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16. ABSTRACT (continued)

The preliminary l tfe prediction model developed focuses on the two major damage
modes identified in the crtttcal experiments task. The first of these involves a
mechanical driving force, resulting from cycltc stratns and stresses caused by
thermally tnduced and externally imposed mechanical loads. The second is an
environmental driving force based on experimental results, ts belteved to be
related to bond coat oxidation. It ts belleved that the growth of thts oxide scale
influences the intensity of the mechanical driving force.
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1.0 SUMMARY

The goals of this program are to identify and understand TBC fallure modes,

generate quantitative TBC life data, and developed and verify a TBC life

predlction model.

The coating being studied on this program is a two layer thermal barrier

system incorporating a nomlnal ten mll outer layer of seven percent yttrla

partially stabilized zlrconia plasma deposited over an inner layer of highly

oxidation resistant low pressure plasma sprayed NiCoCrAIY bond coating. This

coating, designated PWA264, currently is in flight service on a number of

stationary turbine components in Pratt & Whitney Commercial engines.

An initial review of experimental and flight service components indicates that

the predominant mode of TBC failure involves thermomechanlcal spallatlon of

the ceramic coating layer. This ceramic spallatlon Involves the formation of a

dominant crack in the ceramic coating parallel to and closely adjacent to the

metal-ceramlc interface.

Results from a laboratory test program designed to study the influence of

various "driving forces" such as temperature, thermal cycle Frequency,

environment, coating thickness, etc. on ceramic coating spalllng life suggest

that bond coat oxidation damage at the metal-ceramic interface contributes

slgnlficantly to thermomechanlcai cracking in the ceramic layer. Low cycle

rate Furnace testing in air and in argon clearly shows a dramatic increase of

spa111ng llfe in a non-oxidizlng environment. Elevated temperature

pre-exposure of TBC specimens in air causes a proportionate reduction of

cyclic thermal spalling life, whereas pre-exposure in argon does not.

Interrupted cyclic thermal exposure (burner rig) testing showed that thermo

mechanical ceramic spallation is a progressive damage mode. Subcritlcal

mlcrocrack link-up is proposed as the mode of failure. Initial metallographic

observations showed major subcritlcal cracking initiating above the metal-
ceramic interface and not at the bond-coat asperities which are inherent in

the TBC system being studied .............. experimental results showed that
bond coat oxidation is a significant Factor in the cyclic spalling life of the

ceramic coating it is assumed that this environmental driver magnifies the
mechanical driving force due to thermal loading in the burner rig.

Mechanlcal property tests show that the bulk as-plasma sprayed 7w/o Y203
-Zr02 exhibits a highly non linear stress strain response in pure tension

and compression. Also, it was shown that this material exhibits a slgniflcant

creep response. Low cycle Fatigue characteristics were observed over a narrow

stress range indicating that stress levels above a crltical stress threshold

will result in rapid damage accumulation. This result supports the model

approach, which will be discussed in the proceeding paragraphs, and in itself

is supported by the interrupted burner rig test metallographlc observations.



The preliminary life prediction model developed focuses on the two major
damage modes identified in the laboratory testing described above. The first

of these modes Involves a mechanical driving force, resulting from cycllc

strains and stresses caused by thermally induced and externally imposed loads.
The second is an envlronmental driving force which appears, based on the

experlmental results, to be related to "oxidation damage", due to the

In-service growth of a NiCoCrAIY oxide scale at the metal-ceramic interface.

Based on the apparently "mechanical" mode of ceramic fallure, (near inter

facial cracking), and on the difflculty in finding metallographlc evidence of

a direct physlcal 11nk between the growing oxide scale and incipient cracking
in specimens exposed to a relatlvely small fraction of expected life, it was

elected to employ an existing phenomlnologlcal fatigue model (Manson - Coffin)

as the basis for the TBC life model. In traditlonal form, this model relates

cyc11c inelastic strain range to number of cycles to fatigue failure. The

model does incorporate an envlronmental effect, in that the mechanical driver

is analytlcally modified in such a way as to reduce the apparent fatigue

strength of the ceramic layer. The use of inelastic strain range as a damage
driver for the ceramic coating layer is considered Justified In view of the

previously mentioned nonlinearity observed In constitutive tests conducted on
the material.

The mathematical form of the model Is shown below and it expresses a
relationship between the number of cycles, cycllc Inelastic straln and bond
coat oxide accumulatlon.

(A(,/ _Ef)b = N where _(_ = Total cycIlc Inelastlc

straln range
(, , failure strain

and bE, . A (_AT) +_E¢ + A(, _ 2 (_y.s. IE)

The total cyclic inelastic strain A(,, Is the sum of the _T strain plus
the heat up and cool down strains, 4(, andA(c respectively, due to the

inltlal heat up and cool down transient part of the burner rig thermal cycle.

_(f . A(fo (i_816_)c +A(_ ( 818 c)_

The failure straln,A(r, Is a functlon of the Inelastic strain and is

reduced by the strain due to the oxide thickness ratio, B/8_, whereS_ Is

the crltIcal oxide thickness which w111 cause ceramic failure In a slngle

thermal cycle. The statlc fallure straln,_(_o, is the strain required to
fail the ceramic in the absence of bond coat oxidation.

For a mlsslon comprlsed of n cycies, the damage accumulated by cyc11c

inelastic strain and oxide growth w111 equal I/N. The Miner's Rule assumption
Is used in that failure of the TBC occurs when I/N )l.O.



2.0 INTRODUCTION

Ceramic coatings have been utilized in aircraft gas turbine engines for over

twenty years, prlmarlly as an add-on technique to increase the durability of

already reliable coatings. More recently, thermal barrier coating usage was
extended to protect selected high pressure turbine components as well as

combustors and augmentors. For these early turbine applications, no specific

design methodology was needed, and coating lives (ceramic spalIing resistance)
were determined adequate (or not) based on experimental engine testing. Future

applications for thermal barrier coatings, which emphasize performance

improvement (as apposed to durability extension), will require more

sophisticated design tools and lifetime prediction methods.

The objective of this program is to establish a methodology to predict thermal

barrier coating life in an environment slmulative of that experienced by gas
turbine alrfoils. Specifically, work Is to be conducted to determine failure

modes of thermal barrier coatings in the aircraft engine environment.

Analytical studies coupled with appropriate physical and mechanlcal property
determinations will be employed to derive coating life prediction model(s) for

the important failure mode(s).

The program to accomplish these objectives is divided into two phases. Phase I
(36 months) will be directed towards identification and modeling of the

predominant failure mode(s), including verification. Phase II (24 months),

which will proceed at the option of the government followlng the conclusion of
Phase I, will develop and verify an integrated design capable life predictlon

model accounting for all important contributions to coating failure.

Phase I, which currently is in progress, includes the following three

technical tasks, plus a fourth reporting task.

0

0

Task I - The objective of this task is to identify the relative importance

of various TBC degradation and failure modes, and to develop a preliminary

life prediction model for further development Phase II. Specific modes to
be addressed include degradation resulting from static and cyclic thermal

exposure and hot corrosion.

Task II - The objective of thls task Is to design, conduct and analyze

experiments to obtain data for major mode life prediction model

development. Design of the experiments will be based on results of Task I.

Test parameters will be varied as appropriate to fallure mode(s) being
modeled to cover the range of parameters anticipated on thermal barrier

coated turblne components. Transient thermal and stress analyses will be
conducted for each test condition. The analytical results wlll be used to

construct life prediction model(s) for the predominant mode(s).

0 Task III - The validity of models developed in Task II will be assessed

through a series of approved benchmark engine mission simulation tests.
The basls for judgment of model validity shall be how closely the model

predicts TBC life for each benchmark engine simulation test.
Recommendations for further research or refinement required to arrive at a

fully satisfactory engine life prediction methodology shall be made if

necessary.

3



Phase II, If exercised, will Include the followlng five technlcal tasks, plus
a sixth reportlng task.

0

o

o

0

Task V - The objective of this task Is to develop fracture and continuum

mechanlcs life predictlon models based on the deslgn and performance of

approved experiments to determine mechanlcal/materlal properties and

analyze loads resulting from the coating deposltlon process and those that
arise in service.

0

Task Vl - The objective of this task is to develop oxldatlon and hot

corroslon fallure models both under steady state and simulated engine
conditions. Mechanical property Impllcations of bond coat oxidation shall

be determined to permit incorporation of oxidation response Into an
integrated life prediction model. A seml-emplrlcal hot-corroslon model

will be developed to Include effects of corrodent Infiltratlon and the

dllatlon pressure produced by phase changes of the corrodent durlng
temperature cycllng.

Task Vll - The objective of this task is to design and conduct a series of

experlments to develop a data base from which the erosion and foreign
object damage models can be developed. Erosion test results will be

extrapolated to construct a correlation model to predict TBC erosion life

at typlcal operating condltions. The correlation shall Include the

velocity, temperature, erodent Intenslty, implngement angle and
temperature-dependent ceramic properties. The degree to which the

occurrence of an FOD Incident reduces the life of the TBC wlll be

predicted through development of a debit based life prediction model.

Task IX - The objective of this task Is to integrate the appropriate
combinations of models Into a comprehensive, design capable, causal, 11re

prediction model. This model shall incorporate the sub-models having the
best pr_dlctlve capability for each failure mode. A modular structural

design shall be used In constructing the integrated model for flexlb111ty

and ease of incorporation In avallable thermal and structural computer
programs. The integrated models developed and a test plan for their

verlfIcatlon shall be subject to NASA Project Manager approval before
Inltlatlng Task X.

Task X - The objective of thls task shall be to verify the models proposed
under slmulated engine condltlons including benchmark engine mission
slmulatlon tests. Based on these results a model or series of models wlll

be recommended for adequate TBC ll?e prediction as used In design

englneerlng. The utility of the model shall be demonstrated by evaluatlng
its applIcabllity to design of a new hot section component. This

demonstratlon w111 involve appllcation of the model to an advanced turblne

blade design to assess how overall 11Fe could be improved by the use of a
TBC system. The blade design developed under NASA contract NAS3-23057

entitled "Prellmlnary Design of a Supersonic Aircraft Hlgh Pressure

Turbine Program" shall be used. The study shall Include the determination

of the life ?ractlons For each failure mode. Also, trade-of? studies will
be carried out to determine changes In the life dlstributlon if the TBC

was modl?led to ellmlnate certain failure modes.

4



3.0 PHASE I - FAILURE MODES ANALYSES AND MODEL DEVELOPMENT

The objectives of this phase are to identify thermal barrier coating

degradation modes which lead to coating failure, to determine the relative
importance of these degradation modes in aircraft engine applications, and to

develop and verify life prediction model(s) for the predominant mode(s) of

engine failure.

These objectives are being accomplished in three tasks. The objective of the
first task is to identify and determine the relative importance of TBC failure

modes, including development and veriflcation of preliminary correlative life

prediction model(s) for the predominant mode(s) of failure. The objective of

the second task is to refine the model(s) developed in Task I, including

generation of a substantial body of experimental failure data for model
calibration. Additional data will be generated in the third task to verify the

model(s) developed in Task II. A fourth reporting task also is included In

Phase I of the program. Task I is substantially complete; results are
discussed in detail in section 3.1. Task II has been initiated; the

experimental approach and initial results obtained on this task are described

in Section 3.2.

The thermal barrier coating being evaluated on all of these tasks is

designated PWA 264. It consists of an air plasma sprayed 7 w/o Y20_ -

partially stabilized ZrO_ layer and a low pressure chamber sprayed metallic

inner layer. The ceramic outer layer is nominally 0.010 ±0.002 inches thick,

and is approximately 80% dense. The NiCoCrAIY inner layer is nominally fully
dense and is 0.005 + O.OOl inches thick with appropriate surface roughness.

The TBC coating system Is shown in Figure 1. The substrate alloy being used

for this program is PWA 1455. It's composition as well as the NiCoCFAIY bond

coat composition is shown in Table I.

TABLE I

NOMINAL COMPOSITION OF PROGRAM MATERIALS

(Weight Percent)

Ni Co Cr A1 Mo Ta Hf Ti B C Y

PNA 1455 Remainder I0.0 8.0 6.0 6.0 4.25 1.15 l.O 0.015 0.I -

PWA 1376 Remainder 22 18 12 ...... 0.4

3.1 Task I - Failure Mechanism Determination

The objectives of this task were to identify thermal barrier coating

degradation modes which lead to coating failure, to determine the relative

importance of these modes in aircraft engine applications, and to develop and

verify preliminary correlative life prediction model(s) for the predominant
failure mode(s).

5



ORIGINAL P_ ts

OF. _ QUALITY

t

t

Pre-Test 200X

Figure I Thermal Barrier Coating System Microstructure

The approach to accomplish these objectives included an initial review of the

thermal barrier coating literature and of Pratt & Whitney engine experience

with thermal barrier coated turbine components to identify potential modes of
thermal barrier coating degradation and to determine which of these modes

appear to predominate in engine service (Task IA). This review has been

completed, and results have been used to establish a laboratory simulative
engine test program (Task IB). Results of this test program were used to

critically assess the relative importance of various degradation modes as they
relate to coating service life. Also included in Task IB was a subtask to

measure physical and mechanical properties of coating system materials which

were required for analytical modeling and preliminary correlative life

prediction system development which was conducted in the first part of Task

IC. This effort was followed by additional laboratory testing to verify the
preliminary model and to provide a basis for model refinement in Task II.

3.1.1 Task IA- Experimental Design

The objectives of this subtask, which has been completed, were to review the
TBC literature and Pratt & Whitney experience with thermal barrier coated

turbine components, and based on this review, to establish an experimental

program to determine the relative importance of various TBC degradation
mechanisms as they relate to coating service life.

Early work on thermal barrier coatings describes numerous material and process
developments, and identifies several potential degradation and failure modes

(Refs. 1-14). These modes include thermomechanically induced structural

failure of the ceramic coating layer, oxidative degradation of the underlying
metallic bond coating, thermochemically (hot corrosion) induced ceramic
degradation, foreign object damage (FOD), and erosion.
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Examination of experimental and flight serviced engine components indicates
the first of these degradation modes to be the predominant cause of coating
failure, resulting in spallation of the ceramic coating layer due to formation
of a dominant crack in the ceramic parallel and adjacent to the metal-ceramic
interface (Figure 2). Laboratory test results reported in the literature
suggest that this thermomechanical spallation mode is accelerated by
time/temperature dependent interracial oxidation of the metallic bond coat
(Refs. 15-16). The examination of engine exposed components indicates that hot
corrosion, FOD, and erosion do not represent life-limiting modes of
degradation in engine service. Based on these observations, an experimental
program was designed to separately assess and quantify the relative
contributions of mechanical and oxidation degradation to TBC failure. While
hot corrosion was not identified as a major failure mode in commercial engine
service, experimental tests were included in the program to identify the
threshold contaminant level for corrosion damage, thus providing a basis for
prediction of flight environments where this degradation mode might be
important. Details of findings from the literature and engine component review
and of the experimental program designed to assess critical mode importance,
are provided in the following paragraphs.

B

A

200X

Figure 2 Typical Thermal Barrier Coating Engine Failure Mode

In reviewing the available literature, laboratory data, and engine hardware,

there was general agreement that the major TBC failure mode is thermomechan-
ical ceramic coating spallation due to dominant crack propagation parallel to

but not coincident with the ceramic-metal interface. Crack driving forces are

presumed due to thermal expansion differences between the ceramic and metal

components of the system, with the coefficient of thermal expansion of the
ceramic being significantly lower than that of the underlying metallic system.



It Is also hypothesized that the stresses resulting from thermal expansion
mtsmatch during thermal cycltng are augmented by oxidation of the NICoCrA1Y
bond coat, which has an Irregular roughened surface topology (Refs. 15, 16,
17, 18). Hiller and Lowell (see Ref. 15) were the first to discuss the role of
the Irregular bond coat/ceramic interface on oxidation related failure.

Despite the observation that the predominant thermal barrier coating failure

mode involves thermomechanlcal spalllng, resulting from thermal cycle induced
stresses, some laboratory evidence exists to indicate a time and envlronmental

dependence of the mechanlcal failure mode. Early evidence of time dependence

was provided by McDonald & Hendrlcks (Ref. 19), who showed, at least for some

compositions, a substantial decrease in the number of thermal cycles caused

ceramic spallatlon failure as cycle duration increased from 7 minutes to 60

minutes. Simllar results have been obtained at Pratt & Hhltney. Gedwi11

(Ref. 20) confirmed thls effect with a more durable coating of slmllar

composition. Miller & Lowell (see Ref. 15) postulated time dependent changes

of "stress free temperature," resultlng from time dependent bond coat flow, as

being responsible at least in part for interaction between thermal exposure

and thermal cycling effects, but also noted that exposure In an oxidlzlng
atmosphere was much more damaging than exposure on a non-oxidizlng

environment. Early results from Pratt & Whitney also indicate a cyclic llfe

reduction for both oxidizing and non-oxldizlng pre-exposure, wlth the

oxidizing atmosphere being much more deleterlous. A preliminary thermal
barrier coating oxidatlon/thermal stress life prediction model has been

proposed by Mlller (see Ref. 18).

Andersson (Ref. 21) analyzed the stresses of typical thermal barrier coated
heat engine components and found that the stresses are tensile In directions

parallel to metal-ceramlc interface for elevated temperature steady state

operating conditions and during the cool down portion of the cycle, and in

tangentlal compression during the heatup portion of the cycle.

The stresses induced in coatings are hypothesized to be dependent not only on

material properties but also heat flux or degree of thermal loadlng. The

latter was addressed by Miller and Berndt (Ref. 22). They reported that "good"

Zr02-8 w/o Y20_ coatings have remarkable tolerance to an extremely high
heat flux plasma torch test.

The geometry of the component and the coating thickness are also important
life variables. For thinner coatings (< 5 mils) the stresses due to

temperature gradients in the coating have been shown to be less severe so that

increased service llfe can be expected (Ref. 23). Normal stresses are

introduced in the coating of a curved surface by the tangential compressive

stresses present resulting In ceramic spailation. In coated airfoil

applications this Is seen at the leading and trailing edges where the convex
radii of curvature are mlnimlzed. (It should be noted that even a flat surface

would have radial stresses due to surface roughness.)

Ceramic thermal stability Is an important characteristic effectlng coating

11fe. Thermal stability refers to the ability of ceramic layer to endure

prolonged high temperature exposure without the occurrence of damaging

morphological, chemical, or phase changes. Ceramic slnterlng Is a thermally

activated processes which can also limit cycle llfe. However, it has not been
observed in laboratory/englne testing. Phase studies have determined that the

presence of large amounts of monocllnic phase correlate to poor performing

coatings (Refs. 24,25,26 also Ref 8).
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Room temperature x-ray diffraction studies of 7YSZ coatings indicate a two

phase structure consisting primarily of the cubic and metastable tetragonal

phases together with 0 to 5_ monoclinic. Because of the extremely rapid

cooling rates associated with deposition of the ceramic coating layer, the

tetragonal phase formed in the coating contains a relatively high percentage
of Y20_, and is not readily transformed to monoclinic. Nith prolonged

exposure at elevated temperature in the cubic plus tetragonal phase field,

yttrium diffusion occurs and the hlgh Y203 tetragonal phase transforms to

cubic plus low Y203 tetragonal, with the low Y203 tetragonal phase

being readily transformed to monoclinic upon cooling (Refs. 24, 25, see also
Ref. 27).

Stecura (28) studied TBC systems and hypothesized that compositional changes

in various bond coats and substrates play a more important role in coating

durability than does the coefficient of thermal expansion of the substrate

material. It was hypotheslzed that yttrium, aluminum and chromium in the bond

coat critically affect the TBC life. Aluminum, chromlum and yttrlum oxides are
formed at the interface during thermal testing. Yttrium diffuses toward the

bond coat-ceramic interface, chromlum diffuses towards the substrate and

molybdenum into the bond coat. These events are considered to have an adverse

effect on coating life. It has been shown that yttrla in the bond coat moves

coating failure location From the bond coat-substrate interface to just above
the ceramic bond coat interface (see Ref. 16). It is hypothesized that the

location of major crack initiation, whether within the bond coat oxide layer
or in the ceramic, is dependent on the stress state at the roughened interface

which is at the very least changed by oxide growth.

Other degradation modes noted in several studies include secondary failure
modes i.e., hot corrosion, erosion, FOD. Results From several laboratorles

(Refs. 29-34), have demonstrated an apparent susceptlbility of thermal barrier

coatings to failure in hot corrosion environments. The responslble mechanism

appears to involve infiltration of the porous ceramic with liquid corrodent

deposited on the coating surface at intermediate exposure temperatures, and

subsequent "mechanical" spalling resulting from alternate freezing and thawing
of the infiltrated corrodent (see ReFs. 34,32,30,14).

Some evidence has been reported which supports "thermochemical" ceramic

spallation in hot corrosion environments; i.e., the infiltrated (Na2S04)
reacts with the ceramic at high S03 partial pressures (Refs. 35,36, also

Refs. 34,30), resulting in destabillzation of Zr02. This degradation is

attributed to acld leaching of yttrium from the ceramic.

Thermal barrier coating degradation and failure modes and mechanisms observed

in prior Pratt & Hhitney laboratory tests were found to be in general

agreement wlth analysis From the literature. The major mode of failure in

PNA264 is spallatlon of the ceramlc layer resulting from in-plane cracking

adjacent to but not coincident with the metal ceramic interface. Prior or
concurrent bond coat oxidation appears to play a major role In cyclic thermal

stress Induced spallation cracking. The Task IB testing is designed to

identify the relative importance of these two degradation modes and to provide

the quantitative data required to develop a preliminary model which will

predict spalling life under varying exposure conditions.



Nhlle the Task IA study included reviews of TBC literature and prlor
laboratory experience, primary emphasis was placed on the evaluatlon of

fallure mode as observed on ground based experimental engine and fleld service
exposed components. Englne exposed PNA 264 coated parts have been evaluated

from the commerclal engines; JTgD-7R4G2, -TR4D -7R4D1, 7R4EI, 7R4H and PH2037,
and the mllltary engines; F-t00, ATEGG (F-100) and TF-30. Detalls of the

reviewed parts are documented in Table II. Hhere available, components

representlng the unexposed coating In each of the engine exposed components

also have been examined to identify changes which occurred In coatlng
structure during engine test. Slgntflcant observations form this review of
engine exposed components are as follows:

a)

b)

c)

d)

Ceramic slntering was not observed in any case

Oxidation of the low pressure chamber sprayed PHA276 bond coat contributed

to coating failure to a lesser degree than as seen In the laboratory

Coating failure due to oxidation of substandard, air plasma sprayed bond

coat was a major 11re limiting factor found in PH2037 first vane platform

Geometry effects were considered to play a significant role in coatlng
degradation.

Examination of numerous englne tested components indicates that thermal

barrier failures are almost excluslvely of the "thermomechanlca1" type shown

in Figure 2. In only one case has engine component thermal barrier coating
fallure been attributable dlrectly to bond coat oxidation alone. That

particular fallure occurred on a vane alrfoll which was operated under

unusually severe thermal condltlons and was, for reasons of processing
convenience, coated with an alr sprayed bond coat.

3.1.2 Task IB. I Conduct Crltlcal Experiments

The objective of this subtask was to conduct a series of critlcal experiments

and tests designed in Task IA to determine the reIatlve Importance of various

thermomechanlcal and thermochemlcal coating degradatlon modes. Failure llfe

data from these tests was also used to develop a preltmlnary llfe predlction

model tn Task IC. The test program Included clean fuel and salted burner rig
tests as well as statlc furnace testlng of thermal barrier coated specimens to

establlsh the relative importance of thermal stress cycllng versus thermal and

thermochemlcal degradation in determlnlng thermal barrier coating 11fe. The
overall Task I test plan Is shown In Figure 3.

The specimen used for all static and cycllc exposure testlng in this sub-task

Is 111ustrated In Figure 4. For cyc11c burner rlg testing, this specimen is

thermal barrier coated on all surfaces except for the butt end, where coatlng
is optional but not required. For static furnace exposure testing, the

appllcatlon of a tapered coatlng to only the cyllndrlcal portion of the bar

was employed to mlnlmlze the posslb111ty of premature coating fallure at the
edge of the ceramic layer.

Prior to use in this task, a11 raw materlals were thoroughly characterized and

tested to ensure acceptab111ty. Table Ill presents ceramlc and meta111c powder

analysis which include: chemlstry, partlcle slze distribution and x-ray
dlffractlon results.
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Date

12102/83

09/01/82

09/01/82

O1110184

05/10/84

10125182

10/25/82

01117183

O1117/83

05/18/83

04/20/82

Enaine Tyoe

2037

2037

2037

2037

2034

TF30

TF30

F-lO0

(ATEGG)

F-lO0

(ATEGG)

FIO0

JTgD-TR4D

EccL_Eam_

ist Vane Paired

Platform

Ist Vane

platform N/C

Ist Vane

platform N/C

1st Vane Paired

platform

Ist Turbine Vane

platform

2nd Vane

2nd Vane

1st Vane

1st Blade

1st Vane

Ist Vane

platform

TABLE II

EVALUATION OF ENGINE EXPOSED PWA 264 COATED COMPONENTS

ODeratoc

X-666-1C P&W

X-664-1A

Material

647/264

modified
bond coat

X-664-1A

R_rks

265.89 hrs/lSO0 cycles endurance testing. APS/LPCS bond coal -

APS severely oxidized. Spalltng at A.P.S. - LPCS bond coat
interface. Ceramic thick in some areas,

36.97 hrs/136 cycles endurance testing. Limited spallation of

the ceramic on O.D.T.E., ceramic microstructure meets

sPecifications.

36.97 hrs/136 endurance. Limited spallatlon of the ceramic on

O.D.T.E., ceramic microstructure meets specifications.

X-662-6 Ceramic Spallatton on ID platform bond coat oxidation of the

A.P.S. layer.

P-686-2

X-491-45 P&W

P&W (FAA)

647/264

633/264

633/264

14221264

1422/264

1480/264
modified

bond coat

647/264

485 cycles limited ceramic spallation. Ceramic structure

meets specification.

fOOD F.H./2171 A/B squirts. Ceramic thickness; 16-Z0 mils.

Spallation around most of C.V. side of airfoil, C.C.L.E. In

plane cracking. Metal bond coat has thin oxide layer ceramic

microstructure meets specifications.

lOOO F.H./2171 A/B squirts. Spallatlon at L.E.

910 TAC cycles�S3.7 hot time. Spallation at I.D.L.E. only; due

to specimen geometry and thermal cycling stress. Coating
structure meets specifications. Bond coat has very thin oxide

layer.

910 TAC cycles/53.7 hot time. Spallatton at I.D.L.E. only due

to specimen geometry and Thermal cycling stress. Coating

microstructure meets specifications. Bond coat has very thin

oxide layer,

2000 TAC cycles ceramic spalled L.E.; bond coat failures.

246,9 hrs/1500 cycles spalled after engine run. Spalllng

location - corners of platforms. Ceramic structure meets

specifications. Very thin oxide layer/thin Beta depleted zone.

Some segmentation and in plane cracking in ceramic. *(Rec'd

vacuum H.T.I1975°F F14 hrs.)

..4



TABLE II (Continued)
EVALUATION OF ENGINE EXPOSED PMA 264 COATED COHPONENTS

DaLe EnQine Tyoe _ Enaine # Operator Material

04/20182 JTgD-7R4O 1St Vane X-491-45 P&W 6471264
platfo.nm

04/2t/82 ,T'r90-7R4D 1st Vane X-491-45
platform

04/19/82 JTgO-794G2 Wide Chord
1st Vane

Platform

Wlde Chord

1st Vane

Platfonm

X-579-29

X-579-29A05/82 JTgO-7R4G2

01112183 2037 Ist Vane (Paired) X-666-1C
Platfom

1st Vane Paired
platform/airfoil

coaled also

1st Vane Paired

platfoneVairfoil
coated also

ist Vane Paired

platforaVairfoil

coated also

01/07183 2037

01/12/83 2037

X-667-1A

X-667-1A

X-667-1A.8

2,3, X-670-2A

09106/83 2037

Airbus A-310 264

TW 264

SR 264

SR 264

647/264

(modified

bond coat )

09/11/84 3TgD-TR4E1 1st Vane Platform 716102

09/13/84 3T9D-7R4D 1st Vane Platform 709643

511/85 3T90-71_10 Ist Vane 708603

10/25/85 JTgl)-7R401 ist Vane Platform, 7077714

246.9 hrs/1500 cycles spelled after engine run. Spalltng
location - corners of platforms. Ceramic structure meets

specifications. Some segmentation and in plane cracking in
ceramic. Ceramic Thickness 16-18 mils.*rs.)

Ceramic not distressed after engine run. Ceramic structure

meets specifications (Rec'd kr H.T./Ig7SoF/4hrs). Ceramic
thickness 8 mils.

FAA 1000 cycle Test (Bond Coat - A.P.S./L.P.C.S.) A.P.S.

portion is severely oxidized. In plane cracking of the ceramic.
Ceramic structure meets specification.

114 hrs./19 cycles, substantial spallatton on OD/ID. Good

ceramic porosity but layered in - plane cracking.

Spallation due to oxidizable inclusions; Z_Nz (Starck #5399

+ Union Carbide 1365-I).

265.89 hrs/ISO0 cycles endurance testing. Limited sPallation

on O.D.T.E. and I.D.L.E. due to F.O.D. - (not apparent from
microstructure). Spallation adjacent to areas where ceramic

thickness 7 mils. Some in plane cracking. A.P.S./L.P.C.S.

bond layer-thick A.P.S. 5 mils. Microstructure adjacent to
spelled areas was acceptable.

325.3 hrs/iSO0 cycles endurance testing. Spallatton on O.D.T.E.

and I.D.L.E. (A.P.S./L.P.C. - bond coat) also hidden pressure

airfoil. Metallic thickness specifications not met. Spallation

- chlpplng documented as FOO. Some areas of thick ceramic.

325.3 hrs/I500 cycles endurance testing. Spallation on O.D.T.E.

I.D.L.E. (A.P.S./L.P.C. - bond coat) also hidden pressure

airfoil. _tallic thickness specifications not met. Spallatl_

- chipping documented as FOO. Some areas of thick ceramic,
Note: layer of engine debris

$93.6 hrs/1947 cycles endurance testing. Spallation limited

but did occur in bond coat at APS/LPCS bond coat interface due

to bond coat oxidation. Some in plane cracking some cracking at

bond coat - ceramic interface also ceramic thick in some areas.

O.D., l.O., T.[. hidden pressure airfoil. FOiO.

23SS hrs/411 cycles coating looks excellent.

-227 hn/_ cyles coating looks excellent.

9300 hrs/2328 cycles coating looks excellent.

49,78 hrs/4109 cycles coating looks excellent.
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CORRODENTLEVEL

STATIC CYCLIC

FURNACE FURNACE
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OXIDIZING HOT CORROSION
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FRACTIONAL EXPOSURE

BURNER RIG

OXIDIZING HOT CORROSION
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A, A, D, E F C G ..=

CYCLIC OXIDATION BURNER RIG TEST SPECIMEN SET FOR CONDITIONS D1, D2, E & F-12 SPECIMENS PER TEST

4 10 MIL VIRGIN CERAMIC ("BASELINE" COATING)

2 5 MILVIRGIN CERAMIC

2 15 MIL VIRGIN CERAMIC
2 10 MIL AIR PRE-EXPOSED FOR APPROXIMATELY V=ESTIMATED BURNER RIG HOT TIME LIFE

2 10 MIL Ar PRE-EXPOSED FOR APPROXIMATELY V= ESTIMATED BURNER RIG HOT TIME LIFE

CYCLE LENGTH

SHORT: 6 MINUTE CYCLE = 4 MINUTES IN THE FLAME + 2 MINUTES FORCE AIR COOLED

LONG: 60 MINUTE CYCLE = 57 MINUTES IN THE FLAME + 3 MINUTES FORCE AIR COOLED

CYCLE RATE

FAST: NOMINAL 60 SECOND HEAT-UP TO MAXIMUM TEMPERATURE

SLOW: NOMINAL 180 SECOND HEAT-UP TO MAXIMUM TEMPERATURE

CORRODENT LEVEL

LOW: 10 PPM % SYNTHETIC SEA SALT

HIGH: 35 PPM % SYNTHETIC SEA SALT

Figure 3 Task I Test Plan to Evaluate Thermal Barrier Coating Failure Life
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Figure 4 Burner Rig Coating Evaluation Speclmen

TABLE III

METALLIC AND CERAMIC POWDER ANALYSES

Materlal

NlCoCrAIY

(Alloy Metals
Lot #6192)

Chemical Analysls

21.60 w/o Co

17.50 w/o Cr

13.00 w/o A]

0.66 w/O Y

Bal. - NI

Particle Size Analysls
Cumulatlve % Finer Microns

100 176 -
100 125 '
100 88
l O0 62

93 44
72.2 31
41.5 22

21.9 16

11.8 11
5.5 7.8 -
2.3 5.5
0.7 3.9
0.0 2.8 -

7 wlo Y=03- Zr02
(Zlrcoa Lot #30656)

7.2 wlo Yz03

1.7 wlo HfOz

0.1 wlo CaO

0.2 wlo TI02

0.1 wlo Fez03

0.3 w/o A1203

Bal, -Zr02

=

100% 176
94.7% 125

86.1% 88
63.7% 62
39.4% 44

29.0% 31
11.8% 22 -

5.3% 16

2.7% 11 z
1.3% 7.8 =
0.5% 5.5 =
0.5% 3.9

0% 2.8

X-RD Results

80-85 v/o fcc Zr02

20-15 vlo monociinlc ZrO=

14



Followlng raw material qualification, all burner rig standard erosion bars
used in Task I testing were LPCS with NiCoCrAIY metallic bond coat (AMI Lot

No. 6192). Low pressure chamber spray conditions and parameters are presented

in Table IV. Sample tip sections were taken from selected specimens from each

batch of bars for verification of thickness and mlcrostructure.

The test bars were air plasma sprayed with ZrO2-Twlo Y203. Air plasma

spray deposition parameters are given in Table V. A statistical program
designed to randomize coating sequence, and hence any uncontrolled variability

of deposition parameters, was used to coat and select test bars.

To document uniformity of structure, a pre-test sample was obtained from every

specimen tested in this program. Selected samples (about I0%) were examined

metallographically using a statistically designed selectlon plan. The balance

of the samples are ava|lable for metallographic examination if needed.

TABLE IV

LON PRESSURE PLASMA SPRAY CONDITIONS

Standard erosion bar specimens coated using a E1ectroplasma High Energy Gun.

Gun Voltage (V)
Gun Current (A)

Standoff (in.)

Workplece Temperature

58
1500
15
1500-1700°F

Helium and Argon arc gases used

z_

7

TABLE V

AIR PLASMA SPRAY CONDITIONS

Standard erosion bar specimens coated using a Plasmadyne SG-IO0 Gun.

Gun Voltage (V)
Gun Current (A)

Standoff (in.)

Workpiece Temperature

42

900

3

500°F

Helium and Argon arc gases used.

3.1.2.1 Furnace Exposure Tests

These tests were performed to determine the influence of static thermal

exposure on TBC degradation and failure. Specimens were furnace exposed at two

temperatures for various times in various combinations of oxidizing and
non-oxidizing environments as shown in Figure 5 and described below. Baseline

tests designated "A" were conducted at 2100°F in oxidlzing and non-oxidlzing
environments. These tests involved furnace exposure of two thermal barrier

coated specimens per test condition for times sufficient to cause failure of
the ceramic coating. Failure in this context is defined as development of

"delam|nation" cracking over a significant area. In order to observe

delamination damage, specimens were infrequently cycled to room temperature.

Cycle frequency/inspection intervals are presented in Table VI.

15



TEMPERATURE
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2200

INTERMEDIATE
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STATIC

FAILURE

8
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STATIC

F_LURE

FRACTIONAL

EXPOSURE

!

Figure 5

MINIMUMOFI_VOW COUPONS_RILOCK

_STCONDmONSSHOVVNTHUS:_:_NOTTOBE _ALUATEO

Task I Furnace Exposure Test Plan to Evaluate Thermal Barrier
Coatlng Statlc Fallure Life

TABLE Vl

INSPECTION INTERVALS FOR TASK IB FURNACE TESTS

Test Code Condition Inspection Interval

AI.A 21OO°F/AIr I0 hrs.

AI.B 21OO°F/AIr 80 hrs.

A2 2100°F/Argon 80 hrs.
B 2200°F/AIr 10 hrs.

Examlnatlon involved vlsual observation to look for areas of delamlnated

ceramic. To determine the influence of temperature on static coatlng fallure

11re In alr, an additional furnace exposure test designated "B" was conducted

at 2200°F. To evaluate progressive damage accumulatlon, a fractlonal exposure

test designated "C" was conducted In the oxidlzlng envlronment at 2100°F.

This fractional exposure test Involved metallographJc examination of specimens
successively removed at approximate decJle fractions of the "static fallure"

llfe as defined in the corresponding "A" test. The prlmary goal of the

examlnatlon was to find evidence of incipient delamlnation cracklng; In

addltlon, specimens were examlned to determlne oxide scale growth at the

Interface between the metal and ceramic coating layers and beta phase

depletion In the meta111c coating layer.

3.1.2,1.1 Furnace Test Results and MIcrostructural Evaluat|on

Furnace exposure test results are summarized In Table Vll and Figure 6. Note
that Independent of this program, data generated In-house For 20OO°F has been

Included In Figure 6. Spallatlon failure of the ceramic coating layer dld not

occur durlng Isothermal exposure; all specimen fallures occurred upon

cool-down, Initiating at the tlp area where there Is a radlus change. A

photograph of a typical falled coating Is shown In Figure 7. Nelght galn
measurements were made at each Inspectlon Interval for every speclmen.

16
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Specimen
1.0. #

TP07
TP08

TPOI
TP02

TP05
TP06

TP03
TP04

TP16

TP19

TP20

TP21

TP22

TP23

TP24

TABLE VII
SUMMARYOF AIR AND ARGON FURNACE EXPOSURE TEST RESULTS

Ewposure
Code/ TIme/(hrs) Metallographtc
Condition # of Cycles Results Observations

Al.A/AIr-2100"F 140/14 Failed

(lO hr inspection) 160/16

Major crack Just above
interface within
ceramic oxlde layer

AI.B/A|r-2IOO*F 24013 Failed
(80 hr Inspection) 160/2

AZIAr-21OO'F 1040/13
(80 hr. Inspection)

Major crack Just above
interface within ceramic

No Failures Incipient cracking near
interface noted

B/Atr-Z200"F 40/4 Fatled
(I0 hr Inspection) 60/6

C/AIr-21OO°F 90/1
Fractional

Major crack Just above
Interface wlthln ceramic

No Failures (60%)NO major cracking;
some incipient cracklng
near the ceramic oxide
interface

C/AIr-2tOO'F 135/1
Fractional

No Failures (go%)NO major cracking;
some tnclptent cracking
near the ceramic oxtde
Interface

C/AIr-21OO°F 150/1
Fractlonal

No Failures Inclplent failure
observed at suspected
bond coat defect; Major

cracking extendlng from
"blister" through
aligned Klrkendall voids

C/AIr-21OO°F 165/1
Fractional

Falled Major cracking/
delamlnatlon

C/AIr-21OO*F 180/1
Fractional

Failed Major cracking/
delamlnatlon

C/Afr-21OO°F 120112
(lOhr inspection)

C/Air-21OO°F 150t15
(10hr Inspection)

Failed Inclpent cracklng
at the tlp

Failed Major cracklng with some
delamlnatlon at tlp

Although the tapered coating scheme prevented premature coating failure, the

design allowed for exposed substrate; thus the weight galn data will only give

a rough indication of oxide accumulat|on. These weight galn data are

summarized in Appendix A.

Review of the failure time data In Table VII clearly shows the influence of

temperature, exposure environment and cycle frequency on ceramic spallatlon
life. The results show that thermal exposure in Argon does not cause coating

failure for an extended period of time compared to air exposure. For furnace

exposure conducted in alr, frequent thermal cycling appears to slightly
decrease the total exposure tlme to failure, as shown by comparison of 2100°F

alr tests with lO hour and 80 hour inspection intervals. Thermal battler

coating llfe was shown to be more dramatically dependent on "cyclic content"

by previous work conducted by Miller, (Ref. 37) and McDonald and Henricks

(Ref. 19).
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The high temperature (2200°F In air) furnace exposure results show a

significant decrease in TBC life. Thls ]ife decrease is attributed to a
combination of more rapid oxidation at the hlgh temperature and larger thermal

strain excursion on cooling to ambient from the higher temperature. The Argon

environment significantly reduces the weight gain (oxidation) rate as compared
to an air environment so that exposure tlme and cycle llfe increase

dramatically without causing ceramic spallation.

To aid in interpretation of static furnace exposure results, metallographic

and x-ray diffraction analyses were conducted on pre-and post-exposure

specimens. X-ray diffraction results are summarized In Figure 8. In the air

exposed specimens, the vlo of monoclinlc ZrOz increases with Increasing

exposure time. In individual comparisons between these tested specimens and

the pre-test specimen, there Is an apparent decrease in the tetragonal phase

which accompanies the increase tn the monoclinic phase and a slight increase

in the FCC phase, suggesting that existing metastable tetragonal phase is

undergoing transformation. In looking at the two specimens tested at 2100°F

(different cycle lengths; 80 hrs. and lO hrs.), one failing at 160 hours and

the other at 240 hours, there appears to be not only an increase in the v/o

monoclinic phase with time but an associated decrease in the v/o FCC phase and

no change in the v/o tetragonal phase wlth increasing time.
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Figure 8 X-Ray Diffraction Results of Furnace Exposed Test Specimens
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These observations are consistent wlth those presented by Miller (Ref. 24),
suggesting that homogenization resulting from heat treatment may have resulted
In an increase tn both the low YzO_ transformable tetragonal and the high
Yz03 cubic phase. Upon cooling, the transformable tetragonal then would
transform to the monocllnlc phase, while the cubic phase Is retained.

X-ray diffraction analysls of the Argon exposed specimen revealed 100% FCC

ZrOz. Thls result is consistent wlth other studies which suggest that the

equilibrium phase distrlbution may be sensitive to oxygen partlal pressure
(Ref. 38).

Thermal exposure effects including oxidation, beta (NIAI) depletion, bond coat

substrate interdiffusion, and ceramic structure were metallographically

studied.'Electron Microprobe analyses was conducted to study time dependent

chemical changes occurring in the substrate-bondcoat-ceramlc system. Table

VIII presents a summary of the metallographlc evaluation of selected post-test
furnace exposed specimens which are shown In Figures 9 through 15. Thermal

barrier coating failure was observed to be associated with increased tlme at

temperature which resulted in increased beta depletlon, average oxide
thickness, interdlffuslon zone width and average vold size. An increase In

Klrkendall void populatlon Is seen with the high exposure temperature.

Specific examples of these various changes are discussed In the followlng
paragraphs.

TABLE VIII
METALLOGRAPHIC EVALUATION OF SELECTED FURNACE EXPOSURE SPECIMENS AFTER EXPOSURE

Specimen

TP01

TP08

TP05

TP04

Average
Test Code/ Average Oxide Beta (NiAI) Interdlffuslon Void Width
Conditions Thickness(mils) Oeoletion 7.QQP,__J_lJ_I_ (Mils)

A1.A/240 hrs

in Air 2100=F/3 0.25 - 0.50 100t 4 0.50 - 1.00
80 hr, inspections

A1.B/160 hrs
tn Air 2100OF/16
10 hr. inspections

A2/I040 hrs.
In Ar 2100OF/13
80 hr. inspections

B/60 hrS
Atr 2200°F/6
10 hr. inspection

0.25 - 0.50 I00% 3 0.50

1.0 - 1.25
•very Irregular
discontinuous

0.25

I00% 7

Overall 60 70_
40-50 depleted
MCrA1Y to ceramic
10-25_ depleted
MCrA1Y to substrate
interface

4.5 - 5.0

0.75 - 1.00

0.50 - 0.75
*void population
is high

TP16

TP19

C/90 hrs. In
Air 2100°F

60%

C/135 hrs.
tn Air 2100°F

90%

0.25 - 0.50

0.25 - 0.50

Overall 80 - 100_
60 - 70% depleted
MCrA1Y to ceramic
interface

I0-20% depleted
MCrA1Y to substrate
interface

100%

2.5 -3

2.5 - 3.0

0.25 - 0.75

0.25 - 0.50

TP20 C/150 hrs.
in Air 2100°F 0.25 !00_ 2,5 - 3.0 0.25 - 0.50

20
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Figure 9 Light Photomicrograph of Post-Test Mlcrostructure. Failed After
Furnace Exposure In Air at 2100°F with 80 Hours Inspection Interva|s

(240 hrs/3 cycles)

Figure lO Light Photomlcrograph of Post-Test Microstructure. Furnace Exposure
in Argon oF 2100°F with 80 Hours Inspection Intervals (i040 hrs/13

Cycles)
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F1gure 11

200X

Light Photomicrograph of Post-Test Microstructure. Failed After

Furnace Exposure in Air at 2IO0°F with lO Hours Inspection
Intervals (160 hrs/16 cycles)

Figure 12

22
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200X

Light Photomicrograph of Post-Test Microstructure. Failed After

Furnace Exposure in Air at 2200°F with lO Hours Inspection
Intervals (60 hrs/6 cycles)
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Figure 13 Light Photomicrograph of Post-Test Microstructure After Furnace
Exposure |n Air (90 hrs/21OO°F/1 cycle 60_)
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200X

Figure 14 Light Photomicrograph of Post-Test Microstructure After Fractional
Furnace Exposure in Air (135 hrs/21OO°F/l cyc|e 90_)
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Figure 15 Light Photomicrograph of Post-Test Microstructure After 150 Hrs
Fractional; Exposure at 2100°F in Air
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Figures 16a through 16c show the back scatter image photomicrographs for the
post-test microstructure for the specimen furnace tested in Argon for 1040
hours at 2100°F. Although thermal exposure in Argon did not result in TBC
failure, the microstructure reveals major crack formation at near-interface
locations. Upon examination of the Back Scatter Image (BSI) photomicrographs,
the bond-coat oxide appears to be a two-phase system. The first or major phase
is dark and discontinuous. The second phase, or light areas in the oxide are
believed to be unoxidized bond-coat evident by the polishing marks which are
vlsable in Figure 16c. Figures 16d through h show the energy dispersion specra
graphs for the various elements present, corresponding to the locations marked
1-5 on Figure 16b. Figures lTa through 17j show the X-ray maps for various
elements present. It becomes clear from these maps that the dark interface
phase is predominantly Al203. Cobalt, Ni, Cr are the major bond-coat
elements and show a strong x-ray image, while Molybdenum, Hf, Ti and Ta are
substrate elements which have clearly diffused into the bond coat. Some Ti and
Hf enrichment is occurring at the bond coat-ceramic interface and many HF
enriched phases are also visible.

Figures 18a through 18c show back scatter images for the post-test

micro-structure for the specimen furnace tested In air for 240 hours at 2100°F

The figures show a thick, well defined, continuous, dual oxide layer. The dual

layer oxide consists of a light oxide phase and a dark oxide phase. The light

oxide seems almost porous and shows a network of extensions reaching into the

ceramic. The darker phase however is very dense but with some secondary phases

or "islands". A previous analysis showed that they seem to be either Hf-rich

oxides or spinel-type oxide particles. Figures 18d through k, show the energy

dlsperslon spectragraphs for the various elements present corresponding to the
locations marked I-8 on Figure lSc. Figures 19a through 19j show the X-Fay

maps for the various elements present. The maps show clearly that the "dark"

portion of the oxide is A1203. Kirkendali voids are present at the
substrate-bond coat interface. The x-ray map for AI shows a strong image of Al

picked up in the vold area. This assumed to be an artifact resulting from

entrapment of A1203 polishing media. The "light" portion of the oxide

appears to consist of splnel i.e., Ni or Co chromates. Hafnium, Ti and Ta

appear to have diffused into the bond coat but do not appear to have greatly

enriched any particular area at the bond coat-ceramic interface.

As shown previously Figures 13 and 14 represent the "fractional" exposure test

specimen microstructures after exposure for 60% and 90% of the total exposure

time. These specimens were not cycled periodically for inspection as were

those discussed previously. Presumably as a consequence, they show less

mlcrocracking than the cycled specimens. Figure 15 shows the post-test

specimen microstructure in cross-section through a blister which developed

during the high temperature exposure for I00% of the total life time; 150

hours. It is highly probable that this blister was caused by an initial bond

coat defect.

Two additional specimens were tested at 2100°F in air for 165 hours and 180

hours with one thermal cycle achieved upon removal from the furnace. These

additional tests were conducted in order to verify the single cycle ceramic

spalling life in terms of hours exposed in the furnace. Both of these

specimens exhibited ceramic spallation after a single thermal cycle.

Additional"cyclic" fractional exposure tests were also conducted where tests
life was estimated 150 hrs at 2100°F with ten hour Inspection intervals used.
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Figure, 16a Back Scatter Image of Post-Test Microstructure. Furnace Exposure in

Argon at 2IO0°F for I040 Hours (80 hour cycles - 13 cycles)
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Figure 16b and c Back Scatter Images of Post-Test Microstructure. Furnace
Exposure _n Argon at 2100°F for 1040 Hours (80 hour cycles -
13 cycles)
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(d) (e)

(f) (g)

28 (h)

Figure 16d and h Energy Dispersion
Spectragraphs FOr
Elements Present at
Various Locations
Corresponding to
Figure 16b. Argon
Exposed 2100°F for
1040 Hours (80 hour
cycles - 13 cycles)
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BACK SCATTER IMAGE (a) 800X

Al X-ray Map (b) 800X

Figure 17 a - j Post-Test Microstructure. Furnace Exposure In Argon at

2100°F for I040 Hours (80 hour cycles - 13 cycles)
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0 X-ray Map (c) 800X

3O

Co X-ray Map (d)

Figure 17 (continued)
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Mo X-ray Map (g) 800X
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Hf X-ray Map (h)

Figure 17 (continued)
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(BSZ) (c) 2000X

Figure 18b - c Back Scatter Image of Post-Test Microstructure. Furnace

Exposure in Air at 2100°F for 240 Hours (80 hour cycles - 3

cycles)
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(d) (e)
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(f)

Figure 18d and g

(g)

Energy Dispersion Spectragraphs for Elements Present at
Various Locations Corresponding to Figure 18c. Air Exposed
2IO0°F for 240 Hours (80 hour cycles - 3 cycles)
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ORIGINAL PAGE

(h) (i)

(j) (k)

Figure 18h and k Energy Dispersion Spectragraphs for Elements Present at
Various Locations Corresponding to Figure 18c. Air Exposed

2100°F for 240 Hours (80 hour cycles - 3 cycles)
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BACK SCATTER IMAGE (a) 400X

A1 X-RAY MAP (b) 400X

Figure 19a - j
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BSI of Post-Test Microstructure. Furnace Exposure |n Air at
2100°F for 240 Hours (80 hour cycles - 3 cycles)
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Mo X-RAY MAP (gl 400X

Hf X-RAY MAP (h) 400X

Figure 19 (continued)
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Ti X-RAY MAP (i) 400X
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Ta X-RAY MAP (j)

Figure 19 (continued)
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As noted in Table VII, cracking occurred at the tip location for the 80% (120
hrs) specimen and major cracking and delamlnatlon was observed for the 100%
(150 hrs) specimen. The metalIographlc results of the fractional exposure
furnace test specimens showed near interface cracking was occurring at
exposure times which are relatively short as compared wlth the total exposure
lifetime of the coating. These "incipient" cracks appear to be a direct
physical result of oxidation of the bond coat asperities. The subcrittcal
cracks seen are short, fine and are directly llnked to bond coat asperities.
However, no "dominant" major subcrittcat cracking ts observed, nor ts the
gradual growth of singularly large cracks, whtch may result in spallation,
seen.

3.1.2.2 Cyclic Thermal Exposure Tests

A partial factorial test program shown in Figure 20 was conducted to determine
the influence of temperature, cycle rate, coating thickness and static

pre-exposure on coating cyclic thermal failure life and to provide preliminary
information concerning interactions between static and cyclic thermal failure

modes.

MAXIMUM TRANSIENT

CYCLE HEATING

TEMI_RATURE RATE

FAST

2100

SLOW

FAST

2000

SLOW

SHORT CYCLE

CYCLE TO

FAILURE

D!

E

el
D2

FRACTIONAL

EXPOSURE

G

LONG CYCLE

CYCLE TO

FAILURE

N
F

FRACTIONAL
EXPOSURE

CONDITION D,E,F - 12 SPECIMENS PER TEST.

4 - 10 MIL VIRGIN CERAMIC I"BASELINE" COATINGI

2 -- 5 MIL VIRGIN CERAMIC

2 - 15 MIL VIRGIN CERAMIC
I 40 HR AT 2100 °F FOR 2100aF TESTING

2 10 MIL AIR PRE.EXPOSED CERAMIC
2 - 10 MIL ARGON PRE EXPOSED CERAMIC _'! 1OO HR AT 2OOO°F FOR 2000 aF TESTING

CONDITION G:

FRACTION EXPOSURE TEST. DESCRIBED IN TEXT

Figure 20 Task I Clean FueI Cyclic Burner Rig Test Program

The test method used to measure cyclic coating life involved uncooled cyclic

burner rig testing as described in Appendix B. The Jet A fueled burner

employed in this test slmulates the clean fuel combustor environment in which
most hot sectlon components operate. The primary method of temperature control

In this test involved optical measurement of specimen surface temperature. To

ensure consistent test conditions, a thermocoupled specimen was employed at

a11 times during testing to monitor/calibrate test temperature. To provide
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specimen temperature dlstrlbutlons requlred for subsequent prellmlnary 11fe
predlctlon modeling (Task IC), Instrumented speclmens were tested, as needed,
to characterlze speclmen temperature distributions for each of the test
conditions studied.

Baseline cyclic life of the TBC was determined as a function of maximum

substrate temperature by exposure of eight baseline coated burner rig test
specimens to the test condition identified as "DI" and five basellne coated
specimens to test condition "D2" in Figure 20. Cycle duration in these tests
was 6 minutes, with 4 minutes of flame immersion (I - 1.5 minutes to
temperature + 2.5 - 3 m_nutes at temperature) and 2 minutes forced alr

cooling. Each specimen was cycled to failure, with failure being defined as
spallation of the TBC over approximately 50% of the specimen hot zone which
amounts approximately to a I/2" X I/2" size patch. A photograph of a typical
fa_led burner rig test specimen is shown in Figure 21.

~I.5X

Figure 21 Photomicrograph of Typical Burner Rig Failed Specimen

To provide Information on the influence of transient heating rate on thermal
barrier coating spalling life, six speclmens were tested to failure at a
transient heating rate which was approxlmately three m_nutes instead of one
minute. Results of these tests, _dentified as "E" in Figure 20, were used In
Task IC and subsequent life prediction modeling analyses.

Two approaches were employed to evaluate interaction(s) between thermal
exposure and cyclic degradation modes. The first of these involved cyclic
exposure as defined above with a longer cycle duration (identified as "long
cycle" in Figure 20). The long cycle employed was 60 minutes, involving 57
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minutes flame immersion (approximately l - 1.5 minutes to temperature + 55.5 -

56 minutes at temperature) and 3 minutes forced air cooling. Four "baseline"

thermal barrier coated specimens were cycled to failure at the condition

identified as "F" in Figure 20.

A second approach to evaluate interactions between cycling and thermal

exposure involved cyclic testing of furnace pre-exposed specimens at the same

cyclic conditions as the baseline specimens. The test plan involved

pre-exposure of test specimens in air and in argon to approximately one-half
of the est|mated respective total hot times which were anticipated for failure

of the baseline coating in the corresponding test. Pre-exposure durations were

selected on the basis of prior experience. The actual pre-exposure "life

fraction" was calculated from baseline test results after testing was

completed. Four pre-exposed specimens, two each exposed in oxidizing and

non-oxidizing environments, were tested at each of the test conditlons

identified In Figure 20.

To determine the influence of ceramic thickness on coating life, two specimens

coated with a nominal 5 mil thick ceramic and two specimens coated with a

nominal 15 mil thick ceramic were included in each of the four burner rig

tests indentified as 9, II, 13, and 17 in Figure 20.

To provide information concerning the nature and rate of accumulation of

coating damage, a fractional exposure test, identified as "G" was conducted.
In this test, two groups of specimens were exposed to approximate decile

fractions of the cyclic failure life and examined metallographically to

identify possible progressive damage mode(s) which cause ceramic spalling
failure. In the first group, specimens were cycled to each of the

approximately 10%, 20_, 30%, 40%, 50%, 60%, 70%, 80%, and 90% fractions of the

estimated cyclic failure life defined in the "DI" test. A single specimen was
included in this first group which was tested until failure and then life

fractions of the other specimens in this group were adjusted accordingly. The

second group of specimens were cycled to life fractions exposure times
which were chosed to focus on giving better resolution to the actual failure

time.

3.1.2.2.1 Cyclic Thermal Exposure Test Results

A comparative summary of the Task IB burner rig test results is presented in

Table IX. Detailed results for each test are listed in Table X.

Review of these data clearly indicates exposure temperature to have a strong

influence on spallatlon life. Comparison of baseline coating lives at 2000°F

and 2100°F (D2 versus Dl results in Table IX) indicates approximately 60

percent reduction in life for a IO0°F increase in exposure temperature. This

temperature effect is shown graphically in Figure 22, where estimated total
hot time to failure is plotted versus exposure temperature for the DI and D2

baseline tests together with results from other tests conducted on internal

programs. Also included for comparison in Figure 22 are results of the

quasi-static failure tests shown previously in Flgure 6. This comparison

clearly shows the influence of thermal cycling of spallation life. The reason

for the apparent curvature of the cyclic data in Figure 22, as opposed to the

apparently linear behavior of the static data, is not presently understood.
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TABLE IX
COMPARATIVE SUMI_RY OF TASK IB BURNER RIG TEST RESULTS

TOTAL HOURS TO FAILURE/CYCLES TO FAILURE/
ESTIMATED HOURS OF HOT TIME TO FAILURE"

D1/2100°F I.D., Short
Cycle - Fast Heat Up RaLe

STANDARD

"BASELINE" THIN ARGON PRE-EXPOSED
-.-_ AVERAGE AVERAGE

THICK

186/1860/77 238/2380/99 215/2150/130 132/1320/55

D2/2000°F I.D., Short

Cycle - Fast Heat Up
471/4710/235 525/5250/263 694/6940/447 470/4700/235

E/21OO°F I.D., SI_oFL

Cycle Slow Heat Up
135/1350/22 162/1620/27 142/1420/64 121/i210/20

F/21OO°F I.D., LOng
Cycle Fast Heal Up

72172/67 1191119/110 98198/162 59/59/55

_EsLimated hours of hot (Irlle

Lo failure include Lime For

Air" and Argon thermal exposure
prior to burner rlg tesLing.

TABLE X
BURNER RIG TEST RESULTS

TEST CODE/
TE__CQ_.I_QN

DII21OO=F, Short Cycle
Fast Heat Up Rate

D2,'2000=F, ShorL Cycle
Fast Heal Up Rate

EI,ZIOu=F, Short Cycle
Fast Heat Up Rate

FllZlOO°F, Long Cycle
Fast Heal Up Rate

"BASELINE"

STANDARD

182 1

172
213
17S AVG = 186
172
193
182
198

3- t443
435 AVG = 471

557 1536

,561129
142 AVG = 135

142 1121
121

,ot
60 AVG :- 72

59j98

AIR
PRE-EXPOSED

50 I AVG = 505O

ARGON
PRE-EXPOSE0

67
279

279/
279 _>AVG = 215
279 i
221|
199 1
199f
2711

194_ AVG = 205 679_AVG : 694

215_ 7o8!

THICK
CERAMIC

1041 AVG = 132160

515 } AVG = 470425

39 I AVG = 29 142 1 AVG = 142 121 i AVG = 12118 142 121

16 102 64
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AIR PRE-EXPOSED_

50/500/61

205/2050/203 i

29/290/45 o

16/16/55

t

i

I
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THIN
CERAMIC

-=

243} AVG = 23_232

5571 AVG = 5252492

162} AVG = 162-162 =

116 AVG = 119-

122

Z



IOOO

LU

mr

<
II

C9
Z

l-
<
O
(.}

0
I- I O0
UJ

I-

(3
0
_,I

10

• 80 HOUR CYCLE

• 10 HOUR CYCLE

• '_ 0 1 HOUR CYCLE

_ 0 0.1 HOUR CYCLE

%

0"w'%%% _ __,TBC

,_, "QUASISTATIC"
FURNACE LIFE

BURNER RIG LIFE

I I I
2000°F 21OO°F 2200 ° F

INTERFACE TEMPERATURE

v

Figure 22 Test Data Showing Coating Life Dependent on Temperature, "Cyclic
Content"

The effect of cycle frequency on spallatlon l|fe Is shown by comparison of the
DI and F test results in Table IX. When compared on the basis of cycles to

failure, a dramatlc life reduction Is seen; however, when compared on the
basis of estlmated time at maxlmum exposure temperature, cyclic frequency is

seen to have a relatively little influence on life In the frequency range and

at the temperature studied, as seen in Figure 22. This latter observation must

be interpreted wlth some caution, as the 21OO°F temperature where the

frequency effect was studied is, by coincldence, the temperature of closest

approach of the cyclic and quasi-statlc llfe data. It is possible that, had
the effect of frequency been measured at a lower or higher temperature, a more

significant influence on llfe might have been seen.

As described prevlously, Test E was conducted to assess the influence of

transient heating rate on spallation life. It was expected that the slower
transient and reduced time at temperature would increase life; however, as

seen in Table IX, spallation life appears to have been slightly reduced by

thls change of test parameters. This result Is not fully understood at the

present tlme; however, evaluation of this data set by the subsequently
discussed preliminary prediction system indicates that the difference of life
between the basellne and reduced transient results could be accounted for by a

temperature error of less than ten degrees, which is wlthin the inherent
accuracy of the thermocouple based instrumentatlon system used to establish

temperature for these two tests. Based on this observation, it seems
reasonable to conclude at this point that the reduction of transient heating

rate appears to have no slgniflcant Influence on life withln the range of

scatter inherent in the burner rlg test.
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In an effort to assess the Influence of thermal exposure on spallatton life,
and to separate thermal from environmental effects, coated specimens which
were thermally pre-exposed in both oxidizing and non-oxldtztng environments
were included tn several of the burner rig tests discussed above. As
illustrated in Figures 23 and 24, results of these tests indicate that
Isothermal pre-exposure In air causes a significant reduction of subsequent
cyclic spalling life, while pre-exposure in a non-oxldizlng environment does
not reduce life. It is interesting to note in Figure 23 that the total time at
temperature for spallatlon of the air pre-exposed specimens is roughly
comparable to hot time to failure for cyclically tested baseline specimens.
This observation, coupled with the absence of a llfe debit for non-oxidlzing
pre-exposure, strongly suggests that oxidlzatlon is a primary thermal barrier
coating degradation mechanism.

Figure 23
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Figure 24 Test Data Showing "INERT" (ARGON) Pre-Exposure Does Not Affect
Coating Performance
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The influence of ceramic thickness on baseline test spallatton ltfe Is
illustrated in Figure 25. As expected, reduclng ceramlc thickness provides a

small increase of life, while increaslng thickness reduces life. Examlnatlon

of the data In Table IX indicates that thls effect Is consistent for the

various test parameters investigated.

HI
mr

.J

ii

Z

<(

O
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uJ

(.9

O

_t THIN CERAMIC (5 MILS)

_. (_ THICK CERAMIC (15 MILS)

I I I
2000°F 2100°F 2200 °

INTERFACE TEMPERATURE

Figure 25 Test Data Showing Ceramic Thickness Effects

3.1.2.2.2 Microstructural Evaluation forCycllc Thermal Exposure Tests

In an effort to better understand the phenomenological observations discussed

above, failed burner rig specimen were examined metallographically. All burner

rig specimens exhibited "typical" near interface ceramlc spallation, with a

thin layer of ceramic remaining adherent to the bond coat after failure.

Figures 26 through 29 show representative basellne pre-test and post-test
microstructures for all four burner rig test conditions. In comparlng the

baseline laboratory post test microstructures with engine exposed failures,

"oxidation damage" (oxide thickness) appears to be somewhat greater for the

laboratory test specimens. This is attributed to the relatively high interface

temperatures employed in the accelerated laboratory spallation life testing.
Oxide thickness is on the order of 0.0003 inches for a11 the tests except for

the long cycle 2100°F test in which oxide thickness was estimated to be twice
as thick. Thermal gradient testing to be conducted in Task II is expected to

more closely simulate engine exposure condition. The microstructures also show
Kirkendall voids which have aligned themselves at the original bond coat-

substrate interface suggesting bond-coat/substrate compositional changes.
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Figure 26a

m

200X

Unetc hed

Light Photomicrograph of Baseline Pre-Test Microstructure (D] Test)

Figure 26b

50

* _ . " .b* 04._qli_

Dl Baseline Post-Test

175 hrs/21OO°F - I.D./Short Cycle
HST 004 (85-18)

200X

Etched - AG 21

Light Photomicrograph of Baseline Post-Test M1crostructure

(DI Test) After 175 hrs at 2100°F/Short Cycle/Fast Heatup
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Etched - AG 21 200X

Figure 27a Light Photomicrograph of Baseline Pre-Test Microstructure (D2 Test)

o

Etched - AG 21 2UOX

F_gure 27b L_ght Photomicrograph of Baseline Post-Test Microstructure
(D2 Test) After 435 hrs at 2000°F/Short Cycle/Fast Heatup
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Figure 28a

Figure 28b
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Etched - AG 21 200X

Light Photomicrograph of Baseline Pre-Test Condition

Etched - AG 21 200X

Light Photomicrograph of Baseline Post-Test Microstructure (E

Test) After 142 hrs at 2]O0°F/Short Cycle Slow Heat Uprate
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Figure 29a

Etched - AG 21 200X

Light Photomicrograph of Baseline Pre-Test Microstructure (F Test)

Figure 29b

Etched - AG 21 2OOX

Light Photomicrograph of Baseline Post-Test MicrostFucture (F
Test) After 70 hrs at 21OO°F/Long Cycle Fast Heat Uprate
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In the laboratory test conducted to study envlronmental effects, results

suggested that oxidation damage contributes slgnlficantly to thermomechanlcal

cracking in the ceramic layer. Figures 30 through 33 show the pre-test (post

furnace exposure) and post burner rig test mIcrostructures of representative

air pre-exposed specimens for each test condltlon. Figures 34 through 37 show

the pre-test (post-furnace exposure) and post burner rlg test mlcrostructures

for representative argon pre-exposed specimens. Evaluatlon of the specimen

mlcrostructures pre-exposed In alr and In argon, prior to burner rig testing,
showed that the former has a well defined thick oxide layer at the metal

ceramic Interface which the latter does not. This oxide layer Is on the order

of 0.0003 mlls thlck prior to laboratory testing. The alr pre-exposed
mIcrostructures also show a beta <NIAI) depleted zone In the bond coat about

1.5 mlls wlde dlrectly below the oxlde layer, suggesting that the composition
of the oxide may be predomlnantly A1203 or alumlna splne1. Thls

near-lnterface beta depletlon is clearly absent In those specimens which were

argon heat treated. Coarsenlng of the beta phase was observed for both types
of pre-exposure.

The air and argon pre-exposed mlcrostructures, exhibited an Interdlffuslon

zone at the area adjacent to and below the bond coat-substrate interface,
marked by Klrkenda11 void a11gnment. Thls suggests that the bond coat and

substrate composition has changed. It is posslble that the sllght increase In
coating 11re found wlth the argon pre-exposed specimens is due to these

composltlonal changes which may result In changes in the bond coat strength
properties. For the alr pre-exposed specimens, any benefits obtained due to

these composltlonal changes would be over ridden by the thick oxide developed
at the interface.

Figures 38 through 41 show the pre-test and post-test mlcrostructures for

representative thin ceramic coated specimens. The post-test mlcrostructures

all show wide beta (NIAl) depleted zones and substrate inter diffusion layers
as compared wlth the basellne 10 m11 thick coating mIcrostructures. Thls is

attributed to the greater exposure time experienced by these speclmens. Bond
coat oxide thickness ranged from 0.0002 inches to 0.0006 Inches for the DI

(2100°F, short cycle, fast heat-up) and F (2100°F, long cycle, fast heat-up)

test specimens respectlvely. Figures 42 through 45 shows the pre-test and

post-test mlcrostructures for representative thick ceramic coated specimens.
The mlcrostructures shown In these figures show distinct dlfferences In bond

coat oxide growth and beta depletlon as well as the degree of beta phase

coarsenlng. The D2 (2000°F/short cycle/fast heat-up) test speclmen

mlcrostructure shows a larger degree of beta phase coarsenlng as compared with

the other speclmen mlcrostructures. The F (2100°F/long cycle/fast heat-up)

test specimen mlcrostructure shows the greatest oxide scale thlckness as seen

earller. The bond coat mlcrostructure from the specimen in the E test

(2100°F/short cycle/slow heat-up) shows excessive poroslty, believed to be due
to poor bond coat deposition. No dlfferences in the ceramic mlcrostructures

are observed in elther the pre-test or post-test condltlon as compared with

the other mlcrostructures which have been discussed In preceedlng paragraphs.

=
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Figure 30a

t Ogbo ,i _# O 4m_

Etched - AG 21 200x

Light Photomicrograph of Pre-Burner Rig MicrostFucture
(D1 Test) for AiF Pre-Exposed Specimen (2100°F/4Ohrs)

Flgure 30b

Etched - AG 21 200x

Light Photomicrograph of Post-Burner Rig Microstructure
(DI Test) for Air Pre-Exposed Specimen (2100°F/40 hrs) After 50

hrs at 2100°F/Short Cycle/Fast Heatup
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Figure 31a

Etched - AG 21 200X

Light Photomicrograph of Pre-Burner Rig Microstructure

(D2 Test) for Air Pre-Exposed Specimen (2000°F/lOOhrs)

_qIIIp i_ I

Figure 31b

56

Etched - AG 21 200X

Light Photomicrograph of Post-Burner Rig Microstructure

(D2 Test) for Air Pre-Exposed Specimen (2100°F/lO0 hrs) After 215

hrs at 2000°F/Short Cycle/Fast Heatup



Etched - AG 21 200X

Figure 32a Light Photomicrograph of Pre-Burner Rig Microstructure
(E2 Test) for Air Pre-Exposed Specimen (2100°F/40 hrs)

Etched - AG 21 200X

Figure 32b Light Photomicrograph of Post-Burner Rig Microstructure
(E2 Test) for Air Pre-Exposed Specimen (2100°F/40 hrs) After 39

hrs at 2000°F/Short Cycle/Slow Heatup
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Figure 33a

Figure 33b
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Q_

Etched - AG 21 200X

Light Photomicrograph of Pre-Burner Rig M1crostructure
(Fl Test) for Air Pre-Exposed Specimen (2100°F/40 hrs)

Etched - AG 21 200X

Light Photomicrograph of Post-Burner Rig Microstructure

(Fl Test) for Air Pre-Exposed Specimen (2100°F/40 hrs) After 16

hrs at 2]O0°F/Long Cycle/Fast Heatup
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Figure 34a

Etched - AG 21 200x

Light Photomicrograph of Pre-Burner Rig Microstructure
(D] Test) for Argon Pre-Exposed Specimen (2100°F/40 hrs)

Ltched - AG 21 200x

Figure 34b Light Photomicrograph of Post-Burner Rig Microstructure

(Dl Test) for Argon Pre-Exposed Specimens After 67 hrs at

2100°F/Short Cycle/Fast Heatup
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Etched - AG 21 2OOX

Figure 35a Light Photomicrograph for Pre-Burner Rig Microstructure

(D2 Test) for Argon Pre-Exposed Specimen (20OO°F/IO0 hrs)

E

i

.

|

Etched - AG 21 20OX

Figure 35b Light Photomicrograph of Post Burner Rig Microstructure

(D2 Test) for Argon Pre-Exposed Specimen (2000°F/IO0 hrs) After

708 hrs at 2OO0°F/Short Cycle/Fast Heatup
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Etched - AG 21 200X

Figure 36a Light Photomicrograph for Pre-Burner Rig Microstructure
(E Test) for Argon Pre-Exposed Specimen (2100°F/40 hrs)

Etched - AG 21 200X

Figure 36b Light Photomicrograph of Post Burner Rig Microstructure
(E Test) for Argon Pre-Exposed Specimen (2100°F/40 hrs) After

Short Cycle/Slow Heatup

61



Figure 37a

Etched - AG 21 200X

Light Photomicrograph for PFe-Burner Rig Microstructure

(F Test) for AFgon PFe-Exposed Specimen (2100°F/40 hrs)

Figure 37b
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Etched - AG 21 200X

Light PhotomicFograph of Post Burner Rig Microstructure

(F Test) for AFgon Pre-Exposed Specimen (2100°F/40 hrs) After

Long Cycle/Fast Heatup
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Etched 200x

Figure 38a Light Photomicrograph of Pre-Test Microstructure (D] Test) for
Thin Ceramic Specimen

Etched - AG 21 200x

Figure 38b Light Photomicrograph of Post-Test Microstructure (DI Test) for
Thin Ceramic Specimen After 243 hrs at 2100°F/Short Cycle/Fast

Heatup
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Etched - AG 21 200X

Figure 39a Light Photomicrograph of Pre-Test Microstructure (D2 Test) for
Thin Ceramic Specimen

.... _, _ _ _ _

o

Etched - AG 21 200X

Figure 39b Light Photomicrograph of Post-Test MicrostFucture (D2 Test) for

Thin Ceramic Specimen After 492 hrs at 2000°F/Short Cycle/Fast
Heatup
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Etched - AG 21 200X

Figure 40a Light Photomicrograph of Pre-Test M_crostructure (E Test) for Thin
Ceramic Specimen

Figure 40b

Etched - AG 21 200X

Light Photomicrograph of Post Burner Rig Test Microstructure
(E Test) for Thin Ceramic Specimen After 162 hrs at 2100°F/Short

Cycle/Slow Heatup
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Figure 41a

Etched - AG 21 200X

Light Photomicrograph of Pre-Test M_crostructure (F Test) for Thin
Ceramic Specimen

Figure 41b

66

Etched - AG 21 200X

Light Photomicrograph of Post Burner Rig Test Microstructure
(F Test) for Thin Ceramic Specimen After 116 hrs at 2lO0°F/Long
Cycle/Fast Heatup

E
m

m



ORI_NAL PAG( IS
OF

Figure 42a
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m

Unetched 20ox

Light Photomicrograph of Pre-Test Microstructure (DI Test) for

Thick Ceramic Specimen

•, ---'_d" ._IP _ elP

Etched - AG 21 200x

Figure 42b Light Photomicrograph of Post Burner Rig Test Microstructure
(Dl Test) for Thick Ceramlc Specimen After 160 hrs at 2100°F/Short

Cycle/Fast Heatup
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Unetched 200X

Figure 43a Light Photomicrograph of Pre-Test Microstructure (D2 Test) for

Thick Ceramic Specimen

Figure 43b

68

Etched - AG 21 200X

Light Photomicrograph of Post BuFneF Rig Test Microstructure

(D2 Test) for Thick Ceramic Specimen After 454 hrs at 2100°F/Short
Cycle/Fast Heatup
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Figure 44a

Etched - AG 21 200X

Light Photomicrograph of Pre-Test Microstructure (E Test) for
Thick Ceramic Specimen

Figure 44b

Etched - AG 21 200X

Light Photomicrograph of Post Burner Rig Test Microstructure
(E Test) for Thick Ceramic Specimen After 121 hrs at 2100°F/Short

Cycle/Slow Heatup
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Figure 45a

Figure 45b
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Etched - AG 21 200X

Light Photomicrograph of Pre-Test Microstructure (F Test) for
Thick Ceramic SDecimen

Etched - AG 21 200X

Light Photomicrograph of Post Burner Rig Test Microstructure

(F Test) for Thick Ceramic Specimen After 54 hrs at 2]O0°F/Long
Cycle/Fast Heatup
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X-ray diffraction analyses for all representative post-test specimens is

presented in Table XI. It Is believed that no slgnlficant amount of monoclinlc
Zr02 was formed. Although It should be noted that for most cases, I v/o

monoclinlc phase was present adjacent to the spall and absent away from the

spal|ed location.

In summary, the comparative post-test specimen evaluation has shown that

increased exposure time results in: I) Increased MCrAIY oxide scale thickness,

2) increased beta depletion and/or coarsening, 3) some Increase In Klrkendall

vold population and size occurring at the original bondcoat-substrate
interface, 4) no slgnlficant phase changes |n the ceramic, and 5) no gross

microstructura] changes in the ceramic. Also, it is clear from the post-test

mIcrostructures studied that more bond coat ox|dation has occurred for the

long cycle (F) test than for the more rapid cycle tests, even though total
"hot" life was similar.

3.1.2.2.3 Fractional Exposure Burner Rig Test Results

The purpose of thls test was to investigate the occurrance and accumulation of

microstructural damage resulting from cycllc thermal burner rig exposure for

various fractions of spalling life. The approach Involved burner rig exposure
of test bars for various fractions of life as measured In the DI (2100°F/short

cycle/fast heat up) test. There were two series of test conducted. The first

set provided a broad survey of damage throughout life, with the specimens

being exposed for approximate decile fractions of the average Dl test life
(180 hours). The second set focused more closely on high life fractions, with

the specimens being exposed at life fractions in the range of 58% - I00%.

Both series of tests were conducted at the DI test conditions. At least one
specimen was tested to failure in each group, to assure the validity of the
estimated life. Specific exposure times are listed in Table XII, together with
estimates of life fractions represented by each exposure. In the first group,
the control specimen failed very close to the DI test average. In the second
group, life fraction estimates were less exact, two specimens exceeded the D1
baseline average and the control specimen failed at 130% of the average,
suggesting test conditions may have shifted slightly. As calculated by the
preliminary life prediction model discussed in succeeding sections, the 30%
shift in life for Group II specimens would correspond to a temperature shift
of I0 °. Table XII shows two Group II calculated life fractions. The first is
based on the nominal 180 hour life at 2100°F and the second is based on the
observed failure life of the reference bar In the Group II test.

Microstructural examination of fractionally exposed speclmens shows incipient/

subcritlcal cracking as early as 20-30 percent of the burner rig test life

(Figure 46). Examination of crack morphology at successively increasing life

fractions suggests that ceramic spallation may result from progressive link-up
of adjacent subcritical cracks, as opposed to subcritical growth of a single
dominant crack. Quantitative measurement of average crack length shows a

progressive increase with increasing exposure. "Young" speclmens contain

cracks on the order of 2-3 mils; longer exposure times yield average crack
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TABLE Xl
X-RAY DIFFRACTION ANALYSIS OF SOME REPRESENTATIVE POST TEST SPECIMENS

Specimen/ vlo FCC v/o Tetragonal v/o Monoclinic Failure Time
Location ZrOz ZrOa ZrOa (hours)

2100°F Short Cycle,
Fast Heat-up Test (DI)

Baseline 60-55 40-45

Pre-test (ao = 5.122A) (ao = 5.1112A
co=5.1646A)

Not detected N/A

Baseline: 60-65 35-30

adjacent to spall (ao = 5.13263A)

180 ° from spall 55-60 45-40
(ao = 5.13575A)

175

Air pre-exposed: 60-65 35-30 5
adjacent to spall (5.13907A)

180 ° from spall 55-60 45-40 Not detected
(5.13910A)

5O

Thick: 60-65 40-35

adjacent to spall (ao = 5.13762A)

adjacent to spall 60-65 40-35
(other side) (au = 5.14152A)

Not detected

10_

2100°F Short Cycle,
Fast Heat-up Test (02)

Air pre-exposed: 65-70 _5-30
adjacent to spall

1 194

Argon pre-exposed: 60-65 35-30

adjacent to spall
I (Possibly mono-
clinic Zr02 or

hexagonal Y_01)

670

L

Thick ceramic: 50-70 45-40

adjacent to spall

Not detected 443

Thin ceramic: 50-55 50-45

adjacent to spall

Not detected 557
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TABLE XI (continued)
X-RAY DIFFRACTION ANALYSIS OF SOME REPRESENTATIVE POST TEST SPECIMENS

Specimen/
Location

v/o FCC v/o Tetrogonal v/o Monoclinic
ZrOz Zr02 Zr02

Failure Time
(hours)

2100°F Short Cycle,

_Iow Heat-up Test (E)

Baseline: Away from Spall

Spalled Area

60-65 40-35 Not detected

60-65 40-35 1

142

Air Pre-Exposed:
Away from Spall Area

Spal led Area

60-65 40-35 I

60-65 40-35 I

18

Argon Pre-Exposed:
Away from Spall Area

Spalled Area

60-65 40-35 Not detected

65-70 35-30 l

142

Thick: Away from Spall 55-60 45-40 Not detected

Spalled Area 60-65 40-35 I

121

Thin: Away from Spall

Spalled Area

55-60 45-40 Not detected

60-65 40-35 Not detected

121

2100°F Short Cycle,
Fast Heat-up Test (F)

Baseline: Away From Spall

Spalled Area

55-60 45-40 Not detected

b5-70 35-30 1

98

Air Pre-Exposed:
Away from Spall Area

Spalled Area

55-60 45-40 Not detected

b0-65 40-35 I

18

Argon Pre-Exposed:
Away from Spall Area

Spal led Area

55-60 45-40 Not detected

bO-b5 I0-_5 1

Thick; Away From Spall 55-60 45-40 Not detected

Spalled Area 65-70 _5-_0 '

Thin: Away from Spall 55-60 |5-40 Not detected

Spalled Area 60-65 40-_5

I02

64

_22
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Specimen
Identification
Number

GROUP I

214

215

216

217

218

219

220

221

227

223

224

225

GROUP II

290

292

296

297

298

299

300

301

303

302

TABLE XII

FRACTIONAL EXPOSURE TEST (Cond|tlon G) RESULTS

(2100°FIShort Cycle/Fast Heat-Up Rate)

Total

Test

Hours (TTH) (TTH/180 X 100)
Percent Life

15
3O
45
60
75
9O
105
120
135
150
165
180

8%

17%

25%

33%

42%

50%

58%

67%

75%

83%

92%

100% Failed

136
143
]45
]5]
171
174
177
180
215
235

76%

80%

81%

84%

95%

97%

98%

100%

120%

130%

(TTHI235 X 100)

58%

61%

62%

64%

73%

74%

75%

77%

91%

100% - Failed
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Figure 46 Therma| Barrier Coating Damage Progression
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sizes of 6-10 mils. The number of cracks also appears to Increase w|th

exposure tlme. "Old" specimens show large Isolated cracks on the order of 12.5

mlls, together wlth shorter (2-3 mll) cracks. The "oldest" unfalled specimen
evaluated showed one major crack _3B mils long and some 6-7 mil cracks.

Because prevlously discussed phenomenologlcal evidence clearly indicated a

significant influence of ox1datlve environment on coatlng "damage"
accumulatlon, substantial effort was devoted to Investigation of the

relatlonship between incipient cracking and the growing oxide scale. Most of

the observed ceramic cracking occurred parallel to and about I to 2 mlls above

the zlrconla-ox1de scale Interface with no obvious linkage between cracks and

oxide. Nhlle scanning electron mlcroscope studies, discussed below, did show a

few isolated cases of scale initiated cracking, these examples were

sufficiently difficult to find as to lead to the concluslon that this Is not

the major mode of crack initiation in the ceramic layer. It is interesting to
note that examples of scale initiated crack|ng were easier to find in older

specimens, occurring In the same structure together wlth larger numbers of
well developed longer cracks wh|ch appeared to be Isolated from the interface.

The observatlon could suggest that the thicker oxide scale developed at larger

exposure times can Inltlate cracks, but that this is not the "critical" damage
mode in the sense that those cracks which propogate to failure are initiated
early in life and appear to be Isolated from the interface.

Scanning electron mlcrographs of typical crack structures are shown in Figures
47 through 50. Shown in Figure 47 Is the structure found in a specimen exposed
for 90 hours (_50% llfe), in which subcritlcal cracks are noted in the

vicinity of (but not clearly initiated at) the bond coat peaks. Flgure 49 is

the same specimen as seen In Figure 48 but shows a different area; fine

layered cracking In the bond coat oxide is noted at higher magnifications.

"Older" specimens with more oxide accumulation frequentIy showed this type of
layered type cracking within the oxide, but these cracks were In general not

associated with the major subcritlcal cracks seen in Figure 46. Figure 48

shows the BSI for the specimen exposed for I05 hours and two large cracks are

observed to extend from either edge of a partlcuIar bond coat asperity. Figure

50 shows the BSI for the specimen exposed for 135 hours. Thls figure also

shows a subcrltlcal crack extending from the edge of a bond coat peak with
cracking observed in the bond coat oxide.

Another Interesting structural feature observed In "older" specimens was an

apparent Increase in the amount of near-interface porosity, usually associated
with major cracks. Critical examlnatlon of this porosity Indicates that It Is

an artifact, resulting from pull-out in poIishlng rather than being an

inherent feature of the structure. This apparent increased sensltlvlty of the
ceramic to pu11-out suggests that the ceramic may be somewhat "weakened" In

the vlclnlty of the Interface. At the time of writing, it appeared that the

suggested near interface weakenlng may correspond physically to a progresslve

increase of localized near-lnterface mlcrocrack density. Addltlonal

metaIlographlc studies currently are in progress to further investigate thls
phenomenon.
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85-196 200X

85-196 500X

Figure 47 BSI of Thermal Barrier Coating After 90 Hours of Burner Rig Test
Time 2100°F/Short Cyc;e/Fast Heatup
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Figure 48
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BSI of TBC After 105 Hours of Burner Rig Test Time at 2|O0°F/Short
Cycle/Fast Heatup
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F|gure 50 BSI of TBC After 135 Hours of Burner Rig Test Time at 2100°F/Short
Cycle/Fast Heatup
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3.1.2.3 Cyclic Hot Corrosion Tests

This subtask was designed to determine the relative importance of hot

corrosion as a thermal barrier coating failure mechanism and provide test data

from which a preliminary life prediction model might be developed. Nine

specimens were exposed to a high corrodent level and slx specimens were

exposed to a low corrodent level. Twenty additional specimens were then

exposed to various cyclic life fractions.

The test method involved ducted burner rig testing as described in Appendix C.

To maximize the potential for hot corrosion damage, these tests were conducted

with a surface temperature of 1650°F. A partial factorial test program is

shown in Figure 51. Testing to spallatton failure was conducted at a "high"

corrodent level; 35 ppm synthetic sea salt, condition "H" in Figure 51, and at

a lower corrodent level; 10 ppm synthetic sea salt identified as "J" in Figure

51. To provide information concerning the nature and rate of accumulation of

hot corrosion damage, a fractional exposure test, identlfied as "K" in Figure
51 also, was conducted. In this test, specimens exposed to decile fractions of

the high corrodent level hot corrosion life were examined metallographlcally

to identify and characterize progressive damage mode(s) which cause thermal

barrier coating hot corrosion failure. Two specimens were cycled to each of

the approximate lO_, 20_, 30_, 40%, 50_, 60%, 70%, 80%, and 90_ fractions of

the average cyclic failure life defined in the "H" test. Two additional

specimens were cycled to 100_ of the "H" test life, however, after 1000 hrs

of exposure no failures had occurred.

CYCLE TO

FAILURE

LOW

CORRODANT

LEVEL. 10 PPM

J

HIGH

CORRODANT

LEVEL, 35 PPM

H

FRACTIONAL K
EXPOSURE

Figure 51 Task I Hot Corrosion Test Program

3.1.2.3.1 High Corrodent Level Test Results

Results of the High corrodent level test (1650°F, 35 ppm artificial sea salt,

1.3_SO,, l hour cycle (57 minutes in the flame + 3 minutes FAC)) are

summarized in Table XIII. These results contain significant scatter with five

specimens failing between six and seven hundred hours, and two specimens

surviving to 1000 hours, when testing was terminated with no failure.

A photograph of a typical high corrodent level failure is shown In Figure 52.

Failures occurred well above the ceramic-metallic interface with large amounts

of ceramic remaining adherent. Small visually observable cracks grew In length

as testing continued until discrete patches of ceramic spalled around the bar,

favoring leading edge locations.

83



TABLE XIII
CYCLIC HOT CORROSION TEST RESULTS (Condition H) HIGH CORRODENT LEVEL

(1650°F/Long Cycie/35ppm Artificial Sea Salt/l.3% SO3)

Failure Time (Hrs)

,931
693

638

615

450

lO00 1
1000
1000

Avg = 618

No Failure
Observed

Figure 52 Cyclic Hot Corrosion Test Specimen Showing Multi-level Flaking of
the Ceramlc

Figures 53 and 54(a and b) show the pre-test and post-test microstructures of
specimens tested 693 and I000 hours respectively. The ceramic spallatlon mode
seen in these structures clear]y is different from that observed in clean fuel
burner rig test failures, exhibiting multi-level in plane, ceramic cracking
and flaking, as opposed to the predominent near interface cracking seen in
clean fuel failure.
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Figure 53a Pre-Test Hot Corrosion Test Specimen; 35 ppm Artificlal Sea Salt/

1650°F/l Hour Cycle

0° jdP

Figure 53b Post-Test Hot Corrosion Test Specimen Showing In-Plane Ceramic
Cracking in Central and Upper Portion of Ceramic Layer After 693

hrs at 35 ppm Artificial Sea Salt/1650°F/l Hour Cycle
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Figure 54a Pre-Test Hot Corrosion Test Specimen; 35 ppm Artificial Sea Salt/
1650°F/I Hour Cycle

Figure 54b Post-Test Hot Corrosion Test Specimen After 1000 hrs at 35 ppm
Artificial Sea Salt/1650°F/l Hour Cycle
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Figures 55(a-c), and 56(a-d) show post-test surface structure and transverse
microstructure for a test specimen exposed for 450 hrs In the high corrodent

level test (Condition H). The EMP results as seen In the x-ray maps clearly

show the infiltration of sodium and sulfur in the pores and mIcrocracks.

Further post corrosion test specimen evaluatlons have confirmed infiltratlon

of sodium and sulfur in localized areas of porosity and mlcrocracking

throughout the thickness of the ceramic coating. Increased exposure time shows
increased infiltrent concentration in these areas. Magnesium, contained in

synthetic sea salt as MgClz (see Table XIV), was generally not detected in

the zlrconia layer but was found concentrated at the oxide layer between the
ceramic/bond coat interface. As shown in Figures 57(a-g), x-ray maps for AI

and Mg may suggest the predominance of the formation of MgAlz04 spinel.

Table XV shows x-ray diffraction analysls for representative post test high

corrodent level test specimens (condition H). It is noted that "higher" time

specimens show a significant increase in v/o monoclinic and also up to I0 v/o

of other phases; i.e., fcc NiO, or the orthorhombic NICF04, CazSi04.

This increase in monoclinlc phase (stabilizatlon of Zr02) Is believed to

influence coating spa111ng life.

TABLE XIV

ARTIFICIAL SEA SALT COMPOSITION

NaCI 58.4%

MgCI_ 26.4

Na2S04 9.7

CaCl2 2.7
KCI 1.6

NaHC03 .4
KBr .23

H3B03 .07

SrClz .09

Na F .007

Speclmen/
Location

(HST #086)

Spa1!ed Area

(HST #088)

Spalled
Area

TABLE XV
X-RAY DIFFRACTION ANALYSIS FOR SOME REPRESENTATIVE CYCLIC

HOT CORROSION POST-TEST SPECIMENS

(High Corrodent Level)

v/o fcc vlo Tetragonal vlo Monoclintc
ZrO= ZrO= ZrOz Other

60-65 35-40 5 1 v/o
Unidentified

50 25-35 15-I0 10 vlo fcc and

/or MgO I v/o
orthorhomblc
N|CrO,

Failure
Time (hrs)

450

615

(HST #091)

Spalled
Area

45-50 45-50 10 I vlo fcc NiO,

MgO and/or
Ca=Si04

693

87



Oo
co

Figure 55 Cyclic Hot Corrosion
Test Specimen Surface
<HST-086) After 450

Hrs/1650°F - High
Corrodent Level Test

a) SEI Detailed Image Of Coating On Test

Bar Surface

800X

b) Na X-Ray Map 800X c) Sulfur X-Ray Map 800X
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a) BEI 300X

b) BEI Detailed Image Of Outer Surface Of 1000X

Coating

Figure 56 Cyclic Hot Corrosion Test Specimen After 450 Hrs at 1650°F. H_gh
35 ppm Corrodent Level in Area Near Failure.
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Figure 56

9O

c) Na X-Ray Map lO00X

d) Sulfur X-Ray Map IO00X

(continued)

Cyclic Hot Corrosion Test Specimen After 450 Hrs at 1650°F. High
Corrodent Level in Area Near Failure.
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a) BEI

b
3OOX

_D
...a

c) Al X-Ray Map 200OX d) Mg X-Ray Mlp

Figure 57 Cyclic Hot Corrosion Post-Test Specimen After I000 hrs at 1650°F/

Long Cycle/35 ppm Artif|cial Sea Salt/l.3% S03
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e) Cr X-Ray ,_:lap 2000X

Figure 57
(continued)

Cyclic Hot Corrosion
Post-Test Specimen After 1000
hrs at 1650°F/ Long Cyc]e/35
ppm Artificial Sea Sa]t/1._%
S03

f) Ni X-Ray Map 200OX g) Co X-Ray ;lap 2000X
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3.1.2.3.2 Low Corrodent Level Test Results

ORIGINAL PA,_. 15

OF POOR (_ALI'W

The low corrodent level test (Condition J) I0 ppm artificial sea salt, 1.3%
SO_, was terminated after completing I000 hrs of test time, w|th none of the
six specimens tested exhibiting any evidence of coating degradation. The
specimens did show, however, a dark brown surface appearance, Figure 58 shows
a photomicrograph of one of these specimens after over lO00hrs of exposure.

Electron microprobe analysis conducted on the cross-sectional mIcrostructure
of an unfailed low corrodent level specimen indicated less corrodent
infiltration than found in high corrodent level specimens.

As seen in Figures 59 through d, low levels of Na and S were detected In areas
of porosity and microcracking. Magnesium was detected not only within pores
and cracks, but also at the ceramic-bond coat interface. It appears that this
element is in the form of an oxide and at the interface forms spinel;
MgAI204, as shown in Figures 60a through 60d.

Table XVI presents X-ray diffraction data fOF tWO representative low corrodent

level samples. The phase distribution as shown is not consistent for these two

specimens exposed for the same length of time. It was observed that for at

least one speclmen a high v/o monoclinlc Zr02 (20-25 v/o) was detected.

m

==

HST-125 Leading Edge 2.5X

Figure 58 Light Photomicrograph of Test Specimen After lO00 hrs at 1650°F/

Long Cycle/lO ppm Synthetic Sea Salt/l.3% SO_ - Condition J
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(a) Detailed Image of Coating 800X (b) Na X-ray Hap 800X

(c) Sulfur X-ray ,lap 80UX (d) ,4g X-ray 14ap 800X

Figure 59 Post Test Specimen Microstructure After lO00 hrs with Artificial

Sea Salt lOppm and 1650°F Host Test "J"



(a) BEI 300X (b) BEI Detailed Image of Oxide Layer 2000X

rmr3

(c) AI X-ray Map 2000X (d) _Ig X-ray Map

Figure 60 Post Test Specimen Microstructure After I000 hrs with Artificial

Sea Salt lOppm and 1650°F Host Test "J"

2000X



TABLE XVI

X-RAY DIFFRACTION ANALYSES OF SOME REPRESENTATIVE POST-TEST SPECIMENS,
CYCLIC HOT CORROSION TEST (Low Corrodent Level)

Specimen/ vlo vlo v/o vlo

Exposure FCC Tetragonal Monocllnlc

Time Zr02 Zr02 Zr02 Other

HST II3/ 42-45 32-35 5
1000 hrs

10-7 fcc NICr204 and/or NIFe=04

splnel), 5 fcc NIO and and/or MgO, 3-I
hexagonal NIS,2-1 bcc Y203,1 tetra-

gonal TI02, and possibly I hexagonal
- A1203

5 fcc NIFe204 and/or NIFe204 (spinel),
5 hexagonal N|S, 10-15 fcc
(Fe,NI)S2

HST 1311 30-35 25-20 25-20
1000 hrs

3.i.2.3,3 Fractional Exposure Hot Corrosion Test Results

The fractlonal exposure corrosion test K (35ppm artiflclal sea salt, 1650°F,
long cycle) was terminated with over 1000 hours of test time accumulated.

Two of the twenty speclmens planned for this test were to be reference

specimens taken to failure to conflrm the previously determined average test

llfe (from the H test: 35ppm artlfIclal sea salt, long cycle, 1650°F). The
other IB specimens were to be tested to declle fractions of thls llfe.

However, these two speclmens did not fail after over 1000 hours of testing and

In accordance with the statement of work this test was terminated. Thus there

Is an uncertainty as to the actual llfe fractions of the eighteen specimens
evaluated.

Post-test metallographlc analysls was conducted for one of the specimens

exposed to each fraction of the coatlng Ilfe. Figures 61a through I show the
typical post-test mIcrostructures for specimens exposed to the estimated

10%-90% of TBC 11fe. These speclmens were pollshed using standard procedures

except that an oil-based pollshlng slurry replaced water to prevent leachlng
of Inflltrated corrodent. Thls metallographIc analysls was conducted to look

for subcrltlcal crack development. Fractlonally exposed speclmen metallography
showed some accumulated damage after 515 - 585 test hours; large In-plane

cracks wlth several mlnor extenslons were noted above the "typlca1" fallure
1ocatlon. Note that the large crack In Figure 611 has several smaller

extenslons. Also, thls crack is far from the interface In comparison wlth the

typical clean fuel burner rlg test fallure mode. Figure 61h shows what may be
consldered the start of mlcrocrack "11nk up" at the center of the ceramlc.

Also note the patch of ceramic wh|ch has flaked off at the outer surface. Most

of the rest of the photomlcrographs show some segmentation cracking which Is
thought to have developed durlng exposure.
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F_gure 61a Post-Test Fractional Hot Corrosion Specimen Microstructure I0%, 65
hrs/1650°F/35 ppm Na2S04

p

200X

Figure 61b Post-Test Fractional Hot Corrosion Specimen Microstructure 20%,

130 hrs/1650°F/35 ppm NazS04
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Figure 6ic

200X

Post-Test Fractional Hot Corrosion Specimen Microstructure
185 hrs/1650°F/35 ppm NazS04

30%,

|
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z

Figure 6]d
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200X

Post-Test Fractional Hot Corrosion Specimen Microstructure
250 hrs/1650°F/35 ppm Na2S04

40%,
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200X

Figure 61e Post-Test Fractional Hot Corrosion Specimen Microstructure 50%,

315 hrs/1650°F/35 ppm Na2S04

200X

Figure 61f Post-Test Fractional Hot Corrosion Specimen Microstructure 60%,

380 hrs/1650°F/35 ppm Na2S04
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Figure 61g

Figure 61h

IO0

200X

Post-Test FFactlonal Hot Corrosion Specimen Microstructure 70%,

445 hrs/1650°F/35 ppm Na2S04

200X

Post-Test Fractional Hot Corrosion Specimen Microstructure 80%,
510 hrs/1650°F/35 ppm Na2S04
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200X

Figure 61i Post-Test Fractional Hot Corrosion Specimen Microstructure 90%,

575 hrs/1650°F/35 ppm Na2S04

The results of the X-ray diffraction analysis for the fractionally exposed
specimens is included in Table XVlI. It is apparent from the data that
increased exposure times show increased v/o monoclinic Zr02.

The analysis of the fractionally exposed specimens (10% -- 90%) removed from
the test showed a minimum of 5 v/o monoclinic ZF02 for smaller fractions of
exposure and up to 9 v/o monoclinic Zr02 for higher fractions of exposure.
This result is consistent with earlier suggestions of thermochemical
interaction of the corrodent with the ceramic (Ref. 30, 34, 35, 36), i.e.,
selective "leaching" of Y203 by the corrodent.

In summary, the results of the contaminated fuel burner rig test conducted
showed that 7YsZ is extremely spall resistant in hot corrosion environments.

Nhen TBC failure did occur, only in high corrodent level testing, the TBC

failure mode consisted of multilevel flaking of the ceramic. This mode is

unique to cyclic hot corrosion testing and has not been seen in clean fuel

burner rig, furnace test, or more importantly in any of the engine exposed
hardware examined to date. X-ray diffraction analysis has shown higher levels
of monoclinic Zr02 forming upon cool down, however, ceramic spallation was

unobserved. Thus a predominant failure mechanism may more likely involve
mismatch between infiltrate and ceramic as reported in earlier studies (Ref.

14, 30, 32, 34) than selective leaching of Y203 causing destabilization

(Ref. 35, 36). Although the latter is occurring there seems to be no
correlation to actual failure life. However, failure life of the ceramic is

most probably governed by the interaction of these two mechanisms.
I01
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TABLE XVII

X-RAY OIFFRACTION ANALYSES OF FRACTIONAL EXPOSURE, CYCLIC HOT CORROSION TEST SPECIHENS

SPECIItF_JI IO/
EXPOSURE TIME

HST-OO4A - 65 hrs

FlST-OOIA 130 hrs

HST-OO9A - 185 hrs

HST-OIZA - 250 hrs

HST OllA 315 hr5

NS] oIgA - 380 hrS

HST 022A 445 hrs

HST-O25A - 510 hr5

HST-027A - 575 hrs

HSTO32A - I000 hr_

FCC ZrOz TETRAGONAL ZrOz

55-53 40-42

V/0 PHASE PRESENT

HONOCLINIC ZrOz OTHER

5 1 unidentified (possibly fcc Ni0)

54-56 39-37 6-4

54-56 39-37 6-4

1-2 NiO and @ lfcc (Ni, Fe) Sz

53-55 3_-36 5-3

1 Hexagonal Naz S04 and/or

Hexagonal _- NaFeOz

53 55 37-35 4-6

43-45 45-43 7-9

52-54 38-36 6-8

2-4 FCC NiO, 2-1 tetragonal _- Fez03
i fcc FeSz

2 Tetragonal _ - Fe203

2-1Hexagonal_ - NaFeOz, 2-1 fcc (Nt,Fe) Sz

3-1 fcc (Ni,Fe) $2, 2 Tetragonal_- Fez03
<< 1 fcc NiO

2-I Tetragonal _ - Fez03

Poor Profile trace, major phase-fcc ZrO2, minor phases-

tetragonal Zr02, monoclinic ZrOz and hexagonal NazS04

Poor Profile trace major phase he×ago,hal Na2S04, fcc ZrOz - trace

30 45-50 15 I0

NST.-O32A - IO00 hrs 30 45-50 15 10

_10 [2 (Mg._ Feo.o4) O.SiO2]
"1 _NiAI
_,'1 NiO

,0 Feo.o, o.s 02]
_'I pNiAl

_1 NiO

lI!Inll ,,m!Ir_llll)l TUIIFIIq!'!I,I_IIIII)IF)IIIll)lll'l) l|!l)Hl_ql )llI'Ilill! II 'lilt IIII lllfll P_ IU llll I! llllllI!!I II II!I III Illlllll IIIIIIII II iIlllllll)i lq_qllf'llH i ill, i i ill, ,fill ,i,,il,l i ill !ii i . i ,q ................. ' ............................
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3.1.3 Task IB.2 Determine Physical/Mechanical Properties _ _ (_JALITY

The purpose of this subtask was to measure values of phys|cal and mechanical

properties required for subsequent analytical and life modeling. Measured

physical properties include thermal conductivity, specific heat, and thermal

expansion of bulk porous zirconia and dense NiCoCFAIY specimens fabricated to
simulate structures found in the respective TBC coating layers. Mechanical

tests were conducted only on bulk porous zirconia and included fracture

toughness, uniaxial tension and compression, tensile and compressive creep,
and "derived" tensile fatigue in the range of ambient to 2200°F. All needed

base alloy properties and mechanical properties of the metallic coating were

available fFom prior internally funded programs and were not remeasured in

this program. All physical property testing was conducted by Dynatech

Corporation, Cambridge, Mass. Nith the exception of an ambient temperature

four point bend test conducted early in the program to gain needed preliminary

insight into basic ceramic constitutive behavior, all mechanical property
tests were conducted at Southwest Research Institute, San Antonio, Texas.

Bulk ceramic and metallic property test specimens were fabricated by plasma

deposition using the same parameters as used to make the respective TBC
coating layer. Coating thickness of up to one half inch were accumulated on

mild steel panels and then the test specimens were machined off and ground to

required dimensions. Shown in Figure 62 is a bulk ceramic specimen
microstructure which can clearly be seen to quite closely simulate the

microstructure of the lO mil ceramic coating.

200X

Figure 62 Bulk Ceramic Microstructure Used for Physical/Mechanical Property

Tests
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3.1.3.1 Physical Property Tests

Procedures used by Dynatech to measure physical properties are summarized in

Appendix D. Specific numbers of physical tests conducted and the corresponding
temperature ranges investigated are summarized in Table XVlll. Results of

these tests are presented in Tables XlX through XXlV.

o Thermal

Conductivity

o Thermal Expansion

o Speclflc Heat

TABLE XVIII

COATING PROPERTY TESTS

Virgin Ceramic

(Bulk Specimen)

3 Tests: lO00°F, 1600°F,
2IO0°F

2 Tests: IO00°F, 2100°F

3 Tests: IO00°F, 1600°F
2100°F

Virgin Bond Coat

(Bulk Specimen)

3 Tests: lO00°F, 1600°F,
2100°F

2 Tests" IO00°F, 2100"F

3 Tests: IO00°F, 1600°F,
2100°F

TABLE XIX

THERMAL CONDUCTIVITY OF 7 w/o Y=03 -Zr02

=

i

m

i

=

w

Z

=

=

Temperature Thermal Conductivity
('C/°F) (N/mK) (Btu In/hr ftZ°F)

538/1000 0.645 4.47

871/1600 0.675 4.68*
1100/2012 0.660 4.58 _

*The accuracy of these measurements ranges from _8-10% and therefore the

apparant peak at 16000F is not considered to be slgnlflcant. This Judgment Is

based In part on previous work done at Dynatech for Pratt & Nhltney, which

showed no thermal conductivity peaks at Intermediate temperatures.

TABLE XX

SPECIFIC HEAT OF 7 w/o Yz03 -Zr02

Temperature
(:C/'F)

Specific Heat

Jig °C callg C (Btu/Ib "F)

538/1000 0.582 0.139

871/1600 0.593 0.142

ll4g/2100 0.603 0.144

104

m

m

m

m
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TABLE XXI

THERMAL EXPANSION OF 7 wlo Y=03 -ZrOz

Temperature Thermal Expansion
(°C/°F) T.E. x 104

25/77 0

I00/212 7.26

200/392 17.53

300/572 27.00

4001752 36.39

5001932 45.77

600/II12 56.25

700/1292 66.72

80DI1472 77.64

900/1652 89.15

IOD0/1832 I00.82

II00/2012 II0.64

I175/2147 I16.12

*Average-from ambient temperature

Coefflclent of*

Thermal Expansion
x I0" (°C-')

imm

9.68

10.02

9.82

9.70

9.64

9.78

9.88

10.02

10.19

10.34

I0.29

lO.lO

to temperature Indlcated

Temperature
(°C/°F)

538/1000

871/1600

1100/2012

TABLE XXII

THE THERMAL CONDUCTIVITY OF NlCoCrAIY

Sample thlckness 9.47mm (.373 inch)

Thermal Conducttvlt_
(N/mK) (Btu in/hr ftZ°F)

20.5 142
24.3 168

34.2 237

Temperature
(°CI°F)

538/I000

871/1600

I149/2100

THE

TABLE XXIII

SPECIFIC HEAT OF NICoCrAIY

Speciflc Heat
(Btu/Ib °F)

.150.

.161

.170
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TABLE XXIV

THERMAL EXPANSION OF NICoCrAIY

Coefficient of

Temperature Thermal Expansion Thermal Expanslon

(°Cl°F) TE x 104 x 10G [II°C]I[II°F]
• i

25/77 0

100/212 2.56 ]2.75 / 6.94
200/392 22.17 ]2.67 / 7.03
300/572 36.83 13.39 / 7.40
400/752 52.38 ]3.97 / 7.76
500/932 67.53 14.22 / 7.90
600/1112 85.15 ]4.8] / 8.23

700/1292 104.62 15.5 / 8.60

800/1472 126.27 16.29 / 9.05

900/1652 148.15 16.93 / 9.41

I000/1832 168.72 17.30 / 9.60

II00/2012 191.13 17.78 / 9.87

1175/2150 202.02 17.96 / 9.97

3.1.3.2 Preliminary Mechanical Testing

As mentioned previously, a preliminary room temperature four point bend test

was conducted at the United Technologies Research Center to gain early insight

into the constitutive behavior of the strain tolerant ceramic. The geometry of
the test specimen is illustrated In Figure 63. A plot of outer fiber tenslle

stress (calculated from applled load uslng classical elastic bending

relatlonshlps) vs. outer flber tenslle strain (measured by bonded strain gage)

Is shown In Figure 64a. The stress-straln relatlonshlp dlffers dramatlcally

from the completely elastic ambient temperature behavlor typically observed
for fully dense structural ceramic materlals. The straln tolerant ceramic

deformation appears to be non-llnear even at very low stress levels, wlth no

clearly deflnable 11near elastic segment of the stress-straln curve. Unloadlng

of another partlally loaded specimen showed substantlal permanent offset wlth

no vlsually observable micro-cracklng on the tenslle slde, Indlcatlng that the

curvature seen in Figure 64a represents truly Inelastlc behavior.

=
I

I

=

E

Despite the occurrence of slgnlfIcant Inelastic deformation, the ultimate

strength and Fracture strain of the strain tolerant ceramlc are qulte low,

6.9 ksl and 0.26% respectlvely. The materlal also Is highly compllant wlth an

initial stiffness of 5.8 x 10_ psl. Measurements from multlply oriented

straln gages Indicate a relatlvely small Polsson's ratio of 0.091. An

Interestlng Fractograph from the tenslle side of a broken specimen shows a
highly columnar structure with "splats" of the plasma deposited ceramic

(Figure 64b).

3.1.3.3 SouthWest Research Instltute Mechanical Test Proqram

The mechanical test program conducted by Southwest Is summarized in Figure 65.

Test methods and results are described In the followlng paragraphs. All tests

were conducted wlth the primary loadlng axis In the plane of the splat
structure.

I-

L

B

r
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0.125

0.115

A11 Dimensions Shown In Inches

Figure 63 Bulk Four Point Bend Speclmen Geometry

6
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o I I
0 0.1 0.2 0.3

STRAIN, %

F|gure 64a S|gn|f|cant Inlastic Deformat|on Observed, Room Temperature Four

Polnt Bend Test results for Bulk Plasma Sprayed 7 w/o Yz03 -
ZrO=
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Figure 64b Fracture Surface of Four Point Bend

lO00X

Test Specimen

Number of Tests Planned (Conducted)

Test Temperature lO00"F 1600"F 1800"F 2000"F 2200"F

Test Type

Stress-Straln Response Test

Tension

Compression

iCreep/Stress Rupture Test

Tension

Compression

Fatigue (Wafer) Test

Fracture Toughness

Test

I(3)

o(I)

I(I)

3(5)

2(2)

I(2)

I(I)

1(2)

3(5)

2(2)

I(2)

1(2)
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1(2) 1(1)
.... ,w

1(3) 1(4)

Figure 65 Mechanical Property Test Plan for Bulk Ceramlc
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Uniaxial compression tests were conducted on right circular cylinders (Figure
66) loaded along the cylinder axis between flat and parallel alumina anvils

having self locking tapered ends mounted ID water cooled adapters (Figure 67).

A 500 pound capacity load cell was used to provide good resolution (.05 Ib) at

the relatively small loads Involved in this testing. Loading of the specimens
was performed under displacement control of the actuator shaft at a constant

displacement rate approximating a strain rate of l x 10-3 in/in/sec.

Displacement was measured to an accuracy of 5 micro inches on the actuator

shaft near the loading Fixture attachment point. A machine compliance

calibration was obtained at each test temperature by measuring the

load-deflection characteristics of the compression apparatus without the test

specimen. All data was corrected by subtracting the appropriate calibration

values From the recorded displacement. Alignment of the system was confirmed

by plastically deforming aluminum rodlets and measuring the resulting height
variation around the clrcumference; this variation and less than .0002 inches.

Compression specimens were heated inductively with a cylindrical graphite

susceptor. To prevent rapid deterioration of the susceptor, a water cooled

copper jacket with a viewing port were placed over the specimen and flooded

with Argon gas (Figure 68). Test temperature was determined from the averaged

output of two thermocouples located adjacent to the opposing loading pattens.

The configuration of the specimen used for testing with uniaxial tensile

loading is shown in Figure 69. The tapered portion of this specimen was
gripped with boron nitride coated split ceramic collets constrained with a

superalloy shield and loaded by superalloy shear pins (Figure 70). Specimen

strain was inferred from actuator displacement using machine compliance
corrections generated from a strain gaged tensile specimen loaded to failure

at room temperature. A static pre-loading apparatus was used to seat the grip

section without application of significant preload to the gage section of the
specimen.

Fracture toughness was measured by slngle edge notching the tensile specimen
to a depth of about 20 mils using a 9 mil diameter diamond coated wire. While

plane strain conditions were not fully satisfied in this test, it is felt to

provide a reasonable indication of the general toughness capability of the
material.

Derived tensile fatigue testing was conducted in the previously described

compression test apparatus by compressive edge loading of the wafer geometry
specimen illustrated in Figure 71. Based on the analysis of Shaw, Bralden, and

DeSalvo, (Ref. 39: on Figure 72), this loading produces a biaxial stress state

with a low level of tensile loading in the plane of the disk perpendicular to
the compresslon axis (Figure 72). For materials such as ceramics where the

tensile strength is substantially less than the compressive strength, tensile

failure will occur in the center of the disk at loads below the compressive

strength of the material. By cyclically loading this specimen, tension-tenslon

fatigue testing was conducted on the ceramic, using a small positive R ratio
(O.l) to maintain the specimen firmly seated between the anvils at all times.

3.1.3.3.1 SWRI Test Results

Results of mechanical property tests are summarized in Tables XXV through XXX.

Stress-strain and creep curves for each test are included in Appendix E.
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Figure 67 Compression Test Apparatus
Figure 68 Test Rig

3.1.3.3.1.1 Uniaxial Tension and Compression Test Results

The most significant result of these property tests is confirmation of the
non-linear deformation behavior observed in the previously discussed

preliminary bend testing. Shown in Figure 73 is a room temperature tensile
stress-strain curve generated from the strain gaged machine calibration

specimen mentioned earlier. As with the previously discussed bend test, the
strain tolerant ceramic exhibits non-linear deformation behavior throughout
the loading history. Because of this non-linear behavior, it is difficult to
define an "elastic modulus"; "initial stiffness" values, noted in Table XXVI,

are graphical estimates of the tangent to the stress strain curve near zero
load. Because elevated temperature stiffness values are based on crosshead
displacement, some caution must be used in interpreting these data, despite
all of the precautions taken in testing to minimize seating and machine
compliance effects. For example, the slight upward curvature seen in the
initial portion of most of the elevated temperature curves is assumed to be an
artifact and has been ignored in measurement of initial slopes.
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Cycles ---w

b Stress Distr|bution for Transversely Loaded Disk

Figure 72 Fatigue Stress Cycle

c Fatigue Stress Cycle; Repeated Stress



TABLE XXV
UNIAXZAL COMPRESSION PROPERTY TEST DATA

Ultimate

Specimen Compressive
Identification Test Strength
_j_r Temoerature (ksil

A-2-CP-27_I 1600OF 44.0
2175°F 28.7

A-2--CP_27-11 1000OF 54.6

A 2-CP 27-3 1600OF 39.7

A 2 CP 27 2 2200°F 31.6

A-2 CP-27-4 2196OF

Strain Strain at
Ultimate Fracture
(_) (%)

2.46

2.61 2,61

1.90 1.90

3.54 4.38

Initial Stiffness
E Xl06

(PSI)

1.64
3.15

1.96

1.80

1.95

39.6 4.32 5.14 1.50

Specimen Test

Identification Temperature
Number (°F)

EC-1 75

EC-2 1000

EC-IO 1000

CP-24 1000

CP-13 1600

CP-14 1600

CP-21 2000

CP-23 2000

EC-4 2200

EC-5 2200

1

2

3

TABLE XXVl
UNIAXIAL TENSION PROPERTY TEST DATA

Initial Ultimate

Stiffness, Tensiie Strength
E x lO_(psi) _ (ksi)

2.90 3.08

3.08 2.65

Data Unavailable 2.60

6.31 2.58

6.31 2.58

1.80 2.68

3.08 3.08

3.73 3.18

4.01 2.45

4.01 2.32

Except as noted, measured from crosshead displacement at failure,
compensated for machine stiffness
Measured from strain gage
Tangent slope at zero load

Apparant'
Failure Strain, %

0.1962

0.158

Data Unavailable

0.056

0.077

0.283

0.215

0.188

0.296

0.265
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TABLE XXVII
COMPRESSION-CREEP PROPERTY TEST DATA

Specimen Applied
Identification Test Stress
Bumb_r Temoeratur_._j)

A 2-CP-27-5 1800°F 38.4

40.6

42.6

A 2CP-27-12 1800°F 13.0 1.88

Z_ 2 CP 27 6 1800°F 40.1 2.32
42.4 2.76

2 CP 27 7 2200°F 34.5 5.17

A 2 CP 27-8 2200°F 31.5 6.35

2-CP-27 9 2200°F 9.5 4.5

A-2-CP-27-10 2200°F 9.95 6.34

Accumulated Creep
Strain Time

(_) (Minutes) Comments

2.22 5.9 / Same Specimen

2.48 4.6 I NO Fal lure2.82 6.3

295.2 _ NO Failure, Minimum
Creep Rate : 0.24_E/hrs

8.8
20.0

1.90

3.40

106. I

111.4

Minimum Creep Rate ; 1.27 %c/hr,_
Miniu Creep Rate : 0.62 _ E/hr,

Initial Creep Rate = 68.5_ £1hr

Same Specimen
No Failure

Initial Creep Rate : 40.8% c/hr

No Failure, Minimum Creep Rate
: 1.42¢ E/hr

No Failure, Minimum Creep Rate
: 1.83% c/hr

Specimen
Identification

Number

Test

Temperature

TABLE XXVIII

TENSION-CREEP PROPERTY TEST DATA

Applied Accumulated Creep
Stress Strain Ttme
(ksi) (%) (Minutes) Comments

CP-12 1000 2.10 0.048 1.94

CP-19 1800 2.17 0.140 3.75

CP 20 1800 2.07 0.160 5.28

EC 6 2200 1.96 0.80 0.61

M.C.R - Minimum Creep Rate

i

No failure, no creep response

Failed, M.C.R. 0.0038% £/hr _

Failed, M.C.R. 0.0011% £/hr

Failed
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TABLE XXIX
FATIGUE PROPERTY TEST DATA

Specimen
Identification Test
Number Mode

Haxlmum
Test Applied Stress

Temperature (ksl)

Number
of

C_.vcles

_-2-CP-26-2 Fatigue

_-2-CP-26-2' "Tensile"

_-2-CP-26-5 Fatigue

_-2-CP-26-3 Fatigue

_-2-CP-26-4 Fatigue

_-2-CP-25-2 Fatigue

_-2-CP-25-5 Fatigue

_-2-CP-26-1 Fatigue

_-2-CP-25-1 "Tensile"

_-2-CP-25-3 "Tensile"

IO00"F 2.5 0.1 20,000

IO00"F 3.4 --- 114

IO00"F 2.6 0.1 307

IO00*F 2.7 0.1 410

I000"F 2.7 0.1 195

1600"F 2.12 0.1 60,000
2.67 0.1 10,000
2.93 0.1 10,452
3.15 0.1 11,000
3.3 0.1 10,050

1600"F 2.64 O.l 407

1600'F 2.64 0.1 158

1600"F 3.2 --- 114

1600°F 3.3 --- I14

No Failure

t Same
Specimen
No Failure

*Speclmen uploaded to fatlure

TABLE xXX
FRACTURE MECHANICS PROPERTY TEST DATA

Specimen Fai lure
Identification Test Stress
Number Temperature (ksl) a(in.) I b(In.) 2

CP-22 I000 1.76 0.0175 0.124 0.578

CP-9 1000 1.49 0.0182 0.122 0.454

CP-15 1600 1.90 0.0183 0.124 0.579

CP-18 1600 1.51 0.0212 0.124 0.517

Kq(kslq'T_) 3

Notes:
I ,

2.
3.

Crack (notch) depth
Total specimen depth
Apparent (not valid) critical stress intensity factor
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Examination of the elevated temperature tenslle curves Included In Appendix E

indicates that while there Is substantial variability of initial and overall

stiffness, The basic non-llnear shape of the stress-straln curve Is slmllar at

all temperatures up to 2OOO°F. Both the shape similarity and the stiffness

var_abillty are illustrated by comparison of the room temperature and the two

16OO°F curves reproduced In Figure 73. At 22OO°F there Is substantially more

curvature than at the lower temperatures, as shown by the high temperature

curve reproduced In Figure 73.

Both ultimate tensile strength and tensile failure strains are relatively low

at all temperatures. As shown In F|gure 74, strength appears to exhibit a

slight decreasing trend between room temperature and lOOO°F, rising again to

about room temperature levels at 2OOOOF, and again decreasing at 22OO°F. The

reason for this apparent increase at 2OOO'F Is not presently understood and

may reflect data scatter, although reproducibility at each temperature appears

to be quite good. It Is posslble that thls strength peak Is related to subtile

phase changes (very slight monocllnlc to tetragonal transformation) in thls

temperature range, but such _nterpretatlon must be viewed as highly

speculative at the present time.

i-

ROOM

TEMPE 7

160OOF _ 16(X)°F

o I I I I I
0 0.1 0.2 0.3

ENGINEERING TENSILE STRAIN, PERCENT

Figure 73 Representative Straln Tolerant Ceramlc Tensile Stress Straln
Curves at Various Temperatures. Room temperature strain data

measured by straln gage; temperature curves obtained from
corrected cross head displacement.
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Figure 74
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Because of substantlal data scatter, It Is dlfflcult to Identlfy any trend for
temperature dependence of tenslle fallure straln. It should be noted that a11

tenslle fallures occurred in the flllet reglon of the specimen where stress

concentratlon Is calculated to be on the order of 1.15, suggestlng that some

cautlon should be exerclsed In Interpretatlon of the strength and "duct111ty"
data dlscussed above.

Compresslve stress-straln behavlor, summarlzed In Figure 75 and Table XXV,

dlffers slgniflcantIy from tensl]e behavlor; compressive strengths are much
hlgher than tensl]e strengths, and there appear to be dlstlnct linear and

non-llnear segments to the stress-straln curves. Because corrected crosshead

dlsp]acement was used to measure straln, wlth attendant seatlng effects at low

loads, thls ]atter observation Is made wlth some reservation. Thls reservation

not wlthstandlng, the 1000 and 1600°F compressive stress straln curves clearly
are shaped dlfferently than correspondlng tensile stress-straln curves. At

2200°F, compresslve deformatlon beglns to resemble tensile deformatlon,

departlng from llnearlty at re]atlvely low stress levels. W1thln accuracy
]Imlts Improved by use of corrected crosshead dlsp]acement, Inltlal stlffness

appears to be essentlalIy Independent of temperature In the range studled.
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Figure 75 Representatlve Strain Tolerant Ceramic Compressive Stress-Straln

Curves at Varlous Temperatures. Compressive strains calculated

from corrected crosshead dlsplacement.

The compressive failure mode was observed to be of the classlcal shear type

(Figure 76). Compresslve stresses and strains at failure are plotted in Figure
77. Because compressive tests were not conducted at 2000°F, the occurrence of

a strength peak, such as that seen at thls temperature In tensile loading,
could not be verlfled.

3.1.3.3.1.2 Creep Behavlor

The creep test results are listed In Tables XXVII and XXVIII for compression

and tension respectively. A11 straln-tlme curves for these tests are presented

In Appendix E. As shown In Table XXVII, unlaxlal-compresslon creep tests were
conducted For two stress levels at 1800°F and 2200°F, on a total of seven
speclmens.

Compression creep tests showed a strong creep response at 1800°F and 2200°F

for low and hlgh stress levels. At 1800°F a larger amount of compressive
straining occurred in the higher stress level test.

Compression creep tests conducted at 2200°F showed a significant increase in

creep response as compared wlth the 1800°F test results. In both the low

stress and high stress level tests, at 2200°F, the inltial creep rates are
very high but in the lower stress level tests, the creep rates diminish

slgnlficantly wlth time. However, the high stress level tests at 2200°F reach

very large compressive strain values very quickly.
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Figure 76

Fi gure 77

Typical Compresslve Failure Mode
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Unlaxlal tension-creep tests were conducted for hlgh stress levels (_80% UTS)

at lO00°F, 1800°F and 2200°F on a total of four specimens.

No tension-creep response was seen at lO00°F after testing for over two hours.

However, test data at 1800°F and 2200°F revealed a significant tenslle-creep

response suggesting that a tlme-temperature dependent materlal response w111

be important in the advanced modellng effort.

Minimum creep rates were estlmated graphlcally for a significant portlon of

the compression-creep and tensile-creep data. The compression mlnlmum creep

rate values were much higher than these calculated for tension and were seen

to be strongly dependent on stress level and temperature. At 1800°F, minimum

creep rates for compression at the lower stress level were on the order of 2.5

X lO-3hr -' and at higher stress levels were greater than lO-2hr -I

Tensile minimum creep rate values averaged _ 7 X lO-Shr -I strain/hour at

1800°F.

At 2200°F, mlnlmum creep rate values for compression approached
2 X 10-2hr -' at low stress levels. At higher stress levels, it appears as

though only primary creep occurred and creep rates were _ 5 X 10-'hr-'

for compression and lO-_hr -_ for tension. Minimum creep rates are plotted

verses stress in Figure 78; Figure 79 shows the creep rate-temperature

dependence.

3.1.3.3.1.3 Fatlgue Behavior

Fatigue test results are listed in Table XXIX and plotted in S-N form in

Figure 80. As shown in the table, flve specimens were cycled directly to

fallure; three at lO00°F and two at 1600°F. Three additional specimens were
failed in monotonlc loading to compare tenslle strength as measured in the

wafer test with previous unlaxlal results, and to provide a "one quarter

cycle" data point. One of these specimens was exposed to 20,000 cycles at an
intermediate stress prior to uploading to failure at lO00°F.

Comparison of the "quarter cycle" strength values with those plotted in Figure
?4 Indicates reasonably good agreement between the two test methods, despite

the highly biaxlal stress state in the wafer specimen. This observation adds a

slgnlficant level of confidence to the fatigue test results plotted In Figure

BO.

The data plotted in Figure 80 show an apparently real fatigue response in the
strain tolerant ceramic, but with a stress dependence substantially different

from that observed in metals. Nhereas metallic materials typlcally exhibit

slopes ranging from _ - 1.5 with reversed plasticlty to _-8 in the fully
elastic range, the data in Flgure BO appears to have a slope on the order of

-50. Specific degradation and fallure mechanisms responsible for this very

stress sensitlve fatlgue behavior are not presently understood.
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Figure 80 S-N Curve for 7YsZ (IO00"F and 1600"F data plotted together)

A very surprlslng result was obtalned on a specimen which was Incrementally

uploaded at 1600°F. As seen In Table XXIX, thls specimen (_-2-CP-25-2) was

uploaded five times, wlth 10,000 run-out cycles being applled after the fifth

upload to the quarter cycle failure stress. Thls apparent "coaxing °'behavlor
Is not understood.

3.1.3.3.1.4 Fracture Touqhness

Results of four fracture toughness tests at 1000 and 1600°F are presented in

Table XXX. Whlle plane straln condltlons were not fully satlsfled In these

tests, the values presented are believed to provide some indlcatlon of the

inherent toughness of the straln tolerant ceramlc, and would probably serve as

upper limlt values. Inspection of the data Indlcates the toughness to be very

low, on the order of 0.5 ks1_/T_ In the temperature range Investlgated. It

should be noted that thls toughness was measured with the plane and dlrectlon

of propagation of the crack perpendicular to the ceramlc splat structure; it

Is expected that toughness In the plane of the splat structure, where

predominant failure cracks are located In the cyc11c thermal exposure

speclmen, would be lower than the value measured in these tests.
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3.1.4 Task IC - Predominant Mode Determinations

Based on the information generated in Tasks IA and IB, the relative importance
of the thermomechanIcal and tbermochemlcal failure modes were determined. An

empirically based correlative llfe prediction model was developed to

independently predict llfe for the predominant failure modes. Three

predominant failure mode verification tests were conducted to determine the

applicability and limits of the preliminary llfe prediction model.

3.1.4.1 Task IC. I Develop Prellmlnary Life Prediction System

The objective of this subtask is to develop a prellminary thermal barrier
coating life prediction system based on coating llfe test results generated In

Task IB. These results identified two important modes of coating degradation.

The first of these Is mechanical, and is assumed to Involve an accumulatlon of

fatigue damage resultlng from thermally induced cycllc strains. The second

degradation mode involves prolonged thermal exposure, and appears on the basis

of phenomenological evidence to Involve oxidative degradation of the metal

coating system component. The approach described below to accomplish the

objective of this subtask was developed at Southwest Research Institute under
the direction of Dr. T. A. Cruse.

Followlng the approach of M111er (Ref. 18), an exlsting fatigue ltfe
correlation model was selected as the basis for the thermal barrier coating

llfe model. The specific analytlcal form used Is based on a Manson-Coffln type

relatlonshlp, where the number of Inelastlc straln cycles to failure (Nr) Is

llnearly related to applied Inelastic straln range (4(,) raised to a power
(b)"

N = A (A(,)b

Where A Is a constant of proportionality. The exponent, (b), typically has a

value on the order of -1.5 for metalllc materlals. The use of Inelastlc strain

range as a mechanlcal damage drlver in the ceramic coating layer is Justified

on the basis of substantial inelasticity observed In the previously discussed

mechanical test program.

To facllltate Incorporatlon of an envlronmental damage driver In the Manson-

Coffln relatlonshlp, the proportlonallty constant is expressed in the form:

i

A . (_)b

with A(, (the Inelastlc strain range which causes failure In a slngle

cycle) belng made dependant on accumulated oxide thickness:

AEr " _(fo (1 -_/6=) c +_,(l (,3/_=) _'

The constant 4¢,o Is fallure strain tn the absence of oxldatlon, 8= ls a

constant representlng the "crltlcal" oxide thickness which would cause ceramic

spallatlon fallure In a slngle thermal cycle, and c and d are emperlcally
determlned constants. For the prellmlnary analysls, these two constants were

set equal to unlty. (In one run of the subsequently discussed correlatlon

program, the coefflclents c and d were allowed to vary: the "optlmlzed" values
of these coefflclents dld not devlate slgnlflcantly from the Inltlally

asslgned value of unity.)
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To establish values of the constants; b,_ero, and 8c, the spallatton life
data generated In Task IB were correlated with the proposed model. To
accomplish this, it was necessary to establish analytical relationships
between the two independent model variables (oxide thickness and Inelastic
strain range) and physically measurable test parameters such as time(t),
temperature (T), and cycles (N). For the preliminary analysis, oxide scale
thickness was calculated from the classical exponential temperature and
parabolic tlme relationship:

6 = C (Kpt) '/2

Hhere Kp is the parabolic rate constant:

-/_H /R TKp_Ae

Best estimate values of the constants A, c, and AH based on prior Pratt &

Nhitney and literature data were used for this initial analysls:

A - 0.06760 gm2/cma-sec

c - 0.5358 cm3/gm

AH - 66,430 cal/mole

As discussed In a later sectlon, actual oxlde accumulatlon data obtalned on

the PWA 264 system at the NASA Lewls Research Center wlll be used for the Task

II improvement on thls prellminary model.

The most dlfflcult and complex value to obtain for thls analysis Is inelastlc

strain range for each of the tests conducted In Task IB. To calculate thls

value, relatlvely coarse finite element thermal and stress-straln analyses of

the TBC coated test bar conflguratlon were conducted. The finite element

break-up for thls analysls Is shown In Figure 81.

Ni-based superalloy

r

Ceramic
NiCoCrAIY

L.o,o_L.o,o_L.o,o_L.o,o±.o,o J

Figure 81 Axlsymmetrlc Finite Element Model Breakup of Substrate, Bond Coat,
and TBC

To approximate the non-11near tensile and compressive stress-straln behavior

dlscussed previously, the ceramic material was modeled as being Ideally

inelastic, as illustrated In Figure 82. This materlal model assumes elastic

behavior up to the yield point, followed by inelastic deformation with zero

straln hardening. Because this model was formulated prior to testing whlch
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showed a large dlfference In tensile and compressive strength, both tensile

and compressive yield strengths were assumed equal to 5.5 KSI independent of

temperature. Results of the SNRI tension and compression tests, which show a

significant dependence of yield stress on stress state, w111 be incorporated
to refine the model In Task II.

STRESS

YIELD

STRENGTH

STRAIN .---!=,-

Figure 82 Idealy Inelastic Behavloral Model Used to Represent Ceramic
Stress-Straln Behavior

Using the assumption of ideal inelasticity, results of the thermal and

stress-straln analyses predict a ceramic hysteresis loop as Illustrated In

Figure 83. Initially the ceramic Is assumed to be In slight compression as a

result of the fabrication process (point I in Figure 83). During the Inltla]

portion of other thermal cycle the ceramlc heats more rapidly than the

underlying metal layer; slnce It Is constrained from expandlng by the much

st|ffer metallic substrate, the ceramic deforms compresslve]y, elastically at

first and then Inelastlcally as thermally imposed strain exceeds the assumed

compressive yleld point (Point 2 on Figure 83). As the underlying metal beglns

to heat and the substrate temperature beglns to "catch-up" wlth the ceramic

temperature, differential expansion reverses the ceramic deformatlon and

forces It toward tension, elastically until the tensile yleld polnt Is reached

(point 3 to point 4), then Inelastlcally until the entire system equ1|Ibrates

the maximum exposure temperature (point 4 to point 5). Upon initial cool down,

as the ceramic cools (and shrinks) more rapidly than the underlying metal,

additional tensile golno inelastic strain Is accumulated In the ceramic (point
5 to point 6 in Figure 83). As the metal starts to cooi and the transient

through ceramlc-thlckness gradient decreases, dlfferentlal contraction forces

the Cera-mlc Into compression, elastIcally at flrst (point 6 to point 7), and

then Inelastlcally untll the entire system approaches equ111brlum at the

mlnlmum exposure temperature (point 8), thus completlng the thermal cycle. It

should be noted In Figure 83 that at completlon of the Inltlal thermal cycle

the Ideally Inelastic hysteresis loop does not close. Nhtle multiple cycles
were not modeled analytically for thts prellmlnary analysts, It Is assumed
that multtple cycltng would result In development of a stable hysteresis loop
shifted laterally along the stratn axis from that Illustrated tn Figure 83.

The total Inelastlc strain range for the hysteresls loop 111ustrated In Figure

83 may be analytically expressed as follows:

A(, .A(c_AT) + A¢, + A(c - 2 (_y ,. / E)
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where AE, iS the Inelastlc strain resultlng from the heating transient and

AEc IS that resultlng from the cooling transient. It Is important to note
that, depending on the severity of the transients, the total Inelastlc strain

range can be larger than the nomlnal A (eAT) drlvlng force.

To establlsh values of the constants b, AE fo, and 6c In the prellmlnary
model, 11re data from the Task IB cycllc burner rlg tests were correlated with

values of AE, and _ calculated for each set of test condltlons. The

approach to computation Involved computerized 11near summatlon of fractlonal

mechanlcal and oxldatlve damage accumulated In successive "blocks" of exposure
at specific conditions. Results of thls correlatlon are shown In Figure 84

together wlth best fit values of the three constants. Based on a computed
correlatlon coefficient _o.g, the flt of the experlmental data must be

consldered quite good for this Inltlal model. It Is reassurlng to note that

the best-flt critical oxide thickness and oxlde-free fallure strain constants
have physlcally reasonable values, on the order of 0.3 mll and 1% strain

respectlveIy. It Is of Interest to note that the slope of the correlatlon (b)

Is extremely high when compared to typlcal metal values mentioned prevlousIy.
Thls observation Is consistent wlth the prevlousIy discussed isothermal

fatlgue slope, which was estimated to be on the order of 50 (Figure 80).

3.1.4.2 Task IC.2 Verification Tests

The objective of thls subtask Is to experimentally verify the prellmlnary llfe
predlctlon model described In the previous section. The approach to

verificatlon testlng involves cyclic burner rlg testlng as conducted in Task

IB, modified as described below to more closely simulate engine operation

conditlons. Three tests have been conducted at three sets of exposure
conditions which are different from one another and from the condltlon used to
establlsh the correlatlon In Task IB.

The test method used for llfe model verification involves clean fuel cyclic
burner rlg testing with a single, internally cooled hollow specimen. Thls

specimen permits exposure of the ceramic wlth a steady state through thickness

gradient to more closely simulate engine exposure of the coating, and also

allows more precise instrumentation and control of the thermal envlronmeht. As
shown In Figure 85, the hollow verification test specimen Is twice the

diameter of the previously utlllzed specimen, and rotates about It's own axls

to assure circumferential temperature uniformity. These substantial changes

from the Task IB experimental condltlon assure that the preliminary model wlll
be effectively challenged by the verification testing.

SpeclfIc test conditions and results of the verification tests are presented
In Table XXXI; comparisons between observed and predicted cyclic ]Ire are made

graphlcaIly In Figure 86. It is clear from thls plot that the model predicts
the uncooled test result more accurately than the two cooled test results.

Predlctlon of the uncooled test indicates that the radla] stress model

accurately accounts for changes associated wlth the change In specimen radius

from 0.25 In. to 0.5 Inch. Also, the relatlveIy accurate prediction for the

uncooled verlfIcatlon test Indicates that for tests emphaslzlng cyclic strain

damage, the fatigue based model Is a good functlonal form for llfe prediction.
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TABLE XXXI

VERXFICATION TEST RESULTS

Test Test

Condition Hours
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- Cooled I.D.

6 min. cycle 88.37
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Two possible explanatlons for the inaccuracy of cooled test predlctlons are:
I) the model is inadequate to account for the complex stress dlstrlbution

which would result from the through thickness AT. 2) the Inaccuracy of the

relatively slmple instrumentation used. The Inltlal Task II results from much

worse sophisticated Instrumentatlon Indicated possible errors in the

temperature readings taken In Task I. Both of the above mentioned sources of
error are belng addressed in Task II. Consistent with the purpose of this

Task, the model is belng upgraded and much better instrumentation Is being

used for Task II testing.

It is of interest to examine damage predictlons versus number of cycles for

the three verification tests. Figure 87 indicates that for the verification

test conditions, the model predicts very little mechanical damage early in

life, with damage accumulating rapldly for the last few hundred cycles. Thls

result is really a reflection of the steep slope being used in the model. It

should be noted that on Figure 87, the inflections in the two uncooled

verification test curves, have no physlcal meaning but are merely a result of

how temperature data blocks were sequenced and inputted. A plot of the

predicted oxide thickness ratio versus number of cycles, shown in Figure 88,
indicates that the uncooled test Is accumulating oxide at a greater rate than

the two cooled tests, presumably because of the higher interface temperature.

Failure modes were examined for comparlson with these observed on the smaller,

solid bar specimens and on engine parts. A11 three specimens exhibited

typlcal, near interface spallatlon. The crack morphology was, in general,

similar except in one case, described below where more fine cracks are seen.

Specific metallographic observatlons are described in the succeeding

paragraphs and the post-test mlcrostructures are presented in Figures 89

through 91.

Figure 89a and 89b show the post-test specimen and mIcrostructure after I05.87
test hours/524 cycles. This specimen was tested in the burner rig uslng a

12-mlnute cycle with internal cooling. The specimen exhibited ceramic

spallation completely around the bar in the hot zone. The specimen
microstructure shown in Figure 89b is of the upper portion of the hot zone on

the test bar and an area where the ceramic had not been spalled off yet was

included. Two types of near interface cracks are observed in the area where

the ceramic remains adherent. There are some very large cracks which do not

appear to be directly associated with the bond coat oxide but which do appear
to follow the general bond coat topology. The other type of crack which is

observed is directly assoclated with bond coat oxide. They are finer, smaller

cracks which are either extending from the oxidized bond coat asperity or are

within the bond coat oxide layer itself. These cracks do not appear to

directly result in ceramlc spallatlon because they are st111 present in the

area where spalling has occurred. Another interesting observation in Figure
89b is that there is a very large crack = 3-4 mils down from the ceramic

surface. This crack may well be consequential damage i.e., crack started by

the large chip spalling off.

133



_li_l'lllll IIII_I_MI!1 !'N!!I ' II 'lnlPr!!!1 _,ll!!l!l!l!l!'!p11111111!7111p'! i lll ,',!!1,1,'TI _!ll,_pnlIn,_n_n,_r,_'ml.'_1 _,u _ ,_,,,,,_,_H,,_,,.,, ,,,.,,,,,,.,, , ,,,,,,,,...................................



(a) .64X

(b) 128X

o"1

Figure 89 (a) Post-Test Specimen After I05.87 Test Hours/524 Cycles,

12 Minute Burner Rig Cycle, Cooled I.D.

(b) Post-Test Microstructure Near Spa]led Area
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Figures 90a and gob show the post-test specimen for the second verification
tests, and Its mtcrostructure. This specimen had accumulated 88.37 hours of
test time/884 cycles. The burner rig cycle was 6 minutes, and the specimen was
Internally cooled. The mtcrostructure of the specimen shows less "subcrttlcal"
cracking than the 12-minute cycle, |nternaily cooled test specimen. Hhtie it
survived less tlme at the peak temperature than the latter specimen, tt did
accumulate a greater number of cycles. The mlcrostructure shows some oxidized
Islands of NlCoCrAIY at the Interface that are not apparent in the other

Internally cooled specimen, but these areas do not appear to be associated

wlth any major cracks.

Figures 91a and 91b show the post-test specimen and mlcrostructure of the
uncooled test specimen after 138 test hours/686 cyc]es. A 12-mlnute burner rlg

cycle was used. This specimen spalled in two areas in the hot zone of the bar

approximately 90 ° apart. In the area where ceramic Is sit11 adherent, the
mlcrostructure shows a large number of subcrltlcal cracks such that if exposed

for a longer period of time, ceramic spa111ng may have occurred 360 ° around
the bar. These cracks appear to follow the bond coat topology. In the spalled

area the bond coat topology does not seem to be as complex as In the area
where the ceramic is still adherent. Perhaps 1ocailzed changes In the bond

coat geometry cause the ceramic to spail In that particular area first.

3.2 Task II - Major Mode Life Prediction Model

The objective of this task is refinement of the preliminary life prediction

model developed in Task I. The approach involves refinement of both the

analytical and the experimental approaches utilized to develop the preilmlnary

model. Anaiytlcal enhancements will involve better modeilng of the ceramic
constitutive and tlme dependent behavior, as well as refinement of the finite

element calculation of temperature and stress-straln distribution.

Improvements to the experimental approach involve improved simulation of

engine exposure conditions and expansion of the parameter envelope to cover a
broader range of mechanical and oxidation forcing functions. The improved test
method w111 |nvoive well characterized testing of the single internally cooled

specimen used for Task IC verlfication testing.

3.2.1 Task IIA - Experimental Design

The objective of Task IIA is to design experiments to obtain data for
correlation wlth the refined major mode llfe prediction model. To accomplish

thls objective a matrix of twenty tests has been defined based on the Task I
model and verification test results (Table XXXII). Shown In Figure 92 are the

relatlve mechanical and oxidation damage fractions calculated for each of

these twenty tests. Tests I through 6 minimize mechanical damage and emphasize
oxidation damage by reducing the cycle temperature range. Tests 7 through 12

wlll emphasizes mechanical damage while minimizing oxide growth by minimizing

exposure to the maximum cycle temperature. Tests 13 through 18 are mixed mode

tests designed to improve capability of the model to handle interactive
effects. Tests 19 and 20 wlll duplicate the test 7 and 8 conditions using a

smaller specimen diameter (0.84 In. versus l.O In.) to access the effect of

component geometry on llfe.
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TABLE XXXII

TASK II EXPERIMENTS

Test

7
8
9
10
11
12

13
14
15
16
17
18

19

2O

Emphasls

Oxlde

Straln

Mixed

Mode

Interface Temp(°F) Cycle

Max M1n Time (M%n)

2025 800 6

12
12
24

24

2050 70

2050 I

2100
2100
2150
2150

6

1975 135 6

12
12

2025 6

2025 12

0.42" Radius 2050 70 6

0.42" Radius 2050 70 6

1

Purpose of Test
ls to Establlsh

Crtttcal Oxtde Thickness

Static Fallure Straln

Rate of Oxide Growth

Direct Effect of

Radial Stress

o"

6

XlD[ ulx[o UO0[
UPHASI|

13-11

_x
0 v

o

STRAIN [UPHASlS

T(STS 7-i
1(SIS li-20

6/A c

4K]

6"

O

Figure 92

Iw

6

0

0

6c i / Ac lo

C

,9 t.Q

6 - .O_327 (Critical Oxide _Llckness)
C

AC[o " .01222 (Slatlc _ilure Strain)

Task II Predlctlons Ratio of Accumulated Oxide Thickness to
Predlcted Critlcal Oxide Thlckness at Failure Versus Strain Ratio
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Task IIB- Experiments�Analysis and Hodel Development

The objective of the subtask ts to conduct the experiments and model
refinements described above.

One test, designated number 11 tn Table XXXII and shown as a solid data point
in Figure 92, has been conducted to date. The test cycle consisted of 110
seconds of heat up to 2150°F metal temperature and _4 minutes of forced air
cooltng to 70°F. Internal cooltng was not used. As Indicated previously, the
purpose of this test was to emphasize mechanical damage while minimizing oxtde
accumulation. The coating spallatton ltfe was 28 cycles In the test, versus a
predicted llfe of 26 cycles calculated from the Task I preliminary model,
lndlcatlng relatively good model performance when damage is predominantly
mechanical. Durlng the comlng year the remaining ig tests will be completed

and the model will be refined to improve predlctlon capability over the entire
mechanical-oxidatlon damage envelope. These refinements then wlll be

substantlated In Task IiI wlth bench mark engine mission slmulatlon testing.
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4.0 CONCLUSIONS

The Task I program approach was designed to assess the predominant TBC failure

mechanisms. The laboratory test program included the study of the influence of

driving forces such as interface temperature, thermal cycle frequency,

environment and coating thickness on ceramic spalllng llfe. The predominant

failure mode was determined to be ceramic spallatlon resulting from ceramic

cracking parallel and adjacent to, but not coincident with, the metal-ceramic
interface.

The Task I inltiative included furnace exposure tests in air and argon, clean

fuel cyclic burner rig tests, cyclic hot corrosion testing and physIcal/mechan-

ical property testing of the bulk ceramic and metallic bond coat materials.

In the Task I testing coating llfe was found not only to be driven by

interfaclal temperature but is also a function of cyclic content such that

shorter thermal cycles with larger transients will spall the coating before

its equivalent full furnace (long cycle) life is achieved. Also for all tests

a thermal translent was required to spall the ceramic; i.e., furnace test

specimens failed upon cooi down during a partlcular thermal cycle. Consistent

with the hypothesis that bond coat oxidation is an important factor effecting

coating durablilty, it was found that thermal exposure in an inert environment

does not cause coating degradation while pre-exposure in air reduces coating

durability significantly.

Interrupted burner rig tests conducted as part of the Task IB.I critical

experiments showed that subcritical mlcrocrack link-up was occurring,

resulting in a progressive damage mode. The role of bond-coat oxidation in

initiating these cracks is not yet clear since direct evidence of oxide

initiating subcriticaI cracks was difficult to find. However, since the

phenomenologIcal evidence shows conclusively that oxidation Is a major life

driver, it is presumed that oxidation may play a less direct role in crack

propagation.

Ceramic thickness effects were also found to play a role in coating 1ongevlty.

Thin ceramic coatings, nominal 5 mils thick, showed an increase in coating

spaIllng life as compared to the baseline 10 mll coating, while 15 mil thick

ceramic spalled earlier than the baseline.

Cyclic hot corrosion is consldered to be a secondary failure mode. As

indicated by the englne exposed part evaluation, the characterlstlc

"multi-level" type failure mode is generally not observed. In laboratory

testing, TBC failures due to hot corrosion were observed only at high

corrodent levels (35 ppm which is above the level typlcally encountered in

engine service) in which the TBC failure life is considered to be more a

function of thermomechanlcal damage than thermochemical interactions.

As part of the Task I effort physical and mechanical property testing was

conducted to acquire data required for thermal and stress analysis and life

prediction model development. The bulk ceramic was observed to have complex
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property characteristics. The bulk ceramic exhibits a non-linear stress-strain
response which ts attributed to the unique plasma sprayed microstructure. The
tension and compression stress strain responses were different In terms of
thelr achieved ultimate strength levels which were an order of magnitude
apart. The plasma sprayed ceramic also exhibits a strong creep response.

Another important finding Is that the material also has low cycle fatigue

characteristics response over an extremely narrow stress range. Above a

critical stress level rapid damage Is accumulated in the system.

Based on Task I test results, a prellmlnary 11fe prediction model has been

developed. It focuses on two major damage modes as Identlfled in laboratory

testlng. The first of these modes Involves a mechanlcal drlvlng force,

resultlng from cyc11c strain and stresses caused by thermally Induced and

externally imposed loads. The second Is an envlronmental driving force, which

from the experimental results is related to "oxldatlon damage", attrlbuted to

the In-service growth of a NiCoCrAIY oxide scale at the metal ceramic

interface. Based on the apparently "mechanical" mode of ceramic failure, It Is

presumed that the oxide scale may influence the intenslty of the mechanical

drivlng force.

Verification tests were conducted to challenge the preliminary model. It was

concluded from these tests that the fatigue based model Is a good functional

form for llfe prediction of the TBC. A Task II test matrix was designed to

aggressively pursue parametric refinements to the model which may include

accounting for ceramic creep. Additional Inelastlc/non-llnear stress analysls

Is also planned.
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APPENDIX A

SUMMARY OF WEIGHT GAIN DATA FOR FURNACE EXPOSED SPECIMENS
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APPENDIX B

CYCLIC BURNER RIG TEST DETAILS

The uncooled burner rlg test employed In Task I Involves cycllc flame heating

and forced air cooling of coated cyllndrlca1 test specimens. A set of 12

specimens are Installed on a splndle per test set at one tlme. These bars are
rotated in the exhaust gases of a Jet fuel burner rig to provlde a uniform

temperature for all specimens. The exhaust gases are the combustion products
of Jet A fuel and air, with a velocity of Math 0.3. Specimen temperature Is

controlled using an optical pyrometer and automatic feedback controller.

During rig operation the fuel pressure is regulated automatlcally to maintain

the desired temperature. To provlde cycllc coollng, the burner is automatl-

cally moved away from the specimens for the cool-down portion of the cycle,

durlng which a compressed alr blast is applled to the specimens. The test rig

is shown in Figure B-l. Testing is Interrupted approximately every 20 hours to

a11ow for visual examination of the specimens. Fallure is considered to have

occurred when spallatlon occurs over approximately 50 percent of the "test"

zone of the bar. The "test" zone includes an area which is approximately 2.5

cm (l inch) long at the center of the exposed portlon of the bar, having a

uniform temperature during testing. Thls failure crlterlon recognizes that

some ceramic loss may occur without severe degradatlon of the protective

nature of the ceramic. It should be noted that once Inltlated, spallatlon

failure propagates relatlvely rapldly, so that the stated coatlng llfe is not

highly sensitive to end polnt definitions.

In order to further malntenance of reliable test temperatures with good

repeatability, one of the twelve 0.5" diameter test bars was replaced with a

coated specimen with two internal passages for the routing of thermocouple

sensors. One passage was an axial hole 0.170" diameter through the entire

length of the specimen. The other hole also penetrated the bar parallel to the

axis, but located 50Z of the distance between the circumference of the
aforementloned 0.170" hole and the outside diameter of the specimen. Thls

passage extended approximately 1.25" down from the tip of the bar and was of
0.040" dlameter to accept a 0.032" thermocouple sensors. The specimen geometry

is shown In Flgure B-2. This specimen Is installed In the test cluster with
the sensor located in the tralllng edge or inside dlameter wall of the bar.

Thermocouple leads are routed down the specimen drive unit through a sllp-rlng

and finally to a recording device.

By correlatlng optical pyrometer values wlth thermocouple readings, optical

controller set points are establlshed dally with the thermocouple, thus

avoldlng drift of test specimen temperature resultlng from gradual ceramlc

emlsslvity changes.

An alternate speclmen was also deslgned and has seen limited application.

Essentially, this specimen is utilized similar to the previously descrlbed

type, except there is no 0.170" I.D. center hole, and there are three, rather
than one, thermocouple holes, each terminating within different longitudinal

points In the specimen/cluster hot zone.
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Figure B-l Diagram of Thermocoupled Specimen Used for Burner Rig Testing.

Dimension are expressed in centimeters.
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Figure B-2 Schematic Diagram of Cyclic Burner Rig Test Apparatus for Task I
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APPENDIX C

CORROSION BURNER RIG TEST DETAILS

A cycllc hot corrosion test was ut111zed In Task I to ald in defining the
capabllity of the coatlng system under slmulated fleld service condltlons.

Specific test conditions were selected to model a mixed oxidation-hot corrosion

type of exposure encountered In relatlvely high temperature aircraft turbine

exposure with "clean" fuels and moderate atmospheric contaminants.

Intenslve study of hot corrosion phenomena at Pratt & Whitney has shown that
the primary contaminants responslble for hot corrosion attack in aircraft

turbine engines operating on clean fuels are sea salt from near ground level

air (ingested during take-off) and sulfur trloxldes from the combustion gases.

A comprehensive anaIysls of hot corrosion mechanisms has shown concluslvely
that acidification of contaminant salt deposits by sulfur trloxlde is critical-

ly related to turbine hot corrosion and that meanlngful laboratory hot
corrosion testing requires that the activity of S03 be malntalned at levels

characterlstic of turbine operation. Accordlngly, the hot corrosion test rig

used In Task I provides for control of both salt contamlnant loading and for

control of combustion gas composltlon by effe_tlvely 11mitlng excess dllutlon
air.

The test rlg used in the hot corrosion exposure evaluatlon was speclfIcally
designed for evaluation of turbine materlals in contaminated envlronmental

condltlons. The rlg is similar to that prevlously described in Appendix A for
oxidation test evaluation in that it maintains full automatlc control of test

temperature and cooling cycles and features a special rotating specimen

mountlng fixture with Internal speclmen cooling air. Thls flxture provides for

slmultaneous test of twelve alr-cooled specimens. There is also provision for
metered injection of contaminants to allow accurate slmulatlon of aircraft

turblne environments. Temperature control of the hot corrosion test rig is

conducted in the same manner as prevlously discussed for oxidation test rigs.

The major modlflcatlon in the hot corrosion test rig is that the cooled

specimen cluster Is operated inside a burner exhaust gas duct as shown

schematically in Figure C-I. This duct exhaust a11ows specific restriction of

amblent air dilution and consequently provides for optlmum control of the
level of exhaust gas sulfur and air contaminants.

li

E

J

z

m

The hot corrosion test condltlons used in Task I slmulate typical hot

corroslon condltlons encountered In near ground aircraft engine operation.

Selectlon of the B99°C (1650°F) ceramic surface temperature were based on

condltlons that exist where major salt 1oadlng from atmosphere contamination

occurs. The test cycle was the same as that used for cyclic oxidatlon testing,

i.e., 57 minutes In the flame and three minutes for air coollng.
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CONTAMINANT SOLUTION INJECTED

JUST BEFORE COMBUSTION

AT SWIRLER PLATE DUCT

OL

IOLOER /U_-'_ SENSOR
I LIP RING_ LEADS
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II INSULATION HOLDER

II SUi_ RIN
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PUMP PRESSURE
REGULATOR
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Figure C-I Schematic Diagram of Ducted Burner Rig Test Apparatus for Task I

Hot Corrosion Exposure. Test specImens are enclosed to allow

precise control of S03 and other contaminants,
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APPENDIX D

EXPERIMENTAL PROCEDURES USED TO MEASURE PHYSICAL PROPERTIES

Thermal Conductlvlty - A comparative method was used to determine thermal

conductivity. The sample was instrumented with thermocouples and placed

between two instrumented reference standards of identical geometry to the

sample. The composite stack was Fitted between an upper heater and lower

heater and the complete system placed on a llquld cooled heat sink. A load was

applied to the top of the system and a thermal guard which could be heated or

cooled was placed around the system.

A temperature gradient was establlshed In the stack; radial heat loss was

mlnimlzed by establlshlng a slmllar gradlent In the guard tube. The system

reached equlllbrlum after which successive readings of temperatures at various
polnts were averaged and evaluated. From thls data, heat flux was determlned

and specimen thermal conductivity calculated. The results are shown in the

text Tables XIX, XXII for the bulk ceramic and meta111c specimens respectlvely.

Specific Heat - The specific heat was determined using a high temperature

calibrated copper drop calorlmeter. The sample was attached to a 3mm platinum

support wire and suspended vertlcally at the center of a three-zone controlled

temperature furnace wlth the sample resting upon the receiver below it.

Thermocouples were attached such that junctions touched the sample near the
top and bottom.

The sample was allowed to attain a selected equllibrlum temperature for a

period of time on the order of I-2 hours then regular readings of the thermo-
couple were taken. At a given time, the radlatlon shlelds moved to allow the

sample to fall and come to rest In the receiver. When the sample came to rest,

these shlelds returned to the orlglnal position to reduce any radlatlon heat
transfer from the furnace to the receiver or convective and radiant heat

transfer from the recelver to the outside. The temperature of the copper

receiver was taken regularly. Followlng a drop the receiver system was a11owed

to come to equilibrium for the order of two hours. The specific heat was
calculated at selected temperature by dlfferentlatlon and substitution and is

shown in the text Tables XX and XXIII for the bulk ceramic and metal11c

specimens.

E=

Thermal Expanslon - The room temperature length of each specimen was measured
before the test. The speclmen was then placed in an electronic automatic

recordlng d11atometer and a thermocouple placed in contact with the center of

the sample. An envlronmental chamber which controlled the temperature at
constant rates surrounded the system. The dilatometer was allowed to run with

length and the temperature recorded continuously and autographlcally. The

results for the bulk ceramic and metallic speclmens tested are given in the
text Tables XXI and XXIV respectlvely.
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APPENDIX E

STRESS-STRAIN AND CREEP CURVES FOR ALL MECHANICAL PROPERTY

TESTS CONDUCTED AT SOUTHNEST RESEARCH INSTITUTE
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