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THERMAL CONDUCTIVITY AND ELASTIC MODULUS EVOLUTION OF THERMAL
BARRIER COATINGS UNDER HIGH HEAT FLUX CONDITIONS

Dongming Zhu' and Robert A. Miller
National Aeronautics and Space Administration
Glenn Research Center, Cleveland, OH 44135

ABSTRACT

Laser highheatflux test approaches have been established to obtiical properties of
ceramic thermal barrier coatings (TBCs) under near-realistic temperature and thermal gradients that
may beencountered in advanced engsystems.Thermal conductivity change kinetics oftlan
ceramic coating were continuousiyponitored inreal time at various test temperatures. A
significant thermal conductivity increase was observed duhadasersimulated enginéeatflux
tests. For a 0.25 mnthick ZrO»-8%Y203 coating system, the overall thermal conductivity
increased from the initial value of 1.0 W/m-K to 1.15 W/m-K, 1.19 W/m-K and 1.5 W/afté{
30 hour testing at surface temperatures of'@0.100 , and 132TC, respectivelyHardness and
modulus gradients across a 1.5 mm thick TBC system were also determined as a furiatien of
testing timeusingthe laser sintering/creep and micro-indentation techniques. The céatowp
hardness values increased from the initial hardness value of 4 GPa to 5 GiRe sesamic/bond
coat interfaceand to 7.5GPa atthe ceramic coatingurface afted20 hour testingThe ceramic
surface modulus increased from an initial value of about 70 GPéral aalue 0of125 GPa. The
increase in thermal conductivity and the evolution of significant hardness and modulus gradients in
the TBC systemsare attributed to sintering-inducedicro-porosity gradients undehe laser-
imposed high thermagradient conditionsThe test techniques provide a viabigeans for
obtaining coating datéor use in design, development, stress modelamgi life prediction for
various thermal barrier coating applications.

1. INTRODUCTION
Ceramic thermal barrier coating§BCs) are being developefbr advancedgas turbine

enginecomponents to improvengine efficiency and reliabilityfHowever,the durability of the
coatingsystems remains @ucial issue undethe conditions of increased operating temperature
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and extended hot exposure titiat will be encountered in next generateygines. In particular,
changes in thermomechanical and thermophysical properties as a result of coating ssutghing,

as the increase in coating elastic modulus and thermal conductivity, have becomajoffacal

point in thedevelopment of advanced thermal barrier coatings. Temperature-dependent change
kinetics of the coating thermal conductivity aeldstic modulusare amongthe most important
parameters required faoatingdesign andife prediction. Thereforegdetermination of thermal
conductivity andelasticmodulusevolution of thermal barrier coatings undesar-realistic engine
temperature and thermal gradients is of great importance.

In this paper, a laser steady-sthtat flux technique is established tmonitor overall
thermal conductivity of ceramic coatings under simulated engine temperaturbeandoad
conditions. Thermal conductivity change kinetics are thus determined for a plasma sprayed ZrO
8wt%Y>03 coating under a given laskeatflux and various surface temperature conditions. The
elastic modulus evolution across a Zr@8wt%Y,03 ceramic coating is achieved by a laser
pressure sintering araeep technique. Thmoduluschange kinetics as a function of time and
coating thicknessare subsequently determineafter the laser sinteringxperiments using the
Knoop micro-indentation approach.

2. EXPERIMENTAL MATERIALS AND METHODS

2.1 Thermal Conductivity Change Kinetics by Laser Steady-State Heat Flux Technique

A high power CQ laserwas used tanvestigate thermal conductivity change kinetics of
the ceramic coating under steady-state heating conditions. Figurshby(es aschematic diagram
of the laser testig. This rig consists of a 3.0 kW CGCcontinuous wave laser (wavelength
10.6 um) (EVERLASE Vulcan,Coherent General Inc., Massachusettshodor driven rotating
test station and temperatureeasurement instruments such as a thermograph system and
pyrometers. The specimen configuration used for the thermal conductivity study was the 25.4 mm
diameter, 3.2 mm thick CMSX-dingle crystal superalloy substrateatedwith a 0.12 mm low
pressure plasma-sprayed (LPPS) Ni-36Cr-5Al-Y boodtand a 0.25 mnair plasma-sprayed
(APS) Zr&@-8wt%Y203 ceramic coating. The specimen surface heating was provided by the laser
beam, andhe backside air coolinggas used tamaintain the desiredpecimen temperatures. A
12.5 mmthick aluminum plate with a 23.9 mm diametetenter hole openingvas used as an
aperture to prevent trepecimen fromedge or side heating. Aniform laser power distribution
was achieved over23.9 mm diametemperture region of thespecimen (as confirmed by
thermograph) by using antegratingZnSe lens combined withthe specimen rotationThree
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platinum wire (wire diameter 0.38m) flat coils were used to form amair gap between the
aluminum aperture plate and the specimen to minimize the specimen heat losses through the plate.

During the thermal conductivity change kinetics testing, the ceranniface temperature
was measured by an@m infrared pyrometer (Model MX-M803 Maxline Infrared Thermometer
Measurement and Contr8ystem, Ircon, Inc.lllinois). A side hole with diametel.06 mm
(shown in Figure 1) wasglrilled through the center of thesubstrate bythe electro-discharge
machining (EDM) method, and the metal temperatutbeatid point of substrate thicknesgear
the center region was determined by an embetigedK thermocouple (1 mm diameter Inconel
alloy sheathed thermocoupl®mega Engineering, IncGonnecticut)Using the reported thermal
conductivity values of th€MSX-4 metal substratfl] and a similar bonatoat[2] shown in
Figure 2, andhe initial thermal conductivityl.0 W/m-K for the ZrQ-8wt%Y>03 [3] , the
interfacialtemperatures, and thtise actual hedtux passing througlthe thermal barrier coating
system, were determined under the steady-state laser heating conditmresdignensional (one-
D) heat transfer models [4] . The radiation heat loss (total emissivity was taken as 0.50 [5, 6] ) and
laser absorption corrections thfe ceramic coatingiere considered ithe calculations. Therefore,
overall thermal conductivity changes were continuoustnitored inreal time during the test
period by measurinthe temperature differen@erossthe ceramic coating. In the presesttidy,
three tests were carried out under the pass-through laser heat fluxsf 6d*. During the tests,
the ceramicsurface temperatures were maintained at approximated9@tC, 1100°C and
1320°C, respectively. The total test time was up to 33 hours for a single test.

2.2 Elastic Modulus Evolution under High Heat Flux Conditions

The laser sintering and creep tests were carried out to induce elastic modulus changes in the
porousand microcracked thermal barrier coatimgder high thermal gradients using a 1.5 kW
CO, laser (EVERLASE Arrow, Coherent General Inc., Massachusetts), as shown in Figure 1 (b).
The detailed laser test conditions and procedures have been described elsewhere [7] . The specimen
configuration used for the modulus study consisted of a 1.5tmuk ZrO,-8wt.%Y>03 ceramic
coating and a 0.25 mm thick Fe-25Cr-5Al-0.5Y bond coat, which were spraytbd 41040 steel
substrate (dimension 1732x12.7 mm). Duringthe laser sintering test, the ceramic surface
temperature was maintained at about 1UB@nd the back side metal temperatur&Qft°C. The
specimens were continuousgtgatedfor either 1hour, 11 hours, 22 hourgnd 120hours. The
ceramic creep strains were measuredh the through-thickness, wedge-shagrack openings in
the ceramic coating thatere observed both ahe coatingsurface and irthe cross-sections by
metallography after the laser sintering experiments.
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Fig.1 Schematic diagrams of high power £l@serrigs for determining thermalonductivity
change kinetics andlastic modulusevolution of the ceramic thermal barrier coatings
under steady-state heat flux conditions. (a) Laser négitflux techniquefor monitoring
thermal conductivity change kineticgh) Laser sintering and creep technique for
evaluating ceramic creep behavior antbdulus evolution under thermalradient
conditions.
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Fig.1 (Continued) Schematic diagrams of high powep G®errigs for determining thermal
conductivity change kinetics and elastic modulus evolution of the ceramic thermal barrier
coatings under steady-stdteatflux conditions. (a) Laser higheatflux technique for
monitoring thermal conductivity change kinetics; (a)ser sintering and creep technique
for evaluating ceramic creep behavior anddulus evolution under thermafjradient
conditions.

The Knoop indentation method has been used to measure elastic modulus of bulk ceramics
[8] and ceramic coatings [9, 10] . By measuring elastic recovery of residual surface impression of
the indentation long anshort diagonals (witlmalf lengthsa and b', respectively) anthardness
H, the modulus E can be estimated by

_ b, b
E_a[% o0 m_a% oo ™ 1)
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where a is a constant§ = 0.45), a and b are the half lengths of tHeng and short diagonals

before elastic recovery, aral/ a =1/ 7.11 for a perfect indenter. In this study, the ceramic coating
modulus distributions as a function of time were determineth®@aross-sections ahe coating

system after the laser sinteringests using this Knoopndentation technique. Th&noop
indentation tests were carried out on the polished cross-sections of laser sintered specimens using a
microhardness tester (Micromet Il, Buehler, lllinois), in accordance ABME C1326.The load

used was 500 g (4.9NBnd dwell timewas 15 seconds. Aeast eightcolumn indentation
sequences (morthan 150 measurements) acrabe coatingsystem were performed faach
specimen.
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Fig. 2 Literature reportedhermal conductivity valuegor the CMSX metal substrate and
NiCoCrAlY bond coat.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Thermal Conductivity Change Kinetics
Figure 3 showgypical temperaturgrofiles of the ZrGQ-Y 203 thermal barrier coating

systemtested at a surface temperature of approximai@20 °C during the laser thermal
conductivity test.Under the constant steady-state ladegh heat flux condition (heat flux
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approximately 64 W/c#), the measured ceramic surface temperature slightly decreased with time.
On the otherhand, the measuredmetal temperature increased with timEne temperature
differenceacrossthe ceramic layer decreastdm approximately 14C0C at the initialstage to
110°C after 33hour testing, suggesting awerall thermal conductivity increase in the ceramic
layer due to laser sintering. Ndteat athermal conductivity gradiemould be established across

the ceramic coating (faster thermal conductivity increase near the catarfasice as compared to
near the ceramic/bonbat interface)Junderthe high thermal gradient conditions. Therefore, the
ceramic thermal conductivity increase in the coating determined by the steady-statedtfiex
approach will reflect an overall effect of the conductivity increase in the coktonge 4shows

that the overalthermal conductivity change kinetics of the thermal barrier coating determined by
the realtime laserheatflux testing.The thermal conductivity increasdbm the initial value of

1.0 W/m-K to 1.15 W/m-K, 1.19 W/m-Kand 1.5W/m-K after 30hour testing at the surface
temperatures of 99%C, 1100°C, and 132C°C, respectively. The thermal conductivity change
kinetics alscshowedthe distincttwo-stagerate increase characteristicsfagt and changingate
conductivity increase at thaitial "primary” stage, and a sloweate and nearly constant
conductivity increase at the "steady-state" stage. The irreversible thermal conductivity increase was
demonstrated ithe 990 °C test where a couple of temperature cycles were introduced. The
interrupted tests by thermaycling did notalter the generarend of the thermal conductivity
change kinetics.
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Fig. 3 Typical temperatur@rofiles ofthe ZrG-Y 203 thermal barrier coatingystemtested at a
surface temperature of approximately 132@uring the laser thermal conductivity test.
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Fig. 4 The overall thermal conductivity change kinetics of the 2¥Q03 thermal barrier
coating determined by the real time laser heat flux testing.

Figure 5 illustrates the ceramic thermal conductivity In(k) as a function of Larson-Miller
(L-M) parameter (-M = T[In(t) +C], wheret is the heating time in seconds afig is the
average temperature in Kelvin in the ceramic coating, C is a fitting constant, and C=10 in this
study). The effects of heating time and temperature on the overall ceramic thermal conductivity
are approximately described by the In(k) &s: M relationship. The average slope of the Larson-
Miller plot for the ZrQ-Y 203 coating was abou?.93 x 107 for the thermal barrier coating
system. The Larson-Miller slope obtained in this study is slightly higher than the slopes reported
in literature [11, 12] . This discrepancy may be attributed to a significantly fast conductivity
increase at the primary stage for the coating observed in this study. Note that the Larson-Miller
extrapolation approach for the thermal conductivity change kinetics cannot accurately describe
the fast, variable conductivity increase rate at the initial primary stage. An approach is being
established to characterize the ceramic thermal conductivity increase kinetics and the conductivity
gradient effect under high heat flux conditions based on the visco-elastic relaxation theory [4] .
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060,

050 ° In(kat9goC ]
"~ o In(k) at 1100C
0.40C 2 In(k)at1320C 1
X E
E 0300 ;
= :
< 0.20 E
=4 :
0.10 - E
0.00 - ]
- Ink= -0.560 + 2.9326-10L-M -
-0.10 b= | | | ]
15000 20000 25000 30000 35000

L-M=T___[In(t)+10]

Fig.5 Ceramic thermatonductivity In(k) as a function of Larson-MillérL - M) parameter
(L-M=T[In(t)+C|, where t is the heatingime in seconds andr is the absolute

temperature in Kelvin, C is a constant). The effects of heétimgand temperature on
the overall ceramic thermal conductivity are approximately described by the conductivity
- Larson-Miller relationship.

3.2 The Elastic Modulus Evolution of the Ceramic Coating

Figure 6 illustrateshe micrographs of cross-sections tbie thermal barrier coating and
Knoop hardnessdentations after an 1hour laser sintering and creep test. Nttat through-
thickness, wedge-shape cracks were developéhdeirceramic coatings as a result of the laser
sintering. The micro-porositwasreported to decrease with increasing laser testing time, and the
microcrack density observed fhe ceramic coating near tearface regiorwas much lowethan
that near the ceramic/bomoat interfaceegion after the laser testifg] . The porosity gradients
acrossthe coatinghickness after laser testing were correlatetheomeasuredotal creepstrain
gradientsshown in Figure 7 [4] The morphologychange in the ceramic coating is expected to
result in coating hardness and modulus increases with laser testing time.
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Figure 8 illustrates Knoop hardness distributions in theAf@D3 thermal barriecoating
systemafter laser sinteringor various times.The hardnesses ofthe FeCrAlY and thesteel
substrate were approximately 2 GPa - 3 GiPd, essentially unaffected duritige testing. The
ceramic coating showed higher hardness values as compatexbtind coatand substrate. Note
that the coatindhardness increasedter the laser testing. It can Beenthat after 1hour laser
sintering, the increase in the coating hardness was relatively small, with duatimgss values in
the range of 4GPa to 5 GPa, which weneot much higher than theanitial untested coating
hardness value of about 4 GPa. Howeeafter 11hourlaser sintering, the coatirgurface region
had a significant increase in hardness (near surface hardness value of.@l6B&g) but the near
ceramic/bond coat interface region remained almost unchanged. After 12@dsowsintering, the
entire ceramic coating hadnaore significant increase imardnessThe Knoop hardnessalues
increased from the initial hardness value dtRBa to 5 GPaear the ceramic/bontbat interface,
and to 7.5 GPa at the ceramic coating surface.

Figure 9 shows the elastic modulus measurement results in the¥2@3 thermal barrier
coating obtained by the indentation technique as a function of laser sirtterengrhe relatively
large data scatter in theodulusvalues is a consequence of fi@ousand heterogeneous nature
of the plasma-sprayed ceramaoating. Therefore, the experimental data have ®eaothed
using a fifth order polynomial. It can be seat the ceraminoduluschange followed a similar
trend to the ceramibardnesschange duringhe laser sinteringgrocess.The surface modulus
increasedrom aninitial value of about 70GPa tothe final value ofl25 GPa,after 120 hour
testing. The experimentally determined modulus change kinetics #loeossatingsystem shown
in Figure 10 can be well described by the visco-elastic behavior [7]

E-E _cH_apldlt
v g0 CE@ e r% (2)

whereE, is the coatingnodulus atny given time t,E. and EI" are ceramic coatingiodulus

values at thenitial time and at infinitely longime, respectively,7 is relaxationtime, C;. is a
constant related to temperature atess inthe coatingsystem. Itcan beseenthat amodulus
gradientwas established in the coatirgystem whichevolved with time undethe laseimposed
temperature andtress gradientshe surface showed very fast moduluerease kinetics. The
surface ofthe ceramic coating reached nearly #ssumedinal modulusvalue of 125 GPa in

about 20 hours. However, from the experimental observations, a much longer time is required for
the inner layers of the ceramic coating to obtain the fimadulusvalue by laser sintering due to

the lower temperatures and stresses under the thermal gradient test conditions.
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Fig. 6

Micrographs of cross-sections tife thermal barrier coating arnidnoop hardness

indentations after an 11 hour laser sintering and creefFigst6 (a) , (b) and (cghow
various magnifications of the coating system, respectively).
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Fig. 7 The creep strain gradient resultiftrgm laserimposedtemperature andtressgradients
as a function of laser testing time in a 2r©,03 thermal barrier coating system.

NASA/TMO 1999-209069 12



Fig. 8

Knoop hardness, GPa Knoop hardness, GPa

Knoop hardness, GPa

100 7+ e
r o ; 110C°C, 1 hr 1
i o ggmjmégat laser sintering|
8.0 - e substrate 7
6.0 . ceramic/bond
L2 Qo & o @% ’ o ]
° 5 5 o0 bond/substrate |
4.07000 2 ?o Oooﬁbo 7
L eofe®eg0
2.0 o ¢ ]
oolL. . . ! ! !

0.00 0.50 1.00 1.50 2.00 2.50
Distance from the surface, mm

(@)

10.0 — —

r 1100°C, 11 hr
| laser sintering]
8.0 - s

o
fo

Qo

Mg, ) |
6.0 MOOO i ceramic/bond i

o o° < © % © ]

[ o © %0 ©%0 \o&iﬁi bond/substrate
4.0 + o © © Q 0%o L |

o
o o© %

2.0 + o ceramic
r m bond coat
® substrate

ool. .. . 1. L Ll L
0.0 0.5 1.0 1.5 2.0 2.5
Distance from the surface, mm
(b)

10.0 — e
[ 1100°C, 120 hr
laser sintering

ceramic/bond

bond/substratez

fe <—

i _ %8
2.0 ° ceramic Eﬂ%% ® _

r ®  bond coat

[ ® substrate
O_O\\\\\\\\\\\\\\\\\\\\\\\\

0.0 0.5 1.0 1.5 2.0 2.5

Distance from the surface, mm
(©

(Continued) Knoop hardness distributions in a 22¥Q03 thermal barrier coating
systematfter laser sinterinfpr various times showinthe significanthardnesdncrease

and hardnesgradient development ithe coatingsystem.(a) 1 hour; (b) 11 hours; (c)
120 hours.

NASA/TMO 1999-209069 13



160 T T T T T T T T ‘ T T T T ‘ T
I o 1 hrlaser sintering-
140 I s 11 hr laser sintering

é; i 120 hr laser sintering
¢ 120} 5
=) is)
g i e
o) 100 g 4
E I -ll"‘=
8 I
g % c < ’
L

60 | Oo ©m E ZO‘E(; w0 5‘50 g0 B

B m
| B
40 - v
0.00 0.50 1.00 1.50 2.00

Distance from the surface, mm

Fig. 9 The elastic modulus distributions in the 2303 thermal barrier coating as a function
of laser sintering time.

Distance from surface, mm

1.2 —o—0
I 1130.0 —1— 0.04
o ] —% -0.12
&~ O {120.0§ — A= -0.20
° f 8 --v--0.28
£ ¢ J110.0,° - -@m- -0.36
WwWogel /8 - - — - A = —n~--0.44
& e . v 1100.08 - .5--052
! e 8 ] E __e---060
w L i | 9002 4068
= S : 80 O‘EU -@--- 0.76
] °% — 084
70 T 02
40.0 60.0 80.0 100.0 120.0 — o100
Time, hours --0--108
S0 - 116

Fig. 10 The experimentally determined modulus change kinetics across the sypstergunder
laser sintering and creep conditions.

NASA/TMO 1999-209069 14



4. CONCLUDING REMARKS

High heat flux test approaches have been established to ofitiaad properties of thermal
barrier coatings underear-realistic temperature and thermal gradients encountered in advanced
enginesystems. Inparticular, the laser steady-state techniguevides a unique approach for
guantitativelymonitoring thermakonductivity change kinetics of the ceramic coatimgler high
heat flux conditions. The laser sintering and creep technigeféers an effective means for
guantitatively evaluating ceramic creep behavior mmmdiulus evolution under simulatedngine
conditions. The test techniques are important for coating design and development, stress modeling,
and life prediction for various thermal barrier coating applications.

A significant thermal conductivity increase was observed duhedaser steady-state high
heat flux testing. For a 0.25 mm Zr@8%Y,03 coating, the overall thermal conductivity
increased from the initial value of 1.0 W/m-K to 1.15 W/m-K, 1.19 W/m-K and 1.5 W/aftd{
30 hourtesting at thesurface temperatures of 99Q, 1100°C, and 132(0°C, respectively. The
thermal conductivity change kineticshowed the distinguished two-stagerate increase
characteristics: a fast and changmtg conductivity increase at tivtial "primary” stage, and a
slower rate and nearly constant conductivity increase at the "steady-state" stage.

The micro-porosity was observed to decrease with increasing laser testing time during the
laser sintering and creep test. Thmcro-porosity gradients, corresponding ttee creep strain
gradients acrosshe coatingthickness after laser testing, resulted in signifidaatdness and
modulus gradients in the coating. The Knoop hardness values increasetidrmitial value of 4
GPa to 5 GPa near the ceramic/bapdt interfaceand to 7.5GPa atthe ceramic coating surface
after 120 hour testing. Durinthe sameperiod of time,the surface modulusncreasedrom an
initial value of about 70 GPa to the final value of 125 GPa.

REFERENCES
[1] CMSX property data, Cannon-Muskegon Corporation, Michigan, 1994.

[2] J. T. DeMasi, K. D. Sheffler, and M. Ortiz, “ThermBarrier Coating Life Prediction
Model Development: Phase I-Final Report,” NASA CR-182230, December 1989.

NASA/TMO 1999-209069 15



[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

R. A. Miller and G. W. Leissler, “Characterization and Durability TestingPdsma-
sprayed Zirconia-Yttria and Hafnia-Yttria Thermal Barn@oatings,” NASA Technical
Paper 3296, March 1993.

D. Zhu and R. A. Miller, “Determination of Therm@&lonductivity Change Kinetics under
Steady-State Laser Heat Flux Conditions,” NASA Technical Memorandum, in press.

C. H. Liebert,“"Emittance and Absorptance BFASA Ceramic Thermal Barrier Coating
System,” NASA Technical Paper TP-1190, 1978.

C. H. Liebert, “Emittance and Absorptance dhe National Aeronautics and Space
Administration Ceramic Thermal Barrier Coatingfiin Solid Filmsvol. 53, pp. 235-240,
1978.

D. Zhu and R. AMiller, “Determination of Creep Behavior of Thermal Barrier Coatings
Under Laser Imposed Temperature andStress Gradients,” NASA Technical
Memorandum 113169, ArmyResearch Laboratory Report ARL-TR-1568pvember
1997. Also inJournal of Materials Researchkol. 14, pp. 146-141, 1999.

D. B. Marshall, T. Noma, and A. G. Evans, “A Simple Method for Determitilagtic-
Modulus-to-Hardness Ratios usingnoop Indentation Measurements,”Journal of
American Ceramic Societyol. 65, pp. C175-C176, 1982.

S.-H. Leigh, C.-K. Lin, and C. C. Berndt,Elastic Response of Thermal Spray Deposits
under IndentatioMests,” Journal of American CeramiSociety vol. 80, pp. 2093-2099,
1997.

J. P. Singh, M. Sutaria, and M. Ferber, “Usdrafentation Technique tdleasure Elastic
Modulus of Plasma-Sprayed Zirconia ThermBarrier Coating,” Ceramic Engineering
and Science Proceedingsol. 18, pp. 191-200, 1997.

H. E. Eaton, J. R. Linsey, and R. B. Dinwiddie, “The Effect of Thermal Aging on the
Thermal Conductivity of Plasma Sprayed Fully Stabilized Zirconia,” presented at Thermal
Conductivity, 1994.

R. B. Dinwiddie, S. C. Beecher, W. Porter, D., and A. B. Nagaraj, “The Effect of Thermal
Aging onthe Thermal Conductivity oPlasma Sprayednd EB-PVD Thermal Barrier
Coatings,” June 10-13, 1996.

NASA/TMO 1999-209069 16



REPORT DOCUMENTATION PAGE Form Approved

OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
April 1999 Technical Memorandum
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Thermal Conductivity and Elastic Modulus Evolution of Thermal Barrief
Coatings Under High Heat Flux Conditions

WU-523-21-13-00

6. AUTHOR(S)

Dongming Zhu and Robert A. Miller

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
_ _ o _ REPORT NUMBER
National Aeronautics and Space Administration

John H. Glenn Research Center at Lewis Field E—11625
Cleveland, Ohio 44135-3191

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

National Aeronautics and Space Administration
Washington, DC 20546-0001 NASA TM—1999-209069

11. SUPPLEMENTARY NOTES

Dongming Zhu, Ohio Aerospace Institute, 22800 Cedar Point Road, Cleveland, Ohio 44142; and Robert A. Millef,
NASA Glenn Research Center. Responsible person, Dongming Zhu, organization code 5160, (216) 433-5422.

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Unclassified - Unlimited
Subject Categories: 24 and 25 Distribution: Nonstandard

This publication is available from the NASA Center for AeroSpace Information, (301) 621+-0390.
13. ABSTRACT (Maximum 200 words)
Laser high heat flux test approaches have been established to obtain critical properties of ceramic thermal barrier coatlings
(TBCs) under near-realistic temperature and thermal gradients that may be encountered in advanced engine systems.|Thermal
conductivity change kinetics of a thin ceramic coating were continuously monitored in real time at various test temperatures. A
significant thermal conductivity increase was observed during the laser simulated engine heat flux tests. For a 0.25 mm thick
Zr0O,-8%Y,03 coating system, the overall thermal conductivity increased from the initial value of 1.0 W/m-K to 1.15 W/m-K,
1.19 W/m-K and 1.5 W/m-K after 30 hour testing at surface temperatures 8€92000°C, and 1320C, respectively.
Hardness and modulus gradients across a 1.5 mm thick TBC system were also determined as a function of laser testing time
using the laser sintering/creep and micro-indentation technigues. The coating Knoop hardness values increased from fhe initial
hardness value of 4 GPa to 5 GPa near the ceramic/bond coat interface, and to 7.5 GPa at the ceramic coating surfacg after
120 hour testing. The ceramic surface modulus increased from an initial value of about 70 GPa to a final value of 125 GPa.
The increase in thermal conductivity and the evolution of significant hardness and modulus gradients in the TBC systems are
attributed to sintering-induced micro-porosity gradients under the laser-imposed high thermal gradient conditions. The [test
techniques provide a viable means for obtaining coating data for use in design, development, stress modeling, and life]
prediction for various thermal barrier coating applications.

14. SUBJECT TERMS ’L’iS. NUMBER OF PAGES

Thermal barrier coating; Laser sintering and creep; Thermal conductivity change kinetics: 22

. . 16. PRICE CODE
Elastic modulus evolution
A03
17. SECURITY CLASSIFICATION [18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102



