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CERAMIC THERMAL -BARRIER COATINGE FOR COOLED TURBINES

Curt H, Liebert and Francis 5. Stepka
National Aeronsutics and Space Administration
Lewisz KResearch (enter

Ceramic thermal -barrier coatings on hot engine
parts have the potential to reduce metal tempera-
tures, cuclant requirements, coet, and complexity
of the cooling configuration, and to increase life,
turbine efficiency and gas temperature, Coating
systems consisting of a plasma.sprayed layer of
zirconia stabilized with either yttria, magnesia or
calcia over a thin alloy bond coat have been de-
veloped, their potential analyzed and their dura-
bility and benefits evaluated in a turbojet engine,
The coatings on air-cooled rotating blades were in
good condition after completing as many as 500 two-
minute cycles of engine operation between full
power at a gas temperature of 1644 K and flameout,
or as much as 150 hours of steady-state operation
on cooled vanes and blades at gas temperatures as
high as 1644 K with 35 start and stop cycles, 0=
the basis of durability and processing cost, the
yttria-stabilized zirconia was considered *Ye best
of the three coatings investigated,

introduction

Recent work (1973) with cooled rocket engines
opcrnt?nﬁ; at high gas temperatures and heat
fluxes't) shows that ceramic coatings are gcod heat
insulators and can withstand large temperature dif-
ferences through the coating thickness, In much
earlier work (1953) ceramic coatings were tried as
a means for reducing the metal temperature of wun-
cooled turbine blades in a turbojet »ngine during
transient operation 2), These uses .f heat-barrier
coatings, however, were for short time periods of a
minute or less, Also in 1953, techniques resembl-
ing enameling or glazing were used for coating ce-
ramics onto air-cocled turbine blades, and steady-
state durability tests in a jet engine were con-
ducted on these coatings(®), The engine tests
reported in references £ and 3, however, were made
at relatively low turbine inlet temperatures and
heat fluxes,

The operating conditions of current and future
gas turbine engines - long-time steady-state opera-
tion at high pressure, temperature, heat flux and
stress levels - imrose more severe strains on the
coating., Also, the coating may have to withstand
several thousand hours of cyclic engine operation
to gas temperatures »s high as 2200 K without
cracking, spalling or eroding, In addition, to be
useful, the airfoil ceramic coating should have a
low thermal conductivity and a low density and must
not degrade turbine serodynamic performance, £ta-
bilized zirconia appears to have many of the de-
sired properties.

The purposes of this report are to sumarize
the work conducted to (1) demonstrate the insula-
tion capability of stabilized zirconia in steady-
state engine operation and compare the experimental
results with anaiysis, (2) analyze the potential
benefits o>f using coatings for air-cooled turbines,
(3) evaluate amerodynamic performance of coated air-
foils, (4) evaluate the durability of the coatings
on turbine vanes and blades in steady-state and cy-
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elic engine operation and (5) evaluate the relative
material and processing costs for several coatings,

The results include comparisons of measured and
calculated vane metal temperatures with and without
thermal-barrier ‘oatings at steady-state engine con-
ditions over a range of coolant-to-gas flow ratios,
The potential benefite to be achieved by using a
thermal~barrier coating are presented in terms of
coolant flow and metal temperature reduction for
both an advanced core engine turbine and a turbine
in an existing research engine. A simple steady-
state one-dimensional heat transfer analysis was
used on composite walls that consisted of a metal
wall, an alloy bond coat and various thicknesses of
zirconia coating., The gas terperatures and pres-
sures for the analysis were taken at 1644 and 2200 K
and 5 and 40 atmoepheres, respectively, The unero-
dynamic results are presented in terms of kinetic
energy loss coefficients and were obtained by pres-
sure and angle surveys made in & two-dimensional,
cold-air cascade, The coating durability waz eval-
uated in the turbine of a research engine at steady-
state and cyclic conditions and the results are
presented in terms of the coating condition as de-
termined by visual and metallogranhil eraminations,
The maximun gas temperature and pressure condition
for the engine tests was 1644 K and 3,0 atmospheres,
respectively,

\3 d ced

An air-cooled turbine blade covered with a
ceramic thermal barrier coating is shown in {ig-
ure 1. The procedure used for depositing the
ceramic coating onto the blade metal substrate was
to prepare the substrate surface, plasma-spray on a
bond coat and then plasma-spray on the ceramic
covting, The most current application process is
described herein.

Coating Doscription and Application Process

Prior to coating, all airfoll surfaces and base
platforms were first grit-blasted with commercial,
pure {white) alumina. Use of the ''white'' alumina
minimized contamination that might occur with less
pure grit, The inlet supply pressure to .he equip-
ment was 70 N/em®, The grit impingement was nearly
normal to the surface, The alumina grit size was
250 ums and the surface roughness after grit-
blasting was 6 micrometers, rms, All airfoils used,
except for those in the aerodynamic tests, had
prior usage anu had an aluminide coating, OGrit-
blasting removed about one-tenth or about 10°¥ cen-
timeter of this coating,

For the blades to be used in the cyclic tests,
a bond coat of NiCrAlY (Ni-18Cr-6A1-0.5Y) was
sprayed onto the substrate to a thickness of 0.010
#0.005 centimeter., The particle size of the bond
powders fed into the plasma spray was 74 to
44 ums, The measured roughness of the bond coat
was 5 micrometers, rms,

Within 30 minutes after bond coat application,
stabilized zirconia was applied to a thickness of
0,03840,008 centimeter, Thirty-one blades were
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pr:rnd with 12 weight percent of yttria-
stabilized zirconia, 13 with 3,2 weight percent of

magnesia-stabilized zirconia and 39 with 5 welght
percent calcia-stabilized zirconia, The yttria-
and magnesia-stabilized zirconia particle size was
74 to 44 um and the calcia-stabilized zirconia pow-
der size was 105 um to 10 microns. The roughness
of the applied ceramic coatings was 8 to 10 microm-
eters, rms. The substrate temperature did not
exceed 420 K during the plasma-spray operations,

The bond and ceramic coatings were built up to
the desired thickness by a succession of spray
passes in the span-wise and chord-wise directions
on the airfoils. The coatings were first applied
to the blade leading-edge, then to the trailing=
edge and finally to the pressure and suction sur-
faces, In this way overlapping coating seams were
Joined on the flatter surfaces, This was important
because furnace tests of the coating have shown
that seams along small radii such as the leading-
and trailing-edges can lead to coating cracking.

The coated surface area on each blade was 110
square centimeters. The coating thickness was
measured during the coating process by checking the
overall thickness of the airfoil at points at the
mid-span and mid-chord, The measurements were made
with micrometer calipers, The powder needed to
coat a blade was 113 grams for the yttria-
stabilized zirconia, 255 grams for the magnesia-
stabilized zirconia, and 56 grams for the calcia-
stabilized zirconia. The plasma-spray gun was held
nearly perpendicular to the surface at distances of
15 and 10 centimeters for bond and ceramic coat
applications, respectively. The processing time
for a blade with yttria-, magnesia-, or calcia-
stabilized zirconia was about 20, 35, and 15 min-
utes, respectively,

For the vanes used in the aerodynamic tests, a
bond coat of nichrome (80Ni-20Cr) was used and
covered with zirconium orthosilicate, For the
vanes and blades vsed in the ateady-state durabil-
ity and insulating capability tests, a bond coat of
nichrome of a nominal thickness of 0,010 centimeter
was used and covered witn calcia-stabilized zir-
conia applied to a nominal thickness of 0.028 cen-
timeter,

Coating Equipment

Commercial grit-blasting equipment was used to
clean and roughen the vane and blade surfaces, In
figure 2, a hand-held plasma-spray gun is used to
apply rs of bond and ceramic materials, 1In
the gun'4) an electric arc is contained within a
water-coaled nozzle., Argon gas passes through the
arc and is excited to temperatures of about
17 000 K. The bond and ceramic powders were me-
chanically fed into the nozzle and were almost
instantaneously melted,

Iest Equipment and Procedure

Aerodynamic cascade tests, - Soli. core-vanes
were tested in a simple two-dimensional cascade
tunnel described in reference 5, This cascade
tunnel has 10 vanes, Uncoated, rough-coated and
smooth-coated vanes were tested, Only one coated
vane was used, This single coated vane was in-
serted in place of one of the uncoated vanes near
the center of the ten-vane cascade,

AG

In operation, cold atmospheric air waz drawn
through the cascade tunnel, the vanes and the ex-
haust control valve into the laboratory exhaust
system, The aeruvdynamic performance of all three
configurations was determined in terms of kinetic
energy loss coefficient over a range of pressure
ratios corresponding to ideal exit critical velocity
ratios of about 0.6 to 0.95 using pressure and flow-
angle survey rakec,

Engine tests. - An existing research turbojet
engine modified to investigate air-cooled turbine
vane and blade configurations was used to evaluate
the insulating capability and durability of the
coatings, The vane and blade yulls were made Ifram
cast MAR-M-302 and cast B-19001F), respectively.
The turbine vanes had impingement.cooled and chord-
wise finned leading-edges, impingement-cooled pres-
sure and suction-surfaces and convention~- and film-
cooled trailing edges. The blade was convection-
cooled with air flowing radially outward from hub-
to-tip over internal span-wise fins, The turbine
wheel diamsier was 61.8 centimeters and the blade
length was 10.5 centimeters, Instrumentation wrs
provided for measurements of turbine inlet gas tem-
peratures and gas pressure, fuel/air ratio, vane
and blade cooling-air inlet temperature and flow
rate, vane and blade average metal wall temperature
and blade trailing-edge ceramic coating tempera-
ture., The thermocouples were mounted halfway into
the metal wall thickness to measure the average
wall temperature. Details of the thermocouple in-
stallation are described in reference 7.

Steady-state durability tests: FPrior to ther-
mal insulation testing, the coclant-flow to each of
five test vanes was measured in a bench-test at
roam temperature over a range of inlet pressures,
The flow-rates between vanes were found to be uni-
form to within 2 percent, Two of these five vanes
were coated, One of the coated vanes and one of
the uncoated vanes was instrumented with a Chraomel-
Alumel thermocouple at the mid-span of the leading-
edge, These two vanes along with the three other
vanes were fitted into a segment of the engine vane
ring where the coolant-flow to the vane group could
be independently controlled and measured., The en-
gine was operated at a turbine inlet gas tempera-
ture of 1644 K, a gas pressur of 5 atmospheres and
coolant-to=-gas flow ratios of about 0,045 to 0.11.

Steady-state durability of the coating on
vanes and blades in the engine was evaluated as
part of another research test, The operating con-
ditions and number of starts and shutdowns were, as
a consequence, partially influenced by the other
test, The coated vanes and blades were usually
operated at turbine inlet gas temperatures of 1367
to 1644 K and a gas pressure of 3 atmospheres, The
resulting coated vane and blade leading-edge metal
temperatures generally did not exceed 920 K, On
several occasions, hot starts resulted in transient
metal temperatures of 1200 K.

Cyclic durability tests: Thermal-barrier
coatings were applied to 83 blades of the type just
discussed. All but six had been previously cper-
ated in the engine for 200 to 500 hours, About 10
percent of the blades were dented at the leading-
edge tips because of foreign object damage.

Control of the desired cyclic conditions was
accomplished primarily bt controlling the combustor
~oal (ASTM A-l) supply. Adjustments were made for
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this control system so that meximum turbine inlet
tamperature and pressure were maintained at about
1644 K and 3 atmospheres, respectively, These max-
imum tem erature and pressure conditions will be
called ''full power.'' At full power condition the
rotor speed was 8300 rpm, After about 70 seconds
at these conditions turbine inlet temperature and
speed were reduced to about 1000 K and 3300 rpm in
sbout 20 seconds by reducing and then shutting off
the fuel supply. This condition i{s designated

‘' flameout,'' Fuel was supplied and reignited and
the engine reached maximum power condition in about
%0 seconds, Cooling=-air flow was adjusted to limit
the leading=- and trailing-edge metal well tempera-
tures to about 1200 K at the maximum temperature
condition, During flameout the metal wall tempera-
tures reached about 800 K, Other details of the
procedure for automatic cycling and fuel flow con=-
trol are described in detail in reference 8,

A total of 500 two-minute cycles were run,
The engine was stopped for visual inspection of the
coating at 100, 300, and 500 cycles, The cycle
duration was 2 minutes., Seventy-four blades were
tested in the engine at any one time, After 100
cycles, eight blades were removed from the wheel
for deteiled examination and reference purposes,
After termination of tests at 500 cycles, one of
each of the three different types of stabilized
coated blades which had been run for the full dura-
tion of the tests was sectioned and the coating and
blade microstructure was examined at the nid-span,
leading-edge region with light optical photomicro-
graphs, at 150x, The microstructure of one un-
tested yttria-stabilized zirconia coated blade was
also examined., The ceramic coating thickness and
roughness was also obtained on one of each of the
three different stabilized coated blades which had
been tested for 500 cycles, The ceramic coating
thickness was measured after it was purposely
spalled from the surface. This was done by exceed=-
ing the allowable interface temperature of 137¢ K
by heating the blade in a furnace to 1600 K and
then instantly cooling it by plungl.g it into water
at a temperature of 300 K.

C sis

A simple one-dimensional steady-state heat

balance through a composite wall was .sed to evalu-
ate the potential benefits of using a ceramic coat-
ing as a thermal-barrier for impingement-cooled
turbine vanes. Thermal radiation was neglected in
the analysis, The gas and coolant conditions pre-
sented in Table I were those of an advanced cure
engine turbine and those of an existing research
engine. The former engine was chosen to evaluate
the benefits of a ceramic thermal insulating coat-
ing on cooled turbines that are subjected to cond!-
tions of high heat flux. The latter engine was
used to evaluate the benefits of the coating at
lower heat flux conditions and to demonstrate the
insulation capability of the stabilized zirconia.
The bulk temperature (integrate sverage tempera-
ture over the entire vane) vas tie primary varialle
used in evuluating the benefits of the coating,
The average metal wall temperature at the leadiig-
edge region was also used in camparing prediction
with experimenta) data, Further details are given
in Tables I and I and reference 9,

Figure ® compares measured and predicted wall
metal tempsratures at the midspan of the leading-
edpe of an uncoated and coated turbine vane operat-
ing in the research engine. The comparison is
shown over a range of calculated coolant-to-gas
flow ratios from 0.04 to V.12 and includes measure~
ments at ratios of about 0,045, 0,06, 0,08, and
0.11, The results show good agreement between pre-
diction and measurement. The predicted and meas-
ured reductions in leading-edge metal tuomperature
for the coated vans agreed within 25 K, The re-
sulvs showed large redictions in leading-edge metal
temperature with the 0,028-centimeter thick zir-
con!a coating, At a conlant-to-gas flow ratio of
0.06 the metal temperature was reduced by 190 K -
from 1056 K for the uncoated vane to 865 K for the
coated vane,

Aerodynanic Ferformance

The kinetic energy loses coa!‘!‘lcilnt(“) for the
three test vanes is shown in figure 4. The loss
for the rough-coated vane was much larger than the
] 88 for either the smooth-coated or uncoated vane,
In the as-sprayed condition the ceramic coating had
a surface roughness averaging about 8 to 10 microm-
eters, Polishing with sclid aluminum cxide
smoothed the .eramic coating to a surface roughnees
averaging 1.6 to 5.0 nicrometers, This smoothing
reduced the loses to about one-half of that obtained
with the rough coating, The lose for the smoothe-
coated vane wae higher then the loses for the un-
coated vane, At an ideal exit critical velocity of
0.8, which is near design, the kinetic energy loss
coefficients were 0,062, 0,051, and 0,023 for the
rough-coated, smooth-coated, and uncoated vanes,
respectively.

Much of the difference in loss between the
sm~oth-coated vane and the uncoated vane was at-
tributed to the difference in trailing-edge thick-
ress, The trailing-edge thiclkmess of the uncoated
vane was 0.203 centimeters and the ceramic coating
increased the trailing-edge thicimess to 0.260 cen-
timeters. The figure also shows a data point for
a full-coverage film cooled vane(5), The loss with
this vane, though not necessarily an optimum serc-
dynamic design, is greater than the rough-coated
blade,

it r Coat

Predicted reductions in bulk turbine-vene
metal temperatures and coolant-to-gas flow ratios
with increases in ceramic coating thicknessz on
vanes in the advenced core engine twbine and in
the research engine turbine are shown in figures
5{(a) and (b), respectively, Bulk wall metal tem-
perature (integrated average temperature over
entirc “ane, was substantially reduced as ceramic
coating thickness was increased, The reductions in
metal temperature with increasing coating thickness
were greater for the core engine than for the re-
search engine, The reeson is the higher heat
fluxes associatcd with the conditions of the core
engine,

The bulk wall matal tamwerature of an impinge-




ment-cooled advanced core turbine vane could be re-
duced by as much as 380 K at a coclant-to-gas flow
ratio 0.10 when the vanes were coated with a 0,051~
centimeter thickeess of zirconia (fig. S(a)). Al-
ternatively, when both coolant flow and wall metal
temperature were allowed to vary, large reductions
in both metal temperature and coolant flow were
predicted, Vanes coated with a 0,05l-centimeter
thickness of zirconia could have both an eight-fold
decrease in coolant flow and 110 K reduction in
metal temperature compared to the uncoated vane,
The coolant flov was reduced from 0,100 for an un-
coated vane to 0,0125 for a coated vane with a
corresponding vene metal temperature reduction from
1390 to 1280 K, respectively.

The dashed portions of the curves in fig-
ure S(a) illur rate a limitation associateu with
using the curren: ceramic camposite coatings in
applications such as the core engine with high gas
temperature wna tressure, The limitation is the
ability of the ceramic coating to adhere to the
bond coating when the temperature at the interface
between these tvo layers exceeds 1367 K, This
limiting temperature was determined with furnace
tests described in reference 9,

As shown in figure 5(a) at the tick marks,
thicker layers ¢ the coating were required to give
acceptable inter’ace temperatures (1367 K) as
coolant=to-gas low ratio was decreased. This is
because the heat flux will decrease asz {low ratio
is reduced, Reiucing the heat flux will also re-
duce the thermal :radient through the metal wall,
This together with the constant limiting interface
temperature resulted in slightly increased average
vane metal wall -emperatures (fig, 3(a)).

Although n>* shown in fisure 5. calculations
indicate large (:-ulk) temperature drops through the
coating., The largest drop of 923 X occurred
throuch a 0.0ll-2entimeter thick coating on the
turbine vane of the core engine at a coolant-to-gas
flow ratio 0,10. At these conditions, the coating
outer temperature was 1580 K and the ceramic/bond
interface temperaiture was 1048 K. The temperature
drop throush the same coating thickness on the tur-
bine vane of th. research ensine was calculated to
be 561 K at a cooclant flow ratio of 0,08, The
coating outer temperature lor this condition was
1147 K and the ceramic/bond interface temperature
was 796 K, The resulting averape certmic coating
temperature was onsiderably higher in the core
engine (1514 K) -han in the reseurch engine
(972 K). In gereral, the differences in gas tem=
perature level: and heat fluxes for the two engine
conditions resulted in the temperature gradients
through the coating on the advanced core engine
vanes being about £,7 times those of the research
engine. The larzer temperature gradient, coating
exterior surface temperature, and ceramic/bond in=-
terface temperature would impoce more severe
strains on the coating in the advanced core engine.

=8tat bili

The evaluation in engzine operation of 0.028~
centimeter thick calcia-stabilized zirconla coating
on each of the two vanes and blades, showed no evi-
dence of deterioration after 150 hours at gas tem-
peratures as high as 1644 K and as many as 35
start-and-stop cycies including 4 hot starts, The
measured leading-edge vane and blade steady-state
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metal wall temperatures were penerally 920 K and
the transient values were momentarily as high as
1200 K. Figure 6 shows one of the btlades after com-
pletion of the tests, No deterioration was evident,

Sycddc Durability

Visual inspection of the coating after 100
cycles of testing in the research turbojet ensine
showed that about 90 percent of the blades had »
metallic colored scuff mark at the tip of the lead-
ing-edge. Also, about 40 percent of the blades haz
a minimal l-gquare centimeter chipped ares of
ceramic in the vicinity of the scuffl mark, [le
cause of the chipping was traced to the impingerert
of metallic pleces of thermocouple probes which
bioke during engine transient overheaiins anu =x-
cessive vibration, About half ol the yttria. uio
half of the calcia-stabilized zirconia coated
bladas were chipped at the leading-edze tip, out
only one of the 13 magnesia-stabilizea zirconia
coatings showed this damage, The reason for tniz
apparent greater resistance to chipping is not
known

The inspection after 100 cycles showed that
the yttria-stabilized zirconia was completely re-
moved from three blades, The cause for thir was
the procedure in processing the first group of 1O
blades, The roughening and cleaning prozedure va:
probably not adequate for the hard, dented and
oxidized surfaces, Also during application of the
bond coat to the first group of blades, particles
were observed to intermittently spurt fram Lie
plasma gun., Thic anomaly could ulso have contyic-
uted to the poor coating adherence, The blniec
preocecsed after the first group were more +hor-
oughly cleaned and rousthened; frech, clean ri®
use.. and more attention was given to plng?
grit normal to the swriace and keepin: the alr
pressure at or above 70 lifem“. [Letter
also maintained on the pertormance of the plazma-
cpray feed apparatuc.

LY

At completion of 100 cycles, el ht rlu'es
(including the three blades Jiscussed above) were
removed from the wheel und replaced with cud -
stabilized zirconia coatings procesced usin,

more conslotent and carefully controllec coatin
procedure developed after the coating of tuc Jir
group of blades, Cyclic testing was Lhen
for another 700 cycles, Inopection with the un-
aided cye disclosed no chawe in couatlng appenrs=
ance, The tests were then continue! for anctner
200 cycles and then terminated, 7he thermul btar-
rier coatings on (& blades (24 with ytiria, 1 :
magnesia, and 30 with calcia-stapilized :irconis
campleted 500, Z-minute cycles between full
and flameout without external visual ¢
deterioration except for foreign objec
curred during the rirst 100 r..ycle... 'i.‘he other

8 calcia-stabilized zirconia coatings completec

400 cycles of testing and all coated blades, excent
for minor foreipn object damage, were in as oou a
condition as the blades run during the steady-state
durability tests. During the full power portiocn of
the cycle the measured leading edze tlade metal
wall temperatures were about 1200 K and the ceranic
external surface temperatures were about 1I00 K,

eviuence of

A tralling edge view of the rotor assembly of
the coated blades after conclusion of the cyclic

tests(12) {3 shown in figure 7, (The two uncoated
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blades shown in the figure were used as reference
blades for other tests., The black spots on the
blade tips in figure 7 are soot deposits that
occurred during engine shutdown, The black lines
along the span near the root on the suction surface
were also caused by socot deposition,

Despite foreign object damage which caused
minor chipping at the blade leading edges, the
coatings were in very good condition. The chipped
areas did not further deteriorate and the exposed
bond coat in the chipped reglons remained intact
for at least 400 cycles of testing, Ceramic coat-
ing roughness measurements showed no roughness
change over the duration of the tests, [n actual
usage the roughness should be reduced to improve
the durability and aerodynamic periormance,

The microstructure (fig. 8)32) of the bond
coat and the ceramic coatings was metallographically
examined on several blades at the leading edge
region where durability problems are most likely to
occur, The ceramic microstructure consisted of
solid material connected with a network of fine
voids interspersed with larger volds, The photo-
micrographs (fig, 8) also showed that the aluminide
that was originally present on al. of the blades
tested in the engine was not complelely removed by
grit-blasting., Also, the NiCrAlY bond adhered well
to this aluminide coating, Cracks in the caleia-
stabilized :zirconia coating tested for 500 cycles
were observed on some of the photomicrographs
(£4z. 8{a)). These cracks senerally were located
parallel and adjacent to the bond coat, In some
cases these cracks penetrated to the outer surface
of the coating., The formation of suck cracks can
weaken the coating adherence, These cracks, how-
ever, did not cause spalling of the coating,

The microstructure of the mamesia-itabilized
zirconia canposite was similar Lo the oulier compo=
sites anl the HiCrAlY bond coat adhered well to the
aluminide coat.

Co

Otre noidepationz

Control of the coatineg thickness during depo-
sition of the magnecia-stubilized sirconia was more
difficult and the quantity ol powder usid was about
2 and 4,5 times more Lhun tor the caleia- or
yttria-stabilized zirconia, vespectively. Alzo,
the total procescing time or the manecic-
stapilized zirconia (nbout 54 minutes) wac almost
twice as long as for cmlein- or yttria-clubilized
girconia, Oince the current cout of the magnusia-
and yttria-stabllized zirconia powders is about
twice that of the culcla-stabilized ziveonia, the
processing cost per blade for the mgnecia-
stebilized coating iz the highest of the three
coatings investigated herein, Bused un thece con=-
siderations and the results of the cyelic Leata,
the yttria-stabilized zirconia coating was con-
sidered the best of the three coatings investigated.

Thermal radiation heat flux was neglected to
simplify the analysis used herein, The effects are
negligible for the low pressurc conditions of the
research engine. However, as gas prescures and
temperatures increase, the absorbed radiatinn heat
flux increases, particularly when the part directly
views the cambustion gases, The higher reflectance
of the clean zirconia coating, 0,8 compared to 0.2
for the oxidized metal, provides the auditional
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potential benefit of reducing the radiative heat
flux absorbed by the hot parts,

The higher reflectivity of the coating could
be particularly teneficial for reducing the metal
tempersture of such parts as combustor liner walls,
The benefit would be in addition to the insulating
effect of the coating, Alternatively, maintaining
metal temperature could permit the suriace of the
coating exposed to the gas to operate at higher
temperatures than without the coating. Thiz could
provide a potential benerit of reducing the amount
of unburned hydrocarbons and pollutanid by reducing
the quenching of the combustion saser av the wall,
The ability of the coating to maintain a high re-
flectivity with prolonged engine operation is not
known and needs to be investigated,

It is important to emp.asize that the benefits
of a thermal barrier coating are directly relatec
to the level of heat flux throuch the uncoated
hardware, As a consequence, hardware or portions
of it that are poorly cooled will not chow larse
benefits with a coating. Treiling-edie rerions of
turbine vanes and blades of umall englnes, for
example, have a physical limitatlon on the use of
erfective cooling geametries and thus ray rot show
large benefits with a thermal barrier coating.

Application of thermmal barrier coatinges to

existing hardware could limit the potential tene-
its and could impose serodynwnic locses becaure of
increazed trailin;-eace thickaezs, Coating bene-
fits can best be maximized when the coating 15 Ine
tegrated into an original desi.:, lhe ndded weli-nt
of the coating increases Lhe strezs level in rotute-
ing parts, which may diminich come of the potential
benefits of the coating,

Althoush the reasults obtained e encowrn ing,
more testing is required at the bich ,ac jensure
anJs high temperature conuitions of advanced core
engines, where the coating muy be czpecinily usul-
ceptible to particle erosion, corrosion, vanori. ue
tion, thermal falijgue, and thermal shocs,

~

f Reo

The rollowing are the results of e . to
evaluate the voating inaulating® capapility, nero-
dynamic perlomunce, uurability, cuct and of cal u-
lations made Lo show the potential benefjits ol Liw
coating,

1. The zirconia coatin reduced the meaoures
midapan leading-edise vanc metel temperature in the
research encing by 190 K - from 10506 K tor the une
cnated vane to 8GL K tor the coated vane, Thic
veduction compare: well with analy:is, Ensine tur-
bine inlet temperature, pressure and coalunt-tos=:as
flow ratio were léd44 K, 5,0 atmospheres, und O.o
respectively,

2. Bmoothing the surface of the ceramic coat-
ing markedly reduced the aerodynamic loss. At a
design exit critical velocity ratio of abasut 0.8
the kinetic energy loss coefficients were 0,062,
0,031 and 0.025 for the rourh-coated, smooth coated,
and uncoated vanes, respectively, -

2, Keductions in metal temperatures of an
impingement-cooled vane of as much as 390 K at a
constant cooclant-to-gas flow ratio of 0,10 were

R ———



predicted for an advanced core turbine when th
vanes vere assumed to be coated with a 0,051 o
meter thickness of zirconia. Turbine inlet tem)
ature and pressure were 2200 XK and 40 atmospheres,
respectively,

4, Alternatively, large reductions in both
coolant flow and metal wall temperature were pre-
dicted for coated vanes operating in the advanced
core turbine. Vanes coated with a 0,05l-centimeter
thickness of zirconia could have both an eightfold
decrease in coolant flow and a 110 K reduction in
metal temperature compared to the uncoated vane,

S. A calcia-stabilized zirconia coating on
cooled turbine vanes and blades withstood 150 hours
of steady-state operation including 35 stop and
start cycles in a research engine at gas tempera=
tures as high as 1644 K without deteriorating.

6. The coatings on 66 blades (24 with yttria-
12 with magnesia- and *0 with calcia-stabilized
zirconia) completed 500, Z-minute cycles between
full power (turbine inlet temperature of l&d4 X)
and flameout (turbine inlet temperature of 1000 K)
in a research turbojet engine,

7. Metallographic examination of the coatings
after cyclic testing chowed that the NiCrAlY bond
coat adhered well to the lade wall surfaces, How-
ever, cracks were detected in the calcia-stabilized
zirconia coating, These cracks did not cause
spalling of the coating.

8, Based on material and processing cost and
on the results of the cyclic tests, the yttria-
stabilized zirconia ccatins was considered the best
of the ceramic zoatings investigated herein,
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TABLE 1. - ANALYTICAL CONDITIONS
pr——— Sk
Parameter Turbine vane tvpe
Sl i A
Advanced core engine  Fesearch engine
e snah B ki RudrealS
Turbine anlet gas 2200 1644
temperature, K |
! Turbine -inlet yas 40 3
pressure atm
Gas-side heat transier
ocoefficient, W (mAHK)
Leadingedge =000 eeee 2926
Bulk | #9954 1186
Coalant -side heat transler
| eoefficient, W miK | ; =
| Leading edge fossssnnsarsnmanssss (T.00107 tw, w 049
Buik s 010w v P02 9 610’ w, w0
Coolant temperature. K I Bl ne
Metal wall thickness, em { 0127 0102
Bond coating thickness, em | 0 0102 0 0182
Igumle coating thickness, rml 0 -0 081, 0-00%
o ——— —— —— - SRS | - ——

‘-! g is the conlant-to-gas llow ratio

TABLE Il - THERMAL CONDUCTIVITY OF CERAMIC  hOND
AND METAL WALL MATERIALS

Calein-stabilized| Coramic [ 4310 F. 006 400.200 1
wirconia | | _3

Material Use T Conductivity | Temperature  Referen s
| WomiK! | range. T
| K
- e+ e —— ——4

MAR-M.302 | Metsl wall 4990 F. 100 | 200 - 1280 6

{research engine| { i
MAR M 508 Metal wall (advan- | 3,007 F .37 | w0 . 13m0 T

cod core engine)
Niehrome Bond | 03102 Fo01 400 - 140 1




TABLE I, - ANALYTICAL CONDITIONS

Parameter Turbine vane type
Advanced core engine | Research engine
Turbine -inlet gas 2200 1644
temperature, K
Turbine -inlet gas 40 3
pressure, atm
Gas-side heat transfer
coeificient, W/(m?)(K):
Leading edge - 2326
Bulk 8994 1186

Coolant -side heat transfer
coefficient, W/(m2)(K):
Leading edge
Bulk
Coolant temperature, K
Metal wall thickness, cm
Bond coating thickness, em
Ceramic coating thickness,

cm

a5 gxa0 (ve/")o‘“
811

0.127

0.0102

0 -0.051

L oxlo’ (vc/")o' 9
9. 610" (w, /v')°' L
319

0.102

0.0152

0 -0.051'

‘wc/wg is the coolant-to-gas flow ratio.

TABLE II. - THERMAL CONDUCTIVITY OF CERAMIC, BOND,

AND METAL WALL MATERIALS

Material Use Conductivity, Temperature | Reference
W/(m)(K) range, T,
K
MAR-M-302 Metal wall 490" F. 180 | 300 - 1260 6

MAR -M -500 Metal wall (advan-
ced core engine)
Nichrome Bond

Calcia-stabilized | Ceramic
zirconia

(research engine)

3.00°2F . 3.7

8,310 F . 6.7
41104 T . 0.46

560 - 1370 10

400 - 1400 11
400 - 2400 11
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Figure 1. - Ceramic coated turbine blade,
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Figure 4. - Overall aerodynamic performance of a core turbine
vane.
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(a) Advanced core turbine: inlet gas temperature, 2200 K, gas pres-
sure, 47 atm; coolant temperature, 811 K.

—
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Zirconia coating thickne s, cm
(b) Research engine turbine: inle’ ;35 temperature, 1684 K, gas pres-
sure, 3atm; coolant temperatur2, 319 K.

Figure 5. - Reductions in metal temperature and coolant flows for
vanes coated with various thicknesses of zirconia.
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Figure 6. - Ceramic-coated blade after steady-state testing in research engine,



Figure 7. - Ceramic coated blades after 500 cycles of testing,
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(b) YTTRIA - STABILIZED ZIRCONIA COMPOSITE,

Figure 8, = Microstructure of zirconia composites on turbine blade lead-
ing edge at midspan after cyclic engine tests, X150, (Ref, 12,)
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