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Abotract

As part of a NABA program to reduce fuel con~
sumpt ion of current commercial aircraft engines,
Pratt amd Whitney Airceaft is copducting an in~-
viptigation to improve the durability of plasma
gprayed ceramic cvatings for use on vane platfunus
in the JWD turbotan engine, lncreased durability
oncepts under evaluation include uge of improved
strain folervant microstructures and control of the
gubstra  temperature during coating application.
Initial ey rig tests conducted at temporatures
to 10109 .. (1850° F) indicated that improve-
ments in cyclic lite greater than 20:1 over previ-
ous cevamic coating systems were achieved. Three
plasma sprayed coating oystems applied to first
stage vane platforms in the high pressurce turbine
were subjected to a 1000~cycle JIYD engine endur=
ance test with only minor damage oeccurring to the
coatingsg.

Introduction

The need for increased fuel efficiency in
current and future gas turbipe aircraft engines
has been emphasized by recent shortages in the
productinn of petroleum products and the sub-
sequent price increases. The National Aeronautics
and Space Administration (NASA) has initiated fuel
vonservation programs to alleviate the effect of
the energy shortage on the aviation industry.
une such program is the Engine Component Improve~
ment (ECI) Program managed by the Lewis Research
Center, The Performance Improvement (PL) effort
within the ECI Program is sp.cifically directed at
providing technological advnnces to luprove the
near term fuel efficiency of current turbofan en-
gines.

One of the PI concepts funded by NASA is an
investigation currently being conducted by Pratt
and Whitney Aircraft (P&WA) to demonstrate the use
ol plasma sprayed ceramic thermal barrier coatings
in the J19D-70/59 turbofan engine. The specific
application is for the first stage vane platforms
in the high pressure turbine. In this applica~
tion, a thermal barrier coating in conjunction
with a redesigned vane platform cooling system
would allow for a reduction in the cooling air
requirements.” The fabrication costs of the
first stage vanes could also be reduced by
elimination of the film cooling holes in the
platform, Use of this concept is anticipated to
result in a reduction of 0.2 percent in the
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specific fuel consumption and provide a payback
period of zero time. Additional reductions in
opecific fuel consumption could be vealized when
coatings of pufficient durability for use on vane
aivfoils and turbine blades become available.

Approach

The durability limitations of plasma sprayed
(PS) ceramic coatings applied to metallic engine
components are due, in part, to the wide differ-
ences in the coefficient of thermal expansion of
the metallic and ceramic materials.® This re-
sults in significant strain mismatches between the
metallie substrate and the ceramic coating that
ray cause the coating to spall, Figure 1 shows
the ranges of strain mismatch that would be ex-
pected ot both room temperature and a temperature
condition of 1010° ¢ (1850° F) as a function
of the substrate temperaturc achieved when the
ceramic coating was applied, For the nominal PS
parameters and the burner rig bars used in the
durability tests in this ipvestigation, for exam-
ple, the substrate temperature would approach ap-
proximately 4259 ¢ (800° F) during the appli~
cation of the PS coating. Therefore, a compres-
sive strain in the plane of the coating would be
imposed on the coating when the test specimen was
cooled to room temperature. Similarly, a somewhat
larger tensile strain would be imposed on the
c¢oating when the tect specimen was heated to the
normal test temperature of 10100 ¢ (18500 F),

The objective of this investigation was the
development of a series of advanced PS ceramic
coatings based on the concept of improved strain
tolerance.3 Strain tolerance may be improved
through control of the coating structure by (1)
reducing the occurrence of damaging flaws and (2)
providing desired discontinuities within the coat~
ing. Damaging flaws in the plane of the coating
may result from the layer like buildup during the
PS operation and may lead to the propagation of
cracks and eventual spallation. Discontinuities
within the coating may be provided in the form of
increased porosity, random incernal microcracking,
or segmentation (through thickness cracking).
These discrv¢.inuities would tend to reduce the
modulus of elasticity of the coating structure,
thereby re v ing the local stresses. One addi-
tional coticept of improving strain tolerance was
through control of the substrate temperature dur-
ing the application of the coating. This would
provide a better balance between compressive and
tensile strains imposed on the coating at both the
low and high temperatures of the normal operating
range.

The PI ceramic thermal barrier coating (TBC)
program involves an iterative overall approach to



(1) retine the application and other process
parameters of PS cerami¢ coatings to achieve the
desived microstructure and optimize the strain
miomateh, (2) determine the coating durability
through burner rig tepting undor controlled labo=
ratoyy test ¢onditions, and finally (3) detcermine
coating durability under actual JI9D engine oper-
ating conditions in 1000=cycle engine endurance
testss This paper summarizes the more sigpificant
vepuite from the tasks just wentioned for the
tivst itoration, including the tirst engine test.
Other elements of the PI TBC program which will
not be discussed in this paper include a two=
dimensional strain analysis of the ceramic coating
and a redesigned vane plattorm cooling syste ¢o
take advantage of the presence of the TBG.

Plapma Sprayed Coating Parametors

Several plasmu sprayed coating parameters
were varied to develop an optimum set of spray
copnditions to reduce the occurrence of damaging
flaws, and alpo to provide the ¢ .sired porosity,
mic¢rocracking or gegmentation of the coating., The
IS parameters varied included the coating chemis=~
try, gun to specimen distance, powder particle
size, and powder feed rate (Table I). Of these
parvametexs, the variation in powder feed rate did
not regult in any apparent differences in coating
microstructure, and a feed rate of 35 gm/min (1,2
oz/min) wap selected for all coating systems.
Initially, the temperature of the subsrate was
not controlled during the PS application process.
Later in the investigation, control of the sub=-
strate temperature over a range from =350 o
6500 ¢ (~359 to 1200° F) was used to detes-
mine the effect of this parameter on coating dur-
ability. For this investigation, the baseline PS
ceramic coating was a 20 percent by weight (w/o)
yttria stabilized zirconia (YS2) coating having
the nominal spray parameters noted in Table I.

The variations in PS paramcters for the TBC
systems sclected for presentation in this paper
are shown in Table II, The variations in powder
particle size, coating chemistry and specimen to
gun distance provided the improved strain toler-
ance characteristics of porosity, microcracking
and gegmentation as noted. Laser scanning of the
surface of a PS ceramic coating provided another
technique of ercating a segmented coating while
controlling the temperature of the substrate pro-
vided a means of optimizing the strain mismatches
between the coating and the metallic substrate.
An electron beam/physical vapor deposited (EB/PWD)
coating was also included in the test program to
compare its durability with that of the PS coat-
ings., The EB/PVD coating was finely segmented and
may represent a near optimum segmented structure.
A brief description of each coating will be given
in the Discussion of Burner Rig Test Results sec~
tion which follows.

The powders used for each P$ coating were
consigtent throughout this investiguiion. In gen-
eral, composite powders having spherical particles
were used for the coarse 20 w/o %% coating while
partially fused/sintered and grushed powders were
used for the other coatings. The variation in
particle size distributions are shown In Table
II1I, The primary difference betueen the coarse
and fine powders was the increased percentage of
particles in the =120 to +230 mesh range for the
coarse powder.

Plapma Sprayed Coating Application

The PS ceramic coatings tested in the burner
vig were applied to 1,27 cm (0,50 in.) diameter
bars approximately 10 em (4 in,) long caot from
Mar-M 509 cobalt base alloy. All burner rig bars
were solid with tho cxeception of those uged for
the controlled substrate temperature specimens
whieh wore hollow to allow cooling of the bar dur-
ing application of the coating, All of the TBC
systems tested were o two layer system conaisting
of a Ni=22C0~18Cr~13A1=0,7Y bond coating 0.08 to
0,13 mm (3 to 5 mil) thick and a ceramic coating
0,25 mm (10 mil) thick. The bars were grit
blasted to roughen the surface and then coated
using automated PS gpplication cquipment. The
bars ware rotated at 600 rpm while the Plasmadyne
SG100 gun was traversed along the bar at a speed
of 91 em/min (36 in/min), Standard spray parame-
ters were used, including a power input of 800
anpp and 50 volts, an B85% argon/15% helium are gas
mixture, a powder feed rate of 35 gm/min
(1.2 oz/ming, and a 7.6 em (3 in.) gun to specimen
digtance, except as noted, Three specimens for
cach coating system were prepared for burner rig
testing. Coated specimens were exposed to a
1080° ¢ (1975° F) heat treatment in a hydrogen
atmosphere for 4 hours with the exception of the
M8Z specimens which were tested without any heat
treatment.,

" ,rner Rig Durability Tests

Burner vig tests were performed to determine
the relative durability of the various TBC systems
in a cyclie thermal environment. Twelve of the
IBC test specimens mounted in a test fixture and
ready for burner rig testing are shown in Fig. 2.
The themmal cycle consisted of a 4 minute period
of heating to a maximum temperature of 10100 ¢
(18509 F) followed by a 2 minute period of cool-
ing to approximately 260° C (500° F) or less.

The test fixture was rotated at 1725 rpm in the
exhaust gag stream of a Jet A fueled burner to
provide a relatively uniform hot temperature en-
vironment for all test specimens (Fig. ?). The gas
velocity at the gpecimen location was Mach 0,3.
The specimen temperature was monitored and con-
trolled using an optical pyrometer and an auto-
matic feedback controller to vary the fuel flow to
the burner. The emittance of the test specimens
was measured periodically, and corrections were
applied to maintain accurate test temperatures.
During the cooling period of the cycle, the burner
was automatically moved away from the test fixture
and forced air cooling was directed at the test
specimens,

Testing was discontinued after periods of
approximately 20 hours (200 cyeles) to allow for
visual examination of the specimens with a low
power (X10) microscope. Specimen failure was con-
sidered to have occurred when the coating had
spalled from 50 percent or more of the "test" zone
of the burner rig bar. Such a failuyre typically
occurred as a massive spall noted during a single
inspection. The test zone was an area approxi~
mately 2,5 cm (1 in.) in length at the center of
the exposed portion of the bar which experienced
the maximum 1010° ¢ (1850° F) temperature
level during the thermal cycle.

Three specimens of cach PS5 coating were
tested while four EB/PVD gpecimens were tested.



In peneraly the burner rig test veosults indicated
a wide vange vf coating durability., The dur=~
ability, oxprossed as the average numboer of ther-
mal vveles to failure of those opecimens tested,
is shown in Fig. 4, The baseline TBC system su.=
vived for an average of only 210 cycles before
failure occurred. This bascline coating system,
in general, was representative of the state-of~
the=art ceramic eoatings of approximately 1977,

In constrast to the baseline, the THBC systom with
increased porosity survived for approximately 6000
cyclea before the coating spalled, an improvement
in duvability of nearly 31, The mierocracked 21
wl/o MSY and pegmented 20 w/o Y52 (2.5 em (1 in,)
pun to specimen distance) coating syntems provided
an improvement in durability of greater than 2031
(5200 and 5500 cycles, reopectively), Two of the
three test specimens for the segmented 6 w/o YSZ
coating also exhibited relatively long life (4410
and 5040 cyeles) while the third specimén failed
after a very ghort time (1570 cycles) which re-
duced the average cycles to failure to 3070, How-
ever; the coatings that exhibited the best dur~
ability were the EB/PVD coating and the P§ coat=-
inpo applied with controlled substrate tempera-
turcs of 200 and 315° € (70° and 60U° F),

The durability of the EW/PVD coating was 10 420
cycles while the durvability of these controlled
subatyate temperature coatings was 9400 and 9260
cycles, respectively, This was an improvement of
greater than 40:1 over the baseline coatings On
the other end of the scale, the segmented lascr
peanned coating and the 6500 ¢ (12000 F) gub-
strate coatings performed the poorest, surviving
only 220 and 130 cycles, respectively.

Discussion of Burner Rip Test Repults

Bageline TBC

The bascline 20 w/o ¥YSZ PS coating applied
using the =325 mesh fine powder was o relatively
dense coating having a porosity of epproximately
10 pevcent, The coating had a fully stabilized
cubic structure with only a very small amount of
the monoclinic phase as determine by X-ray dif-
fraction analyses. This was typical of all of the
20 w/o YSZ coating systems. A comparison of the
microstructures representative of the pre~test and
post-test condition of the coating is shown in
Fig. 5. The very dense structure of the ceramic
coating most likely vesulted in relatively high
stresses within the coating., It was observed that
the coatings normally failed by exhibiting buck=
ling of the ceramic during the cold portion of the
thermal cycle, This appeared to be caused by com-
pressive stresses in the plane of the coating and
the resultant tensile stress normal to the plane
of the coating. These stresyes would tend to
create cracks in the plane of the coating such as
shown in Fig. 5(b).

Increased Porosity TBC

This 20 w/o YSZ TBC was applied using a
coarser ~170 mesh powder. The resulting coating
was less dense than the baseline, having a poros-
ity of approximately 15-20 percent. A comparison
of the microstructures of the coating representa-
tive of the pre-test and post-test conditions is
shown in Fig, 6, The durability of this coating
(6000 cycles) was due to the strain tolerance pro-
vided by the porous microstructure which effec~

tively reduced the modulus of elastivity from thai
of a more dense structure, Some limited micro-
cracking of the ceramic microstructure can also be
seen, both before and after testing, Tho micro=
cracks lying in the plane of the coating (parallel
to the ceramic/bond coat interfacc) might be ox~
pected to propagate and eventually lead to spalla~
vion of the coating,

A typieal burner rig bar coating failure is
shown in Fig, 7, The ceramic coating spalled
adjacent to the ceramie/bond coating interfaco
leaving a thin irregular layer of ceramic still
attached to the bond coating. This failure is
consistent with the cracks geen in the micro=
otructure (Figs. 5 and 6) and also with previous
findings which indicated that the region of the
coating immediately adjacent to the bond coating
was the weakent link in the structure,

Microeracked TBC

An incrcased level of microcracking in the
ceramic structure was obtained by varying the
baseline chemistry from 20 w/o YSZ to 21 w/o MSZ.
All other plasma spray parameters remained the
sames The micrestructure for this coating is
shown in Fig, 8, The 21 w/o M52 coating has a
partiatly stabilized cubic structure which may
undergo a phase transformation to a tetragonal
structurc with a considerable fraction of the
monoelinic phase, Some free magnesium oxide (Mg0)
particles may also be found. Both the monoclinic
Zr0y and the free MgO contribute to the exten-
sive microcracking in the coating, The micro-
cracking was esaentially discontinous and random
in direction. These microcracks, in general, did
not tend to propagate, although the start of two
lavger eracks, one normal to and one in the plane
of the coating, could be noted after testing (Fig.
8(b)), The crack in the plane of the coating
could ultimately lead to a failure of the coat~
ing. For this coating system, the microcracking
apparently acted as an effective strain relief
mechanism as evidenced by the 5230 cycle dur~
ability determined in the burner rig test.

Segmented TBC

Segmentation of a ceramic coating can be de-
fined as a seriecs of fine cracks normal to the
coating/substrate interface that extend through
the coating to the bond coat. A segmented ceramic
coating would then exhibit a columnar structuve.
The presence of the fine cracks would be expected
to provide a mechanism for accommodating mismatch
strains created by the different rates of expan-
sion between the metallic substrate and the ceram-
ic coating.

One technique of creating a segmented ceramic
coating was to reduce the baseline gun to specimen
distance from 7.6 to 2.5 cm (3 to 1 in.). The
microstructure of the porous 20 w/o YSZ PS coating
using the reduced gun distance is shown in
Fig., 9. For this case, the coating exhibited an
increased denaity due to melting which resulted
from the extreme heat. Upon cooling, segmentation
cracks were created normal to the plane of the
coating., Some cracking (or increased porosity)
also occurred parallel to the plane of the coating
(Fig. 9(a)) which would have an adverse effect on



vittany Jumabilitys,  These eracks tended to
propopate inte Jarger cracks, such as ¢an be noted
e Fage L), during the burner rip testing, The
durabality of this coating (%90 cyeles) indicatod
that the segmented structure did reolieve the
stigin mismatohes,  However, additional iuveptips~
tivw and careful contvel of the PS5 application
putameters wonld be required to optimize this sys=
tem by eliminating the flaws in the plane of the
veating while otill maintaining the desived seg=
rentation characteristicn.

A gecond technique of creating a PS5 segmented
veramic structure was the 6 w/o Y582 coating whore
i tine particle size powder (=325 mesh) had been
wed (Fige 10),  The 6 w/o Y82 was only partially
stabilized and undeywent a partial transformation
{tom a cubic¢ to a tetragonal phase upon cooling.
The segmentation was believed to be due to a vol=-
ume reduvtion asgociated with the phase trang=
tormatien, thereby creating tensile stresses which
regnlted in eracking of the coating normal to the
intevtace, Two of the test specimens exhibited a
telatively long life (4410 and 5040 cycles) while
the third specimen failed at 1570 cycles, How-
ever, the 6 w/o YS2 wag considered to be one of
the more promising systems tested. For this par-
ticular segmented coating, the characteristic aize
ol 4 typical segmented column was about 1 mm (40
wil). The remnant segmentation pattern remaining
i the burner rig bay atter teating was completed
is shown in Figs, 11, Further investigation in
required, particularly to develop a more porous
microstructure using a coarser particle size pow
der ap uped in some previous investigations,®

The thivd techique of providing a sepmented
Pi coating was to scan the surface of the baseline
20 w/o Y82 conting with a laser beam, The intense
heat produced by the laser beam melted and densi~
fied the ceramic coating., Upon cooling, residual
aegmentat ion cracks normal to the plane of the
coating were produced, The laser scanning was
performed using a COg laser with a wavelength of
10,6 microns, The laser beam was focused to pro-
duce either a circular or an clliptical "donut"
shaped beams Two examples of the microstructures
produced during preliminary tests on flat 5 cm (2
in.) square test coupons for varying laser beam
vonditions are shown in Fig, 12. In cach case,
cracking of the ceramic coating normal to the
interface and extending just to the kond coat was
dchieved.

Laser scanning of round burner rig bar speci-
meng was accomplished with a 8.8 ¢m (3.45 in.)
elliptical beam, a power input of 5 kW and a
seanning speed of approximately 1,27 em/sec (30
ins/min). lHowever, it was necessary to use the
porous 20 w/o YSZ coating system and to preheat
the coated round bar specimens to 8459 ¢
(1550° F) prior to the laser scanning process to
avoid premature spallation of the coating upon
cooling after lager scanning was completed. The
prebeating apparently allowed accommodation of
thermal strains induced in the coating by the
intense laser heating. Looking back to the pre~
liminary tests using the flat coupons, thesc same
thermal strains had apparently been accommodated
by actual bending of the thin metal substrate.

The laser scanned segmented coatings survived
an average of only 220 cycles in the burner rig
test. Subsequent metallographic examination of
the pre~teat structure indicated that the laser

scanning had not produced cracking which cxtended
completely through the coramic to the bond coat,
Thin allowed additional eracks to develop through
the porous inner structure parallel to the plane
of the coating causing spalling, The critical
nature of the laser scanning process indicated
that additional work would required to make this
segmentation technique ageoptable,

The last technigue cmployed to achieve a seg~
mented coating was to apply a 20 w/o YSZ coating
with an electron beam/physical vapor depsposition
(EB/PVD) process. This technique roquired the use
of a vacuum chamber and was relatively complex
compared to the PS technique, However, the EB/PVD
process produced a coating with a finely segmented
structure conaidting of long, thin columns (Fig,
13), This columnar structuve probably represented
a near optimum size and spacing for a segmented
coating, The durability of the EB/PVD coating
(10 420 cycles) in the burner rig tests confirmed
that the EB/PVD coating was very strain tolerant.
The post-test examination of the failed coating
(Fig. 14) revesled that internal oxidation of the
bond coating had occurred. This lead to debonding
of the bond coating from the Mar=M 509 substrate.
Therefore, the performance of the bond coating
precluded an evaluation of the full potential dur~
ability of the EB/PVD coatings

Temperature Controlled Substrate TBC

For all of the PS ceramic coatings described
up to this point, the temperature of the substrate
wug not controlled during application of the coat~
ings, For the bascline gun to specimen distance
0f 7,6 em (3 in.), the temporature of the burner
rig bars was estimated to approach approximately
4250 ¢ (800° F) during coating application. A
rolatively high compressive stress would then be
imposed on the coating parallel to the interface
while a tensile stress normal to the interface
would be created as the bar cooled to room tem-
perature, These stresaes would tend to form
cracks pavallel to the plane of the coating caus-
ing spallation, as ncied carlier for the baseline
TBC, A reduction of the compresnive strain in the
plane of the coating, and therefore increased
spalling resistance, would be expected to result
from a decrease in the aubstrate temperature dur=
ing the coating application.

To determine whather changes in the residual
atresses would significantly affect coating dur—
ability, a pumber of hollow burner rig bars were
eoated with the porous 20 w/o YSZ coating system
while maintaining various controlled substrate
temperatures, Temperatures of -359, 202 (room
temperature) and 3150 ¢ (-350, 700 and
6000 F) were maintained by controlling a flow of
liquid nitrogen or room temperature air through
the hollow bars. A temperature of 6500 ¢
(12000 ) was maintained by using a natural gas
burner to heat the bars. Temperatures of the bars
weff monitored with thermocouples embedded in the
wa Be

The most durable PS coatings were those ap-
plied with the substrate temperature controlled at
209 or 3159 ¢ (70° or 600° F)., These
coatings survived approximately 9300 to 9400
cyeles before failure, thereby performing almost
as well as the EB/PVD coating. Again, however,
thermal mismatch strains were not the only factor



ventribyting to opalling of the covamic coating,
Two other factors were: (1) oxidation of the bond
ceating, and (2) bending of the burnor rig bavrs
during the testing., Oxidation of the bond voating
(Fig. 15) resulted in a volume expansion, which
effectively forced ppallation of the cervamic coat=
ings The bending of the burner rig bars (Fig., 16)
vas caused by oxidation of the Mar-M 509 substrate
wn the internal cooling passage which weakened the
hary The centrifugal force from the votation of
the teot fixture caused the bar to bend, thereby
applying additional stresses to the cevamic mate-
vial, For these veasons, the faull potontial dur-
ability of these coatings also was not achicved.

Engine Tont

Three P§ ceramic coatings were selected for
the first JT9D=70 engine test: (1) porous 20 w/o
Y54 coating, (2) microcracked 21 w/o M8Z coating,
and (3) segmented 6 w/o YSZ coating, iInformation
obtained for the three PS ceramic coatings was
expeeted to provide a baseline againat which the
validity of the burner rig testa and the durabil=
ity of the thermal barrier coatings eubjected to
v gecond engine test could be measured, The
controlled subntrate temperature coating process
wap not chosen because the equipment required to
control the vane platform temperature was not yet
available. The EB/PVD coating was not chosen
because of (1) the durability domenstrated with
the P8 coatings, and (2) the velatively higher
complexity and cost of applying the ceramic coat=
ing to the vance platform configuration.

The platforms on a total of 18 test vanes
were hand plasma sprayed with coatings as fol-
lows: 6 vanes = 20 w/o YSZ, 7 vanes = 21 w/o MS§2Z,
and 5 vanes ~ 6 w/o ¥8Z. The coating thickness
wag 0,38 mm (15 mil).

The cooling scheme for the vane platforms was
rodesigned to take advantage of the ingulating
cffect of the ceramic coating. The normal film
cooling holes were replaced by an impingement
coolingy system installed on the back side #f the
vane platforms. The cooling air flow for this
engine test was reduced approximately 50 percent
from that used for the film cooling concept. The
spent cooling air was exhausted through the vane
platform trailing edge. The design criteria for
the cooling system was that the average metal tem-
perature of the cuvated vane platforms should be
equivalent to the B/M vane platforms.

The test vanes were instrumented with a num-
ber of thermocouples to measure cooling air and
platform metal temperatures. Pressure sensors
were also used to measure the pressure drop across
the impingement plates.

The engine test conducted was a 1000 cycle
endurance test., The basic test cycle consisted of
opevation at flight idle, simulated full reverse,
ground idle, and takeoff power levels. A series
of intermediate puwer levels were clso run every
100 cycles. The total time at takeoff and simu-
lated full reverse power levels was more than 80
hours.

Preliminary data obtained during the engine
test at the takeoff power level indicated that the
vane platform metal temperatures were more uniform

(i.o., less ocevere themma) gradients along the
platform) for the thermal barrier coated vaneo
than for the B/M vancs., Also, the average metal
temperatures of the coated platformu were found to
be sigrificantly leoss than that for the B/H vane
platforma,

Preliminary inspection of the test vancs
after vemoval from the engine indicated that thoy
had been subjected to a severe 1000 cycle endur-
ance teot in terms of the turbine inlet tempera~
ture, Of the 36 platformo coated with a coramic
TBC, ninc platforms exhibited some slight to mod-
erate spallation of the coating, as can be noted
in Fig, 17, However, moat of these vancs had been
cluptered togther in a very hot region of the civ-
cumferential temperature profile of the combusg=
tor. The remaining 27 platform coatings survived
the engine test with no apparent damage.

Concluding Remarks

The durability of plasma sprayed ceramic
coatings subjected to a cyclic thermal eivironment
has been improved substantially by improving the
strain tolerance of the ceramic structure and also
by controlling the substrate temperature during
the application of the coating. Improved strain
tolerance was achieved by using ceramic structures
with increased porosity, microcracking or segmen-
tation, Plasma spraying on a contrplled tempera~
ture substrate also has been shown to improve dur-
ability by reducing harmful residual stresses.
Three strain tolerant ceramic coatings survived a
1000 eyele JT9D-70 engine endurance test with no
apparent damage to 75 percent of the platform
coatings; many of those coatings that spalled were
located in a region of very high turbine inlet
temperature.

This program is continuing with a second
iteration of burner rig tests and another engine
test, concentrating primarily on refining the sub-
strate temperature control process for plasma
sprayed coatings. !
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vn the Pertvrmance ot a Themmal Darrier

Voating
teramic
oo

island ’
NASA M

Boe

Flo

System,” Prosented at _the American

Yido, Janvary 21

78370, 1978),

TABLE I. = PLASMA SPRAY COATING PARAMETERS IN

LR ]
=24, 1979,

(Aloo

55T IGATED

Powder feed rate

Powder particle nize

Subatrake temperatuve

=325 meoh (fine)
=170 mesh (coarse)

10-40 gm/min

Uncontrolied

Controlled (~350 to 6500 C)

Parametor Range investigated Bageline value
Chemistry 6=20 w/o Y528 20 w/o ¥SZ
21 w/o Ms2Zb
5 wlo Cs52¢
Gun to specimen distance| 2.5 =~ 15 em 7.6 cm

=325 meash

35 gm/min

Uncortrolled

ayetrin ogtabilized zirconin (Y203/2¢02).

Magneoium oxide

stabilized zirvconin (Mg0/2203).

¢Calcium oxide stabilized sirconia (Ca0/Z2209),

TABLE II, ~ SIGNIFICANT THERMAL BARRIER COATING SYSTEMS

SUBJECTED TO BURNER RIG TESTS

TBC Change from baseline coating Improved strain
systems tolerance
characteristics
20 w/o YSZ | Baseling
20 w/o YS2 | Coarsec powder Porosity
21 w/o MSZ | Coating chemistry Mierocracking
20 w/o Y82 [ 2,5 em gun to specimen distance, | Segmentation
coarse powder
6 w/o YSZ | Coating chemistry Segmentation
20 w/o YSZ | Surface lager scanned, coarse Segmentation
powder
20 w/o ¥SZ |EB/PVD coating Segmentation
20 w/o YSZ |Controlled substrate temperature,| Strain mismateh
coarse powder




JABLE 11, = PukbER PARTIULE S1JE DIDIRIBUTION USED FOR THERMAL

BARBILK COATING SYDTRMS

Coating | Powder | Particle distribution (persent) in given size range Lmoah)
chemiptsy
=170 ta +120 1 =120 to +230 | =230 to +270§ =270 to +325 1 ~32%
20 Yoe Loarae U, 8% 40, 5% 2,8% 15, 6% 40, 3%
U $14) Fine v Q 0 0 100
6 Y52 Fine 0.2 Je2 2,5 11.8 82:3
21 W53 Fine 0 1.7 3.2 24 711
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Figure 3,
cycle,

Burner rig in ope

ration during hot portion of the ther mal
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(b)Y POST-TEST

{n'l:'r [

crostructure of baseline 2 w/o
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’ - . ‘ L 0.1 mm |
(b) POST-TEST.

Figure 8. - Microcracked microstructures of 2l wio
MSZ TBC.



SEGMENTATION CRACKS
.
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a) PRE-TEST

SEGMENTATION CRACK

’ &4

\ 0.1 mm |

(b) POST-TEST

Fiqure 9. - Segmented microstructures of 20 w/0
YSZ TBC with 2. 5¢m qun to specimen distance,



Fiqure
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IN CRACK
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2L 0.1 mm |

1-TEST

icrostructures of 6 w/o

1th tinge powder



.,:’1| lcm |

Figure 11. - Failure of 6 w/o YSZ TBC showing rem-
nants of segmentation pattern in spalled region,



a) 0. ¢ IAMETER LASER BEAM PATTERN, 2 kW POWER INPUT; 4. 2cn

0.2 mm
AR SE

bYo. 1 cm ELLIPTICAL LASER BEAM PATTERN; 5 kW POWER INPUT; 2.1 ¢cm

sec SCANNING SPEED

Figure 12 Segmented microstructures of 20 YSZ 1BC using laser

scanning
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Fiqure 13 Finely segmented mic rostructure of £EB pPVD 20 wio YSZ

TB(
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BOND COATING
"

-

(D) CROSS-SECTION OF COATING SYSTEM FAILURE.

Fiqure 14. - Failure of MCrAlY b

nd coating for £B'PVD 2 w/o YSZ
IBC specimen



ORIGINAL PAGE Is
JF POOR QUALITY

BOND COATING

1

“o &\
A ! =
i"x‘ BSTRATI l 0.1 mm _

(b MICROSTRUCTURE OF COATING SHOWING
OXIDATION OF BOND COATING.

Figure 15. - Coating failure of 20w/0 YSZ TBC
specimen with controlled 20° C temperature
substrate due to oxidation of bond coating



OXIDATION

(@) INTERNAL OXIDATION

CRACKING — .

(b) BENDING OF BURNER RIG BAR AND RESULTANT CRACKING OF
CERAMIC COATING

Figure 16, - Coating failure of 20 w/o YSZ TBC specimens with
controlled 2° C temperature substrate due to internal oxi
dation and bending of burner rig bar



CERAMIC COATED PLATFORM

(@) PRE-TEST CONDITION,

(b) POST-TEST CONDITION SHOWING COATING THAT SURVIVED IN-
TACT (ON LEFT) AND COATING THAT SPALLED (ON RIGHT),

Figure 17, - First stage vanes with thermal barrier ceramic coatings
used in engine test.
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