stepsof 100 K up to the maxi-
mum temperature; they then drop down to 375 K and step at in-
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tervalsof 50K back up tothe maximumtemperature. During the
first temperature ramp, which isdesignated as the conditioning
run, the specimen and plates mechanically settle, helium dif-
fuses along the interfaces, and metallic specimens oxidize. A
dwell timeof at least three hoursis maintained at each tempera-
ture point to establish steady-statethermal conditions.

This conditioning is imperative for the measurement since
theinterfacial resi stanceschange during thistime, but then settle
into repeatable values. After theinterfaces have stabilized, the
second and all subsequent temperaturerampsprovidestableand
repeatablemeasurements. Only thesestabledataare used to de-
terminethermal conductivity and interfacial resistance.

Figure5 plotsthetotal conductivity of the substrate-coating
system for the three coating thicknesses. The total conductivity
isthereciprocal of four resistivity values. thethermal resistance
of thecoating, thermal resistanceof thestainlesssteel substrate,
interfacial resistance between the measurement plates and the
substrate, and interfacial resistance between the measurement
plates and the coating. Since the total conductivity represents
thereciprocal of thesumof theresistivitiesof al of thesevalues,
it strongly dependson thethicknessof thecoating. Asthethick-
nessof thethermal barrier coatingincreases, asdoestheresistiv-
ity of thecoating, theobserved total conductivity decreases.

When data from the three 8YSZ coating thicknesses were
analyzed, values for thermal conductivity of the coating fell
within anarrow rangecentered around 0.62 W/(m-K). Figure6
shows thermal conductivity for the 8YSZ coating. Data for al
threecoatingthicknessesareshown. Thelineshowsthe mean of
all of thedata. Thedlight differencesin the datacould represent
small variationsin the coating microstructure. These data were
reduced using a linear fit of interfacial resistance between the
coating and thermocoupleplate asafunction of the surfacefin-
ishof thecoating. All of thedataliewithin7%of the mean value,
which is dightly outside of the estimated uncertainty of the
measurement. Using a linear function for interfacial resistance
may be an oversimplificationwhich would result in additional
systematicerrors for thisset of tests. Thermal conductivity ap-
pearsto decrease dightly with increasing temperature, but for
practical purposesmay be considered independent of tempera-
tureover therangeof temperaturestested here.

4. Conclusions

Theauthorsmeasured thermal conductivity of an air plasma-
sprayed 8YSZ coating usingan absol ute, steady-statetechnique
from 400 to 800 K. An average therma conductivity value of
0.62 W/(m-K) was determined for the 8Y SZ coating over this

-
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rangeof temperature.Only aslight temperaturedependencewas
observed over thetemperaturerangetested. In thecourseof this
analysis, thetherma conductivity of 410 stainlesssteel wasalso
measured using the same steady-state technique. The thermal
conductivity of 410 stainlesssteel at 400 K was 20.5 W/(m-K).
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