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PRATT & W,IITNEY AIRCRAFT

FOREWORD

This document presents a summary of the work conducted during the complete contract
period from I March 1974 through 15 June 1976 by Pratt & Whitney Aircraft Division of
United Technologies Corporation , East Hartford , Connecticut under Navy Contract
N00 140-74-C-0586. The report is submitted in compliance with Sequence Number A003 of
the Contract Data Requirements List , DD Form 1423, Exhibit A (Schedule Item 0003) of
the contract.

Mr. Joseph W. Glatz of the Naval Air Propulsion Test Center (NAPTC), 1440 Parkway Ave-
nue (PE43), Trenton , N. J., Telephone (609) 882-1414, Extension 224 , was the Project
Manager.

Mr. Matthew J. Wallace was the Program Manager for United Technologies Corporation ,
Pratt & Whitney Aircraft Group, Government Products Division , West Palm Beach , Florida
(E40), from the inception of the program. His telephone number is (305) 844-3711 , Ex-
tension 3237.

Appreciation is extended for overall program assistance to Pratt & Whitney Aircraft person-
nel Gerald A. Majocha and Robert H. Weidner , Experimental Engineers.
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P H A Y T  a. W P~ IT N L Y A I RC RA F T

INTRO DUCTION

The tur b ine  outer air seal eff or t  at Pratt & Whitney Aircraft has shown that seal surface tern-
peratu re i’~ most f requen t ly  the life l imit ing parameter. The present turbine seal systems for
advance d engines u t i l i t e  metal seals wi th  advanced cooling techniques to maintain the re-
(lu ired seat surface temperatures. Ceramic seal systems offer the poten tial of operating at a
h i g h e r  sea! surface t emperature which reduces the cooling require m ents and complexity of
cooli ng techniques.  A guideline for cooling flow requirements at various material tempera-
lures is shown in Figure I .  Tile figure indicates that  advanced engines would experience sig-
nif icant  reductions in required cooling if ’ the allowable material temperature could be raised
to 26000 F or higher.

The object ive  of the Advanced (‘era m ic ‘t urbine Seal System Program is the design of a cera-
mic tu rb ine  blad e outer ai r  seat compatible w i t h  the Contractor ’s ATEGG spool which uti —
Ii ,es the Navy PCT (t high Pressure Turbine ) .  The program objective will provide technology
to com plement  the Navy PCT (High Pressure Tu rbine )  program and planned ATEGG effort.

The present Adv anced Ceramic Turbine Seat System Program is a two-phase (Phase s II and
I l l )  follow-o n e ffort to the Phase I effort carried out under contract N00 l40 -73~~-032O.

Phase II of the program consisted of rig specimen design , fabrication , testing and data analy-
sis ut i l iz ing two ceramic systems selected at the completion of Phase I. These results pro-
vj ded the basis for  a joint selection of one ceramic system for additional evaluation , and an
initial  engine ceramic turbine  seat design resulted from Phase II. Phase Ill  provides for a con-
t inua t  improvement of design . fabrication , and testing which culminates in a final engine
cera m ic tu rb ine  outer air seal design , compatible with the PCT turbine and ATEGG. 
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Figure 1 Required Coolin g Air Flow (% Wae) for Convection Cooled First Turbine Blade Tip Seal Versus
Maximum Allowable Material Tempe rature (°F) for Various Turbi ne Inlet Temperat ures
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PRAT T & WIIITNCY AIRCRAFT

SUMMARY

“ Final ” design of the advanced engine graded Zr02-NiCr turbine seal which includes thermal
• and structural analysis has been completed. Thermal fatigue , erosion and rub tolerance rig
• test ing exceeded performance requirements with improved quality ceramic seals.

Mechanical design of the “final” advanced engine graded Zr02-NiCr turbine seal has been com-
pleted. This design is compatible with an advanced engine seal design .

Thermal and structural analysis of the “final” advanced engine graded Zr02-NiCr turbine seal
predicted acceptable temperature and stress levels utilizin~~~ 0.75% W~~)~ooling air.

- •- ,.~~~~~~• •~~~-‘ .‘ -•~~..

Thermal fatigue , erosion and rub tests of the graded Zr02-NiCr ~dvanced engine turbine seal
with improved quality ceramic seals h ave exceeded performance requirements with a thermal
fatigue life greater than 500 cycles , erosion life greater than 1600 hours for 10 mils ceramic
erosion and rub tolerance which produces 10 mils of ceramic wear with less than I mil blade
wear .

X-ray inspection and superficial hardness are effective non-destructive techniques for control-
ling the quality of the graded Zr02-NiCr turbine seal.

Structural ceramic (SiC) turbine seal exhibited extremely poor rub tolerance and posed a very
difficult compliant attachment problem to prevent high stresses (point loading) throughout
the total engine cycle.

-1
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PRATT A ~0’HITNE~~~A ,RCRAFT

GRADED Zr02-NiCr TURBINE SEAL

DESIGN

The “final” advanced engine graded Zr02-NiCr turbine seal mechanica l design has been com-
pleted.

Major considerations of the graded ZrO ,-NiCr turbine seal mechanica l design , which is corn-
patib le with a P&WA advanced engine design , involved the graded ceramic-to-metal concept ,
effective cooling schemes , and minimum leakage requirements.

Impinge ment cooling was selected for its design fle xibility and high cooling effectiveness .
Flexibility to tailor the cooling by adjusting the impingement hole size , spacing and stand-
off distance was a signifi cant consideration.

Minimum leakage both radially and axially was another important consideration. Radial
leakage refers to the loss of cooling air into the main gaspath , ari d axia l leakage refers to the
main gaspath air that bypasses turbine blades and flows between graded ceramic-metal turbine
seat segments.

The graded Zr02-NiCr seal system progressed from the “first ” design through several design
iterations (Table 1) to be the “first modification ” of the “initial” design essentially unchanged
except for layer thickness and cooling configuration.

With the high allowable ZrO~ seal surface temperatures (2600° F and higher), and effective
impingement cooling, the predicted cooling air would be reduced approximately 2.7% Wae
as compared to a transpiration cooled all-metal design . The axial gap, shown in View A of
Figure 1 , was determined to be in the range of 0.007 mils, requiring design of an axial step
at the butt ends of the segments (Figure 1) to interrupt the straigh t through path. Design
of radial seals for the graded Zr02-NiCr seal design is identical to the concept used previously
for the all-metal advanced engine seal design.

TABLE I

NOMENCLATURE OF DESIGNS

• “FIRST” ADVANCED ENGINE TURBINE SEAL

• PRELIMINARY” ADVANCED ENGINE TURBINE SEAL

• ‘INITIA L’ ADVANCED ENGINE TURBINE SEAL

• ‘FIRST MODIFICATION”

• “SECOND MODIFICATION”

• “ FINAL” ADVANCED ENGINE TURBINE SEAL

3

_ _ _ _ _ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_________ - _ J ~
_
~~~~~~ _ ~~~~~~~~~~~~~~~~~~~~ - .  —-- --~~-~~~.~rr~~~~~ • ~~~~~~~~~~~~~~~

The “first modification ” adva nced engine graded Zr02-NiCr turbine seal design is shown in
Figure 1.
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VIEW A

Figiwe 1 “First Modlfic tion” of the “Initial” Advanced Engine Ceramic Turbine Seal Design
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GRADED Zr02-NiCr TURBINE SEAL

DESIGN (Cont ’d)

Work was ini t ia ted during the “second modification ” to design a graded ceramic-metal seal
system that reduces the numbe r of segments from 32 to 6. In addition , the metal trailing edge
wa~ removed and t h e  ceramic layer extended over the entire I .D. surface.

The “fi nal ” advanced engine ceramic seal design (Figure 2) is made up of six 60° arc seal
segmen ts , each of which is fa b ricated by welding 3 component 20 degree arc segments to-
gether. This design fu rther reduced perfo rmance l)efla lti e S to the engine by minimizing the
cooling air and main gas path leakage area. The graded Zr02-NiCr seal system utilized in
this design is shown in Figure 3. It depicts the number of layers , thickness dimensions , and
relative graded ZrO,-NiCr percentages.
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VIEW A

Figure 2 “Final” Advanced Engine Ceramic Turbine Seal Design
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Figure 3 Graded Ceramic /Metal Material Seal System Design
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GRADED ZrO2-NiCr TURBINE SEAL

THERMAL AND STRUCTURAL ANALYSIS

Thermal and structural analysis of the “final” advanc ed engine graded Zr02-NiCr turbine
seal system indicates acceptabl e temperature and st ress levels utilizing 0.75% Wee cooling
air.

Throughout Phase II a thermal analysis , using a two-dimensional finite-difference heat trans-
fer compute r program , was conducted through a complete engine start up, acceleration and
deceleration cycle between idle and full power. Also a structural analysis utilizing a two-
dimensiona l finite -element computer program for the max imum stress engine conditions was
pertor ined.

A factor of major concern that was considered throughout Ph ase II and Phase 1H was the
thermal distortion of the seal. Since all design iterations contain a tow elastic modulus
ceramic surface layer of the graded ZrO’,-NiCr seal and low therm al gradient through the
metal segment the radial distortion during engine operation is predicted to be less than 4
mils compared to the 0.0 15 inch for the firs t generation advanced engine metal turbine seal
design.

The “fi rst ” advanced engine graded ZrO-,-NiCr turbine seal design utilized a conservative de-
sign criteri a that required 1.5% Wae cooling air less than the fIrs t generation advanced engine
metal turbine seal design to meet design temperatu re limits. Figu re 1 display s the thermal
map for the wors t condition (full power hot spot) and Figu re 2 shows the associated pre-
dicted therm al stresses. The compressive stresses shown are all within the allowable limit ex-
cept for the top 50 mils of Zr02 layer. Creep relaxation and plastic flow of the top 0.050
inches of ZrO-, was predicted to occur and thermal tests produced mud-flat type surface
cracks which were stable and did not cause failure of the specimens.

The “preliminary ” advanced engine graded Zr02-NiCr turbine seal design utilized the then
current design system criteria to determine gas path temperature conditions with predicted
lower hot spot temperature s than the previously used design criteria. The cooling air require-
ment was able to be reduced to < 1 .0% Wae and still meet design temperature limits for the
full power hot spot condition in the “as fabricated” and “20 mil rubbed” (Figure 3) configu-
rations. Structural analyses predicted that the stress levels did not exceed the strength
limits of the graded Zr02-NiCr seal except for the predicted mud-flat cracking for the full
power hot spot condition of the “as fabricated” (Figure 4) and “20 mil rubbed” configura-
tions . Mud-flat cracking to a depth of about 0.035 inches was predicted but is considered
stable.

I
I
I
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GRADED Zr02-NiCr TURBINE SEAL

THERMA L & STRUCTURAL ANALYSIS (Cont ’d)

The “initial ” advanced engine graded ZrO’,-NiCr turbine seal design utilized the same design

criteria as for the “preliminar y ” design with newly measured physical properties of the

graded Zr01-NiCr seal and a more uniform detailed element break-up of the thermal and

structural two-dimensional finite-element analysis part icularly at the leading and trailing edge

locations. To maintai n acceptab le therm al levels the cooling air requir ement rem ained the

same as t he “preliminary ” design for the full power hot spot condition in the “as fabricated”

and “20 m u  rubbed” (Figure 5) configurations. Structural analysis of the “initial ” design

predicts an overall general reduction in stress levels as compared to the “preliminary ” 3esign

(Tab le I ) .

Figure 5 Thermal Map of the “Initial” Advanced Engine Graded Zr02-NiCr Turbine Seal Design for
Full Powe r Hot Spot Condit ion After an .020 Inch Rub
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TABLE I

GRADED Zr02-NiCr SEAL SYSTEM MAXIMUM STRESSES’
FOR FULL POWER HOT SPOT CONDITION

“Preliminary ” Seal Design “Initial ” Seal Design
Location (ksi) (ksi)

ZrO-, Layer --5.18 —3. 73

Graded ZrO-,-NiCr Layer
at ZrO’, Interface —0.2 1 —0.11

MAR-M-509 Substrate at
Graded Zr07-NiCr Layer
Interface +40.00 + 16.05

S MAR-M-509 Substrate +40.00 ÷I~ .05

‘Tensile stresses are positive
Compressive stresses are negative

10
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GRADED Zr02-NiCr TURBINE SEAL

THERMAL & STRUCTURAL ANALYSIS (Cont ’d)

}:j g~1re 6 shows that  the axial direction stresses for this condition are within allowable limits
using th e newly measured mechanical properties of the graded ZrO -,-NiCr seal. Extrapola-
tions trom previous results show that  at the full power condition compressive plastic flow
will occur in the top 0.035 inches of ceramic , thus allowing tensile stresses to develop dur-
ing cool-down, cat sing stable mud-flat  crackin g.

S l’lie “fi rs t mod il i c~ uon ” of the “initial” advanced engine graded ceramic turbine seal system
has been the r mall ~’ and stru cturall y an alyzed based on the then current design system which
utilized tile eff ects of surface radiation to other engine components as a result of continued
improvement of the design system . Design mod ifications led to a further decrease of 0.19%
Wac in the total cooling air requirement. The resulting thermal distribution is given in Figure
7 for the most severe thermal (full power hot spot) condition after a 0.020 inch rub. All tem-
peratures shown are below the allowable temper ature limits , which is 1600°F for the metal
bea ring layers of the graded ZrO,-NiCr seal. Structural analysis was performed throughout
an engine operating cycle using a two-dimensional finite-element computer program , takin g
into account three-dimensional effects. The maximum principal stresses in the various seal
layers throughout the cycle are given in Table II and are lower than the strength limits of
tile graded ZrO ,-NiCr seal at the anticipated engine operating conditions. Invariab ly these
maximum principal stresses occur in the central portion of the seal relative to the edges.
Shea r stresses , highest near the edges , are not expected to present any problem , since they
are well below the critical low cycle fatigue strain range, Compressive plastic flow at power
was expected to cause mud-flat cracking in the top 0.050 inches of the Zr02 with some
plastic flow in the top 0.067 inches. This mud-flat cracking is stable and will not lead to
syste m fail u re , and , because of the high stiffness of the metal substrate , it will not lead to
higher stresses in the ZrO , at any engine cycle condition .

The “second modification ” of the “initial” advanced engine graded Zr02-NiCr turbine seal
design initiated thermal and structural analysis of a seal concept that minimized number of
segments with a reduction from 32 to 6. In addition the metal trailing edge was replaced
with the graded ceramic layer.

The “final ” advanced engine graded ceramic turbine seal design has been therm ally and
structura lly analyzed. This ceramic turb ine seal system incorporates 6 segments with graded
ZrO-,-NiCr layer on the entire gas path surface. Each segment is a 60 degre e arc mad e up of
3 co~nponent 20 degree arc segments welded together. All seal temperatures will remain
within acceptable limits using 0.75% Wae cooling air distributed as shown in the flow map
(Figu re 8). The resulting therm al distribution is given in Figu re 9 for the most severe the ’-
mal condition (full power hot spot) after a 20 mit rub interaction has occurred.

11
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Fi gure 7 “First Modification” Advanced Engine Ceramic Seal Design Temperature Distribution at the
P~,strub Sea Level Takeoff Power Condition

- - - - . 5 .  --- ------— —-—-- ~~~~~~~~~~~~



~~~~~~~~~~~~
-‘

~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~— - - ~~—~,.-- ~----- ------ .‘  -~~~~~~‘~~~~~-- --—-‘5-- —---- -

~ 
5,- - .

TABLE II

ESTIMATED STRESS LEVELS FOR
“FI RST MODIFICATION” ADVANCED ENGINE CERAMIC SEAL

(STRESS IN KSI)

Seal Room 30-Second 6-Second Sea Level 12-Second
Layer Temperature Start Up Idle Accel Takeoff Decel

Ceramic — 4.0 —14.5 — 9.0 — 9.0 — 5.5 — 6.0

intermediate — 9.9 —11.4  — 9.9 — 8.7 — 10.4 — 1 1 . 3

Metal 23 29 21 15 10 21

27 )6 _

1 00 TOT AL 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Figure 8 “Final” Advanced Engine Ceramic Seal Design Flow Map
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Figure 9 “Final” Advanced Engine Ceramic Seal Design Temperature Distribution at the Postrub Sea
Level Takeoff Power Condition
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GRADED ZrO
~~

NiCr TURBINE SEAL

THERMAL & STRUCTURAL ANALYSIS (Cont ’d)

Structur a l analysis was performed throughout an engine operating cycle using a two-dimen-
sional finite element computer program , and accounting for three-dimensional effects with
flat plate theory . A thermal gradient in-process stress relief cycle was utilized to produce a
stress-free temperature of 800° F in order to optimize the engine cyclic stresses within the
allowable ZrO,-Ni ( ’r seal strength limit s. The maximum principal stresses are given in
Table i l l .  Invariably , these maximum principal stresses occur in the central portion of the
seal relative to the edges and are below the experimenta l strengths in every case. Shear
stresses at t h e  seal edges are insignificant compared to tile principal stresses.

Compressive plastic h o w  at power is expected to cause mud-flat cracking in the top 45 mils
of the Zr02. This m ud-flat cracking is stable and will not lead to system failure . Mud-fiat
cracking is the result of creep occurring in the ceramic layer during the high temperature
portion of tile engine cycle. The creep is induced by the compressive stress existent in the
ceram ic , which leads to a negative strain in those portions of the ceramic where the tempera-
ture exceeds the creep temperature. During cooldown portions of the ceramic are forced
in to te n sio n , and in tile location s where the tensile stress exceeds the ultimate strength mud-
h a t  crack in g occur s. The mud -t lat cracking is stable since the ceramic relieves itself by re-
ducing the maximum stress below the ultimate strength level.

Structural analysis predicts that  the corn ers of the seal will deflect radially outward approxi-
mate ly 0.0 13 inches relative to the center during the fabrication cycle. This distortion has
been dimensionally accounted for during design. Table IV shows the deflections predicted
for the seal through the operating cycle relative to room temperature , and are considered
minor.

I
I
I
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TABLE III

ESTIMATED STRESS LEVELS FOR
“FINAL” ADVANCED ENGINE CERAM IC SEAL

(STRESS IN KSI) 
S

Seal Room 30 Second 6 Second Sea Level 12 Second
Layer Temp. Start Up Idle Accel. Take-off Decel.

Ceramic -5.4 -6.2 -0.3 -7.5 -5. 1 -3.2

Intermediate -2.3 -3.7 -3.8 -2.8 -4.5 -7 .4

Metal + 15 +20 + 14 +10 +7 + 14

TABLE IV

PREDICTED MAXIMUM OPERATING DEFLECTIONS FOR
“FINAL” ADVANCED ENGINE CERAMIC SEAL

30 Second 6 Second Sea Level 12 Second
Warm u p idle Accel. Takeoff Decel.

Deflection (mils) 1.0 — 2.8 —0.4 —3.6

eRelat ive to Room Temperatu re (Ax i al )

14
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GRADED Zr02-NiCr TURBINE SEAL

FABRICATION QUALITY CONTROL

NDT inspection analysis indicates that revised fabricat ion tech niques have resulted in sig-
nificant ly improved specimens for the “f irst modification ” and “ second modification ” test
iterations.

Fabrication qua l i t ~ control ut iliie d in manufac turing the “initial” graded Zr02-NiCr rig seals
has resu lted in sam ples with large variations in overall mean coating hardness , individual speci-
men hardness , and st ructure uniformit y (see page 16).

Thermal fati gue,  erosion , and rub rig specimens evaluated during this testing iteration , while
on ly s l ight l y  lower in average hardness , exhibited a significantly inferior hardness spectrum
compare d to Phase 11 specimens. as indicated by the increased percentage of specimens with
large m i n i n l u m / m a x i mu m  hardness range (Figure 1). Also , a significant decrease in hardness

~ as idc n t i t i c d  after thermal cycling the rub test specimens (see page 31 , Table X). Considera-
tion of t h e  “ in i t i a l ”  ite rat ion test results , discussed in the Rig Specimen Testing section , has
shown tilat  m in imum/max imum hardness range can be utilized for determination of fabrica-
tio n qu ah i t ~ -

X-ray data can detect variations in thickness and density, internal cracks , voids , and braze
defects. Therefore , X-ray inspection can be utilized for improved fabrication control.

Prior to fabrication of the “first modification ” test specimens , extensive effort was expended S

on improvement of f~j br ication techniques to minimize dependence on handc raf ting. In
particular , the objectives of this effort were : to eliminate laminar defects; to maintain an
average specinien hardness of 65 to 75 (RS45Y ); and to maintain a minimum-t o-maximum
ha rdness range of 1 5 on each specimen.

A series of exp eriments were performed to resolve the quality control problems previously
experienced . The experiments  included varying of mixing, forming and bonding parameters.
X-ray and hardness in spection is being utilized to evaluate the effect of parameter variation.
The evaluations were conducted on specim ens in the green state , fired state , and thermal stress
relieved condition. X-ray analy si s has determined that defects such as density variation and
laminar  separations do not heal durin g processing. However , mechanical fixes have essentially
eliminated defects in the green state and additional process steps have not created defects.

Specimens for the “first modification ” and “second modification ” of the “initial” seal design
were fabricated with the improved mechanica l fixes for the green state fabrication. Examin-
ation of the se rig seal specimens using ‘vi sua l , microscopic , X-ray, and hardness techniques
revealed a significant decrease in t im e quan t i ty  and severity of fabrication defects of the types
that have been associated with specimen failure , as seen in Tables IV , V . VII , and VIII in the
Nondestruct ive Inspection section , Figure 2. This improvement has been realized as a result
of t h e  experiments performed. The most common imperfection found , (Tables IV and V)
was a density variation in the intermediate layer.

15 
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PHASE II — ‘FIRSF’ AND PRELIMINARy ’~ADVANCED ENGINE SPECIMENS
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Figure 1 Graded Ceramic Hardness Data
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Figure 2 Gradad Ceramic Hardness Data for “ First Modification ” and “Second Modification ” Advanced
Engine Specimens
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GRADED Zr02-NICr TURBINE SEAL

RIG SPECIMEN TESTING & ANALYSIS

The graded Zr02.NiCr advanced eng ine turbine seal thermal fatigue , erosion and rub tests
have demonstra ted that the graded Zr02-NiCr seal system can exceed the performance re-
quiremen ts with thermal fatigue life greater than 500 cycles, erosion life greate r than 1600
hours for 10 mils and rub tolerance that prod uces 10 mi ls of seal wear for less than 1 mil of
average blade wear.

THERM A L FAT IGUE

‘Die the r mal fa t i gue specimen design shown in Figu re 1 was intended to closely simulate the
engine con st r u ct ion  features and was used for the “fi rst ” and “preliminary ” iterations test
p hases. .\lh thermal fatigue te sts were set up to impose a cycle closely simulating the ther-
iiial condi t ion s  predicted t or  the engine seals as discussed in detail in the Thermal and Struc-
tu ral Anahss i s  section on p.u~e 7

The firs t era ded /rO,-Ni( ’r seal specimen was tested in the “as-fabricated” condition. The
test ~~as terminated af ter  150 cycles due to severe ctacking of the top layer as shown in
Figure 2. Macroscopic examina t ion  showed that the graded Zr02-NiCr layer had delamina-
ted ab out 20 mils above the substrate interface and bowed upward at the center. Significan t
discoloration of the graded Zr02-NiCr layer was apparent which strongly indicates gross
oxid at ion ol the N i Cr.

Modi l lc atio ns were made to the therm al fatigue rig due to inadequacies in the test set up and
controls that  allowed excessive te mperature of the intermediate layer which caused premature
failure. These modifications include improved controls, non-restricting heat shield and a
flexible mou n t ing  s stem .

17
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Figure 2 Graded Zr02-NiCr Rig Specimen After 150 Therm al Fati gae Cyc les Tested In “As-Fabri cated ”Condition
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I
GRADED Zr02-NICr TURBINE SEAL

I RIG SPECIMEN TESTING & ANA LYSIS (Cont ’d)

I ~ part  Oh the ~‘fi~~ ” th ~’sigi  eval uat ion , two were isothermally pre-
aged t o r  I Do h ou rs  at 16000 1~ and I 800° I” , respective ly,  to determine the e ffect of oxidation
on t h e r imia l  fatigu e life of the  graded / .rO ,-N i( r seal system. Mac roscop ic examination of

I I 600)  - I sp ecmnl e r l  a l t e r  a~ i r i t ~ ( I: t~!urc 3) showed that  it had a minor surface crack across ap—
1) r oxin1 ~lt ehy  1/ 3 of ’ t h i c  sample tha t  ex te n ded  to the intermediate  graded Zr02—NiCr layer at
One c~h gi ’ ~onnc ~ t i n y  to  a l amina r  crack at the interm e diate-top coat interface. The 1 600°F

I s l ) e c ) mueIm L o m n p l e t e d  203 t h i e r immal  fatigue cycles be fore the test terminated due to dela—
i u l i l l a t I c l i m  ot . P b ro \ im a t e ly  I 6 >~ the Zr02 layer at the graded layer interface (Figu re 4)~
\ l ac ro~~o p i .  e x a m i n a t i o n  of sample ~~ter the rm al fati gue testing indicated that appro x i—

I 
mate R I 3 of ’ f lu e  /.f0 2 lay er  remained bonded to the inter m ediate layer and that the mu d— —

h a t  c rack i ng  ‘~s . u\ mu n ch less severe than that  evidenced in the “as-fabricated” therm al fa tigue
specimen tes ted .  l i m e  I ~ffl0 ’ I’ specimen d ela m inated approximately 20 mils abov e the sub-
st r a t e  i n t e r f ace  in the  graded Zr O, -NiCr layer dur in g the 1800° F, 100 hour isothermal aglng
process and therefore  Was not  ther m al fatigue tested.

lime “pre l imi n ar \ ” advanced engine graded ZrO-,-NiCr seal thermal fatigue rig specimens
I wer e tested in the “as fabricated ” configuration at hot spot surface temperatures predicted
I for the advanced engine cycle. The first specimen survived 503 thermal fatigue cycles before

delam inat ion fai lure caused terminat ion of the test. The second thermal fatigue specimen test

I was te rmina ted  a f te r  33 cycles due to delamination in the top layer approximately 20 mils
above clu e rntermethate ) ay er interf a cc. As a result of this early failure the remaining therm al
fatigue specimens were subjected to extensi ve microscopic examination. Pretest surface and
lamin ar  cr a ck s  were noted in these specimens in the general location of the failure. Whil e the
cau se of these cracks is not known , a strong possibility exists that they were induced during
cu t t i ng  tro m the full  Site specime flS. As expected , the third specimen failed prematu rely
along the p rete ’~t faults  a fter 69 cycles.

Time thermal fat igue specimen configuration was modified for the ‘ ini tial” test phases to be
i~ en t ical  wi th  ti m e rub rig specimens (Figure 5) to more closely simulate en~~ne stresses in
the  graded Zr02-NiCr turbine  seal. Analysis performed during Phase II indicated that the
3 4-inch square segment could result in excessively high internal stresses. The rub rig speci-
men configuration creates stresses in the coating more nearly simulating stress which would
be generated throughout a full engine operating cycle.

19
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Figure 3 Graded Ceramic-Metal Seal Specimen Afte r Isothermal Aging for 100 Hours at 1600°F
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Figure 4 Graded Ceramic- Metal Seat Specimen (Preaged 100 Hours at 1600°F) After 203 Thermal
Fatigue Cycles
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GRADED Zr02-NiCr TURBINE SEAL

RIG SPECIM EN TESTING & ANALYSIS (Cont ’I)

The r esu lt s  of “ ini t ia l”  advanced engine graded Zr02-NiCr rig tests are summarized in Table
I. The cyclic l ik  of these test specimens was lower than anticipated , approximately 50 per-
cent less than in l’liase II testing. This has been identified as a serious quality control prob-
lem. Quali ty control problems are discussed in detail in the Fabrication Quality Control see-
t io n on p aee I 5,

Th ree improved quality “first modification ” graded Zr02-NiCr rig seal specimens were tested
for ther mal fatigue characteristics in the “as fabricated” condition. The results, summarized
in Table II indicate a significant improvement over previous testing with one specimen surviv-
ing 9 I 7 cycles before nh inor spallation , approximately twice the cyclic life of the best ad-
vanced eng ine specimen to (late. The other two specimens , tests of which were terminated
prior to failure , exhibited continuous broadening of cracks near the circumferen tial ends
similar to the occurrences that progressed to delamination failure of the 917 cycled speci-
men. The circumferential ends were also the hot spot areas during test. The crack broaden-
ing is postulated to occur from swelling of the intermediate layer , caused by oxidation due
to overtempera tur e, which in turn is caused by failure in the intermediate layer. Laboratory
analysis for the degre e and location of intermediate layer oxidation has been performed as
discussed in the Materials Analysis Tested Rig Specimen section on page 41 supports this
p ostulation.

De tailed analysis of t h e  test specimens indicates that the metal substrate at the ends has a
lower effective thickness which will result in unacceptable tensile stresses in the intermediate

S layer during the acceleration portion of the test cycle. These predicted tensile stresses are
the probable initial cause of the current thermal fatigue testing failure.
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TABLE I

RESULTS OF THERMAL FATIGUE TESTING OF THE
“ INITIAL” ADVANCED ENGINE SEAL DESIGN

Fes t lo ta l  ‘[hern ial Fati gue Shutdown
- Numb er  (‘ d e s  to Failure 

— 

Cycles

I 252 6

2 183 6

3 208 7

TABLE II

THE1~MAL FATIGUE TEST RESULTS FOR
“FIRS T MODIFICATION” OF THE “ INITIAL” ADVANCED

ENGINE SEAL DESIGN

Test Total Thermal Fatigue Shutdown
Number . Cycles Cycles

1 917 14

5 

S 

2 500* 7

3 620* 7

*Test terminated prior to failure
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I
GRADED Zr02- NiCr TURBINE SEAL

RIG SPECIMEN TESTI N G & AN A LYSIS (Cont ’d)

l i i e  “seco nd modif icat ion ” graded ZrO-,-NiCr ther m al fatigue rig seals fabricated using the
improved mixin g ,  forming and bonding techniques were machined to remov e the portion of
tI m e specimen ends t h at were of lower effective thickness (Figure 5) prior to test. The results
of these tests , shown in Table I ll , continue to show time significant improvement obtained
in the “first modi fication ” testing. During previous tests t im e rig controls have normally re-
quired adj ustment in time first 50 to ISO cycles to maintain time desired thermal conditions
implying the init iation of cracks. li i  t i m e test of specimen Number 3, which was the best
front NDT evaluation , adjustments were unnecessary for approx imately 350.400 cycles

— 
demonstrating further improvement in thermal fatigue performa ’ice. Figure 6 shows the
condition of this specimen during test after 410 cycles. Specimen I and 2 which had some

5 
low density at time eiids in intermediate layer were subjected to over 850 cycles be fo re de-
lamination.

23
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TABLE III

THERMAL FATIGUE TEST RESULTS
“ SECOND MODIFICATION” ADVANCED ENGINE CERAMIC TURBINE SEAL

l est l o t a l  i h e r n i a l  i ’ a t i g u e  S l m u t d  ) ‘A ii
N t n u m b e r ( ‘v les ( v S . L’ S

I 864 l~)

2 881 22

3 607* ()

*Test terminated prior to failure

Figure 6 Graded Ceramic-Metal Thermal Fatigue Specimen at 410 Cycle — Idle Condition
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GRADED Zr02-NiCr TURBINE SEAL

RIG SPECIMEN TESTING & ANALYSIS (Cont ’d)

EROS ION

fl ot  gas erosion specimens (Figure 7) were designed to simulate engine seal cross-sectional
construct ion to determin e experimentally the surface durability or life at engine predicted
temperatures. Durin g Ph ase II and Phase il l  all specimens were erosion tested at tempera-
tures between 2850 and 3200° F with Macit 0.8 gas velocity in air at atmospheric pressure.

Erosion lives determined fro m the test results (Figu re 8) of the “flrs t” advanced engine
graded ceramic-metal rig specimens were considered exceptional for this point in the devel-
opment cycle. Calculations of the erosion rates are based on the steady state portion of the
weigh t-loss curves, the measured impingement are a on the specimens , and the density of the
Zr 02 layer of the seal coatings.

Flot gas erosion data from the “pre l imnina my ” rig tes ts indicate that erosion is a function of
time coating superficial hardness. Hardness dependent erosion lives were obtained (Table IV
t’or each of the specimens tested at 2850° F. The hardness data presented in Table IV was

- S measured using a Rockwell Rs4SY superficial hardness tester. The erosion life of the h4rd -
est specimen correlates well with the results of the “first ” graded Zr02-NiCr rig test s as
shown in Figu re 9.

Erosion test of two “initial” graded ZrO-,-NiCr specimens were completed with the “as-
fabricated” ceramic surface finish (nomin al ly 560AA). The third specimen was ground to a
nominal 160 AA roughness to evaluate the effect of surface finish. The results of testing at
2890° F are summarized in Table V. The inferior erosion life and failures experienced in this
testing , that did not occur in any other test phase , are attributed to fabrication quality con-
trol which was identified as a pr ime problem and is discussed on page 15 and precluded de-
term ination of surface finish effect .

0 5O(~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ GRAO~ 0 ZrO2 - NiCr

~~~~O 375”~~~~

Figure ? Graded Ceramic-Metal Erosion Specime n
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Figure 8 Results of Hot Gas Erosion Testing of the Graded Zr02-NiCr Seal Specimen s

TABLE IV

RESULTS OF EROSION TESTING OF THE
‘PRELIMINARY” ADVANCED ENGINE SEAL DESIGN

Erosion
Test Life Rs45Y Hardness (Average)

~x u m h c r  fIrs ! J O Mils “As-Fabricated ” post_Test *

926 50 29

2 603 - -  10

S 2860 65 61

S. SIl r t , t ,  ~
‘ Ma chined A pprox i m ately 20 MilS ,- \ I t c r  I - ros~ ’n ‘Fest.
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Figure 9 Graded Zr02-NiCr Seal Thermal-Erosion Life Correlation

TABLE V

S RESULTS OF EROSION TESTING OF THE
“INITIAL” ADVANCED ENGINE SEAL DESIGN

Test Test Time Time for 10 Mils
N~umb er (Hours ) Erosion (Hours)

1* 17 936

2 10.5 **

3 29 1147

*Surf .mce machined to a nominal 160 AA finish.
**Compiete delamination occurred.
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I
GRADED Zr02-NiCr TURBINE SEAL

RIG SPECIME N TEST ING & ANA LY SIS

EROSION (Cont ’d)

Resu lts of ’ erosion test of time “firs t mod ification ” graded Zr02-NiCr specimens (Table VI)
are significa ntly improved over the “in itia I~ iteration erosion lives although inconsistent
weight loss data resulted in a wide range for predicted erosion life. Lack of consistency has
been at t r i l  uted to two primary variations from prior testing: I )  substrate effective thick-
ness, and 21 ce ram ic surface preparation. Current test specimens were fabricated on sub-
strate backin gs with an effective thickness of 0.100 inch as compared to a previous thickness
of 0.190 inch. lime 0. I 00 inc h e ffective thickness is ana lytically predicted to cause problem
tensile stresses to which prior erosion specimens (0. 190 inch thickness) were not subjected.
Secondl y,  since time current  erosion specimens were fabricated from flat stock , and not the
rub specimen configuration , the ceramic surface was prepare d differently from prior erosion
specimens. This super fi ci al ceramic surface prepar ation produced a coarser surface finish
than prior diamond grinding.

The “second modif ication ” erosion specimens were fabricated on substrate backing with an
eff ~ct ive thickness of 0. 190 inch and the surface was diamond ground to prevent problems
experienced in the “first modification ” tests. All the fabrication improvements discussed
have produced a ceramic layer that has a reproducible minimum life of 1600 hours for 10
miis of erosion as indicated in Table Vii which are very consistent,

27
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TABLE VI

EROSION TEST RESULTS FOR THE
“ FIRST MODIFICATION” OF THE ‘INI TIAL ” ADVANCED ENGINE SEAL

I L”~t l~~ ’t I lUG’ Time for 10 Mils
N u , , i h ’r ( h our s ) Erosion ( i—Io urs )

4~ 3 100

2 33 1640

3 21 *

* F(lui i iI) ri Lmrll erosion rate not d etermi ne d du e t ’~ inconsistent weight loss data.

TABLE VII

EROSION TEST RESULTS FOR THE
“ SECOND MODIFICATION” ADVANCED ENGINE CERAMIC TURBINE SEAL

Test lest ‘rime Time for 10 Mils
Nt i n’mber ( I  iou rs) Erosion (Hours)

1 34.5 2039

2 37 1612

3 37 1697 *
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I GRADED Zr02-NiCr TURBINE SEAL

RIG SPECIM EN TESTING & ANAL YSIS (Cont ’d)

RUB TOLERANCE S

I Rub r i! tes t  specinmen design , shown in Figure 5 for time graded ZrO~-NiCr seals, which closely
simulates engine seal construction features , was used l’or all ‘at)radability testing.

I An important  consideration in establishing a rub tolerant turbine ceramic seal system I S

parallel  develop m en t of blade t i p t reat men t. ‘To improve system abradability (decreased
blade wear ),  an abrasi ve t ip  t reatment  is being developed by P&WA under AFML Contract 

S

1 1 33 ( 11 5-7~ -(’-5048 (‘or u t i l i z a t ion  with this seal design .

,- \ i I lb ICI I t  t em pera ture  rub tests were conducted on two “first” advanced engine graded Zr02-
Ni ( ’r seal specimens (samples A and B) using a blade tip treated with 25-mu (nominal diame-

I ter )  smi icon carbide abrasive grits total ly encapsulated in nickel plate (Table VIII ) .  The test
con Li i t i I I rN  closely s imula te  time predicted advanced engine first-stage turbine rotor at full
power rotor s1’ ’c ds and in teract ion rates. The graded ZrO-,-NiCr seals exhibited excellent

I wear characteristics i n these rub tests witim the silicon carbide grits, as indicated by the ex-
t ren m e ly low volume wear fac tor (V WF ) .  I x l0~ average (Table VII I ) .  The high tempera-
t ure test on a thi rd  specimen ( sample  (‘ , Table V i h i )  was run at 2500° F seal surface because

~ of an imposed test limit of 2 150°F on time MAR -M -509 substrate. A premature rub occurred
- 

w i mil e t ime t emperature  and speed conditions were being set. After clearance adjustments the
test was run to a total depth of approximately 20 mils. The graded Zr02-NiCr specimen ex-

I 
hib it cd some grooving, spahling, metal transfer and heavy oxidation. All of the silicon carbide
grits on the blade ti~ we re missing a f te r t ime te st.

Du ring time test phase of the “preliminary ” advanced engine ceramic seal design evaluation,
all rub testing was done using a blade tip t reatment consisting of 25 mu diameter SiC grits

- vacuum hot pressed (V H P in an M-(’rA IY matr ix. One rub test performed at room tempera-
ture produced a uni fo rmly grooved seal without blade tip matrix material transfer. The

I VWF was 5.56 x I0~~. High tempera ture  rub tests conducted on two seal specimens produced
grooving of the seals by time blade t ip  treatment. In the firs t high temperature rub test (Table
IX ) an inadequate braze bonded blade tip treatment experienced excessive thermal growth

I causing prematu re interaction. The result was seal grooving, transfer of blade tip matri x ma-
teri al and time loss of the abrasive tip treatm ent by debonding at the braz e interface. The
second high temperature rub test (Table IX )  also produced grooving of the seal and transfe r
of the blade tip matr ix material with a VWF approximately one order of magnitude higher
than the room t emperature test using the same blade tip treatment system. The occurrence
of metal trans t ’er normally result s in high blade tip wear.

The VWF reported t’or rub tests usin g VHP tip treatments were evaluated using a more en-
compassi n g “tota l blade ti p” method instead of the original individual grit wear analysis due
to time larger number of active grits. This change produces a VWF in the range of 0.01 as
compared to 5 x

All Phase Il l  rub tests were conducte d with blade tip rotational speed of 1 000 fc~t per second
and a rub interaction rate of I mu per second.

During tile “ ini t ia l”  advanced engine test phase , four rub abrada hii ity tests were conducted
using 25-mil-diameter SIC-grit/M-CrAIY compact tip treat c I rig blades. Tests were conducted
both at room temperature and at 2900° F for total rub interaction depts of 20 to 25 mils.
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TABLE V I I I

RESULTS OF RUB TE STING OF THE “FIRST ” ADVANCED ENGINE
GRADE D Zr02-NiCr SEAL SPECIMENS

R ub Seal I nte ractio n
Tes t Speed Temp. Rate Average

Nu o mber  t f t / sec)  (° F) (in / m m ) VWFa

1500 RI 0.0027 1.5 X lO~

1 1500 RT 0.0054 6 X  I0~

3 1317 2500 0.0027 b

a. Volume wear factor (VWF ) is equal to time blad e tip wear volume divided by the seal wear
vol u me.

b. Grits debonded duri ng test.

TABLE IX

RESULT S OF RUB TESTING ‘ PRELIMINARY ’ ADVANCED
EN G I N E  CERAMIC SEAL SPECIME NS

Rub Seal Interaction
Tes t Speed Temp. Rate Average

~ u n i b e r  (ft/ see) (° F) (in /mm ) VWFa

I 1 000 RT 0.004 0.01

2 763 2500 > 0 030b b

3 1013 2700 0.0054 0.32

a. Volume wear factor (VWF) is equal to the blade tip wear volume divided by the seal wear
volume.

b. Poor braze bond caused excessive tip growth , premature interaction and loss of blade tip
treatment.
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GRADED ZrO 2-NiCr TURBINE SEAL

RIG SPECIMEN TESTING & ANA LYSIS

RUB TOLERANCE (Cont ’d)

Rub i m i s t a b i l i t i e s  were found in all test speci mens with or without prior simulated engine
ther mal t’atigu e cycling.  ‘l ’he mn Sta i ) i h it i e S produced various failures that did not allow VWF
to 1)1! de t e rmined  ( ‘Fable X ) ,  Rub instabilities identifi ed for the ceramic coating were classi-
fied as sp a l l a t l u im  of surt’ace ~ate ria l , delamination of the all-ceramic layer , and a more corn-
p lex , i im te r m edia t e  wear m mm od e that  included seal grooving in conjunction with surface spalla-
tiot m , 1’iiese W~’ai l f l eehafl iSfl l S a re depicted in Figur e 10.

t e s t s  I and 2 i l lus t ra te  the ef ’fect of ’ inadequate ZrO-,-to-intermediate -layer bond , which was
not observed in Phase II testing. l ests 3 and 4 depict tile effect of Zr02 with inferior strength ,
w h i c h  aku was nut  experienced in Pimase II tcsting. The defects associated with the four tests
are de l ’i n i t e  fabrication qua l i ty  problems as noted by nondestructive testing. The quality con-
trol pr o ble mus are (I keussed i n detai l on page 15.

TABLE X

RESULTS OF RUB TESTING THE “INITIAL” ADVANCED ENGINE SEAL DESIGN

A v e r a g e  Mm / Max
Seal Seal Hardness Seal Seal Blade Tip

Test Hardness Range Temp. Wear Wear

~ u n i b ~’r ( Rs45Y ) ( Rs4SY) (°F) (inch) (inch)

67 30 Room temp. Ceramic 0.0006

( 18) h coating
spallation

2 62 17 2900 Ceramic < 0.001
coating de-

S lamination

3 48 15 Room temp. 0.006
plus
spallation

56 43 Room temp. 0.0175 0.0015

(34) b plus
sp all ation

a. Seal coating subject to five advance d engine thermal cycles prior to rub.
b. Seal hardne ss after five advanced engine thermal cycles.

S 
c. Blade tip t rea tm ent  failure.
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GRADE D Zr02-NiCr TURBINE SEAL

5 RIG SPECIMEN TESTING & ANALYSIS

RUB TOLE RANCE (Cont ’d)

Durin g time rig test phase of ’ ti me “Ii rst modif icat ion ” advanced engine seal system , four abrad-
abi l i ty  te sts were co nducted ut i l iz in g  several blades with the most advanced state-of-the-art

S 
I I l ) F 3 ~ iV C  t ip  t rea tme nt .  Multi- bi aded rig tests more closely simulate the engine rub frequency
and pro vide a found at ion  for engine correlation. ‘I ’he test results are summarized in Table Xl.

~~ar ious rub lnecha ni snls ide imt if ied by these tests are shown in Figure 12.

The “l ir st  nm o dif i cat io n ” ru b tests de monst rated ti m e i mproved qua l ity of’ the graded Zr02-
\ i ( ’r seals , indicated by NDI as discussed in time Material Characterization section. Elimina-
tion of gross f’ai lures such as debondi ng, delamination , or spallation of significant areas of
ceramic has resulted in improved and more meanin gfu l abradabi lity da t a.

TABLE XI

RESULTS OF RUB TESTING FOR THE
“FIRST MODIFICATION” ADVANCED ENGINE SEAL

les t  Active Average Seal

- 
Number Blades Hardness ( Rs45Y) VwF(a)

69 0.06

2 2 69 0.03

3 3 72 0.05

4(b ) 1 65 0.01

S (a )  (‘alcu lated p rior to blade tip transfe r.
(b )  Seal coati ng subjected to five advanced engine thermal cycles.
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GRADED Zr02-NiCr TURBINE SEAL

R I G  SP E C I M EN TESTING & AN A LYSIS

RUB TOLERANCE (Cont ’d)

I ) u r in g  the  rig I e~t phase of time “second imm o di f ’k-ation ” advanced engine seal system , four
:nu lt i ’b lad ed  a b r a d a h i l i t y  tes ts  were conducted ut i l iz in g blades wi th  time most advanced state
ol t im e a r t  ahr a~is e ti p t r ea t  i mme mm t ,  ‘l’he test resu lts are summari zed in ‘Fable X II . Various rub
i m m e c t I a I l i ’ ~I I l s  are L’Ia sSI l  ied ~n I mgu re 13,

I e~ l Ne , 1 ~ as run wi th  blade t i ps  wi t l m three holes in each simulating engine cooling hol e
geoluet r~ - ( ‘Ios ur e of the  b lade t ip cooling holes Was min ima l (10— I 5Yj as indicated in Figure

S 
- 14. VW F of 0.045 was approxi nmat ely the same as for tests without holes in the blade tips.

S 
“,secOfld m od i f ica t ion ” rub tests evaluated at advanced engine cycle temperatures revealed

the unpr oved seal durab i l i ty  and s t ructu ral  integri ty of the closed cell seal system. The over-
all consistency of VWF (Table X l i )  has also indicated the improved quality control of the

S seal sy s tem.

lJsirmg “second nmodit’ication ” VWF data , an interaction in the advanced engine between the
graded ZrO ”> -N i ( ’ r turbine seals and time most advanced state-of-time-art tip treated blades is
predicte d to produce 10 im iiis  of seal wear with less t lman .0 mu of average blad e wear assum-
ing 30~ o f the seal c ir ctmrn6 ~rence is rubbed.

TABLE XII

RESULTS OF RUB TESTING FOR
“SECOND MODIFICATION” ADVANCED ENGINE SEAL

Seal
Test Temp. Active Average Seal

Number  ( ° F) Blades Hardness Rs45Y VWF (a)

RT 2-3 73.1 0.045

2 RI 4 71.5 0.036

3( 1 ’> )  2900 3 64.5 0.02 1

4(b ) 2900 3 74.6 0.085

( a )  Calculated prior to blade tip transfe r
h )  Tested at advanced engine cycle temperature s
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I
GRAD ED Zr02-NiCr TURBINE SEAL

MATERIAL CHARACT ER I Z AT ION

The Zr02 layer of the graded Zr02-NiCr turbine seal system has been analyzed to determine
its chemical, physical and mechanical prope rties and stability at high temperature. The effect
of oxidation of the graded ZrO2~NiCr intermediate layer was investigated.

A senmi- qu anti tat ive spectroana lys is was perform ed on the zirconia region of the graded
Zr O~-N i ( ’ r seal system. I ’Iie results show t i mat Zr represents greater than 50% of the materi al,
Ca l - l 0 ~ and Y l - I0’~. l’lme analysis also shows the presence of the impurity Si (0.5-5%),
most probabl y Present as SiO,, in greater concentration than any other impurity element.
All other impuri t ies  combined represent l ess than a total of 1%.

The zirconia layer was x-rayed for phase identification. The diffraction pattern confi rmed
th at only cubic and monoclinic phases of zirconia were present in the ceramic region.

lime bulk density of the zirconia region calculated directly b% weigh t and dimensional mea-
sure rnents was very cons istent with an average of 3.94 g/cm~ and variation of ±0.002 ~~cm3.
The measured true density was determined by a water displacement method to be 5.21
g/ cnE 3 and the theoretical densit y was determined by measuring the densi ty of a sample of S

crushed powder from the zirconia region was 5.68 g/cm 3. The sample tested had 24.2%
open cell porosity and 6.3~ closed cell porosity .

The thermal conductivity of zirco mmia layer has been measured as a function of temperatu re,
Figure 1. The zirconia is shown to be highly insulative and possesses, as expected , a lower
thermal conductivity than the total structure thermal conductivity measured in Phase 1.

The zirconia layer of the graded Zr02-N iCr system was tested in fou r point bending to de-
termine modulus of elasticity and modulus of rupture of specimens “as fabricated” and after
being aged for 10 hours at 3000° F. For the “as fabricated” specimens the modulus of elas-
ticity was found to be 5.3 x 106 psi at room tempera ture and 0.12 x io6 psi at 2400°F.
Modulus of’ rupture (MOR ) was 3.5 x I ~~ psi at room temperature and 0.065 x i03 psi at

p 
2400° F. The aged specimens exhibited reduced values of E and MOR which were 4.85 x
i and 2. 15 x I ~3 psi respectively. Metallographic analysis revealed that additional glassy
ph ase , present in the “as fabricated” structure (Figure 2), formed and coalesced within the
grai n boundaries of the zirconia mate rial during aging at 3000° F f or 10 hours (Figure 3).
The strength loss experienced by the aged specimens is a result of fracture propagating
through the glassy phase and shrinkage cracks. Qualitativ e analysis of a microsection char-
acterized time glassy phase as being Si-rich with lesser amounts of Ca and Al.

The kinetics of the reported coak’scence and formation of glassy phase in the top layer zir-
conia grai n boundaries was investigated. Samples of the top zirconi a layer were isoth ermally
aged in a high temperature air fu rnace , meta llographical ly sectioned , and resultan t grai n S

growth was measured. Since grain growth is associated with the coalescence and formation
of glassy phase in the grain boundaries , the change in grain size was used as a coincident in-
dicator of glassy phase coalescence and formation. ‘lime results of these tests are summarized
in Table I .
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Specimen Showing the Presence of a Glassy Phase
Uniformly Distributed Throughout the Matrix
Material (M74142)
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Fi gure 3 SEM Photograph of Microsection of Aged Four-Point
Bend Test Specimen

TABLE I

MEASURED AVERAGE GRAIN SIZE OF Z IRCONIA AS A
FUNCTION OF EXPOSURE TIME AND TEMPERATURE

Time (Hours )
I empe ra tu re  F )  2 5 10 20 40 100

Room Temperature 7 7 7 7 7 7

2000 7 7 7 7 7 7

2500  7 12 l5 — — — - - -

2850 36 — —

3000 15 20 37 — — — — — —
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GRADED Zr02-NiCr TURBINE SEAL

MATERIAL CHARACT ERI ZATION (Contd )

[he tenm p er at ure  dependence of time grai n growt lm plm enomcnon was detennined by construe-
tion of an Arrheniu s plot of I n  G/GO versus l/ T where Go is the starting grain size, G is
t I me measured grain s u e  at ’ter exposure and T is the temperature. Exposure time was held
constan t at 10 hm o i m rs  t’or this plo t , Figure 4.

lime t ime dependence of time grai n growth phenomenon was determined by construction of a
i n  G sersus I n  t plot where t is exposure time in hours. The expected linear graphical rela-
t ion sliip s are observed at 3000°F and 2500°F , Figure 5. The one data point availabl e at
2~~50° F ~ as used to draw the expected linear behavior at this intermediate temperature level.
l i m e  resul t s  show time dependence of grai n growth with exposure time.

l i m e  Ni-Cr alloy used in time intermediate layer follows a norm al parabolic oxidation behavior.
Generally.  uncoated porous NiCr structures are considered adequate for approximately
1200° F long te rum service I retains approximately 65% of original tensile strength after ap-
pro x inm at e iv 4000 hou N ). Glass coated porous NiCr structures are stable to 1600°F for long
term service ( r e t a i n s  ap i ) r o x i m a t e l y  ( 5 ( ~ of original tensile strength after approximately 3000
hours ). The internm e di i i te layer  in  the graded Zr02-NiCr seal system is composed of NiCr
and ZrO, stabi l ized w i t lm ‘120 3. [he oxidation resistance of this composition is expected
to be greate r t il arm t ime  uncoated Ni(’r amid less than the glass coated NiCr.

To evaluate the effect of oxidation of the intermediate layer on therm al fatigue capability,
thermal fatigue specimens were oxidized at 1800° F for 100 hours and 1600° F for 100 hours
prior to testing. The 1800° F sample was found to have fractured through the intermediate
layer after the 100 hour exposure. The sample fractu re is believed to have resulted from loss
of intermediate layer s trength due to oxidation of the NiCr in conjunction with creep of the
N1Cr at elevated temperatures and subsequent failure due to the stresses present in the “as-
fabricated” sample. The 1600° F aged specimen survived 203 thermal fatigu e cycles. Bend
strength tests were conducted on “as-fabricated” and lSOO°F/ lOO hr . aged specimens. The
results of the tests are shown in Table Ii.

The microstructu re of the aged specimens did not show any indication of oxidation or other
structural changes compared to the unaged specimens. Failures in the aged specimens ini tia-
ted at a known defect in the intermediate layer that was not present in the unaged cpecimen.
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TABLE II

BOND STRENGT H TEST R ESULTS

Specimen Bond Strength (psi) Frac ture Location

As-fabricated 470 Ceranmic layer

lSOO °F/ l OO Hours 210 Intermediate layer-substrate inter-
face and ceramic layer

1500°F/ 1 00 Hou rs 240 Ceramic layer-intermediate layer
interface
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GRADED Zr02-NiCr TURBINE SEAL

MATERIAL ANAL YSIS TESTED RIG SPECIMENS

Post tes t material analysis of selected graded Zr02-NiCr turbine seal des ign thermal fati gue,
erosion and rub rig specimens has been performed.

THERMAL FATIGUE SPECIMEN A NALYSIS

Microscopic examination of the “firs t” ther m al fatigue specimen Numbe r I tested “ as- fabri-
cated” verified the overtempera ture test conditions that  the speci rr ien was subjected to. The
degree of ’ tile ZrO , coalescence and shrinkage for 5 hours at maximum temperature was S

greater than exhibited by the 3000° F, 22 hour erosion specimen but less tha n the 3 100°F,
22 hour erosion specimen. In addition the NiCr particles in the intermediate layer  ex imibited
excessive oxidation which caused the bowing of the intermediate layer , which caused dela-
mination at the intermediate-ceramic interface and in conjunction with the ZrO, shrinkage
caused fracture of the ZrO’, layer.

The excessive oxidation of the “as-fabricated” , unaged specimen is character ized by a 0.2 to
0.5 mu oxide shell around the NiCr particles (Figu re 1) as compared to less than 0.2 mu ox-
ide thickness exhibited for the specimen pre aged at 1800°F for 100 hours. The 1 800°F, lOU
hour specimen failure during aging is described in the Material Characterization section un-
der oxidation discussion.

The 1600°F. 100 hour aged specimen survived 203 cycles. Microscopic examination of the
specimen showed minimal oxidation of the NiCr particles and no significant advers e changes
in the microstructure of the ZrO-, layer due to coalescence. The specimen apparently tailed
due to fatigue type propagation of the cracks initiated durin g the aging process.

Metallographic anal y sis of “fi rst modification ” thermal fatigue specimen Number 2 was per-
formed to determine the cause of cracks described in the Rig Specimen Testing section , page
17. Microscopic examinat ion (Figure 2) of the sectioned seal revea led two major circum-
ferential  cracks wi th in  the intermediate layer start ing at ei ther  end of ’ t ime speci m en ex te n di ng
diagonally upward toward the center of the specimen. These cracks are contained within
the intermediate layer. The metal particles in the intermedi ate layers are oxidized above the
circumferential cracks. Decreasing NiCr oxidation was observed from the ends of the speci-
men toward the center , in the region abov e the circumfe r ential cracks. Oxidation of time
NiCr metal particles also decre ased fro m just below the ceramic layer toward the substra te
hut was negl igible below the circumferential cracks. The distribution of NiCr oxidation in-
dicates that the cracks were caused by thermal fatigue and that the oxidation occurred when
locally high temperatures were produced abov e the cracks.

4 1

- 

- J



- _ _______________-

X I I , )  ‘ i I E L L

-~~~ 
- ny 

S

.
.

‘

~~~~~~~~~~

. 

~~~~~~~~~~~~~~~~~~~~~~

‘.‘1~(, 1 I.)I,./X

F~gure 1 Therma l Shock Specimen Tested As-Built (M74164 )

I 

~~~~~~~~~~~~~~~~~~

Fi gure 2 Metallo graph ic Section of “First Modif ic~ition ” Thermal Fatigue Specimen No. 2

I 
- -----S --S.-



-

.

I ~_ _‘, , u I N l  , ,~ . I 4 C / 4 A l T

GRADED Zr02-NiCr TURBINE SEAL

MATERIAL ANA LYSIS TESTED RIG SPECIMENS (Cont ’d)

EROSION SPECIMEN ANALYSIS

\licroscop ic examin at ion of the cr051011 specimens shows that  the degre e of coalescence of
tire Y20~ st ab ilite d Zr O-, matnx particles and the degradation of the CaO stabilized Zr02
spIiere ~ pr ogresses w i t h  expOsl i rL  to increasin g temperatur e ( Figure 3). As is evident in the
post t es t  su r f a c e  photograp h s. ( f igure 4) the degre e of the crack network within the ceramic
st f l Ic t L ir e  progresses wi th  inc r e~ sIflg test tempera ture .  This cracking in tile cerami c layer is
considered to he caused liv a combinat ion  of ti me shrinkage due to sintering and coalescence;
and creep and plastic flow of t h e ZrO-, at  maxi m um te mperat u re con ditio n s ca u sing mu d fl at

cracks when the specimens are returned to room temperature.  The surface cracks observed
in tiìe erosion specimen s normally arrested iii ti r e Zr02 layer as seen in the microsection of
t ir e specimen tested at 3 100 ° F I~~ ure 5i .  i t  can he seen in Figu re 6 that  tile surface crack
networks are mainly enco m pa ssed in time ZrO , matri x and that the Zr02 sph eres act as a

crack  arrestin g mechanism.

lir e Si - \I study i ndicates t ha t  the  Y,03 stabili zed Zr02 matri x is primaril y removed durin g
high ~e ioc i tv  erosion as seen in Figure 3 causing the weight loss detected.

\ l f t r o~eopu inspectio n of ’ the erosion samples has verified that the qual i ty  from a thickness

S 
arid u n i fo rmity s tandpoin t  of the “firs t ” graded Zr02-NiCr seal design rig specimens was not
of time desired level. Inade quacy in graduation of the inter m ediate layer probably caused the
laminar  cracks observed in the 3000° F and 3100° F erosion specimens. These cracks existed
across app roxima tely 70’~ of ’ the interme diate layer. in additi on t u e  3000°F specimen was
iou nd to have an area void of Zr02 sp heres wh ich probabl y allowed the surface cracks to
propagate to the intermediate  layer int erface which caused delamination cracks across 35%
of time Specin m e n .

Fxaminat i on  of the “preli m i n ary ” seal design erosion specimens shows dramatic improve-
me nt t  in control of ’ layer thickn ess d u r i n g  fabrication as evidenced by the NDI determination
t h at  t h e ZrO , l ,r ~~er average thickness variation is only ±4 mils. Control of graduation and
homogenei ty were s a t i s t a C t ( ~l~ during fabrication of the “preliminary ” specimens.
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GRADED Zr02-NiCr TURBINE SEAL

MATERI A L CHARACTERIZATIO N (Cont ’d)

RUB SPECIMEN ANALYSIS

Macroscopic examination of tIle “fi rst ” test i)Iiase rub speci rmien Number 2 showed the char-
acteristic grooves induced by rub of tile SiC abrasive grits against time seal structure . Speci-
men Number  I experienced pull  out of Zr O -, matri x and spheres over approximately 10% of
the rub path. Microscopic examin ation of this seal specimen (Figure 7) revealed large inter-
nal voids within the ceramic layer that apparently caused time pull out of surface mat erial
upon rub.

Slight transfe r of nickel plate from the abrasive treated blade tips to time Zr02 surface of the
room temperature rub specimens was observed macroscopicail y. The transfer of this nickel
p late tended to initiate at ZrO—, sphere s that when probed were found to he either solid or
thicker walled than normal.

Macroscopic examination of the “firs t ” rub specimen number 3 run at 2500°F showed la rge
areas of pull out in time rub path. Microscop ic analysis of an unrubbed edge of this test spe-

• cimen revealed sintering and melting of the Zr02 surface structure indicating temperatures
in excess of4000° F. The pull out observed in this specimen was a result of therm ally in-
duced cracking produced by the excessively high temperature experienced .

Microsection of the 2500° F rub specimen also revealed crack propagation characteristics
similar to the erosion specimens where the cracks were redirected through matri x phase by
the Zr02 spheres.

- 
“Preiiminary ” rub specimen Nunhber 3, tested at approximately 2700° F, and the SiCIM-
CrAI Y blade tip, which rubbed against it were analyzed. A section of the rubbed Zr02 seal
was examined in the scanning electron microscope (SEM) and by standard meta llographic
techniques. The section analyzed in the SEM , Figure 8, showed typical rubbed and unrubbed
areas. Within the rubbed area , a typical region indicated by A in Figure 8 was examined in
greater detai l , Figu re 9. A generally smooth region with agglomerates on the surface was
observed. These agglomerates were analyzed by dispersed x-ray analysis and was found to
contain elements common to SiC, M-CrAI Y and the zirconia seal material similar to Figure
10. Meta llographic an alysis performed on a typical cross-section of the rubbed specim en
showed a relatively sharp groove in the Zr02 seal surface where the seal was rubbed , Fi gure
11. Microcracking of the ZrO-, was observed along with particles of M-CrAJY (fro m the
blade tip) below the rubbed surface. The presence of these M-CrA1Y particles below the
rubbed surface is an indicator of extremely high compressive stresses extruding metal from
the blade tip into the porou s zirconia seal material durin g the nib.
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Figure 8 Section of Rub Tested Ceramic Seal Showing Rubbed and Unrubbed Areas. SEM Photograph
at 19.6X
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Figure 11 Typical Cross-Section Microst ructure of Rub Tested Ceramic Seal Showing Relatively Sharp

Groove As a Result of Rub Testing, and M-CrAIY Partic les Below the Rubbed Surface.

Magnification is 100X (View a) , and 500X (Vi ew b)
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GRAD ED Zr02-NiCr TURBINE SEAL

MATERIAL CHARACTERIZATION

RU~ SPECIMEN ANALYSIS (Cont ’d)

l ’iie tested Sm ( / M - ( ’ rAI Y blade tip is shown in Figure 12. The SiC particles can be clearl y
‘~‘ emi i l l  the tip structure. Wear of time Si(’ parti cles produces smooth wear flats with some

S 
f ractu re observed , most probably as a result of pre-test machini ng damage . A typical SiC
particle wear surt~ice showing a smooth wear flat was examined as indicated in Figure 12.
The surl’ace of tile SiC particle was observed to have a layer of smeared material unevenly
deposited on time surf~ice, Figure 13. Dispersed x-ray analysi s was performed on areas I and
2 of I:ig,ire I 3. A rea I analysis, Figure 13 showed the presence of minor quan tities of
\1-CrA1Y elen ients. Area 2 analysis , Figure 13 , showed the smeared material to be composed
ot elen lent s  common to both tile M-CrAIY material and the zirconia seal material. A typical
region of’ metal M-CrA1Y matrix material was also examined in detai l located in Figure 14.
Si- M examinat ion of th is area showed a severe ly defo rmed surface comprised of extruded
metal smears in the rub direction. Dispersed x-ray analysis of a typical smear showed the
presence of elements common to the M-CrAIY , SiC and zirconia seal system.

Based on the analysis of the rubbed M-CrAJY/SiC blade tip and zirconia seal material , the
fol lowing wear mechanism can be deduced , Wear of tile ceramic seal is believed to be pri-
manl y caused by abrasive wear of the SiC particles in time M-CrAI Y metal matr ix. Du ring
this wear  process . M-CrAIY material is smeared over the SiC and zirconi a rubbing surface.
Ex t remel y  high compressive forces develop between the blade tip amid seal material which
causes extrusion of’ the M-CrAI Y materi al into the porous zircon ia seal materi al . Microcrack-
ing of the zirconia seal material also occurs as a result of these rubbing forces. There fore , a
combinat ion of abrasive and adhesive mechani sms are believed active which produce smooth
wear flats on the SiC particles and zirconia seal materi al .
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Fi gure 12 Rub Tested SiC/M-CrA IY Blade Tip. SEM Photograph at 18.7X
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Fi gure 13 SiC Particle Wear Surfac e Showing Smeared Material. SEM Photographs (View a and b) at
4700X. View a Tilt Ang le — 90°, View b Tilt Ang le — 20°
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Figure 14 Typical Are a of M -CrAIY Blade Tip Matrix. SEM Photograph
at 1870X and 90° Till Angle

52

I
-



— 
~~~~~~~~~~5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

P R AT T  t W I1 )TNE~ ’ A I R C R A F T

GRADED Zr02-NiCr TURBINE SEAL

NONDESTRUCTIVE INSPECTION

X-ray and ultrasonic inspe ction were shown to be effective nondestructive inspect ion (NDI)
techniques for grad ed Zr02-NiCr seal hardware. Completed NDI of the “ first modification ”
and “ seco nd modification ” advanced engine ceramic seal rig specimens indicates a significant
improvement in quality due to revised fabrication techniques.

RESULTS

l l me re sults  of the  n ondes t ruc t ive  inspection (N DI )  testing by x-ra y and visual methods are
sui mm m ar iz ed  in lab l e  I to Table V t’or all i te ra t ions  of the graded ceramic-metal seal design
n e  spee ir mme n s. With x-ray insp ection it was possible to detect the depths of visual cracks
I Figure 1 , x-r a~ a) ,  degree 21 thickness uniformity of tile ZrO-~ layer (x-ray b), local density
var ia t ion  ( x—ray c) and layer separation ( x—ray d in Figure 1) .

Visually observable surface cracks in some of the ZrO-, layer of tile specimen were shown to
te rmina t e  in tIm e graded ZrO ,-Ni Cr layer (Figure I , x-ray a). These cracks were not consi-
dered to he cri t ical ,

TABLE I S

SUMMARY OF NONDESTRUCTIVE INSPECTION RESUL TS
FOR “ FIRST” ADVANCED ENGINE GRADED Zr02-NiCr SEAL SPECIMENS 

S

Visual X-ray Inspection Ultrasoni c Inspection
S inspection Top Layer Disbond Indication

(Surface Uniformity Layer Density
Specimen Cracks) (mils) Separation Variation Location Amount (%)

Thermal Fati gue I None 70 ± 10 Edge None — — — — — —

Thermal i atigue ~ None 60 ± 10 Center 1 None None None

Rub I Out’ 65 ± IS Edge None Edge 10
Rub 2 Three 75 ± 25 None None Edge, Center 15 — 20
Rub 3 One 60 ± 10 None None None 0

ND I Verification i 2 None — - — None None Edges 25 — 30
N 1)i Verification 2 N oimc 70 ~ 10 Edge 1 None Edges 25 — 30
NDI Ve rification 3 None 60 ± 10 Center ’ One are a3 None None

I ‘sot , crtain
2 Fabricated nonuniform t o r  ND1 verif i cation
3 Re~ on I l t  0.15 inch diameter appeare d less dense

53

-  -5 - — -—



~~~~~
—==—-- -~~~~~~~~~~~~~~ ~~~S 5 - , ~~~~~~~~~~~~~~~~~~ -- ~~~~~~~~ , ~~~~~~~~-- - - - - --- ~~~~

-— -5-

TABLE II

SUMMARY OF NONDESTRUCTIVE INSPECTION RESULTS FOR “PRELIMINARY”
ADVANCED ENGINE CERAMIC SEAL RIG SPECIMENS

X-Ray Inspect ion
Visual Top Estimate d

Inspect ion Layer Coating
(Surface Uniformi ty  Layer Density Thickness

Specimen Cracks ) (mils) Separation Vari atIon (inches)

Thermal Fatigue I None — — - - — — —

Thermal Fati gue 2 None 100 Substrate None 0.2 1
Thermal Fatigue 3 None 95 ± 5 None Cerami c layer 0.22

Erosion I None 90 Slightl y above substrate None 0.22
Erosion 2 None 100 None None 0.23
Erosion 3 None 100 Substrate None 0.22

Rub i One Axial — —  — — —  — —

Rub 2 One Axial 90 Substrate Intermediate layer 0.22
Ruh 3 One A xial — —  — —  — —  — —

NDI Verification I None 75 ± 5 Substrate None 0.22
NDI Verification 2 None 95 ± 5 Substrate Intermed iate layer 0.22
NDI Verification 3 None 90 None Intermediate layer 0,22
NE) l Verification 4 One Ax i al 90 ± 10 Substrate None 0.23

TABLE i l l

SUMMARY OF NONDESTRUCTIVE TEST RESULTS FOR THE
“ INITIAL” ADVANCED ENGINE CERAMIC SEAL RIG SPECIMENS

Visual X-Ray Inspection
Inspection Top Layer Estimated
(Surface Uniformity Layer Density Coating

SpeC men (‘racks ) (mils) Separation Vanat ion Thickness (in.) Remarks

Thermal I- ,itigue I 3 90 ± 10 None Intermediate 0. 18
layer

Thermal Fatigue 2 2 90 ± t O  None In t erm ed iat e 0.17
layer

Thermal Fatigue 3 3 90 Topf inter - Intermediate 0.18
mediate layer
interface

Rub I 2 55 5 None Two areas in 0,14 Excessive porosity at substrate
intermediate interface
layer

Rub 3 3 95 ± 25 Top inte r- Intermediate 0.18 Porosity or crack indicat ion oh-
termediate layer served ; substrate separated
inte rface

~~h 3 I I t O Interme- Intermediate 0.20 Circumfe rential cracking or
diate layer porosity
layer

Rub 3 I 90 Interrne- Intermediate 0.20 Circumferential cracking or
diatc layer porosity
a v er

*I\U surface cracks are axial,
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GRADED Zr02-NiCr TURBINE SEAL

NONDESTRUCTIVE INSPECTION

RESULTS (Cosi t ’J )

\ i — t t t i l l i i t t t - s n l t  s - t , i \  c a l l  d e t e r m i n e  t i i i ck t iess  va r I a t Ions  t t  + 10 mi l s in the layers ot the
‘ I , I s l e ’Sf /11 ) ~ N I l I so i l  ‘i s, ‘1i$ t i i .  I h e  trO -1 - Nt ( r th~ekness of’ the ‘‘first

” seal specimens

I .~~l - o I I  ( l ad a l t  . 1 5 , 1 1  s i c S  1,111101 I I I  I .~ 111115 .  ftc ; lV k r a ~~e d e v i a t i o n  of the  seal speci men
t l l l c k I t C S S  . i t i . i t l i i t l  I I I  t l t c ’ rc t I l a i f l t l i l !  l e s t  t l e t a t i t ) t ) S  Was lower  ( “pre l imlna ly ” ±3 , “ ini t ial”
k~~. I l t s ! t t i c i t l i i  I s  111 ( 111 4 a t t d  “ Sc’C F ) t 1d  t u o d i t i c a t i t l u  ~4 )  as a result  of improved control

5 5 i  0 1  I L c s ~~I I I I ’ I t _ I !  I s  I

1 u~i l d~ ’t i ~~t I  I t  l . i t l l ) t l s  sc crc s l s y ~~r~ Cii I F igure  I . x -r ;i~ c). Areas of lesser den si ty appear

sli~’ I t t I ~ i I . l i k C I  t I I , i t l  - I I I I . f t  C I I  I rc e ’ l I F I l s in  t h e  fi gu re .  W hen t i l l s  S~ CCl~ 1CO was later sectio ned ,

F i l e ’ I l l  t i l e  d1.’t t s i l  . I r l a t u ) n s  s~ .I~ 10111) 11 to he associated wi th  a void at the substrate inter—
Lt5  C .i t tcl Vs t l h  ‘o )t l ) e ’ s i s  15 (15  S~ t t l l I t l  t i t e /_ r U—, layer ,

It  ( C I  re  I I S I 1 C L  t o  ; t  i l l  t i l e  s , l I l I f d e- s was  also perfor m ed on “fi rst ” adva nced e l t g l t ) e  Spe c i—
h ell s t s  s k i s  r n i i t l e  I t O t t h U l t S I e ’sI r e f ’ I I F I ) s  i t t  the samp les for  the purp ose of detecti ng bo n d in—

iSlL ’( l t i , I L \  at t l t ~ 111,1 /C  01111, I h e  resul ts  I l l  t i l e  u l t r a son i c  Inspe ct I on are also summarized in
I able I - \ tn ; ip of each satnp le’ I - I C I I I y ’ 2 1 shows the indicated areas ) t dlshon d as shaded

.irc.ls i t t  ~ t i~~t .,i I hie  d isl ~ot iiI a r e a s  ark’ associated with the axial  (short ) ed ges of the sped—
It IC his

1 i te  h I a r dnes ’~ of t h e  / l i e  i F t ) 1 5 1  s ur f a c e  was measured on a su perficia l R ock well hardness tester

u s ing  a 4 Kg b -jet a n d  ,~ 
~ “ d iameter  ba ll I Y )  indenter.  The hardness data shows the improve-

In ent  in ~ nai ls ‘~I s l ) e c t t l l e ’ l i s  c lue to r e v is i o n  Of m ix ing ,  fo rming  and bo nding techni ques af-
t er  I ah r l e 5 l t i u l l  i t t  t i le ‘‘ i t t i t i a l  s Ps,Ci l f le l )S as discussed in the I:abdca t ion Q ita l i t v Control
‘ I I  I 1 1 ) 1 1  ( ‘I i  ;) ,1111 I ~~. HIe ave r a c e  hardness of th e  l 1n itia l~’ (Table V I )  specimens was 59.
Ilk’ i t i lp r o\  ed ‘‘I l i s t  t n o d i h c a t i o n  (Tab le V i i  k and “second modi f i ca t ion ” (Table V I I I )

5I 1CS I l i l s I l S  had a~ e’rage ha rd nes s e ’s of ~7 and 69, r e s p e c t Iv e ly .

For engine qual i ty  hardware , Pratt  & Whi tney  Aircraft  recommends the following nondest -
i l l  I t S  C t n s p e c t  ion 011 ,115 .

- \ isua l ( u p  to ÔOX magnification I
No c i r c u m f e r e n t I a l  or 1 ‘wI c r a c k s .

B. h ardness ( Rockwell  4 5Y
I .  Hardness  Range (s5-7 5~
2 . \ l i n i t t i u m - m a x i m u m  ha rd n ess ra n ge of 15 on each speci men .

( . X-Ra y  ( I  mil l ion vo l t )
- No c i r c u m f e r e n t i a l  and a x i a l  laminar  cracks.

2. M i n i m u m  dens i ty  Var ia t ion  reg ions located in low stress location ,

I )  l h iek n es s  ( Micrometer and X-R as- )
1 . ± 0.008 inches of total designed thickness.
2 . i n te rmedia te  I ;tvs ’r thickness 01 ± 0,002 inches.
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Fi gur e 2 Ultrasonic Indications of Disbond (Shaded Regions) on Seal Test Specimens

TABLE VI

SUMMARY OF HARDNESS DATA FOR THE “INITIAL”
A D V A N C E D  E N G I N E  C E R A M I C  SEAL R I G  S P E C I M E N S

I larc iness Range I l I I C I I I C C C  \ \  C I ~ I C e ’

~~l .~ ( f l l~~; I ( R s 4 SY )  ( R s 4 5  Y )

I J I ~:r I ~~u l i  1 21 ( 101k’ I 25 — 0 61
1 he rn ia l  I I t I O s I C  2 41) — 69

i h e r u l a l  I .~t i c uc 3 4 ( )  - ~sC

i r s 5~~I s  ( i i  I 3 7-  ( s3 50
Il l-d I l l  2 5 5 -  5s 57

I 11 - ( O I l  3 I d A  - 73 7 1
I

R u N  1 54 - ~“s ( 7
R u b  2 54 - 7tJ
l~~t l b  3 4 ()  - 54  4_ i 

- -

( < s i r 4 ,-~0 -  72 5 ( 5

—- - - - . 5 --- -- --~~~~~ -. -~~~~ -‘.,- - -~~~~~~~ ___



TABLE V I I

HARDNESS DATA FOR THE “FIRST MODIFICATION”
OF THE “INITIAL” ADVANCED ENGINE CERAMIC

SEAL R I G  S P E C I M E N S  
—

I l . 5 I s j I i s ’, i  l < d I ( g e j  - ‘5S ~~i :tCC 11,1 2 I iCSS
~~1C,  l i F e , ( I-k I (Rs45~

’ )

I r i t i a l  I - ~i I d I l L  I t s l  — ‘ l  ( 17

I I s l i 2 I 1 l l  I aI l I e  5 ( 1  - A

I Iie ’r t t i a l  I I I I  - I .  - .‘ 4 — ‘
~~ 61

I 11151(111 I - ‘3 - ( I

1 i s  ‘ lO l l  2 I- - 2 7 1
I l O~~I s l t t  .~ - 

— 
I i

R ub I u2  - 
—

~~ (, i)

R u b  2 ( I I  — 7 1, ( 5 )

R u b  3 F l ’ - ~ J
R u b  4 s I )  - 72

TABLE V I I I

HA RDNESS DATA FOR THE “SF COND
M O D I F I C A T I O N ”  OF THE ~iINITIAL~ AN/ANCED ENGINE

CERAMIC SEAL RIG SPECIMENS

I I 2 I l E I 1 C 5 ’  Range • \ V s . r a d e  I I~irdi iess

~ r C s Ii1en I R51~ Y ) ( Rs45’t ) 
—

fIIe’rtIlal ( 5  t i d l I d  I 62 — ~~~ 73
1 he rn i a l  F a t  l O L L  2 53 — ~ 2
1h’/ rm al  l a t i o L l e  3 54~ 7~)

I i ( 1 s~~5 l l i  I 30 (15 5 3
I 11)5(011 2 (56 — ~5 73
I r F ) F 5 I F ) 1 1  3 55 — ‘0 63

< l b  I 65 — s 5
R u b  2 5’s - s~s2 72 2
R u b  3 5 2 -  ~ I uS
R ub 4 -
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GRADED ZrO 2-NiCr TURBINE SEAL

NONDESTRUCTIVE INSPECTION (Cont ’d)

METALLURGICAL VERIFICAT ION

Meta l lurg ica l  veri f ica t ion was conducted on a speciall y fabricated nondestructive inspection
(N 1) 1 I specimen ( i - ’t g t i re 3 . samp le I )  and two test specimens (Figure 3, samples 2 and 3).
The dotted lilies indicate  the planes that  were examined metallurgically, the shaded areas
in sa mples I and 2 are the areas of disbon d determined ultrasonical ly, and the crosshatched
areas itt  sa m ple 3 are the densi ty  variat ions f ’rorn x-ray. The plane Ia , which is the 20- to
90-mu tr( ’(-, layer tha t  had been specially prepare d for NDJ , is shown metallurgically in
Figure 4 . M i c t o s t r u e ( u r e  at plane l b  is shown in Figure 5.

Specimen 2 was sectioned in two areas to veri t~’ the ultrasonic disbond indications. Metal-
lIl r eicai examina t ion  at planes 2a and 2b clearly showed that the ultrasonic indications are
associated wi th  a separation between the graded ceramic-metal system and MAR-M-509 sub-
stra te  ( i - i o t i r e  (0

- - 
SAMPL ~~~~~ Jl a

J

SAM PLE 2 

2a __..j~

SAMPLE 3

I ?3 a

Figure 3 Locations of Metallurg ical Sections Taken on Seal Test Specimens
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Figu re 4 Metal log raphic Sect ion at Plane Ia in Seal Sample 1 Showing the 20 to 90’MiI Zu

Fig ure 5 Micros t ructure at Plane lb MAG S 50X

in Seal Sample 1, Veri fying the
Ultrasonic Inspection Indications 

Figure 6 Microstruct i

of Dis hond at the Interface 
Indic at ions i

of the Grade rl Zr0 2 -NiCr Layer and the Substrate
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Figure 6 Microstru cture at Planes 2a (Right) and 2b (Left) in Seal Samp le D, Verifying the Ultrasonic Inspection
Indications of Disbond at the Interface of the Graded Zr02-N1C .ayer and the Substrate
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P R A T T  ~ W RIT N E  5’ AIR C R A F T

GRAD ED ZrO2-NiCr TURBINE SEAL

NONDESTRUC TIVE INSPECT ION

METALLURGICAL VERIFICATION (Cont ’d)

Specimen 3 was examin ed to characterize the density variations shown by x-ray . The metal-
logr aphie section ( Figure 7) shows a void near the metal substrate approximately 0.140 inch
long. A lo w densi ty  a rea in the Zr’02 layer is located almost directly above the void.

It is concluded tr o m the results of the metallurgical examination of specimen 3 that x-ray
tec h ni ques will  he able to distinguish three types of defects not observable by visual inspec-
tion: ( 1 )  n o n uni to r mi ty  of ZrO , layer thickness , (2) separation of the graded ceramic-
metal sy s t e m  from tIme substrate , arid (3) porosity within the graded ceramic-metal system.
It i~ also concluded th a t  ultrason ic inspection is capable of distinguishing unbonded regions
of the specimens which x-ray may not indicate because of lack of sufficient separation be-
twee t ’i the graded ceramic-metal systent and the metal substrate.

-1
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Fi gure 7 Metallographic Section at Plane 3a in Seal Sample 3 Showing Density Variations in the
Graded Zr02.NiCr Layers; Variations Had Been Detected by X’Ray
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P R A T T  & WTI I INEY AIR CRAFT

STRUCTUR AL CE RAMIC TU R B I N E  SEAL

DESIGN

The “first” and only structural ceramic advanced engine tur bine seal mechanical design utiliz-
ing silicon carbide emphasized minimum complexity and cooling air requirements.

The major design considerations are simi lar to the graded ceramic-metal seal design , except
th at the silico n carbide ~Si(’ ) seal design does not have a “b uilt- in ” complian t method of at-
tach nient to metal. T h e  SiC-iitetal a t tac hment  desi gn must have high compliance and inti-
tu at e  bearing surfaces to i nsure n on localized load transfer from SiC to metal , The SiC design
considers local strai n conditions , not average strain as is the case for metals~ therefore , sharp

corners, sm al l tabs , and oilier stress concentrations were avoided. The SiC material was
trea ted as a brittle material , and its ducti le behavior at high temperature was disregarded.

Impingement cooling was selected for its design flexibili ty and high cooling effectiveness.
Flexibility to tailor the cooling by adjustin g the impingement plate hole size , spac in g, and
distance fro m the SiC backside surfa ce was a significant consideration.

Minimum leakage radially and axially is anothe r important consideration. Radial leak age re-
fers to t h e  loss of cooling air into the main gaspath , and axial leakage refe rs to the mai n gas-
path air that bypasses turbi ne blades and flows between SiC ceramic tiles. Analysis of engine
running gaps between SiC ceramic tiles determined that the gap was only 0.0025 inch. The
ax i al leakage was there fore considered to be minor . Radial seals are required and , as in the
case of the attachment design requirem ent , should be highly compliant at the SiC-metal in-
te r face .

The turbine structural ceramic seal design that evolved is shown in Figure 1. This design in-
corporates a compliant attachment that is positioned out of the main gaspath at a predicted
temperature level that is desirable from a structural and corrosion standpoint. The design in-
corp orates a compliant radial seal that also restrains the SiC tiles circumfe ren tially by pinning

al ternate  radial seals (Figure 1). SiC tiles are presently attached to four metal segments that
are convent ionally attached to the case, thus reducing overall complexity .

The SiC seal design is compatible with the P&WA advanced engine except that it requires re-
placement of the seal supports and the 1st vane attachment to acconimodate the cross-
sectional thickness requirement of the SiC.
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Figure 1 Cross Section of “First ” Structural Ceramic Turbine Seal
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PRA T T  & W HiTN EY A iR CRAFT

• 
STRUCTURAL CERAMIC TUR BiNE SEAL (Cont ’d)

THERMAL AND STRUCTURAL ANALYSIS

Thermal and structural analysis of the “first” structura l ceramic turbine seal design indicat ed
acceptable stress levels but unacceptable distortion.

The rmal analysis of the silicon carbide structural ceramic seal design was conducted with the
same two-dimensional finite-difference computer program as used for the graded ceramic-
metal seal analysis. While the high temperature capability and therm al conductivity of silicon
carbide made possible the cooling of the seal with only 0.3% Wac, a fine line was encountered
between overcooling the ceramic tabs in the attachment region wi th attendant therm al stress
problems and excessive temperature in the metal hooks used to grip the silicon carbide tiles.
Al though several possibilities were considered to make the attachment compliant, the only
viable method devised was to allow the MAR-M-509 support member to operate near its
maximum temperature in the contact region. As shown in the results of the thermal analy-
sis at hot spot full power conditions (Figure 1) the metal support contact points with the
ceramic tile are approximately 1 800°F. The maximum silicon carbide temperature is below
its design limit.

Two-dimensional finite-element structural analysis was used to determine stresses that are
thermally induced. Stru ctu ral an alysis utilizes approximately 2.5 times the number of finite
elements as the thermal analysis. The more stringent analysis is required because of the cri-
ticality of local stress distributions which are geometry oriented. As shown in Figure 2, the
stresses in the ceramic are low , less than 50 percent of the allowable working stress through-
out. The maximum stress in the ceramic is in the radius near the rear attachment. The
stresses calculated for the metal tile support are much closer to the design limits (75 percent).
In the high temperature region near the tile support tabs , some yielding of the metal in com-

j pression is predicted but will not affect the life of the part.

- 
S The principal difficu lty encountered in the structural ceramic seal analysis is in the area of

distortion and leakage. The thermal gradient in the metal at the SiC-metal attachment loca-
tion is 300° F per inch. The circumferent ial stress of the quarter-segment design proposed
was found to give an unacceptable radial distortion of approximately 150 mils. To reduce
the distortion to an acceptable level would require increasing the number of segments , which
would increase the potential leakage.

~

—---

~ 

~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



____ -- - ,— - ----- - - -- S - .- -,—---- .---—-- ---- - 
~~~~ 

.,u
~~

_  _  _

2018 
_ _ _ _ _ _ _ _  / 

1 3 0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

METAL 1698 
________ ~~~~ /

~~\ N N N \ \ N Y  N N N \ N 15 4 25/

~ N N N N 1538~~~~~ M E T A L  \ i440N \~~~ ‘s 7

_ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

\ \ i~~g
METAL 1223 \ \ \ ______

\1 k4
~~ 

TEMPERATURES IN 0F 1394
\~

\ M E T A L

Figure 1 Thermal Map of “First ” Advanced Eng ine Structural Ceramic Turbine Seal Desi gn

S~~~~~~~~ R~~D(/ +081

M E T A L  ~~~~~~~~~~~~~~ 

M E T A L

- 13.20 “\ - 12 2 0

___________ 
M E T A L  ___________

METAL

~~~~1320 
STRESSES I N KSI 

+ 1 22 0
1

\1 _ _

Figure 2 Stress Map of “Firs t ” Advanced Eng ine Structural Ceramic Turbine Seal Design

66

j  

~~~— .~~~~~- - - ~~~~~ ----~~ - S



- .
~~~~~~

-- . .-‘ — - -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- — --.- - -

~~~~~~~
- ---- 

T i  ,‘., !Ni A

STRUCTURAL CERAMIC TURBINE SEAL (Cont ’d)

RIG SPECIMEN TESTING AND ANALYSIS

Fabrication and testing of the rub and erosion specimens was com pleted. Thermal fatigue
specimen fabrication was terminated upon receiving NAPTC concurre nce with P&WA’ s re-
commendation to proceed with the graded Zr02-NiCr seal design on ly.

h ) .-~ien ot  the speci t l i et i s  for rub , erosio n , and thermal fatigue rig testing the structural cera-
mic seal concept has been completed. flie rig specimen design is based on the “fi rst” ad—
vj IIced engine structural  ceramic turbine seal design.

l Int gas erosion sp ecimens (Figure I )  simulate engine seal cross-sectional construction , but
not t h e  ~ I I I I T e  or retention method sitice the basic in tent  is to determine experimenta lly the
su r face durab i l i ty ,  or l i t ’e at engine predicted surface temperatures. The final design of the
ru b t es t  s~)ecif11 e fls (Figure  2 )  was chosen to minimize procurement time. P&WA rub test
exper ien.  e has shown tha t  accurate data can he obtained from this simple design.

Thermal fa thwe specimen design is the same (Figure 3) as a full-size ceramic tile supported in
a manner  similar to tha t  used in the engine seal design . Procurement of the specimens was
te rminated at the t ime NAPTC approved the P&WA recommendation to proceed with the
graded ZrO,-NiCr seal design.

Hot gas ero5 iot i  t e s t s  at 2600° F, 2700° F and 2800° F, and Mach 0.8 gas velocity were com-
pleted ~~it h  a predicted erosion life of 7300, 6860 and 6250 hours to 10 mils , respectively.

One specimen ol each of the two rub test configurations (Figure 1) was rubbed with test
blades tipped wi th  silicon carbide abrasive grits encapsulated in nickel plate. The nominal
diameter of the sil icon carbide abrasive grits was 0.025 inch. The tests were conducted at a
rubbing speed of l500 feet per second , an interaction rate of 2.7 inils per minute , and am-
h ient  temperature.  (‘onti guration B (Figu re 1)  was rubbed across the butt joint to simulate
an eng ine  nib across seal segment tile joints. A third specimen (Configu ration A) was rubbed
against  the same t~ p. blade tip t reatment at the same rubbing speed and interaction rate but
at a seal t empera ture  oh ~ 2800°F. The results of the ambient temperature rub tests (Table I)
i nd i cate th~ t . w i th  r espect to volume wear factor (VWF), the structural ceramic turbine seal
system is very in l en or  to the graded Zr02-NiCr seal system; an average VWF of 100 corn-
pared to 0.00001. Severe erosion and fracture of the seal specimen prevented obtaining

S 
vwl: da ta  tlu ring the hot nib test. -
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2 0.00505 0.025 N l0~
3 0.0028 Ne g lI gub te 80.0
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F’ R A T T  ~. W r~ NEY A IRCRAfT

STRUC i URAL CERAMIC TURBINE SEAL (Cont ’d)

PRETEST MATERIAL CHARACTERIZATION

The hot pressed silicon carbide material was inspected for material density variations and in-
clusions, chemica l co mposi tion , f lexura l strength , and microstructure.

I I e h  s c u l s I t r .  I ( V  r ad iographic  i u u sj u e c t i o u  oh the as—received hot  pressed silicon carbide bille t
I Nor ton (n  N( 203 I s~ as pert  orined . No in clu sion s or density variations were detected.

Spec t rographic ana ly s is  of the ,us-rc. elvcII niatenal (billet 437394) is shown in Table I. The
tab le also i u c l L i d e s  a s p e c t r o g r a p h i c  analysis of silicon carbide billet 472_2* for comparison.
.- \ l n m i n u in , boron , cobal t ,  and vanadium are present in significantly larger concentrations in
the present billet t h a n  in (l ie l )re v ioUs lY evaluated silicon carbide materi al . The possible ef-
( ‘ct oh thes e i i f l l ) U n t i e s  on :nechanical properties is discussed below.

.\ ph otomi cr ograph oh an etched , polished section from the center  of billet 437394 is shown
in Figure 1 . This microstructur e is typical of N( 203 hot pressed silicon carbide.

I : 1exur ~u l s t rength evaluat ion was conducted on four specimens (1/ 8 x 1/8 x 2 inches) cut
from the central region of tile l) i l le t  and diamond ground to fina l dimensions. The edges of
the specimen lace to he in tension were carefully rounded by hand with a water-cooled dia-
inon d  gr inding tool. The specimens were tested in four-point flexure with the minor span of
0. 75 inch and the major span of 1 .5 inches. ‘Tile deflection rate was 0.020 inch per minute.
-\ I 2400~ I - t h e  s t rength of two speci mens was 32.~ and 26 .2 ksi (29 .5 ksi average). At am-
bieii t temperature  strengths were 76.8 and 74.0 ksi (75.4 ksi average). These values are lower
than the  m i n i m u m  vain ’s tneasured for other  NC203 material at 2400°F and room tempera-
tu re *. S. ice the mater ia l  becomes disproportionately weaker with increasing temperature ,
it is likely that the increased amoun t  of sinter ing aids ( impurities) present is responsible. l~t
creased concent r at ions  of s int er ing aids are often associated with increased strain to fail u re ,
especial l y at high t emp er atu res . and there fore may be a distinct advantage in brittle materials
which are subjected to low average stresses .

- . R o t t i . ’ \ l a I e r i :u l s  I )esi gn.  I l igh l e n i p e r a t u r e  ( ~as Tu rbine ” , contract  DAAG 46—7 I— C —UI 62 .
A R t’ \ Order No . 1540 . A~ency .-\ccessn ~ - No . I )A () D 4733.
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TABLE I

CHEMICAL ANALYSIS OF SILICON CARBID E BILLETS

WE I GHT PER CENT

Billet Bil le t
437394 4 12-2

A l u m i n u m  1 -— 10 1.0
Tungsten 0 ,5— 5 3— 5
Boron 0.05—0 .5 0.002
Cobalt 0.05—0.5 — -— —

Iron 0.05—0.5 0.1
N ickel  0.05—0.5 0.005
Vanadium 0.05—0.5 0.02
Chromium 0.0 1—0 . 1 0.01
Titanium 0.01 —0. 1 0.03
Copper 0.005—0.05 0.005
Zirconium 0.005—O,05 — — —

Magnesium <0.01 0.00 1
Manganese <0.01 0.00 1
Silicon & carbon Balance Balance
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Figure 1 Microstructure of Silicon Carbide Billet 437394
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F ’ RA l I  ,, ~‘. T N , - , AI ,ILRAf r

F I N A L  DESIGN C E R A M I C  TU R B I N E  SEAL

“F inal” design incorporating the graded Zr02- NiCr system which allows very high surface
temperatures , resulting in minimum cooling air required , also encompasses minimum leakage
and rub tolerance with the most advance d state .of -the-art blade tip treatment to produce the
most efficient high temperature turbine seal design.

I ic “ f ina l”  aL~ , ueeI l  e in ~i t1 e ceramic turbine seal design incorporates high temperature Zr02
on the  e n t i r e  u ’as Pat Ii s t I r )  ace oh the seals wi th  mechanical concepts to minimize both the
num b e r  oh ’ leakage p oin ts  and the  total  leakage area - This will result in significant improve—
n ient in e n g i n e  t ) e r t ( .rma n ce  over previous all-metal  seal designs.

FOe seal sy s tem ( i - i o l i r e  I ) is made up ol ’ six 60° a rc seal segm ents , each of which is fabricated
hy weld in n  3 eoinpunent 20 de~ ree arc segments together. The reduction from 32 segments
m in i m i / e s  t h e pot ent ia l  n u m b e r  of cooling air and gas path leaks. The remaining locations
,ire sealed b r  radia l  and ax ia l  leakage using an improved version of the same concept incor-
porated in l ) re vwLIs  advanced engine t u r b i n e  seals. T h e  ZrO-~ surface material is abradable
W i l e l l  used wi th  abrasive t ip  t reated blades al lowing t ighter  blade ti p clearances to be set for
t h e  eng ine .

The ~‘ t i n a I ”  ads auice d engine desi gn was thermall y analyzed using a two-dimensional t ’inite-
difference heat t ransfe r computer  program. All seal temperatures will remain within accept-
ab le l imi t s  n s in n 0.75~ W .1~. cooling air distributed as shown in the flow map (Figure 2).
The resul t ing the rma l  d i s t r ibu t ion  is giveli in Figure 3 for the most severe therm al condition
(t ’i i ll power h o t  spot) a lter a 20 ml) rub interaction has occured.
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Figure 1 “Final” Advanced Engine Ceramic t urb ine  Seal Design
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Figure 2 “Final” Advanced Engine Ceramic Seal Design Flow Map
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Figure 3 “Final” Advanced Engine Ceramic Seal Design Temperature Distribution at the Postrub Sea
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P R A T T  & W H I T N EY  A I R C R A F T

FINAL DESIGN CERAMIC TURBINE SEAL (Cont ’d)

Struc tura l  analysis was performed throughout an engine operating cycle using a two-dimen-
sional f in i t e  element computer program , and accounting for three-dimensional effects with
flat plate theory . A stress relief cycle was used to lower the stress free temperature to opti-
niize the cyclic stresses within the allowable range of ceramic strength , which inclu des min-
imizing the magnitude of cyclic deflections. The maximum principal stresses are given in
Table 1. invariabl y,  these maximum principal stresses occur in the central portion of the seal
re lat ive to the edges and are below the experimental strengths in every case. Shear stresses
at the seal edges are insignificant compared to the principal stresses.

Compressive plastic flow at power is expected to cause mud-flat carcking in the top 45 mils
of the ZrO, .  Thi s mud-flat cracking is stable and will not lead to system failure , and , because
of the relat ively high stiffness of the metal substrate , it will not lead to higher stresses in the
Zr02 at any engine  condition.

Structural anal ysis predicts that the corners of the seal will deflect radially outward approxi-
niately 0.013 inches relative to the center during the fabrication cycle. This distortion has
been dimensionall y accounted for during design. Table II shows the deflections predicted -

fo r the seal t h ro ugh the operating cycle relative to room temperature, and are considered
minor.
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TABLE I

ESTIMATED STRESS LEVELS FOR
“FINAL” ADVANCED ENGINE CERAMIC SEAL

(STRESS IN KSI)

Seal Room 30 Second 6 Second Sea Level 12 Second

Layer Temp. Start Up Idle Accel. Take-off Dcccl.

Ceramic -5.4 -6.2 -0.3 -7.5 -5. 1 -3.2

Interme diate -2.3 -3.7 -3.8 -2.8 -4.5 -7.4

Metal +15 +20 +14 +10 +7 +14

I
TABLE II

PREDICTED MAXIMUM OPERATING DEFLECTIONS* FOR
“FINAL” ADVANCED ENGINE CERAMIC SEAL

30 Second 6 Second Sea Level 12 Second
Warmup Idle Accel. Takeoff Decel.

Deflection (mils ) 1.0 — 2.8 —0.4 —3.6

*Reiative to Room Tem peratu re (Ax ial )
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