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16, Abstract

Levelopment of the plasma spmyed graded, layered ZrOo/CoCrAlY seal system tor gas tusbine engine blade tip seal sp-
plicatlons up to 1589°K (2400°F) surfucs temperature inil{alul under NASA contracts NAS3-18565 and NAS3-19759
| was cuntinued, The effect of changing ZrO,[CoCrAlY ratios in the infermediate layers on thermil stresses was eviluated
analytienlly with the goal of identifying the materials combinations which would minimize thermal stresses in the seal
systent, Three methods of inducing eompressive residual $tresses In the sprayed seal materials to offset tensile thermal
stresses were analyzed, The most promising method, thermal prestraining, was selected based upon potential, feasibility
and complexity considerations. The plasma spray equipment was modified to heat, control and monitor the substrate
temperature during spraying. Specimens were fabricated and experimentally evaluated to 1) substantiate the capability of
ihe thermal prestrain method to develop compressive residual stresses in the sprayed structure and 2) to define the effect
of spraying on u heated substrate on abradubility, erasfon and thermal shock charneteristics of the seal system. Thermal
stress analysis, including residual stresses and material properties variattons, was performed and correlated with thermal
| shock test results, Seal system performance was assessed nd recommendations for further devélopment were made,
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Results of the analysls performed indicates the 85/15 and 40/60 ZrO4/CoCrAlY ratios used in contract NAS3.19759
were approximately optimum with regards to minimizing sprayed seal system thermal stresses, The capability of thermal
prestraining the substrate during spraying of the seal system to Inidluce compressive residual stresses in the sprayed mater-
fals was substantiated. Experimental results indicated spraying on a heated substrate had negligible effects on abradability
characteristics of the sral system. However, thermal shock testing and subsequent thermal stress analysis indicated that
the presence of compressive residual stresses caused a new failure mode with rapid spallation, not observed in specimens
sprayed without compressive residual stresses, Also, the supplemental heating used Lo produce the compressive residual
stresses was found to significantly affect materlal properties. (continued on page i)
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16.  Abstract (Cont'd)

The seal system, sprayed without supplemental heating of the substrate, performed much better during thermal fatigue
testing than any previous configurations. One hundred simulated engine thermal cycles were completed before inspection
revealed initiation of slight radial cracks. Five hundred cycles were completed successfully without spallation. The seal
system sprayed on heated substrates developed severe laminar cracks during the initial heatup cycle. ‘This performance
correlates well with analytical . zsults. Analysis indicated significant potential for residual stress imanagement to reduce
thermal stresses but additional development is required to realize the maximum benefit
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1.0 SUMMARY AND CONCLUSIONS
(.1 SUMMARY OF RESULTS -

Analysis indleated littie beaefit by changing the ZrO2/CaCrAlY ratios of the intermediate
zirconin=metal (ZrO2/CoCrAlY) layers of the plasma sprayed ZrO2/CoCrAlY turbine blade
tip seal configuration developed under contract NAS3-19759. ZrO2 layer stresses coudd be
reduced slightly but maximum stresses could not be redueed below the measured minimum
material strengfli, Intermediate layer stress reduetion wis not an objective of this analysis
beeanse strosses in these layers are within thelr respeetive measured strengih.

The relative potentlal, feasibility and complexity of meehanical and thermal prestraining

of the metal substrate and of post spray annealing to induce compressive residunf stresses

In the plasma sprayed ZrQ2/CoCrAlY seal system were evaluated, Thermal prestraining

of the metal subsirate was selected us the most promising methotl. ‘The plasmia spray equtips
ment and fixtneing was modified to provide capabHlity of heating, controlling and monjtor-

ing the ntefal substrate temperature during spraying of the seal system.

Analysis indicated that the magnitude of induced compressive residual stresses in the spriyed
seal system was sensitive to the stiffness, as well ns to the eross seetional grea, of the metal
substrate. Consequently, the seal configuration was modified to use 20,254 ¢m (0,10 in)
thick plutform instead of the 0,127 em (0,05 in) platform thiekness used in the final NAS3-
19759 seal configuration. This was the only ehange made to the seal system configuration,
Powder ratios and layer thicknesses were the same as fhe NAS3-19759 configusation.

Test specimens of this modified configheation were sprayed with and without supplemental
heating of the metal substrates for expermental evaliation of the effect of residunl stress
management on seal system pufornmtm. Abradability, erosion and thermal shock rig tasts
were conducted on each set of specimens,

Abradability resistance characteristics of the specimens spruycd or heated substrates were
essentially the same as demonstrated by NAS3-19759 specimens (sprayed without supplen.cntnl
heating),

Thermal shock test results indicate very promising performance for the senl sprayed without
siupplemental heating of the substrate (baseline seal system). The baseline seal system com-
pleted 100 cycles without noticable crack initiation and 500 thermal shoek eycles without
spallation — much better performance than exhibited by the final NAS3-19759 seal after
100 thermal cycles. Three seals sprayed on heated substrates [922°K (1200°) seal sysiem |
.\Iubitud severe laminar cmckim, or delamination after the initinl :ma.t.‘z,r.ltion cyele.

Residual stmiua were teasured in specimens sprayed with and witheut supplemental heating
of the metal substrates snd werd used to caleulate stress free tesmperatuis distributions in

_the seal systems. These stress free temperature distributions were used in a two-dimensional
- finite element plane stress cmnputcr pro;,rum to incorpor.lu. residual z.lrm effeets with cal-

culated thermal stresses,
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Modulli of elisticity and rupture, stiuin to Fafaire, thermal expansivity and thermal conductiv-
ity were determined for cach feal lay 3 material sprayed on heated metal substrates, Tihis
htn indicated significant variutions f"um properties determined for seal layer materials
sprayed without supplemental substrate heating under NAS3.19759,

Thermal stresses were caleulitted in the seal system Tor n typical gas turbine engine jdle (o

sea level tukeol T thermai cyele and for mensured rig test eyele conditions, Stresses caleulated
for actual rig test conditions using both residual strain and properiies data measured for the
922°K (1200°1°) seal system correlated well with experimental results, i.c., {raciures oceurred
in the locations and under thermal conditions indicated by the analytical results. Analysis

of the baseline seal system coukl not be completed because of uncertainty of the rusiduul
stress distribution in this configurition,

i.2 CON’CLUSIONS _
Performance of the plasma sprayed LrOz/CoCrAIY seal systems evaluated in this progrom
may be summuarized as follows:

. “Thermal shock resistance of the baseline system (without supplemental heating) sprayed
oito a 0,254 em (0. 100 in) substrate rather than onto o 0.127 ¢m substrate, as under
NAS3-19759, demonstrated a marked improvement oves' previous sprayed sysiems,

—

2. Analysis incti"catcd the potential benelit of thermal management of residual stress on
- the thermal stress In the sprayed ceramie systent, Compressive residual stresses induced
in the system 2y spraying on a heated substrate did reduce operating stresses in the
centrat portion of the seal, However, the effect near the edges was small sind maximum
stress sl exceeded the strength in the Zr(’}g mnd 85/15 Zi0O2/CoCrAlY layers,

3. Tharmal shock resistange of {he seal byatuu sprayed on 922°K (1200°F) metal substrates
‘was unsatisfactory. Analysis correlated well with test resnlts.

4. Abradability characteristics were not significantly affected by spraying on lu.ut(.d au’o-
strates,

The concept of Using compressive residual stresses to reduce operating thermal stresses in
the sprayed seal system still appears to be viable except for edge effects, The application of
this concept must, thersfore, be tallored to aptinmize the residual stress level and distribution.

Material properties, especially of the ZrO2/CoCrAlY intermediate layers, appear to change
significantly by spraying on heated metal substrates. These property varintions significantly
affect the temperature and stress distributions in the sest system. More compiete definition
of sprayed seal system material properties as funetions of temperatu; v and of the thermal -
condition of the metal substrate during spraying is required to obtain more valid mmlytu.al
results, -
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Mierostructural examination of the plasma sprayed materials indicates powder pasficles tend
to deposit in layers of interdocking Aattened frregular shaped disks. This results In a nows
horageteous microstructure and coulil indicate anisotropie properties within these maters
ials which should be fnvestigated asa possible contributing fuctor in laminar eracking at the
wdpe of thie specimens,



2. 0 RECOMMENDATIONS

| Measnrement of resndual stresses in the baseline ZrO ICoCrAIY seal system should be re-
- peated to pemut correlation of analytical and expenmental test results and to g antify the
: _-et‘fect of spraymg on a heated substrate on residual and operating stresses.

Improvement of the residual stress distribution combined with seal system configuration
considerations such as metal substrate stiffness should be explored. Reduction of the tensile
- stresses near the edge similar to the stress reductions calculated in the central portion of the
seal system may be possible by changing the residual stress distribution or the seal segment
_geometry, or s;vae combination of both. Variations of individual lsyer stress free tempera-
- ures, circumferential and axlal dinronsions and substrate thickness and/or stiffness should
“be analyzed. N :

" More complete defimtnon of sprayed matenals propert:es is needed to more accurately pre-
~ dict performance of the ZrO ICoCrAIY seal system. Elastic 2nd rupture modulii in the ra-
~ dial direction shouid be measured to investigate the anisotropic nature of system properties,
_Tensile and compressive modulii of elasticity and rupture as functions of both operating
‘temperature and metal substrate temperature during spraying should be more completely
defined. Thermal conductivity of intermediate layer materials should be measured instead of
estimated from composite seal system measurements. Variability of properties and micro-
structure due to thermat aging and due to substrate temperature during spraying should also
be investigated.

The assumption that spraying on a modified metal substrate configuration for residual stress
determination would not significantly affect the stress free temperature distribution should
be substantiated. Stress free temperature distributions for specimens sprayed on standard
substrate configurations which are modified to reduce stiffness subsequent to spraying
should be determined for comparison with specimens sprayed on premodified substrates.

A sharp discontinuity of the thermal conditions in the seal system occurs at layer interfaces
due to interruption of the spray process to change materials. Interfacial strengths have been
assumed equal to the weakest of the two materials. Verification of this assumption or quan-
tlf' cation of the actual bond properties should be pursued. : '



3.0 INTRODUCTION

3.1 BACKGROUND

The program to develop. a plasma sprayed yttria stabilized ceramic (zirconia)-metal
(CoCrAlY) scal system inftinted under contract NAS3-18565 and continued under contract
NAS3-19759 produced encouraging resuits, A configuration composed of a zirconia top
layer and intermediate mixed layers of zirconia and CoCrAlY demonstrated promising abra-
dability and ernsion resistance capability at operating surface temperatures of 1589°K
(2400°F), Of paramount importance, however, was the capability of .he system to with-
stand the thermal shock and fatigue environment expected in an engine. Seal specimens sub-
jected to thermal fatigue rig tests produced cracks predominantly in the ZrOq layer, confirm-
ing analytical results, but did not spall, Efforts to minimize cyclic thermal stresses by opli-
mization of layer thicknésses resulted in a promising improvement in that the extent of
cracking was reduced substantially,

Analyses pcriormcd undnr NAS3-18565 and NASB 19759 diil not account for residual
stresses. Measured room temypserature residual stresses approached the tensile strength of the
zirconia layer and are believed to have contributed to thermal cracking in the zirconia layer.,
_The analytical programs used for these contracts have subsequently been moml'u,d under
P&WA fundcd programs to permit incorporation of residual stresses.

3.2 PROGRAM OVERVIEW

This program was a continuation of the effort conducted under NAS3-18565 and NAS3-
19759 to develop o graded, layered plasma sprayed zirconia-CoCrAlY turbine blade tip seal
sysiem capable of aparation up to 1589°K (2400°F). The objective of this program was to
reduce cyelic thermal stresses to an acceptable level to maintain the integrity of the scal sys.
tem without compromising abradability and crosion resistance. Two methods of accomplish-
ing this were investigated:

1. =~ Optimization of the zirconia - metal mixture of the intermediate layers, and

2. Prestraining the metal substrate during fabrication processing to produce compressive
_residual stresses i the ceramic scal system.

The effect of zirconia-metal ratio variations in the intermediate layers on thermal cyclie
stresses were analytically investigated, The results of this analysis would serve as a basis for
selection of material ratios with desirable property combinations to minimize cyclic thermal
sfresses.

Materiat prom.rt:es data obtained under NAS3-19759 were used for estnnatlng properties of
-materials with different zirconia-metal ratios,

Methods of reducing tensile residual stresses in the sprayed ceramic seal system were evalua-
ted. The goal of this effort was the gencration of compressive residual stresses in the sprayed
systera 1o counteract tensile cyclic thermal stresses. The most promising method was experi-
mentally cvaluated.
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A complete seal system fncarporating the seleeted optimized materials fabricated with and
without the selected restdual stress management method were experimentally evalupted,
Abradability, ereston resistance and thermal Tatigue g tests were condueted. Residual

- stresses and materfal properties for each seal layer were medstred.

The experimental test results were eviluated and the capability of the seal system relaiive
to program objectives was assessed, Abradability, erosion resistance and olher dey stich as
hardness-and mierost rueture-was compared with NAS3-19759 data (o obtain Za Indication
of the repeatabillty of seal system performance, Recommendutions for fizether develops
ment were formulnted, '




4.0 TKCIINICALI’ROGIMI\I

4.1 CONFIGURATION OI'TIMIZATION

Analysis under NAS3-19759 (6 evatuate the effect of layer thicknesses in the plasna sprayed
zirconin-metal seal systent on thermal stresses resulted in the generation of & sonfiguration

Avhich iniproved the thermal shock resistunce of the seal Systcm.m ixperiments! results
~corfelated with analysis which predicted signitiennt reduction in thermnl eyelie stresses al-

though the reduction was not sufficient o reduce maximum principal stresses in the ZrQq
Iuyu* to less than ity measured strength, Because of (he lack ol upproprinte unalytical pm~
gram provision at the time, the effect of residual stresses, whiclt may have contributed to
the cracking in this seal configuration, was ot nccountecl for in these unalyses,

The effect of changing materials in the mixed Zr04-CoCrALY Inyers belween the 2104 sur-
face layer and the Mar-M-509 motal substrate to Mrther reduce eyelic thermal stresses in the
selected seal configurntlon was analytically investigated. Material properties obthined umiler
NAS3-19759 lor ZrO7 and 85/15, 70/30 and 40/60 ZrOo/CoCrAlY (spray powder welght
rutios) plasma Spruyul miterdals were crossplotied, as shown in Figures | {through 7, to esti-
mate the propertics of the revised tayer materfal, Properties were updaied from dafa obtained
—Irom NASSnI)’?SQ literature tiidfor fiom ofher PEWA programs.

The configuration wluch resulted from the NAS3-19759 layer aptimizativn was composed

of layer thicknesses of (0,229 ¢m (0.090-in) ior the Zr04, 0.076 em (0. 030 in) each lor the
85/15 sl 40/60 Z10o/CoCrAlY intermediale lnyers and 0.127 em (0.050"in) for the Mar
M-509 metal substrate platform, This configuration was selected ns the baseline for this
nnalysis to eveluate the significance of material ratios and select n configuration which of»
fered potentlal to reduce thermal stresses. Seal geometry and layer thicknesses were held
constant. Since previous studies had indieated that stresses in the eireumferential plane were
grealer than those in the axiol section, this stidy considered the civemmierential section as
shown in Figure 8. Circumferontial stresses near the free surefaces and the interlnees between
seal inaterial layers at the center of the seul and approximately 0.48 em (0.19 in) from the
ends o the seal were nnalyzed, These locations were selected sinee expetience has shown
that stresses in these locations usually approach minlmunt or maximum values, Flgure 8
shows the seal L()llrlbllriitlt)ll nml the location of reported stresses nnd temperatures.

Temperattres and stresses were caleulated uging the same fwo-dimensional finite element.

~ computer programs.used for NAS3-19759 analyses. A one-dimensional temperature gradient

ridially through the seal system was assumed, Boundary eonditions on the ceramic surface
tind the metal substrate surfoce were assumed the same for each configuration variation
studied and internal femperature distributions were compuied. These temperature distribus
tions were then used in the plane stress program fo ealeulate the two ditnensional stress dis-
tributiun in ench configuration. A nominal JI'T9D-70 engine thermal eyele, the snine as used
in .mulyala under the prw:ous contract, was used in this evaluation. Four therninl cycle

(13 Shiembob, L. T., Development of a Plasma Sprayed Ceramic Gas Path Seal For High
Pressure Turbine Apnlications, NASA CR-135183 (PWA-5521), p. 37.




points were considered: idle, six seconds alrer initintion of aceeleration, SLTO and 12 séconds
after initintion of decelerntion, However, sinee maximum stresses occur in the baseline confi-
guration at SLTO and 6 seconds into acceleration, temperatures and stresses were calculated
only at these two points. Residual stresses were assumed to be zero,

Selection of the first two configuration variations was based on a preliminary unalysis of the
baseline configuration which indicated that ehanging iiie 40/60 and 85/15 ZrOz/CoCrAIY
layers to 10/90 and 70/30 Z10»/CoCrAlY, respectively, would result in the closest possible
sppreximation to a linear average thermal growth gradient between the ZrO4 layer and the
metal substrate for the four most significant thermal eyele points, The effect of each of
these changes was analyzed independently, The third configuration variation with 10/90 and
90710 ZrOo/CoCrAlY layers was selected on the basis ot wvaluation of the first two configu-
ritions,

Calculated temy eratures and stresses in the baseline configuration and the three selected
configuration vuriations are shown in Tables I and 11, This data indieates:

1. Reducing the ZrOo/CoCrAlY ratio of luyer | tends to:

. Reduce stresses in layer 1 except at the interface with layer 2 near the ends of the
- seal where stresses are increased slightly,

b. inerease the maximum stresses in the ZrQOq and No, 2 Jayers and in the metal sub-
strate, ’

2. Reducing the ZrO/CoCrAlY ratio of layer 2 tends to:
a. Increase the ZrO, lafer stresses af the inferface with layer 2.
b, Increase stresses in layer 2.
e.  Reduce stresses in layer 1 and the metal substrate,

3, Simultancous reduction of the ZrOQ/CoCrAIY ratio of layer | and increasing of the
Z1Oq/CcCrAlY ratio of layer 2 tends to:

4. Have only small effects on the ZrO4 layer and metal substrate stresses,
b. Increase stresses in layer 2.
¢. Reduce stresses in layer 1.

In assessing the efferis of material ratio changes, stress to strength ratio as well as stress level
wus considered.
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On the basis of this study, it was concluded:

[« Varying the ZrO/CoCrAlY ratio of the Intermedinte layers result i relatively small
(~10%) changes in the ZrOxp layer stresses, These changes are not sufficient o elimin-
ale the possibility of thermal stress wu.kmz, of the ceramie layor,

2. Redistribution of stresses within the intermedinte-layers by ehanging their Zr02!
CoCrAlY mixtures s possible but the potential gains are relatively small,

In view of the minimal potential gains in terms of reduced thermal stresses and the costly
neeessity of establishing n new data base for the <.ew materiols, it was decided not to change
the banseline system configuration for this program,

4.2 PRESTRESS APPLICATION METHOD DEVELOPMENT

‘The potentisl, feasibility, complexity nnd risk associnted with three pOSb[bIL methotls of pre-
stressing the metai substrate io generate compressive residual stresses in the plasma sprayedd
graded ZrOo-CoCrAlY seal system were analyzed, The methods analyzed were:

—

. Mechanieal prestressing by bending and by uniform tensile loading equally in mutually
perpendicular planes,

2. Heating ol the metal substrate during spraying, un
3. Post spraying annealing.

Both substrate heating during spraying and mechanical prestressing were found to Le feasible
but mechanical prestressing was considered mueh more complex and a higher risk than ther-
mul prehenting, Post spray annealing was not considered feasible beeause of excessive stresses
induced at the 40/60 Z2r0Q4/CoCrAlY layer - metal substrate interface al temperatures well
below the temperature at which reasonable creep rates oceur in the metal substeate,

Heating the metal substrate was selected as the most promising method to induce compress
sive restdunl stresses in the sprayed 2 rOa-CoCrAIY seal system when all fnctors were consi-
dered, Tn this method the substrate is Llungntecl during {he spray process by an external heat
source, After the seal material has been deposited the external hent souree is remaved allaw-
ing the substrate to atfempl to contract to its normal room temperature state, thereby pro-
viding a compressive load in the deposited seal system, The plasma spray equipment was
motified to permii heating the metal substrates while spraying the seal system. Abradability
specimens were fabricated and residunl stress measurements were made (o evaluate the feasi-
bility and effectiveness of this residual stress management method.




4,2,1 Mechanical Prestressing

Two approaches to mechanically prestressing the substrate were evaluated; bending and unie
form tensile stressing equally in mutually perpendicular planes. ‘The sprayed materials were
assumed 1o be deposited on the metal substrite while it was maintained in the prestressed
state. After spraying, the prestress would be released and the substrate would react with the
sprayed structure as it attempied to return to its inical state.

A flat plate model of the baseline seal configuration 0,.0762 em (0.030 in) 40/60 '“Zrozi
CoCrAlY, 0.0762 em (0.030 in) 85/15 ZrOa/CoCrAlY, and 0.2286 cm (0.090 in) ZsO,
layers deposited on o Mar-M-509 metal substrate, was used in this anatysis, Residual stresses
were assumed to be solely due to release of the prestress in the substrale after spraying, The
fwo-dimensional plane stress finite element computer program used in NAS3-19759 analy-
ses and miderial praperties incasured under NAS3-19759 were used to caleulate the residual
stresses in the seal system.

The effect of uniform tensile prestressing of the substrate on residual stress induced at the
surface of the ZrO4 layer for various substrate thicknesses is shown in Figure 9, This data in-
dicntes that the thickness of the metal substrate has a significant effect on the induced stress
al the ZrO7 surface. Compressive stresses would be induced at the ZrOo surface for substrate
thicknesses greater than approximately 0.381 em (0,150 in). At any point in the seal system
the stress is comprised of the sum of the elongution and bending components. The elonga-
tion component is compressive throughout the sprayed system and is & function of the metal
stibstrale cross-sectional .area and prestrain, The bending component is tensile from the ZrQ
surface to the section neutral axis and compressive on the opposite side of the neutral axis.
The bending component is proportional to the amount of bending induced in the specimen
and distance from the neutral axis, The relative stiffness e the sprayed system and metal
substrate will determine the amount of bending lor a given substrate prestrain level, This
general relationship would also be true for heati.-g (theyral prestraining) of the substrate.
Therefore, this analysis indicales the necessity t9 use e substrates with equivalent stiff-
ness greater than that of a 0.381 cm (0.150 in) thie s plate to induce compressive resi-
dual stresses by both uniform tensile prestressing and heating of the substrate, This does not
mean that the minimum substrate thickness must be 0.381 cm {0.150 in) or greater, For in-
stance, the abradability rig test specimen metal substrate has o circumferential direction
stiffness equivalent to a flat plate 0.574 em (0,226 in) thick although the maximum metal
thickness is only 0.254 cm (0.100 in).

Mcclmnicul prestressing is limited by the thickness and strength of the metal substrate,

* Figure 10 shows the stress induced at the ZrOq surface as a function of substrate thickne s
for maximupe prestress in the metal substrate equal to 80 percent of the 0.2 percent yicld
strength of the substrate, Both bending and tensile prestress approaches are shown, The
bending spproach produces larger compressive stresses for thicknesses less than approxima-
tely 0,635 em (0,250 in). 1t approaches 4 maximum induced conspressive stress at thick-
nesses greater than 0,635 em (0,250 in) while the tensile loading methed will continue (o
induce larger compressive stresses at the Zr04 surfuce a8 the thickness is increased,
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Although the tensile loading approach indicntes the mupximum potential for induging com-
pressive stresses in the sprayed seal system, the probleams of tixturing to prestress complex
substrate geometsies required for engine tnd rig tests, Le., short segments of a ring with in-
tegral supporting and atilluning :atrm.tuw on the outsins dimmeter, wmlld be coniplex and
costly.

Prestressing by bending would be difficult to control precisely due te the small dellections
requireds 0.00254 em (0,001 )« 0,00381 e (0.0015 in) Tor typical parts with 0,635 em

(0.250 in) thickness or equivalent stiffuess, However, it is considered more feasible and less
costly than tensile prestressing,

42,2 Substrate Heating

The elfeet of substrate healing on an abradubility specimen during spraying wag analytically
evaluated, The metal substrate was assumed to be stress fLee ot the substrate temperature
and e plasma sprayed system was assumed stress free al various temperatures equal to or
preater than the substrate lunpuuttm. Residund stresses caleulated at the Z1Q surfhce in
the center of the specimen are shown in Figme 11 as 8 function of substite femperature
for cons? it temperature tilTerences botween stress {ree temperatures lor the spriyed ma-
terinls and the substrate, This data Indicates the potential to induce compressive vesidunl
stresses In the sprayed system inerzases as the substrate temperature is inerensed and de-
creases s the sprayed m.\mm!s stmb free tomporature uma;mnlm. the substmm temperis
lute,

Assuming that the differenee between stress free temperature of the sprayed system and the
substrale Is less than 333°K (600°1), Flgure 11 indicates o substrate temperature of approxis
mately 922°K (1200°F) would be necded to induce compressive stresses af the Ze0- surfuee
of the magnitude of the maximum tensite thermal cyelie stresses, 4 13? X 10 Nfem? (6 X

10% psi) ln 6 206 X 10° Nfem? (9 X 103 psid.

The lwu=dimcnsi@1ml plane stress computer progeam usedd for NAS3-19759 analyses was
modified undér o PEWA funded program to provide the capability to assign varying stress
Mree temperdtures throughout the seal systenn This change allowad the program to caleulate
residual stress distributions and combing them with eyelic thernal stresses. Thermal growths
are calenlated based on the temperature difference between the tocal temperalure and the
local stress free tempetature. This modificd computer plo[,l.l"tu wits used Lo caleulate residual
stregses for this substeate heating study. For the first time in o NASA contrict, thermal
stress analyses included the effeets of residun stresses,

Heating the substrate Is the simplest, most practical method ol uniformly prestraining the
‘metal substrate tn mutually pecpendicular direetions, 1t has the advantage over the mechani-
cal prestress methiod that the equilibrium stress in the substrate, not the initlal prestress, is
limited by the yield strength and geometric configuration ol the substrafe material, Fxeept
for the quastion of the effect of substrate heating on sprayed material propertics, this mulh-
oul ot‘ residual stress nuuuu_,unt.nt hos tlm muximum potential

[}
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4.2.3 Post Spraying Annealing

The objective of the post spraying annealing is to induce compressive stresses in the sprayed
seal by heating the as-sprayed seal {o develop a sufficiently high tensile stress in the metal
substrate at a temperature level which would result in signilicant creep.

To evaluate post spray nnnealing, stresses were caleulated for isothermal heating to 811°K
(1000°F), 1144°K (1600°F) and 1256%K (1800*F) and lor gradient heating from 2144°K
(3400°F) on the ZrO4 surface to 1200°K (1700°F) on the substrate surface using the 0,635
em (0.250 in) thick fiat metal plate model used in the mechanical prestress analysis, Resie
dual stresses were neglected in this analysis, Stresses in the 40/60 ZrOa/COCrAlY layer ex-
ceeded its rupture strength nt all isothermal conditions except §11°K (1000°F), Fuither
analysis indicated that the maximum substrate temperature compatible with the 40/60
ZrO5/CoCrAlY rupture strength was approximately 1006°K (1350°F), Al this temperature,
the creep rate of the substrate at the calewlated stress level is less than 2 X 1077 %/hr, which
is unaceeptably low compared to the desired minimum ereep rate of 1 X 10°5 ¢4/hr. Obtain-
ing acceptable temperature and stress combinations by gradient heating was evaluated and
was found not to be feasible.

4.2.4  Residual Stress Management Method Evaluntion

Heating the metal substrate was selected as thie most promising residual stress management
method based on 1) potential to develop the desired level of compressive residual stresses

in the plasma sprayed materials, 2) minimum complexity and 3) low risk. Alternative meth-
ods of heating the metal substrate during spraying were evaluated, The most promising meth
method was selected. ‘The plasma spraying equipment was modificd to permit substrates
heating and maintidining the metal substrates at the desired elevated temperature and to con-
tinuously monitor the metal substrate temperature during the complete processing cycle,
Specimens were fabricated to demonstrate copability of producing compressive residual
stresses and to serve as a basis for selection of & processing method for subsequent complete
seal system specimens for rig tests,

4,2.4.1 Plasma Spray Equipment Modifications

Both clectric and gas heating were considered as methods of heating the metal substrates
during spraying of the seal system. Propane gas heating was selected due to response rate,
flexibility, cost and availability cotsiderations.

Heating of the métal substrates was accomplished by six (6) propane burners equally spaced
in a staticnary metal ring around (he outside of the spray {ixture as shown in Figure 12, The
burners were positioned such that the hottest part of the [Tame would impinge on the out-
side of the metal substrotes when operating at maximum flows, The burbers were mani-
folded together in groups of three and supplied from a common propane tank and pressure
repuleior. A needle valve in the supply line to each manifold permits separite control of
each group of three burners.
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The plasma spray torch was enclosed in an-asbéstos board box to protect it from excessive
heat from the propane burners as shown in the foreground of Figure 12, Later this was re-

duced to wrapping with two or three luyus of usbestos tape to reducu the size of the therm-

al protection for the plasma torch,

The solid shaft of the specimen rotating imechanism was replaced with a hollow shaft to per-

mit passage of thermocouple Jead wires from the melal substrates of the specimens to a 12
channel slip ring assembly. Anexisting 12-channel stip ring assembly was adapted te the

rotating mechanism as shown in the left background of Figure 12 and is driven by the rotat-

ing mechanism shaft through a hollow quill shaft, Thermocouple data are recorded on a
multipoint strip ehart rccorder at the rate of appraximately one point per szcond.

4,2,4.2 Specimen Fabrication .

One set of éight abradability specimens was sprayzed on metal substrates heated to 728°K

- (850°F), Insulation was instailed on the.outside diameter of two of the eight specimens to

—parts- was-589°K (GO0°F). .

shield them from the propane burners and provide specimens sprayed on a lower tempera-
ture substrate for comparison purposes, The measured substrate temperature of these two

The same spray parameters, L.c., voltage, amperage, gas flows, powder feed rates, standotf
distance, specimen surface speed and plasma gun traverse rate used for the NAS3-19759
speciimens were also used for these specimens. The burner operating conditions were main-
tained constant to provide a consiant temperature environment on the back of the speci-
mens during spraying, The temperature of the substrate of the uninsulated $pecimens initi-
ally at 728°K (850°F), cooled during spraying while the insulated specimens, initially at
589°K (600°F), heated during spraying as shown in Figure 13, This data indicates that the
effective temperature ol the spray process was between 589 and 728°K (600 and 850°F),
The effective temperature during the spraying of each of the layers sy ne~.3 to be different.

The gradual reduction in the initial substrate temperature for subsequent layers shown in
Figure 13, points A through C and D through F, is attributed to gradual degradation of the

- performance of several of the propane burners caused by the undetected change in position

of the {uel-air ratio control rings due to vibration.
4.2.4.3 Microstructural Evaluation
One specimen euch of the specimens sprayed on substrates heated to 589°K (600°F) and

728°K (850°F) was microsectioned and compared with the microstructure of the final scal
configuration evaluated under NAS3-19759, Typical microsections of each layer of cach

specimen are shown in Figures 14 through 16, Generally, the microstructures ind'ieate that

the effects of spraying on heated substrates are to increase the metallic fraction in the

- ZrOZIC.oC'rAlY fayers and reduce thc porosity of the ZrO- layer.

The microstructural examinations also indicated excellent uniformity in layer tluckmsscs
Layer thlckncsscs were unif orm w:thm less than 0.06 mm (0,002 in).
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4,2 04 4 Residual btrcbs Dclmnhmllun

s )
I

Residunl strain measurements were made on one of tlu, ubmdubnlity specimens sprayed on o
substrate heated to 728°K (B50°1) using the incremental renovat method used under
NAS3-19759, Strain changes were measured on the metal subkirate surfoce at the center of
the specimen between the mounting rails, A strain gage rosette with the perpendicular legs
parallel with the circumferential and axiol divections was used, The sprayed system was re-
moved In predetermived increments by grinding with a diamond grit wheel, The specimen
was clamped against a fixture which was machined to mateh the as-sprayed curvature of the
“specimen mounting rails during grinding to ensure removal of uniform thickness inerements,
The specimen was unclamped after removal of 2ach itierement to remd the strains. The strain
change associated with the removal of each increment was determitied by subtracting the
strain reading before removal of the increnient from the reading after increment removal,

_ Prior to initiating machining, the specimen was clamped and unclamped several times to ob-
* toin an lndication of the rt.pulluhility ol‘ lhu strain rcadiugs. Re udnm,z. generally IchiltLd
~ within 15 X 10 6 smfem.

Since this prt.rlnwnt S,nmm.tl a relatively long lime ambient temperature was recorded
during grinding of the specimen and aceounted for in the residual stress analysis. The spect-

men was assumed {gothermal at the average ambient. temperature during removal of each
particular element for analytical purposes. Variations in ambient tcmpu.nturc during this
experiment were found to affect the caleulated residual stresses by less than two percent
and were therefore not accounted for in subsccquent tests,

Meastred average ambient temperatures, inérement thicknesses and strain change due to re-
moval of the increment are shown in ‘Table 111, The axial strain goge failed after the seventh
increment,

Residunl stress distribution in the specimen wiis caleutated using an infinite flat plate com-
posife material model 1o detérmine a stress {ree (emperatute distribution through the spect-
men which would mateh the measured strains et the gage location in the circumferential
direction, The stress free temperature distribution is the temperature distribution necessary
to produce n zero stress distribution throughout the part. This stress free temperature distri-
Littion was then used in a model simulating the axial diréction geometry, Caleulated stresses

_in both directions were then combined analytically to account for the differences in the
model assumptions, i.e., equal strain in mutually purpcndnuuldr directions, and the actual
case to estimate the stresses in the actual specimen usm;, the following relationships:
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p = Polsson's ratlo
Radial stresses were neglected sinee they were sinll

The spectmen stiffness in the cireumferential diveetion in the aren of the mounting rails,
where the cross-section is non-uniform, was simulated in the fat plate model by nssuming a
material layer of the snme thickness as the radial dimension of the sections of the mounting
rafls, Le,, rails and feet, and sealing the substrate mouulus of elasticity by the ratio of the

""" witiih of the rails or feet respeetively divided by the »Adth of the main body-(platform) of
the spechmen., Other properties, Le., caefficient of thtrmal expansioi, thermal conductivity,
density and Poisson's ratio, were assumed identienl to the metal substrate properties.

The effect of mounting rails and specimen curvature on stiffiiess in the axial direction were

- neglected, ;
Calculnted residual stresses at the ZrO4 layer surface significantly exceeded the tensile
strength of the ZrO, material measured under NAS3-19759. Since the physical parts were
not cracked or otherwise failed, the analytical modeling and residunl strain measurement
experiment were examined more closely, It was known that the total strain af the gage lova-
tion was equal to-the sum of elongation’and bending components which were oppositely
directed, For the particular specimen configurntion used in this experiment, these strain
components were alimost the same mapnitude-at the strain gage location in the girciimferens
tinl direction. This meant that the.caleulnted stresses would be very sensitive Lo small errors

-were equal to o less than. the necuracy of the strain instrumentation system, it i considered
highly probable that this fensitivity was responsible for the unrealistic ealenlated residunl
strosses, L -- :

in the measured strains. Also, since the mensured strain change in several of the increments — -
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Further evaluntion indicated that the differential between the elongition and benging strain
components could be increased by approximately a factor of 15 by removal of the mounts

ing rails or using a flat plate as was done in the NAS3-19759 experiments. This would great-
ly reduce the sensitivity of the caleulated stresses to small errors in the strain mensurements, -

darlier analytical results presented in Figure 11 indicate that the higher the substrate temp-
crature the better the probability of developing desired levels of compressive residuul stress
to offset tensile eyelic thermal operating stresses, A substrate temperature of 922°K
. (1200°F) was selecied for Tabrication of specimens for a more compiete evaluation ol‘ the
) benefits of residual stress management on seal system performance. 1t was also decided to
_spray future tesidual stress specimens on substrates with the support rail reimoved to increase
“the mensureable strain at the gage. loeut:on and more nceurately define the corrcsponding
restd ual stress, T _ ) e

_47“ 4,3 COMPLETE SEAL SYS‘I EM EYALUATION

4.3,1 Specimen Configuration
Two sels ol rig test specimens were TGabricated, one with 4 922°K (1200°F) substrate tem- __
periture and one without supplemental heating of the substrate. The sprayed seal configura- - -
tion was identical to the final NAS3-19759 seal configuration in aecordancé with-the cope— ———— —
" clusion of the optimization stwdy discussed carliers The metal substrate platform thickness  ~
was Inereased fromi 0,127 em (0,050 in) to 0,254 cm (0. 100 indnominal to achieve a sub-
strate stiffness ,g,run(ur than 4 0,381 em (0,150 in) thick flat plate to provide the desired
level of cmnpreaswu residual atu,ss (Refer to Figure 10), The abradability specimen sub-
© strate with 2 0.254 ¢m (0,100 in) thick platform has a circumferential stiffness equivalent
toa0.572 em (0 225 in) thick plate. .

The subslmtu temperature was maintained at 922°K (1200°F) s closely as possible during
spraying of the heated parts, Burner gas flow had to be increased during spraying of each
Inyer to maintafn (he temperature measured on the metal substrate surface constant, This
tends to substantinte the carlier observation that the effective tunpumturc of Hlb plasmu
spray process is less than-922°K (1200°F). '

~ The spechnens fabricated without sllpplutjclmll heating of' the substrate (baseline system)
were subjected (o three preheat passes of the plasma torch without porvder flow prior to
spraying cach liyer of scal system matetial, This raised the temperature on the atal sub-

_strate surface (ouiside diameter) to approximately 333-339°K (140:150°F) at the initiation
of deposition of cach layer, The substrate surfice temperature increased during spraying of
each-layer until it approached an equilibrinm temperature of approximately 450°K ¢(350°F).

) - Specimens for abradability, erosion and thermal shock rig tests were machined to remove
- codting pyramiding at the edges and to reduce abradability and thermal shock test speci-
mens to design Zr02 lnyer thickness: Al of {he baseline system abradability and thermal -
-shock test specimens cracked in the ZrO /C oCrAlY layers at both ends immediately uTter
“completion of machining, One of the’ )2’J°K (1200°F) seal system ¢lbl‘slddb ility test spoid-
AmLIlb .alao tlwt.,lcjpcd f l:lmmur crack in the 7r02/CoCrAIY ldyurb at 05¢ Corner durmg
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muchlnim, These specimens were ground svithout coolant to minimize canmminntion of
the porous cerantie coating. [t was suspected that the enuse of these Milures was the ma-
chining procedures used sinee similar parts have been machined with coolant under related -
l’&\\?A programs without apparent distress, o
A spare bilSL“nL system spuclmen was machined using coofant to investigate this possibility
This part showed no evidenee of lnminar cracking after mnclunm:,. Although not wmlusive
proof that grinding without coolant may have generated excessive thermal stresses, it l.lOCS .
tend to substuntiutc (his conclusio. : LT

i
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4,32 Rcsidunl Stresses )

Two spcdmcl' modil‘ iedl for residual stress measurement experinients were Ineluded In each-

set-of parts, The mounting rails on the residual stress specimens were removed except four

pairs of 0,254 ¢m (0,100 in) long equally spaced sections necessary for securing the speci-
mens during removal of the sprayed system. This modification reduced the equivalent eir-
cumferential stiffness to that of a flat plate with the same thicknestas the substrate plat-
lorm to amplily the straffis at the substrate surface Lo a more mens\:rnblc level, as previously
discussed,

1t ‘was ru.og,nizcd that the residual sties§ of fha Spummuﬂvith mauntmg ralls remevud would—

be different from the residual stress of the specimen with rails infact because of the dif for-
ences in stiffness of the metal subsirate. Residual stresses were assumed to be totally depen-
dent on the thermal history of the parts during spraying. For this reason the stress free tem-
pv..raturu distribution was assumed to be the same for both specimen c.onﬁb,ur'ltlons.

The Clhlm,t. in the: rndms of curvature of the metpl substrates due to deposition of the spray-

ed system was measured-on the residual stress specimens to provide a preliminary indication
of the average stress state in the sprayed system, The radius of curvature of both sets of
specimens increased due to deposition of the plasma sprayed coating system as shown in
Table 1V, The change in curvature of the 922°K (1200°1) parts was approximately three
times the curvature change for the baseline parts. This indicates that the average stress in
the sprayed system for both sels of parts is compressive, with 3 & significantly higher stress in
the 922°K (1200°F) parts, . -
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Residuat stressegzaieulated fn the 40/60 Zr04/CoCrAlY layer of the baseline system speci-
men excecded the strength of the 40/60 ZrOEiCnCn\IY' materfal by approximately 30 per-
cent. Sinee eracks were not observed in this layer It the us-sprayed state. the restdual strain

" datu was reviewed, Layer thicknesses measured from the muchined adges ~f abradability and
thermal shack sig test speeimens which were sprayed at the same time weie compared with
thicknesses determined duriivg machining of the restdual stress specimen, It appears that
layer intertuaces were missed during machinipg of the residual stress specimen. Several of the
increments included twi-layer materials, Resolution of the effect of each material in these
increments was unsueedssful, Therefore, this data is considered invalid-Repetition of the
resiual stress measurenientexperiment for this configuation Is required to estimite actual
stresses fu this system and to quantify the benefits of prestress management.

Residual strains measured on 0 923°K {1200°F) system speeimen are shown in Table V.

7 Analysis of this data dndicates circamterential and axial strains are essendialty taxiinm nnd
minimum principal vilues. Circumferential strain dota wasiredueed to obtain stress Iree lem-
pezature distribution through the resflual stress specimen. The sitbstrite was assumed stress

ﬁ?é at Y22°K (1200°1, The stress free temperature in eaeh increment was fteratively deter-

dined to mateh the negative of the measured strain change ot the gage location as the seal wis
analytically rebuill,. The coicalated stress free temperature distribution radially through the
testdual stress specimen is shown in Figare 17, This distribution was estimated using material
properiies ditaobtalned-under NAS3-19280, Properties dala for materials sprayed on ya2°K
- (1200715 metat subsirates wis obigined as-discussed Jater, Figure 18 shows the stress free

-~ temperature distribution obtained from the saine strain data using the new properties, A

coniparison of Figires 17 and 18 provides an evaluation of effeels of property varinbility on
stress free temperaturese © . f

433 Material Propertics

Modulif of elagticity and ruptiire, sirain to failure, thermal expansivity and thermal conduc-
tivity were determined For each of the plisma sprayed ceramic and ceramic-metal layers in
the seal systeny. Samples werd machined lrom specimens sprayed on metal substrates haated
and maintained at 922°K (1200°F). Al speeimens éxeept thermal conductivity specimens
were sprayed on mild steel substraies which were removed with dilute (509 solution) nitric

- acid- during machining of test ssmples, Thermal conductivity specimens were sprayed on
Hastelloy N substeaies, - . \ "

743,30 Modulii of Elasticity and Rupture und Strain to Failure

Modulii of elasticity and rupture and strain to fiiure were determined at room femperature
and at the maximum estimated operating tempegature for each of the sprayed ZrQ,/CoCrAlY
layers und the Z104 layer using the feur-point lexure methotl, A strain gage, placed at mid-
span aind centér of each specimen, was nded e nieasure specimen deflection Tor room tem-
perature tests. Measuretient of cross-head defiection was used o determine specimen deflee-
tion at elevated lemperatures, Test specimens measured 0,254 X 0762 X 3,556 em (0.1 X
0.3 X 1.4 in) and were prepared sueh that the length of the specimen was in the circumleren-
tial direction, Elevated temperature eharacteristics were determined at 1589°F. (2400°1%) for
the ZrQ4 layer and F256°K (1800°F) Tor the 85/15 and 40/60 Zi0q/CoCrAlY inyers.
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Modulus of clasticity was calculated using either of the following formulii as applicable;
For strain gaged specimens;

35 (P/e)
4bh?

E =

where: E = elastic modulus
Pfe = slope of the load versus strain curve
b = specimen width perpendicular to the load applicat:on
h = specimen thickness coincident with the load direction

For elevated temperature tests where the cross head deflection was measured:

S3 (Ple “
Do S
Bbhd
where: § = distance between supports
Ple = slope of the load versus deflection curve

Modulus of rupture was calculated using:

3P§

[e} DS seecee—

4 bh?

modulus of rupture (bending stréngth)

it

where; oy
P

maximum load prior to specimen failure

Strain to failure was read directly for strain gaged specimens, For deflectometer measured
specimens, strain to failure (eu) was cileulated using:

o = -6n X
U (S-a) (S +2a)

Y distance between supports ($/2)

where: a )
deflection at load points at failure (deflectometer redding)

X

1]

Test data for the materials sprayed on metal substrates heated and mamtmm*d at 922°K
- (1200°F) are summarized in Table VI, These results indicate:

1. 'The rupture modulii for the ZrOo and 85/15 ZrO4/CoCrAlY materials tend to increase

with increasing temperature,

19



il

LR N

R N L b i it - b P i puiale RS VL. ST 1 i FSELEI TS R A

2, The modulii of elasticity and strain to faiture for the Zi,, 85/15 ZrO {CoCrAlY and
40/60 ZrO,/CaCrAlY materials and the modulus of rupture for the 40?60 Zr0y/
CoCrAlY materia) tend to deerease with inereasing temperature,

3. Both elastic and rupture modulii {end to insrease with increasing metallic fraction,

Data measured on materials sprayed without supplamental heating of the metal substrate
under contract NAS3-19759 reported in NASA CR-135183 (PWA-5521) is reproduced in
Table V11 for comparison purposes. Comparing the data in Table VI with comparable data
in Tabte VI indicates spraying on » healed substrate tends to:

1. Reduce rupture modulii at room temperature and increase rupture modulii at ¢ievated
© temperature except for the 40/60 ZrQo/CoCrAlY which decreased at clevated tempera-
ture. :

2, Incrense clastic modulii af room temperature and elevated temperature exeept room
temperature ZrOs motlulus and elevated temperature 40/60 ZtOa/CoCrAlY moduius
which decreased, '

3. Reduee room temperature and increase clevated temperature strains to failure with -
the higher metatlic fraction materials exhibiting the largest change.

In general, the effeet of spraying on o heated metal substrate on rupture and elastic modulii
is signiticant and will significantty affect calculated stresses and stress-strength ratios in the
seal system, as will be seen, -

4,3.2,2 Thermal Expansivity

The thermal expansivity Tor each materisl layer in the plasma sprayed Zr05/CoCrAlY seal
system sprayed on 92?2°K (12[)0°__F)_ metal substrates was measured in the circumferential
dircetion. Specimens measured 3.556 X 0,762 X 0.254 em (1.4 X 0.3 X 0,1 in).

Alter being sceurately measured in the 3.556 cm (1.4 in} direction, the specimens were in-
strumented with ¢ Netzeh Glectronic Autoniiatic Recording Dilatometer. The system was
placed in the center zone of a closed chamber which was evacuated and then backfilled with
helium, The specimens were then programraed for temperature ise and equilibrivm at ap-.
proximately 100°K (180°F) intervals from 293°K (68°F) to 1202°K (1704°F), 1341°K
£1954°17) and 1608°K (2434°F) for 40/50 Zr0»/CoCrAlY, 85/15 ZrOziCoCrAlY and
Zr0y materials, respectively. An equivalent prograin for temperature fall and equilibrium
was also implemented. The rte of temperature rise and fall was approximately 5°K/min
(9°F/min), :

Results are summarized in Figures 19 through 22 along with data measured under contract

- NAS3-19759 far materials sprayed without supplementary substrate heating for comparison.

'I:l_tc 40[60 and 85715 _ZrOzi_CoCr'AlY materials demeastrated fairly repeatable thermal
growths both during heating and cooling and from cycle to cycle although some tendency
to grow was seen, ; :
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The Zr04 material detmonstrated a very llbﬁll“c shirinkage above 1373°K (2011°F) during
the first thermn! cycle, as shown in Rigure 21, Total shrinkage of 0.36 pereent was measired,
Subsequent eyeles did not exhibit this shrinkage and were very repeatable, Figire 22 shows
tain typical of these subsequont eycles,

With the exception of the ZrQp maiterial, both sets of data correlate closely and indieate no
appreciable offect of spraying on preheated substrates on the thermal growth characterlstics
of the 5rO2/CoCrAlY materinls,

The stope of the ZiQq thernial growth curve measured under this program is slightly steeper
than the NAS3-19789 curve and the net shrinkago is larger. The NAS3-19759 data measure
ment was aborted twice when significon! departure from linearity was noted. This probably
accounts for most of the net sheinkage data difference since the NAS3-19759 datq is from
the third eyele, after part of the shrinkage hud already veeurred, The canse of the difference
m slope {s not appurent,

The mean coefficient of thermal expansion w23 caleulated from the thermal expansivily
~data shawn in Figures 19 through 22 relative to any m.lu.tui stress free tomperature nsing:

e (AR~ (ALY,

1 y
s (1 (AL Lig (T =Ty)

where: o = mean eoefficient of thermal expansion {rom Ty toT

Lib
(ALIL}T = upit thermal upuuxmn !‘mm’l ol
(AL/L)‘I.S,F = unit lhumal L\muuon from T, to T
T, = imtml temperature from which thermat expansion data was illL‘-;lé
sured -
T = {femperature of which mensurtﬁment was mndo
T = siress i‘r;:c"ti:mi:-_uraiu'm |

4,3.3.3 Thermal Conductivity

* Thermal conductivity was measured on samplos of the ZrOq tayer wd the complete seal sys-
tem, Both snmples were spriyed .an 922°K (1200°F) Hastelloy-X substrates which had been
plasmt spray coated with 0.0762 - 0.127 mm (0,003 - 0.005 in) thick NiCrAl bond coat.

- Test sumples were machined to 2,54 cm (1 in) diameter and both disk lfaces were machined
flat and parallet within 0.0508 mm (0,002 in) full indieated ranout rulntwt. to the ¢ ontm},a
substrate interfnee and cach other,
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Both specimens were fesied using the compirative cut bar method. A specimen was placed
between two Ineconel 702 reference standards ol known thermal conduetivity with thermo-
couples at the interfaces, The fest stack was placed between the plates of an upper healer,
auxiliary beater and o lower hieat sink, A reproducible load was applied to the top of the
comp’lcle system to achieve a uniform interface contact, A guard tube which could be
heated or cooled was placed around the system and the interspace and surronndings were
filled with an insulating powder. By adjusting the heaters and heat sink temperatures, a con-
stant temperature distribution was maintained in the system, Ra-ial licat losses were reduced
to negligible values by keeping the punrd tube temperature close to the average temperature
ol the sample, Temperatures at various locations in the system: were recorded when the equi-
librium conditions were atfained at four average specimen temperatures between 373°K
(21291 and 1473°K (2192°T) during heatup and two average temperatures during cool
down. The thermal conductivity of ench specimen was caleulated using:

K 1 (XS) “‘Rl TRIJ (KRE TRn)
S= -;;. _!. g . + ¥ -
2 (Tg) (.\Rl) (}\Rz)
where: K = thermal conductivity
X = thickness -

T = temperature difference

S = specimen

Ry = top reference

Rq = bottom reference

Subsequent to testing, individual Inyer and substrate thicknesses were determined and ther-
mal conductivities of the sprayed contings were then caleilated using the resistance method:

X

¢
K, 5 =
¢
xs Xm
K K
where: ¢ = coaling
am = substrate
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Thermal conductivities of the mi.\ui Lqu/CoC'rAl\’ ivtermediate layers were estimated
from these resubts by:

1. Caleulating the average thermal conductivity of the composite of the two Intermediate
layers ustng:

Kl‘r—"

where: I{| = conmposite average thermal conductivity of intermedinte layers
Kp = averige thermal conductivity of total couting system
Ke- thermal LOlltlllbﬁ\'ity of sprayed ZrQ4 layer
X; = intermediate IEI}’LI*\ thickness

10

X = total coating thickness
Ng = ZrO, layer thickness

2, PMoting the thermal conductivity against intermediate lnyer thickness assnming:

e {he thermal conauctivity at the Z1Q4 lnyer-intermediate layer interface is equal
to the ZrO5 layer conduetivity,

o the therml conductivity at the intermediate lnyer-metal substrate interface iy
equeal to the substrate conductivity, and

¢ the thermal conductivity ot the mean thickness of the intermediate layers equals
K eafeulated in step 1.

"3, The thermal conductivity of each of the intermediate lnyers was taken as the value of

the curve diwn theough the foregoing points nt the center of cach layer,

Estimated thermal conductivities for each of the 922°K (1200°F) ZrO9/CeCrAlY seal sys-
tem layers are shown in Rigure 23, Thermat conductivity data far the NAS3-19759 senl sys-
tem which was sprayed on unheated metal substrates is also shown in Figure 23 for com-
pitrison. This clata indicates that spraying on heated metal substrates tends to increase the
thermal conduetivity of all layers. The /th/CuCn\IY layers tend to increase more than the
/rO; layer. This tends to agree with mutullou aphy results which indieate increased /10«,
layer dumtysmd increased metallic fraction in the ZrOnlC‘oCrAl\' fayers which would be
expected fo increase the thermal conductivity in all luyers.
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Superfitial Reckwell 45Y hardness was measured on the as-sprayed ZrQx surfuce of all
abradabidlity and erosion speeimens, both those sprayed wiin and without supplemental
heating of the metal substrates, Measurenients were taken at fitteer locations on the
abradablitty spechmens and at niné loeattons on the erosion specinens, Aftor grinding the
coating surfiace and edges for rig testing as previousty discussed, hard ness measurements
were repeated on theee abradability specimens that had been bl)rll)’f.d onto 922°K. (1200°1%)
substrates,

The difference in progessing, iie., spraying with or without supplemental preheating, did not
significantly affect the assprayed hardness of the abradability specimens, The average hard-
riess of efght specimens fram ench set was 74.4 for specimens Spmycd without supplemental
substrate heating and 75.7 for specimens sprayed on 922°K (1200°F) substrafes. Seatter in
the individual spectmens average hardness for specimens sprayed without suppluumtul sube
strate heating was lppl‘O\lllHltLly one-half the seatter for specimens aprzlyul on 922°K
(1200°F) substrates, 1,05 vs. £2,1.

Erostoi specimens did not agree ns closely. Tha uverage hariness of two specimens from
ench set was 73.5 for specimens sprayed without supplemental substrate heating and 69.0
for specimens sprayed on 922°K (1200°F) substrates. The cause for the larger differonce is
not known,

The average hardness of three abradability specimens sprayed on 922°K (1200°F) substrates
increased from 74.3 as-spriyed to 88,3 after machinew ‘This increase In hardness s attribue
tod primarily to the reduction in roughness of the Z104 sutrface.

4.3.4 Abradability Test Resulis

The capability of the sprayed seal system to tolerate blade tip rubs without entastrophic
fallure was evaluated by abradability rig tests, Tests were conducted under simulated engine
conditions of seal suelfnee temperature, blnde tp speed and tncurston rate,

All abrudability fests were parformed with P&WA's high temperature abradability test rig
shown in Figure 24, Twelve simulated turbine blade ll])h wore mounted in the periphery of

~a disk driven at the required speed by a compressed nir turbine, The seal segment specimen
wag mounded in a {ixture at the end of n horizontal post attached to a movable carrlage
assembly, The carringe assembly mchts the specimen radially into the rotor assombly at the
required incursion rate, The seal specimen was hoated from both sides of the rotor by oxy-
gen- lu,tylcnu torches direeted at the seal surface, Heating torches were also mounted off
the carriuge assembly, Gas flows and distaee between the torches and seal specimen was
virried to control the seal surface temperature,

Seal surface temperature was monitored by aptical pyrometers, Carriage travel was moni-
tored-by u linear differentinl transformer, A Toad cell in the ¢ carringe feed system perntitted
determination of the avernge normal force between the seil specinen and blade tips, All
“data were recorded continuously on n 5t rlp thll‘t
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Blade tip and seal wear was tetermined throvgh pre- and post-test measurements, Relative
abradability between different specimens and different seal systems was nssessed on the

basis of the volume wear talio (VWR): the blade {ip wear vohune diviidad by the seal wenr
volume. ‘The smaller the volume wenr ratio, the better the abradability of the seal systenn

Abradabifity test results nre generally the same as experienced under NAS3-19759 Tor simi-
tar lest conditions and substantiste the effeet of incursion rate on blade wear, Le,, the higher

“fneursion rate resulted in inereased blade wear ‘These resuits also fndicate that spraying the
seal conting system on 8 922°K (1200°13) substrate did not significantly affect the abradabi-
lity ol the Z1Q4 layer,

Four abradability tests were atlempied as sipmacized in Table VL The first tvo gpeei-
mens, one it machined 92291 (120071 seal system specimen und the oiher an as-sprayed
baseline seal system specimen developed laminar eracks and spalled severely during heatup
to test conditions,

Spallation that resulted during heatup of the first two specimens s attribited to exeessive
heating of the nietal substrates, In an attempt to rub the specimens off-center Lo pemiit two
tests on a single speeimen, flame impingement (rom one toreh was on the side instead of
the 210~ surface of the specimen and overheated the metal substrate.

The third ancd fourth spechmens were assprayed 922°K (1200°1) seal sy$tem specinens.
he third specimen was rubbed ut 1589°K (2400°1) suptace temperature and 28458 mfs
(933 Pfsee) willl tvelve B-1900 enst nickel alloy blades at an incursion rate of 0.0254 mm/s
(0,001 infsee). ‘The blades wore & groove 0.508 mm (0.020 in) deep In the seal with an aver-
ae blade tp wear of 0,061 mm (0,0024 in), yielding a volume wear ratio of 0.166, The
4Oy tayer of this speeimen spalled atong one side outside the rub paih during heatup Lo
test conditions. During the rub interaction additional »zetions of the ZeQG4 layer at both
ends of the specimen nlso spalled, However, approgimately 75 percent of the rubbed area
remained fntact as shown in Figure 25, A thin layer of blacde tip materfal transter was evi-
dent i the seal wear prooves

“The fourth speelmen was tested at 1589°K (2400°1) seal surface temperature, 304.8 mfs
(1000 ftfsee) blade tip veloeity and 0,254 winfs (0.010 in/see) incursion rale, Heavy blade
fip went and transter to the seal specimen oceurred as shown in Figure 26, The incursion
rate geadually slowed down to 0.109 wm/s (0,0043 infsee) as the rub interaction proceeded
indicating the maximum reaction toad was insulticient Lo maintain the wear tate.

3.5 Erosion Test Resulls

Lrosion resistance of one specimen of each ol the plasma sprayed Zi02/CoCrAlY seal sys
lents, L., sprayed with and without metal substrate heating, was evalunted by hot partis
culate rig testing ai @ ZrOa surfice temperature ol | S§O°K (24 00°F) and an impingemoent
angle 60 0.262 rad (15°).




firosion tests were performed in (he hot particulate erosion rig shown in Figure 27, The spe-
¢lmen was positioned at u distance of 3,81 em (1.5 in) and specified impingement angle rela-
tive to the end of the combustor exit nozzle by a compound vise. The specimen was heated
by impliging J-5 fuel and air combustion products on the ZrO4 surface of the specimen
through & 1,905 ¢m (0,75 in) dinmeter exit nozzle. Specimen temperature and exit gus velo-
city were confrolled by varying fuel and air Bows,

After the specimen temperature and gas velocity were stabilized, particuinte flow was ini-
tiated. The 80 grit Al2O3 purticulate was gravity fed into o fube connected into the com-
bustor exit nozze approximately 5.08 cm (2 in) upstream af the nozzle end where il was
picked up and accelerated 1o the specimen surfiee by the hot gas strean, Particulate flow
rate was coniralled by a preealibrated orifice in the storage hopper discharge line, The
weight of particulate used and the duration of particulate flow during the lest was mong-
tored to check the particulate flow rafe.

Specimen (emperature was measured oplically on the ZyQq surface, Lrosion wear was deter-
mined by measuring the weight Joss of the specimen at five minute intc rvals, )

The erosion specimen consisted of the composite seal system sprayed on u flat Hostelioy-X
plate nominally 3.81 by 5.08 by 0,254 em (1.5 by 2,0 by 0. in). A 3.81 em? (1.5 in?) sec-
tion of the substrate is sprayed, feaving a 1,27 em (0.5 in) uncoated cud for mounting in the
test fixture,

Test results are summarized in Table 1X and Figure 28,

The particulate flow rate used for these tests was 20 pereent of the rate used for {he NAS3-
19759 tests. In view of this, # comparison with previous data could not be made.

The 104 layer of the bascline seal system cracked severely during heatup for tha second
rive minute test interval due fo an accidental rapid thermal shock and it delaminated during
cooldown after completion of the test interval. Theretore, the erosion rate could not be es-
timated, The measured dala point at five minutes is shown in Figure 28.

4.3.6 Thermal Shock Test Results

The durability of the sprayed ZrOo/CoCrAlY seal system in un engine application will de-
pend greatly on its capability to successfully survive the initinl and subsequent thermal
cyeles corresponding to the engine operational conditions. This is the most difficult para-
meter (o satisfy with a ceramic seal because of the relatively low strength {especinlly tensile
strength) of ceramic materials and the large mismateh in thermal growth between cerpmic
and metallic materials, The graded, layered system was designed specifically to modify the
tayer difference in thermal expansion between the metal substrate and ceramic, Thermal
aind mechanical propertices of each of the individual layers in the graded ZrOEICOCrAlY
structure and the metal substrate, as well as the geometry of the seal segment and residual
stress stale, affects stresses generated during thermal cycling,
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Thermal fatigue characteristics were evaluated by rig tests which subjected the seal speci-
mens to a simulated gas turbine engine cycle from idle to sea level takeoff (SLTO) and back
to idle, shown in Figure 29. Appropriate temperature - time cycles were imposed on the
ZrO; and metal substrate surfaces. A typical actual cycle is also shown in Figure 29 for
comparison with the goal and illustrating the very close simulation produced by this rig.
Heating and cooling rates to idle conditions were controlled to minimize associated thermal
stresses. ZrQ, and substrate surface temperatures were heated and cooled approximately
linearly between room temperature and idle conditions over a five minute duration.

Earlier thermal shock tests results under contract NAS3-19759 indicated thermal stress
cracking initiated very early during the test. Analysis indicated cracking could occur in the
first thermal cycle during acceleration to SLTQ. Therefore, prior to initiating the idle -
SLTO test cycle, it was attempted to better define when and where cracking was initiating
by subjecting the seal specimen to isolated portions of the cycle. The specimen was subjec-
ted to an initial heatup to idle and cooldown cycle and the initial acceleration heatup cycle
shown in Figure 30 and thoroughly inspected after each cycle. The specimen was also in-
spected after the first complete thermal fatigue test cycie (Figure 29) and after 100, 300
and 500 cycles.

The thermal fatigue test rig is shown in Figure 31. The specimen was mounted in a water
cooled copper fixture. A combination of oxygen-propane torches and cooling air jets were
used to achieve the desired thermal cycles on the ZrO, und metal substrate surfaces. The
torches were mechanically moved toward or away from the specimen at controlled rates to
provide the required thermal cycle. Fixed cooling air jets were turned on or off or the flow
was changed at predetermined intervals to meet the cycle requirements. The ZrO, and
metal substrate surface temperatures were monitored continuously with an optical pyrome-
ter and thermocouples, respectively, and recorded on a strip chart.

Four abradability specimens, three sprayed on metal substrates heated to 922°K (1200°F)

and one sprayed without supplemental heating of the metal substrate, were thermnal fatigue
tested. Two of the three 922°K (1200°F) specimens were machined on the edges and ZrO,
surface as previously discussed. The third 922°K (1200°F) specimen was an as-sprayed resi-
dual stress specimen with metal substrate rails modified to reduce the circumferential stiff-
ness as described carlier. The specimen sprayed without supplemental heating was tested in
the as-sprayed condition. Test results are summarized in Table X.

All of the 922°K (1200°F) seal specimens failed during the initial acceleration cycle. The
two machined specimens with standard metal substrate configurations exhibited cracking
after initial heatup to idle. The as-sprayed residual stress specimen showed no apparent dis-
tress after initial heating to idle but delaminated completely at the ZrO- - 85/15 ZrO4/
CoCrAlY interface after the initial acceleration cycle. This difference in behavior is attribu-
ted primarily to the substrate stiffness difference although factors such as Zr0, layer thick-
ness difference and defects or stresses caused by machining could have also contributed.
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‘The senl system sprayed without substraie heating completed 100 simulated englne cycles
before crack initiation was observed. Further inspeetion after subsequent testing indieated
Taminar eracking did not initinte untit ufter 100 cycles and before 300, Five hundred cycles
wete suceessiully completed without spallation and the specimen appearance was better
than the postetest condition of previous configurations after only 100 cycles, as shown in
Figure 32,

Radial eracks, Figure 33, were aliost invisible without magnification. As shown by post-test
metallography, Figure 34, radial cruéks only propagated through aplzroximately 60 pereent
ol the ZrO4 layer thickness, Laminar ciacking al the ZrOy layer interface propagated from
both ends approximately 1.9 cm (0.75 in), As shown in Figure 34, the laminar cracks tended
to propagate along the ZrO4 layer interfice for npproxinmately 0,6 ¢m (0,25 in) and then
turned toward the ZrO surface at ashallow angle,

43,7 Siress Anatyses. k

Stress free temperature distributions caleulated based on messured residual straing in ZrO4/
CoCrAlY scal system specimens sprayed on modified abradabllity specimen metnl substrafes
with and without substrate heating were used o estimate stresses in the thermal fatigue spe-
cimens before and after testing.

Both steady state and transient temperature distributions radially through the seal specimen
were ealeulated using the two-dimensionnl finite element computer progeam used for NAS3-
19759 thermal analyses. Temperature distributions were cdleulated based on estimated or
measured temperatures on the ZrOq and metal substrate surfaces wnd physical properties of
ihe seal system materials, Temperatures were assumed uniform in the axiol-cireumferential
plane so only radial gradients were ealeulater).

Caleulated thermal distributions at selected instants in time were used in a two dimensional
finite clement plane sivess computer program to estimite stress distributions. The same com-
puter program bse 1 for NAS3-19759 analyses, modified under o P&WA funded program to
approximate residual stress distributions by assignment of stress free temperatures to ech
ared of the specimen, was used to caleulate total stress distributions in the cireumferential-
radial and the axiul-eadial planes. o

Stress distributions al eritical cyele points; i.e., idle, six seconds into aceeleration, SLTO and
fwelve seconds into decelération: were calewstted for the estimated englne cycles using vari-
ous combinations of materials propertics and resiclunl stregs datn, Subsequent to themal
Fatigue testing, siress distributions at actual test conditions for the maximum thermnl grad-
ient point during initinl idle and initial acceleration eycles were also culeulated, Results of
these analyses are summarized in Table X1, Clrewm lerential stresses are reported since maxi-
muim stresses occurred in this plane.
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“initial data, calenlated using baseline material properties measured under NAS3-19759 with

and without 900°K (1200°F) residual stresses, indicated stresses in the ZrOq layer would
exceed its strength (indicated by stress-strength ratios greater than 1.0), Stresses in the inter-
. medlate layers yere within.thelr respective materta] strengths except the 40/60 ZrO !
CoCrAlY Inyur it SLTO without residual stress. Subsequent ealeulations using me: murul

~ properties for materials spr:nycd on 922°K (1200°F) substrates indicated reduiced tenstle and
* larger compressive stresses in the Z2rO, layer and larger tensile and compressive stross- .
strength ratios In the 85715 &roo!Cc) 'FALY layer, Stresses caleulated in both the Zr0q and
85715 Zr0»/CaCrAlY layers exceeded thelr respective material strengths when properiies

and met sured resfdunl stresses for the 922°K (1200°R) seal system are taken fiito aecount,

Both tensile gnd estimated compressive strengths were exceeded. Compressive stréngths for
tlu.:.ea anilyses was estimated by multiplying {he measured tensile strengths of the ZrOn,
85715 Zr05/CoCrAlY and 40/60 Zr0,/CoCrAlY layers by factors of 4,0, 3,55 and 2.2
respcbtivuy These factom were sulwlcd based on compressive strength datn measured on
sintensd 2105 metal materials under n related P&WA program whieh indicated the ZrO,-
metal materinls tzomprusive strength to tensile strength ratio was approximately a linear
funetion of the ZrQq-fraction between 1.0 for all nmml to 4 or 5 for il Zt04. -

A comparison of the mult:. ol‘mm!yticnl sludy 1) with"z) in Table XT will imlirzntc the efs
fect of the residual stress resulting from spraying on parts mitintained at 922°K (1200°F).

A Lomp.mson of ease 2) with 3) illustrates the t.f' fect of physical property. wnmtion eased — — - ——— - -

by spraying on- 4 922°K-(1200°F)substrater —

Maximum (u.nsilc.) principal stresses in both the ZrO, and 85/15 ZrO»/CoCrAlY luyers for
specimiens sprayed onto 922°K (1200°F) substrates exceeded the lumlu strength of the
respective materials ot the 13 second point In the netual inftinl acecleralion eyele measured
in the test rig. These stresses were caleulated to occur at an angle of approximately

. 0.7854 radd (45°) relative to the layer interfice. The erack path was af approxiniately

e L o e ]

0.5236 rad (30°) relative to the interfuce as shown in Figure 35, ‘The location of the cileu-
lated maximum and minimum principal stress-strength ratios for both idle and 13 second
ncccch.mtion rig test eycle points are .1Iso shown in Figure 35, ’

T Typical cwcuml‘c__rcniinl stress distributions are shown In Figure 36. Generally, Incorporation

of compressive residual stresses tended to reduce tensile stresses In the eentral arca of the -
seal in all fayers and have retatively small effect on tensile stresses néar the edge as shown by

-cotpirison of curves A and B, Materdal propertics changes caused by spraying * .2 scal sys-

tem on a 922°K (1200°F) substrate had o mixed effeet on tensile si esses. Z104 layer
stresses lended to be reduced as shown by comparison of curves B and C, IIl(L.I‘deI.IlL layor”
stresses, especially in the 85/15 ZrO afCOCrAIY layer, were Inereased significantly as shown
in Table X1, Magnitudes generally tended to increase as fonsile stresses were reduced except’
in the intermediate layers where prapertios changes n.sultul in lllbl"{:dSlnL, magtitude of both
tcns:lu mld comprwam strcssbs. :

"It was not possible to complctc the analyses for correlation with test results of the baseline

seil system because of Jack of gecurite residund stress data, The residual stress measurement. -
experiment on the baseline seal system should be l‘upcalcd to correlate analysis with the
successful test results on this sy:.lun. .
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Material

Layer 1 Layer 2
40/60 85/15
M M
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TABLE |

MATERIAL OPTIMIZATION STUDY RESULTS AT CENTER

ZM = Zr0,/CaCrAlY o = Circumferen
T = Temperature, °K (°F) Stress, N/cm* (psi) Neg. sign (-) = compression
Cycle Para- Location
Point meter 1 p 3 El 5 6 T ]
SLTO o -3119 4054 1042 nn an 11435 -8564 6159
(4524) (5879) (151 (4658) (13448 (16585) -12420) (-8933)
T 1542 1170 1092 1020 975 960 951 946
(2315 (1646) (1506) (1376) (129%) (1268) €1252) (1242)
] -11477 2748 2504 3357 9736 9812 5156 3251
6 sec (-16645) (3985) (3631) (4869) (14121) (14230 &7478) 15
Accel T 1352 661 614 579 563 561 562 566
(1973) (129) (645) (582) (553) (549 (552) (559)
SLTO o -2105 5459 2169 4332 831 1528 -5914 -5224
(-3053) (7918) (3146) (6283) (1205) (2216) (-8578) -7576)
T 1540 1156 1076 1000 95% 955 952 947
(2312) (1620) (1476) (1340) (12663 (1259) (1253) (1244)
'] -12285 2528 2470 3356 9309 9675 6323 6003
-17817) (3667) (3582) (4867) (13501) (14032) (717 (8706)
6 sec T 1350 647 601 568 558 558 559 564
Accel (1970) (705) (622) (563) (544 (544) (546) (555)
o -2641 7858 1360 2467 8266 10495 -10743 -8978
SLTO (-3831) (11396) (1973) (3578) (11988) (15220 (-15596) (-13021)
T 1529 1061 1004 997 985 967 957 951
2292) (1450) (1348) (1335) (1313) (1281 (1262) (1251)
] -12587 3474 7057 7888 8074 8653 2920 3333
6 sec (-18255) (5039) (10235) (11440) (117100 (12549) (4235) 4834)
Accel T 1346 609 578 574 568 564 564 568
(1963) (636) (580) (573) 1563) (556 (556) (563)
o -2886 4069 Hna 3370 6068 6129 -5225 4089
SLTO (4186) (5898) (1634) (4887) (8800) (8889) -7621) (-6974)
T 1541 1162 1080 1001 958 954 951 946
(2313) (1631) 11484) (1342) (1265) (1258) (1252) (1243)
o 12331 2466 3012 4068 9109 9494 6129 5851
6 sec (17884) (3476) (4368) (5900) (13211) (13769) (8889) (B486)
Accel | 1350 648 601 568 558 558 559 564
(1970) (706) (622) (563) (544) (544) (546) (555)

WP P RTETTET T nr T




L9

Material
Varniation “Layer | Layer 2
Baseline 40/60 BS/15
™M F A |
| 10/90 85/15
M M
2 40/60 30/70
M M
3 10/90 90/19
M M

Z/M = ZrO,/CoCrAlY

TABLE Il

MATERIAL OPTIMIZATION STUDY RESULTS NEAR END

T = Temperature, °K (°F)

Cycle

Point

SLTO

SLTO

SLTO

SLTO

Para-
meter

= Circumferential
Stress, N/cm? (psi)

Neg. sign (-) = compression

Location

] W [ 12 13 4 s 6
3676 3614 783 2984 8174 10944 8296 2754
(-5332) (5241) (1136) (4328) (11855) (14873) -12032) (-3994)
1542 1170 1092 1020 975 960 951 946
(2315) (1646) (1506) (1376) (1295) (1268) (1252) (1242)
8936 4502 3303 3929 10669 9736 1729 9292
(-12960) (6529) 4791) (5698) (15474) (14120} (2508) -13477)
1352 66l 614 579 563 561 562 b6
(1973) (7129 i645) (582) (553) (549) (552) (559)
-3030 4803 1804 4049 241 1073 4782 176
(-4394) (6966) (2616) (5872) -1365) (1556) (-6935) -255)
1540 1156 1076 1000 959 955 952 947
(2312) (1620) (1476) (1340) (1266) (1259 (1250 (1244)
9226 a2 3459 4051 11741 8912 1375 8830
(-13381) (6848) (5017) (5875) (17029) (12926) (1994) (-12806)
1350 647 601 568 558 <58 559 S64
{1970) (705) 622) (563) (544) (544) (546) (555)
3725 6952 -1670 519 7562 10639 44 2063
(-5402) (10083) (-2422) (744) (10968) (15430) (-12686) -2992)
1529 1061 1004 997 985 ©67 957 951
(2292) (1450) (1348) (1335) (1313) (1281) (1262) (1251)
-10176 5012 9615 9101 8142 8090 -1100 £773
(-14759) (7269) (13945) (13199) (11809) (11733) (-1596) -12724)
1346 609 578 574 568 S64 564 568
(1963) 636) (580) (573) (563) (556) (556) (563)
3363 3645 R84 3174 5907 60R8S 5158 -2490
(-4878) (5287) (1282) (4604) (8S67) (B825) (-7481) -3612)
1541 1162 1080 1001 958 as4 951 946
2313) (1631) (1484) (1342) (126%5) (1258) (1252) (1243)
9319 4639 4213 4895 11360 B63E 1156 8835
(-13515) (6728) (6110) (7100} (16476) (12528) (1677) -12813)
1350 648 601 <68 558 558 559 S6d
(1970) (706) (622) (563) (544; (544) (546} (555)




TABLE 111
RESIDUAL STRAIN DATA
THERMAL PRESTRESSED SPECIMEN, 728°K (850°F)
M= Zr0,/CoCrAlY
Increment AStrain, 100
i Thickness cm/cm
No. Thickness ¢cm (in) Material °K (“F) Circ. Axial
| 0.0457 (0.018) 210, 303 (85) 45 .25
2 0.0508 (0.020) 2.:03 303 (8% 25 30
3 0.0508 (0.020) ZrO: 303 (86) 10 40
4 0.0508 (0.020) 210, 304 (87) 5 35
5 0.0508 (0.020) 2104 303 (86) 0 40
6 0.0305 (0.012) 2104 303 (86) 30 40
7 0.0279 (0.011) B5/15Z/M 299 (718 40 -
X 0.0305 (0.012) B5/15Z/M 301 (82) 40 .-
9 0.0330(0.013) B5/15Z/M 302 (8S) 30 .-
10 0.0254 (0.010) 40/60 Z/M 299 (79) 10 .-
11 0.0305 (0.012) 40/60 Z/M 300 (80) 28 -
12 0.0152 (0.006) 40/60 Z/M 300 (80) -10 .-
13 00754 (0.010) Mar-M-509 286 (55) 60
14 0.0254 (0.010) Mar-M-509 297 (65) 25 --
TABLE IV
RESIDUAL STRESS SPECIMENS
CURVATURE CHANGE
Substrate Radius, cm (in)
Before After
Spraying Spraying Change

922°K (1200°F) Syste.a

Baseline System

68

14.295 (5.628)
12.896 (5.077)

12.649 (4.980)
13.597 (5.353)

15.100 (5.945)
13.830 (5.445)

12.761 (5.024)
13.884 (5.466)

+0.805 (+0.317)
+0.934 (+0.368)

+0.112 (+0.044)
+0.287 (+0.113)
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TABLEV

RESIDUAL STRAIN MEASUREMENTS
922°K (1200°F) THERMAL TREATED SPECIMEN

T T i St e T U P 8

Increment Thickness Strain Change, 10 cm/cm
No. Material mm (in) Tire.  Axial Diagonal Remarks
1 210, 0.762 (0.030) 10 20 20
2 Zr0, 0.762 (0.030) 50 26 30
3 210, 0.762 (0.030) 90 54 80
4 210, 0.635 (0.025) 100 80 80
5 210, 0.356 (0.014) 50 80 70
6 BS/1SZ/M 0.406 (0.016) 140 110 140
7 B5/15Z/M 0.254 (0.010) 80 60 70
8 40/60 Z/M 0.330(0.013) 120 0 30
9 40/60 Z/M 0.203 (0.008) 80 10 70
10 40/60 Z/M 0.279(0.011) 50 -50 0
Residual Mar-M-509 2.718(0.107) - - .- Assumed Stress
Free at 922°K
(1200°F) For
Analysis
ZM = Z10),/CoCrAlY
C = Circumferential Strain Gage
A = Axial Strain Gage
D = Diagonal Strain Gage
D
2% "

Gage Orientation
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TABLE VI

AVERAGE MODULII OF RUPTURE AND ELASTICITY
AND STRAIN TO FAILURE TEST RESULTS FOR
MATERIALS SPRAYED ON 922°K (1200°F) METAL SUBSTRATE

Test Modulus Modulus Strain
Temperature of Rupture of Elasticity To
Matcrial K (°F) 10° N/em*® (10° psi) 10* N/em?® (10° psi Failure, ©

40/60 ZrO,/CoCrAlY 293 ( 68) 10.14 (14.7) 7.10 (1030 0.206
1256 (1800) 7.45 (10.8) 428 ( 6.2 0.537

85/15 ZrOleoCrAlY 293 ( 68) 364 ( 5.28) 5.57 ( 808 0.101
1256 (1800) 5.33 CLETS 3.68 ( 5.33) 0.292

ZrO, 293 ( 68) 1.83 ( 2.66) 2.50 ( 3.63) 0.107
1589 (2400) 2.36 ( 342) 2.39 ( 3.47) 0.345
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Matenal

40/60 Zr0+/CoCrAlY
70/30 ZrO4/CoCrAlY
85/15 ZrO,/CoCrAlY

ZrO,

TABLE VII

AVERAGE MODULII OF RUPTURE AND ELASTICITY
AND STRAIN TO FAILURE TEST RESULTS FOR
MATERIALS SPRAYED WITHOUT SUPPLEMENTAL
HEATING OF METAL SUBSTRATE

Test Modulus Modulus

Temperature of Rupture of Elasticity

e (°F) 10® N/em?® (10° psi) 10* N/em? (10® psi)
223 ( 68) 2227 5.86 ( 8.5)
1005 (1350) 10.83 (15.7) 9.24 (13.4)
293 ( 68) 563 ( 8.16) 3.62 ( 5.25)
1061 (1450) 7.03 (10.2) 470 ( 6.81)
295 ( 68) 414 ( 6.0) 2.54 ( 3.68)
1144 (1600) 470 ( 6.82) 1.86 ( 2.70)
293 ( 68) 2.82 ( 4.09) 4.69 ( 6.8)
1589 (2400) 224 ( 332 1.56 ( 2.26)

To
Failure, %

0.82
0.39

043
047

0.40
0.34

0.12
0.33
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Test No.
Description

Ave. Harduess, R 45Y

No. Blades

Blade Tip Dia. cm (1)

Blade Tip Velocity, m/s (ft/sec)
Seal "emp.. °K (°F)

Inte raction Rate. mm/s (in/sec)
Penetration Depth, mm (in)
Max. Scal Wear Depth, mm (in)
Transfer to Seal

Rub Pattern

Actual Surf. Temp.. °K (°F)
Max. Surf Temp.. °K (°F)
Noimal Load. Ke (ib)

Avz. Blade Wear, mm (in)
Blade Heat Discoloration

Blade Pickup

VWR

Remarks

TABLE VIl
ABRADABILITY TEST RESULTS
1 2
922°K (1200°F ) System Baseline. As
Machined Surface Spraved Surface
86.6 747
12 12
2149(3.46) 2149 (8.46)
204 8 (10004 204 % (1000)
1539 (2400) 1589 (2400)
60% of Zr0, layer 50% of ZrO, layer
spalled dunng heatup spalled and cracked
laminarly durmng

3

922°K (1200°F) Svstem
As-Sprayed Surface

780
12
2149 (8 40
284 4(933)
1589 ( 2400)
00254 (0.001)
0.762 10.030)
0.508 (0.0200
Light
Continuous
1606 (2430)
1650 (25100
18146
0.061 (0.0024)
Neghgible
Slight on Leading
Side
0.166

ZrO- layer partially
spalied dunng heatup
and rub, mostly outsade
rub path

a
922°K (1200°F) System
As-Sprayed Surfece

76.2
12
21.49 (X.46)
304 8 (1000)
1589 (2400)
0254 0 0100*
0 762 (0.030)
None
Heavy 0011
Contmuous
1561 (23500
1922 (3000)
4989(1
0.980 (0.0386)
Dark Straw
Up 1o 0.178 mm 10.007
in) on Leading Sade
Indeterminate

Axial cracks in transfer.
*Interachion rate siowed
10 0.109 mm/s (00045

m/sec) dunng reb




TABLE IX
EROSION TEST DATA SUMMARY

Particulate:  Material - Al,O3

Gas Velocity - 0.35 Mach Size - 80 Grit
Nozzle to specimen distance - ~ 8! & (1.5 in) Flow - 0.544 kg/hr (1.2 Ib/hr)
Impingement ; Speafic
Surface Temp. Angle Hardness Erosion
K RAD Avg Range e o Em.laf__. of Al,O5
Test No. °F) (degrees) RASY R 45Y 107 gm/min 10 cc/min 107" gm/gm Remarks
1 1589 0.262 67.1 66.70 40 0.770 44 922°K (1200°F) system
(2400) (15) as-sprayed, eroded sur-
face mud flat cracked
2 1589 0.262 73.2 72-17 Undetermined Baseline system, as-
(2400) (15) sprayed ZrO, layer de-
lammated dunng cool-

down after 10 min.




TABLE X

vL

THERMAL SHOCK TEST "“SULTS
Test No. Specimen Remarks

1 Baselin: system as sprayed Completed 500 cycles. No discernible cracks until 10 cycle inspection. Surface
cracks apparent after 100 cycles. “Mud flat™ dimension ap;roximately 0.51 cm
(0.20ir) X 0.51 cm (0.20 in). Fine laminar cracks at both ends at ZrO, inter-
face apparent after 300 cycles. Cracks extend approximately 1.27 cm (*2 in) to-
wards center. After 500 cycles, same laminar cracks extends approximately 1.9
cm (% in) towards center. No apparent subsiantial increase in surface cracking.

[ 3]

922°K (1200°F) system: Severe laminar cracking at idle. Cracks occurred at both ends. apparently ornigin-

machined ting in the 85/15 ZrO5/CoCrAlY layer and propagating into ZrO5 layer. partial-
ly through to surface. Severe Zr0, surface overheating S%9°K (600°F) at 6 sec-
o:d accel. Spallation of 1 9cm (% i) X full wadth pieces at both ends. Addr
tional laminar cracking in 85/15 ZrO,/CoCrAlY propagated nearly 1007
through specimen. Major radial crack across center of ZrO».

3 922°K (1200°F) system; At idle. small lamirr crack occurred at onc end at 85/15 ZrO»/CoCrAlY - 40/60
machined ZrO-/CoCrAlY interface. Moderate ZrO, surface overheating 394°K (250°F) at
6 second accel. Severe laminar cracking at 85/15 Zr04/CoCrAlY-ZrO, interface
at both ends. Crack extends approximately 807 through specimen. No radial
cracking evident.

4 922°K (1200°F) system Compiete delamination and spallztion at 6 second accel. Delamination occurred
as sprayed; substrate at ZrO+ - 85/15 ZrO~/CoCrAlY interface. No radiai cracking apparent
modified for residual B
stress measurement

S S S
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TABLE XI
PRINCIPAL STRESS-STRENGTH RAT'DS IN CIRCUMFERENTIAL
L PLANE OF 922°K {1200°F) SPECIMEN
: Engine Cycle Rig Cycle
. Properties Residnal Residual Stress idle 6 sec Accel SLTO 12 sec Decel e 12 cAceel
g Used Stress Used Material Max/Min Max/Min Max/Min Max/Min Max/Min MaxfMin b oaxfMin
Ei 13y NAS3-19759 None Zr0, 00 0.69/0.62 1.8Bf1.42 1.87/0.80 1.75/0.08
‘ 85715 Z/M~ 00 0.55/0.32 0.98/0.61 0.89/0.19 0.69/0.05
460560 ZfM 0/G 0.41/0.08 0.58/0.16 1.37/0.09 0.86/0.01]
2} NAS3-19759 922°K Zr0» 1.00/1.11 1.31/1.26 2.3Bf1.61 1.61/1.42 092/0.35 1.22/1.06 2.08f1.97
{1200°F) 83/15ZM 0.22/0.46 0.53/0.62 0.88/0.86 0.86/0.33 0.14/027 0.45/0.55 0.61/0.60
40460 ZfM 0.06/0.20 0.18/0.22 0.32/0.27 0.54/0.18 ©.21/0.12 0.19/0.19 0.44/0.22
3y 922°K 923°K Zrdy 0.55/0.76 ve-- 1.83/2.00 1.00/1.7¢ r44/0.36 0.89/0.81 147/293
€1200°F} (1200°F) 85/15Z/M 0.51/0.83 .- 1.24/1.07 1.20/0.50 0.60/0.25 0.68/0.62 1.14/C76
40160 ZIM 0.27/0.54 === 0.62/0.76 0.42/041 (.23/0.28 0.40/0.5F 0.51/0.38
*ZIM = ZrO,/CoCrAlY
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