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1.0 SUMMARY

The use of insulating ceramic thermal barrier coatings on turbine airfoils in
aircraft gas turbine engines can reduce metal temperature as much as 170°C
(about 308°F). This reduction can be translated into engine performance
improvements of more_than one percent reduction in specific fuel consumption
and/or factors of 2-3X improvement in component duraBi]ity. The objective of
this program was to develop and verify the methodology necessary to improve
the resistance of ceramic thermal barrier coating systems to spallation during
aircraft gas turbine engine operation. The program focused on increasing
thermal barrier coating strain tolerance and thus 1ife through innovative
improvements in coating chemistry and processing.

To evaluate candidate approaches, three iterative series of cyclic thermal
tests were conducted on 36 different candidate composition/process
combinations. Results of these Taboratory tests led to selection of two

candidate optimized coating systems for experimental engine evaluation. The
laboratory test results are summarized below and described in detail in the

bo?y of this report. Results of the engine test will be reported in a separate
volume.

Task I - Screening of Experimental Coatings and Processes

The objective of this task was to screen 16 initial composition/process
combinations and to select four combinations for subsequent optimization in
Task II. Two of these 16 initial coatings were "baseline" systems representing
the best "state of the art" in coating durability at the beginning of the
program. Selection of an additional 14 modified systems was based on
structural concepts which previously had been shown to increase the strain
tolerance of ceramic coatings. Screening criteria included a critical
evaluation of cyclic thermal spall resistance using triplicate rapid cycle*
laboratory burner rig tests of each system, together with extensive pre- and
post test structural evaluations using Tight and scanning electron microscopy,
electron probe, and x-ray diffraction. A11 of the coatings evaluated in this
and subsequent tasks were two layer systems incorporating a nominal 0.25 mm
(0.010 inch) layer of ceramic applied over a nominal 0.13 mm (0.005 inch)
Tayer of NiCoCrAlY** bond coat. Ceramic compositions were based on zirconia
stabilized with varying levels of magnesia and yttria, and included various
second phase additions designed to promote more strain tolerant structures.
The primary ceramic deposition method was air plasma spray; process variables
included deposition energy, ceramic residual stress (as controlled through
workpiece temperature) and various post-coat thermal stock treatments designed
to "segment" the ceramic structure. Electron beam (EB) vapor deposition, which
previously had been shown to produce a highly strain tolerant ceramic
structure, also was evaluated. For this first task, all specimens coated with
plasma sprayed ceramic had an air plasma sprayed bond coat. In all subsequent
tasks, plasma sprayed ceramics were applied over a Tow pressure chamber plasma
sprayed bond coat. Al1 EB ceramics were applied over an EB deposited bond coat.

* = Cycle duration 6 minutes:
4 minutes flame immersion with maximum specimen surface temperature
controlled to 1107°C (2025°F) - 2 minutes forced air cool

*% = Ni - 22%Co - 18%Cr - 12%A1 - 0.4%Y (weight percent)



Results of the Task I tests clearly demonstrated that partially stabilized
zirconia containing six weight percent yttria was the most durable of the
ceramic compositions evaluated. It also was demonstrated that low workpiece
temperature, which minimizes compressive residual stresses in the ceramic,
provides substantial benefits to cyclic thermal durability. Process variations
which produce enhanced ceramic segmentation were shown to have significant
promise, and the previously observed benefits of electron beam vapor
deposition were confirmed. Typical cyclic lives of the most promising Task I
candidates were on the order of 4000 to more than 6000 cycles. The Tives of
the baseline systems were on the order of 1500 to 2000 cycles. Based on these
results, four process variations, including ceramic plasma powder size and
morphology, high energy plasma deposition, post-coat thermal shock of plasma
canings, and electron beam vapor deposition were selected for optimization in
Task II.

Task II - Coating/Process Improvement

The objective of this task was to optimize the four composition/process
combinations identified in Task I. To accomplish this objective, four
variations of each of these four combinations were evaluated microstructurally
and by cyclic burner rig testing as in Task I. Plasma coatings were made with
partially stabilized zirconia containing six weight percent yttria, deposited
using workpiece temperature control. Various plasma powder size distributions
and shapes were investigated with "baseline" plasma deposition parameters.
High energy process variations included reduced standoff (plasma gun to
workpiece distance), deposition with a high energy plasma gun, and post coat
plasma surface treatment. To promote improved ceramic segmentation, various
post coat quenching treatments were investigated using both water and Tiquid
tin as quenching media. Various compositions were applied by electron beam -
physical vapor deposition, including mullite and zirconia stabilized with
varying levels of yttria and ceria.

Results of the burner rig evaluations indicated that the "baseline" plasma
spray coating was optimized with coarse (45% +325 mesh) spherical ceramic
powder. The average cyclic life of this coating was 6647 cycles. Among the
various high energy deposition processes evaluated, the best results were
obtained with standoff reduced to one third of the 7.6 cm (three inch)
baseline distance which provided an average Tife of 6843 cycles. None of the
quenching variants investigated in this task worked as well as the liquid tin
quench from 1079°C (1975°F) employed in the Task I evaluation which produced
an average life of 5425 cycles. Excellent cyclic thermal performance was
demonstrated for electron beam physical vapor deposited zirconia stabilized
with either six or 12 percent yttria. While some failures occurred at about
5500 cycles, most tests of this coating were discontinued in the range of 6000
to 8000 cycles without failures.

Based on these results three plasma spray and one electron beam vapor
deposited six percent yttria zirconia ceramic coatings were selected for
cyclic oxidation and hot corrosion evaluation in Task III. A11 four of the
selected candidates demonstrated at Teast 3X rapid cycle thermal spall life
improvement relative to the average baseline performance measured in Task I.



Task III -~ Coating Durability

The objective .of this task was to evaluate the four candidate optimized
coatings identified in Task II using cyclic oxidation and hot corrosion
conditions which more realistically simulate those encountered in commercial
aircraft turbine engine operation. The three candidate plasma coatings all
were fabricated with coarse spherical powder and workpiece temperature
control. Plasma process variations included the baseline 7.6 cm (three inch)

and 2.5 cm (one inch) standoffs, and post coat Tiquid tin quenching from
1079°C (1975°F).

Cyclic Oxidation Testing

The objective of this test was to evaluate the cyclic thermal durability of
candidate coatings using test conditions which realistically simulate the
oxidizing conditions encountered in commercial gas turbine engine flight
operations. As in Tasks I and II, these tests were conducted in a cyclic
burner rig. Primary differences between these tests and those conducted in the
first two tasks were the employment of a Tonger cycle time (one hour as
opposed to six minutes) to better simulate flight exposure times, and
continuous internal cooling of the test specimens to simulate the thermal
gradient across the wall of an internally cooled turbine airfoil. The 60
minute test cycle consisted of 57 minutes immersion in the combustion flame
and three minutes forced air cooling. Tests were conducted with a ceramic

surface temperature of 1148°C (2100°F) and a metal substrate temperature of
982°C (1800°F).

Results of these tests indicated the quenched ceramic coating system to have
relatively poor oxidation resistance, with the performance of other three
coatings fEB and plasma with 2.5 cm {one inch) and 7.6 cm (three inch)
standoff distances] being relatively similar. Based on an average hot exposure
time of about 350 hours, the performance of these Tatter three coatings was
judged equivalent to over 15,000 hours of typical commercial flight service.

Cyclic Hot Corrosion Testing

The objective of this testing was to evaluate the cyclic durability of
candidate coatings in a hot corrosion environment. To accomplish this
objective, burner rig tests were conducted with 30.5 Titers/hr S0, (which
converts to SO, during combustion) and 20 ppm synthetic sea salt ?ASTM
D-1141-52) added to the burner primary air supply. The specimens were exposed
to a ceramic surface temperature of 954°C (1750°F) and an inner diameter metal
temperature of 898°C (1650°F) for 57 minutes in a ducted rig, followed by
three minutes of forced air cooling. Results of these tests indicated that the
plasma spray coating system produced with a 2.5 cm (one inch) standoff
performed significantly better than the other three coating systems, which
were grouped relatively closely at about 420 hours to failure. Experience with
metallic coating systems indicates that with the levels of salt and sulfur
utilized for this testing, metallic coating rig lives are less than typical
service lives by 2 to 5X. However, not enough is currently known about life
prediction of ceramic coating performance from Taboratory data to
quantitatively predict airfoil coating 1ife from these data.



Selection of Coatings for Engine Evaluation

Based on results of the first three tasks, two of the four coating/process
systems evaluated in Task III were selected for future evaluation in a ground
based experimental gas turbine engine. The plasma spray coating made with a
2.5 cm (one inch) standoff distance was selected on the basis of its
combination of good performance in the Task III cyclic oxidation and hot
corrosion tests. The quenched coating was not selected because of its poor
performance in cyclic oxidation testing. While performance of the electron
beam physical vapor deposited coating was generally outstanding in all tests
except for cyclic hot corrosion, this coating was not selected because
reproducible process methods for application to complex geometry turbine
components have not yet been demonstrated. The plasma spray coating produced
with a 7.6 cm (three inch) standoff distance thus was selected as the second
coating system to be engine tested. Both of these systems will be made with
coarse spherical partially stabilized zirconia powder containing six weight
percent yttria, and will be plasma sprayed on experimental turbine blades
using workpiece temperature control.



2.0 INTRODUCTION

The use of ceramic thermal barrier coatings on turbine airfoils in aircraft
engines is providing substantial improvements in operating economy through
reductions in fuel usage and maintenance requirements. Ceramic coatings
provide the same impact as major recent advances in engine materials such as
directional solidification and single crystal technology. For instance, the
capability of these insulating coatings to reduce turbine airfoil metal
temperatures by as much as 100 to 300°F can be translated into engine
performance improvements of more than a one percent reduction in specific fuel
consumption and/or a two to threefold improvement in component durability.
Additional benefits are derived from damping of airfoil thermal fatique crack
inducing temperature gradients during engine operating transients.

Ceramic coating systems have been used for over 20 years to decrease the
severity of oxidation damage and improve the cracking resistance of combustors
and afterburners. However, it was not until the past decade that these
coatings were considered for use on turbine section airfoils, which operate in
a more severe thermal environment. In the mid 1970's, a series of successful
engine tests of ceramic coated turbine blades at NASA's Lewis Research Center
demonstrated that thermal barrier coating of turbine airfoils was feasible
(Reference 1). This result led to an expanded effort at industrial and
Government laboratories to define the actual capabilities of then
state-of-the-art thermal barriers, their deficiencies, and methods for
improvement. Additional engine tests of coated turbine blades showed that
still greater ceramic spall resistance was required (References 2, 3), and
laboratory experiments uncovered susceptibility to thermal barrier degradation
from oxidation and hot corrosion effects (References 2, 4, 5, 6).
Nevertheless, some of these studies indicated that considerable improvements
in ceramic coating durability could be achieved (References 3, 7). In
particular, it was found that a considerable increase in zirconia spall
resistance was achieved when certain strain tolerant microstructures were
built into the deposited ceramic layer through process variations (References
3, 8 9, 10, 11).

Currently, combinations of oxidation, hot corrosion, stress induced spallation
and erosion in the operating environment are limiting the 1ife of ceramic
coatings (References 2, 4, 5, 6). To improve the durability of these coatings,
there must be better adhesion of the coating system to the substrate and
improved cohesion within the ceramic layer. In addition, the ability of the
ceramic Tayer to accommodate strains resulting from thermal transients,
temperature gradients through the coating, and thermal expansion mismatch must
be improved.

The objective of this program was to develop and verify the methodology
necessary to improve the resistance of thermal barrier coating systems to
spallation during aircraft gas turbine engine operation. The program focuses
on increasing thermal barrier coating strain tolerance and thus 1ife through
innovative improvements in coating chemistry, processing, process control and
through procedures other than plasma spraying such as electron beam vapor
deposition of ceramics. To accomplish these objectives, a research program was
conducted consisting of the following three tasks.



Task I -

Task ITI -

Task III -

Experimental thermal barrier coating systems based on structural
concepts which have been shown to increase the strain tolerance

.of ceramic coatings were deposited on test specimens and

subjected to burner rig screening tests. Based on the ranking
tests and post test evaluation, four coating/process systems
were selected for further improvement and evaluation in Task II.

A system improvement study was conducted to optimize each of the
four systems selected in Task I. Four variations of each of the
four coating/process combinations were identified for further
burner rig testing. Based on the results of these tests, four
coating/process systems were selected for further improvement
and evaluation in Task III.

The four coatings selected in Task II were subjected to cyclic
oxidation exposure and to cyclic hot corrosion exposure. Based
on results of these tests, two coating/process systems were
selected for engine evaluation.

This final report discusses results of the three tasks described above. A
fourth task will involve experimental engine evaluation of the two selected

systems.



3.0 TASK I - COATING/PROCESS SCREENING

The objective. of this task was to screen the cyclic thermal durability of
sixteen candidate thermal barrier coating systems and to select four of these
systems for compositional and process optimization in Task II. Screening was
accomplished bg cyclic burner rig testing at 1107°C (2025°F) as described in
Appendix A. Substantial pre- and post test coating structural evaluatioh was
performed to aid in interpreting the rig test results and in selecting
approaches for Task II optimization. Results of this test and evaluation
program are described in the following sections.

3.1 CANDIDATE SYSTEMS

The sixteen candidate coating systems selected for evaluation in this task are
Tisted in Table 3-I. These are all two layer coatings, consisting of a 0.10 to
0.15 mm (?*?04 to 0.006 inch) inner layer of oxidation resistant

NiCoCrAlY and an 0.20 to 0.30 mm (0.008 to 0.012 inch) outer layer of
insulating ceramic. With the exception of system 16, all metallic and ceramic
coatings were applied by air plasma spray. Both layers of system 16 were
applied by electron-beam physical vapor deposition. The compositions and
processes Tisted in Table 3-I were selected on the basis of previously
available data indicating the potential for imﬁroved strain tolerance; that
is, increased ability to tolerate the cyclic thermal and mechanical strains
imposed on the ceramic during operation in a gas turbine engine (References 3,
8, 9, 11, 12). The specific mechanisms incorporated in each of these systems
for strain tolerance improvement are described in the following paragraphs.

A11 of the candidate ceramics investigated in this program were based on
zirconia (Zr02), which_exhibits an unusual combination of low_thermal
conductivity, relatively high thermal expansion, and good environmental

stability. Low conductivity is required to provide the thermal insulation
capability inherent to the thermal barrier concept. High ceramic thermal

expansion minimizes ceramic strains resulting from large differences between
the relatively high expansion of typical nickel and cobalt turbine alloys and
the typically much smaller expansion of ceramics. These differential thermal
expansion strains are considered to be primarily responsible for spalling
encountered with earlier generation thermal barrier coatings. Environmental
stability is needed to survive in the uniquely hostile gas turbine combustion
environment.

(*) Ni - 22 w% Co - 18 w% Cr - 12 w% Al - 0.4 w% Y (Note that all compositions
in this report are listed in weight percent.)



TABLE 3-I
COATING SYSTEMS SELECTED FOR TASK I EVALUATION

Substrate
Ceramic Coating Temperature Post
Coating System During Coating
Type Number Ceramic Layer Coating°C(°F) Processing
A Baseline 1 8 w¥% Y203 - 2r0z Uncontrolled  1079°C(1975°F)/4 hrs/Hz
Baseline 2 21 w¥ Mg0 - Zr0p Uncontrolled None
B Substrate Temperature 3 6 w% Yo03 - Zr0p 149 (300) 1079°C{1975°F}/4 hrs/Hz
Controlled Plasma 4 20 w% Yo03 - Zr(p 149 (300) 1078°C(1975°F)/4 hrs/Hp
Spray Process 5 21 W% Mg0 - Zr0p 149 (300) None
C New Microcracked 6 85 w% (20 w¥% YSZ) 149 (300) 1079°C(1975°F)/4 hrs/Hp
Ceramics + 15 wk Alo03
7 85 wi% (20 w% YSZ) 149 (300) 1079°C(1975°F)/4 hrs/Hp
+ 15 w¥ Mg0
D High Energy Input 8 6 wk% Y203 - IrCy 149 (300) 1079°C(1975°F)/4 hrs/Hp
(2.5 cm; 1 inch 9 20 w% Y203 - Zr02 149 (300) 1079°C(1975°F)/4 hrs/Hp
standoff)
£ High Energy Input 10 21 w% MGG - Zr0p 149 (300) None
(High energy gun) 1 & w% Y203 - Zr0p 149 (300) 1079°C(1975°F}/4 hrs/Hp
F Post Plasma Spray 12 21 w% Mg0 - Zr02 149 (300) 221°C(430°F) Liquid Tin
Thermal Shock Quench from 1079°C
(1975°F)/Air
13 6 wh Yp03 - ZrQp 149 (300) 221°C(430°F) Liquid Tin
Quench from 10679°C
(1975°F)/Air
14 20 w% Y03 - Zr0z 149 (300) 221°C(430°F) Liquid Tin
Quench from 1079°C
(1975°F)/Air
G MKicro-Porosity 15 20 w% YoC3 - 2r(p 145 (300) 1079°C(1975°F)/4 hrs/Air
+ 15 wh carbon
H Micro-Segmented 16 20 wk YoU3 - Zr02 -- 1076°C{1975°F)/4 hrs/Hz
(EB-PVDi

Notes:

Two layer systems; ceramic thickness 0.20 to 0.30 nm (0.008 to 0.012 inch), Metallic
layer thickness 0.10 to 0.15 nm (0.004 to 0.006 inch). Metallic layer composition, Ni -
22 w% Co - 18 w% Cr - 12 w% Al - G.4 w% Y. A1l Hetallic and ceramic coatings applied by
air Plasma spray except system 16, both layers of which were applied by Electric Beam -
Physical Vapor deposition (EB-PVG). Except as indicated, ceramic spray stand off (Plasma
spray gun to workpiece distance) was 7.6 cm (3 inches).

w% = weight percent
SZ = yttria stabilized zirconia
£B-PVD = Llectron Beam-Physical Vapor Deposition



A1l of the zirconia compositions Tisted in Table 3-1 contain additives to
stabilize the cubic crystal structure. Pure zirconia is subject to reversible
allotropic phase transformations among three different crystal polymorphs
which are stable in different temperature ranges. Density changes associated
with these transformations, particularly the tetragonal-monoclinic
transformation which occurs at temperatures in the gas turbine operating
range, can lead to massive internal strains and consequent spalling of the
ceramic coating. These allotropic phase transformations are controlled by
alloy additions which tend to stabilize the high temperature cubic crystal
structure at lower temperatures (References 13, 14, 15).

The various ceramic types Tisted in Table 3-I represent different approaches
to enhance ceramic strain tolerance and durability. A description of the
general concept of microstructural strain tolerance enhancement is provided
below. Succeeding paragraphs will describe each of the selected systems in
terms of these concepts.

Studies of ceramic coating degradation and failure mechanisms indicate that
spalling results from propagation of cracks parallel to, or coincident with,
the ceramic/metal interface (References 16, 17, 18, 19, 20). The crack driving
forces are stresses generated primarily by differential thermal expansion
strains between the ceramic and the metal. Because metals typically expand
more than ceramics, ceramic coating strains tend to be predominantly tensile
at elevated temperatures. One approach to increased coating durability is to
decrease the crack driving force (stress). This can be accomplished by
increasing ceramic tensile compliance in the plane of the coating, thus
reducing the magnitude of crack tip stress fields developed by thermally
induced ceramic tensile strains. As illustrated in Figure 3-1, tensile
compliance of a ceramic can be increased by careful control of ceramic
microstructure. The ideal ceramic microstructure (Figure 3-Ta) consists of
aligned ceramic columns, each of which is strongly bonded to the metal
substrate but is structurally independent of adjacent columns. The in-plane
tensile compliance of this coating is essentially infinite, so that crack
driving stresses developed by in-plane tensile displacements are virtually
zero. A less idealized form of this compliance enhancement feature is shown in
Figure 3-1b. This structure is less desirable than that shown in Figure 3a
because the larger segments permit higher thermal stress to develop within
each segment. The extensive network of extremely, fine, short cracks shown in
Figure 3-Tc and the porosity shown in Figure 3-1d represent other types of
structures which enhance ceramic compliance. Careful process control is
required in fabrication of coatings with these favorable structures to avoid
development of unfavorable features such as cracks parallel to the plane of
the coating, which represent built-in failure initiation sites. The
application of these idealized strain tolerant features in each of the
selected Task I candidates is described in more detail in the following
paragraphs.
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Coating systems 1 and 2 in Table 3-I represent baseline systems against which
the performance of other experimental systems was compared. Coating system 2
incorporates a ceramic composition for which substantial service experience
exists as a combustor thermal barrier coating. This composition naturally
develops internal microcracking during plasma deposition. The NASA developed 6
to 8 w% Yp03 - Ir0Op ceramic (system 1) was selected as a second baseline
representative of the state-of-the-art (Reference 17).

The primary goal of coating systems 3, 4, and 5 was to demonstrate the
durability benefits of substrate temperature control with ceramic compositions
which tend to exhibit different strain tolerant microstructural features.
Prior work (Reference 8) had shown that the partially stabilized &6 w% Y,04

- Zr0, composition (system 3) naturally favors the formation of segmentation
cracks, while the fully stabilized 20 w% Y,0; - Zr0, composition (system

4) can be easily sprayed with a relatively high porosity level. System 5 was
included to allow direct assessment of substrate temperature control benefits
through comparison with system 2.

Control of substrate temperature was expected to enhance coating durability by
controlling residual compressive stresses in the ceramic layer. With the
exception of porosity, the microstructural compliance enhancement features
illustrated in Figure 3-1 effectively reduce only tensile stresses. In
compression, compliance decreases as segmentation and microcracks close,
leading to high compressive stresses and attendant ceramic spalling. To avoid
development of high compressive stresses, the temperature of the metal
substrate is controlled during coating application so that minimal compressive
ceramic residual strains are developed during thermal cycling. There was
sufficient prior experience with, and confidence in, the benefits of substrate
temperature control (Reference 11) that it also was used in conjunction with
the balance of the plasma spray systems described below.

Systems 6 and 7 in Table 3-I represent compositional modifications intended to
enhance microcracking in a fully stabilized (cubic) zirconia. The approach
involves incorporation of an extremely fine dispersion of second phases with
either higher (Mg0) or Tower (Alp03) expansion coefficients than ZrQp.
Differential expansion or contraction of the dispersoids with respect to the
Zr07 matrix was expected to promote microcracking of the matrix during

thermal cycling.

Systems 8 through 14 incorporate process variations which were intended to
promote segmentation cracking in various compositions, either through
increased deposition energy (reduced stand-off or high energy spray gun) or
through post-coat thermal shock (quenching). Increased deposition energy
promotes segmentation cracking in two ways. First, higher particle energy
(either thermal or kinetic) at the point of workpiece impact increases
consolidation, resulting in a more dense ceramic microstructure that is less
strain tolerant and more susceptible to segmentation cracking. Secondly, the
higher energy content of the transient thermal pulse created by passage of the
high energy plasma flame over the workpiece creates higher transient thermal
strains which promote the formation of segmentation cracks in the more
susceptible dense and brittle ceramic structure. Quenching provides an
alternative means to promote segmentation cracking by application of an
extremely large transient thermal strain pulse to a previously applied ceramic.

11



System 15 represents an attempt to produce controlled porosity through
incorporation of a fine dispersion of carbon which subsequently oxidizes to a

gaseous phase-(C0/COp) during heat treatment in air,

System 16 represents a fundamentally different ceramic deposition process
which produces an extremely fine, strain tolerant columnar structure such as
that shown in Figure 3-Tla. Although the process technology for this coating is
in a relatively early stage and is not considered ready for coating of turbine
components, this coating was included to evaluate the benefits which could be
achieved as the process technology matures.

3.2 SPECIMEN PREPARATION AND CHARACTERIZATION

The specimen used for burner rig evaluation of all candidate coatings is
described in Appendix A. With the previously noted exception of coating system
16, all Task I metallic and ceramic coatings were applied by plasma spray in
the Pratt & Whitney Aircraft Manufacturing Research and Development
Laboratory. Gun and specimen manipulations were mechanized to provide uniform
and reproducible coating thickness control. For Task I only, the metallic bond
coat consisted of a nominal 0.03 mm (0.001 inch) Tayer of air plasma sprayed
metallic applied using the parameters shown in Table 3-IIC over a nominal 0.13
mm (0.005 inch) Tayer of low pressure chamber sprayed metallic applied using
the parameters shown in Table 3-IID. Ceramic systems 1 through 9 and 12
through 15 were applied using a Plasmadyne SG-100 gun operating at the
parameters noted in Table 3-IIa. Systems 10 and 11 were applied using an
Electro-Plasma high energy spray system operating as indicated in Table 3-IIb.
Control of substrate temperature during deposition of ceramic systems 3
through 15 was accomplished using the apparatus illustrated in Figure 3-2,
which provides the capability to internally cool the specimen during coating
deposition. Specimens coated with systems 12 through 14 were quenched in a
221°C (430°F) Tiquid tin bath immediately following heat treatment at 1079°C
(1975°F). The system 16 coating was deposited in the Materials Engineering
Research Laboratory using an Airco 10KW electron beam gun operating in 2
vacuum chamber at pressures in the order of 107* to 107° Torr. Specimens

were rotated above the electron beam pool to provide a uniform application of
vapor deposited coating. A1l specimens except those coated with 21 w% Mg0 -

Zr0> were heat treated at 1079°C (1975°F) for four hours. Heat treatment was
performed in hydrogen except for the specimens coated with 20 ws Y05 -

Zr0, + carbon (system 15) and the specimens which were quenched in liquid
tin“immediately following heat treatment (systems 12 through 14). These

coatings were heat treated in air.

12



a. CERAMIC COATING BEING APPLIED

THERMOCOUPLE INSTALLATION

THERMOCOUPLE
LEAD

VARIABLE SPEED ——y)

SUIP RING SUPPORT

BEARINGS SPECIMEN
< COOLING Gas
\_INLET SUPPORT

‘ 3y
z 'r) COOUNG
\ 7

GAS LINE

e

INDICATOR

MOTOR
CONTROL

COOUNG
GAS FLOW

2=
\SPECIM(N COOUNG — ROTATING ; j

HOLDER GAS INLET SPECIMEN

b. SCHEMATIC ILLUSTRATION OF APPARATUS

Figure 3-2 Apparatus Used to Ceramic Coat Burner Rig Test Specimens with
Controlled Substrate Temperture

I3



TABLE 3-11
DEPOSITIONS PARAMETERS FOR PLASMA SPRAY COATINGS

C) Metallic D) Metallic LP

A) Ceramic B) Ceramic Air Spray Chamber Spray

Systems 1-9 Systems Overcoat, Undercoat,

and 12-15 10 and 11 Systems 1-15 Systems 1-15

(P1asmadyne (Electroplasma (PTasmadyne (Electroplasma

SG-100 Gun) High Energy Gun)  SG-100 Gun) High Energy Gun)
Gun Voltage 42 volts 55 volts 47 volts 58 volts
Gun Current 900 amps 1600 amps 600 amps 1500 amps
Gun Power 37.8 kw 88 kw 28.2 kw 87 kw
Standoff(1) 7.6 cy 31.8 cm 7.6 cm 38.1 cm

(3 in){2) (12,5 in.) (3 in.) (15 in.)
g;gDistance between gun nozzle and specimen surface

Except as noted in Table 3-I

Prior to burner rig testing, the tip of each test specimen was removed for
documentation of as-deposited coating structure. Metallography and x-ray
diffraction were used to evaluate ceramic microstructure and phase
distribution. A1l pre- and post-test x-ray diffraction measurements in this
and subsequent Tasks were made -from the ceramic surface of in-situ coatings.
Results of these evaluations are described in the following paragraphs.

Results of the pre-test x-ray diffraction phase analysis of the ceramic
coating surface are tabulated in Table 3-III together with results obtained on
the same coatings after burner rig exposure; these latter results will be
described in a later section.

Inspection of the pre-test results indicates the 20 w% Y503 - Zr0

composition to be the most "fully stabilized" of the four composi%ions
evaluated, ranging from 100% cubic in the vapor deposited form to Tess than 5%
monoclinic for the various plasma sprayed coatings. In the case of the
"enhanced microcracking" coatings (systems 6 and 7), substantial free alumina
was detected in the alumina-containing coating; free magnesia, on the other
hand, was not found in the Mg0 containing 20 w% Y%03 - Zr0y ceramic. The
former result was expected, as Al,03 exhibits vir ually no solubility in

Zr0, at lower temperatures. The agsence of free Mg0 in system 7 is puzzling,
sinCe Mg0 also has low solubility in pure Zr0,. It may be that the presence
of yttria in solution alters the solubility o¥ Zr0y for Mg0.

Analysis of the 21 wk Mg0 - Zr0p coating is, for the most part, more
consistent with expected behavior, with between 8% and 17% free Mg0 being

found in the as-deposited coatin?s. With one exception, the cubic zirconia
phase appears to be highly stabilized, with only small amounts of monoclinic

and tetragona] Zr0z being found. The exception is the quenched coating
(system 12) which is the only 21 w% Mg0 - Zr0, ceramic to be thermally

14



TABLE 3-111
X-RAY DIFFRACTION PHASE ANALYSIS OF CERAMIC SURFACE
VOLUME/PERCENT OF PHASE PRESENT(2)

SI

Substrate woosure(1) Cubic Tetragonal MonocTinic Cubic ATpha Delta
Coating Temperature Post Eyg?es ?or ZrOZ Zr02 Zr02 Mg0 A]203 A]203
System During Coating Post Test Pre- Post Pre-Post Pre- Post Pre-Post Pre- Post Pre- Post
Number Ceramic Layer Coating °C (°F) Processing Specimen Test Test Test Test Test Test Test Test Test Test Test Test
1 8 w% Yo03 - Zr0p Uncontrolled 1079°C (1975°F)/ 1770 42 30 57 65 1 5
4 hrs/Hp
2 21 w¥ Mg0 - Zr0p Uncontrolled None 1690 83 40 - 45 17 15
3 6 w% Y203 - Zr0p 149 (300) 1079°C (1975°F)/ 4820 0 27 55 1N 5 2
4 hrs/Hp
4 20 w¥% Yp03 - Zr0; 149 (300) 1079°C (1975°F)/ 660 97 96 3 4
4 hrs/Hp
5 21 wX Mg0 - Zr02 149 (300) None 1480 83 35 5 - - 47 12 18
6 85 w% (20 w¥ YSZ) + 149 (300) 1079°C (1975°F)/ 390 88 95 2 4 8 1
15 w¥% Al203 4 hrs/H2 *
7 85 w% (20 w% YSZ) + 149 (300) 1079°C (1975°F)/ 190 98 92 2 5 - 3
15 w% Mg0 4 hrs/Hp
8 6 w% Y203 - Zr0 149 (300) 1079°C (1975°F)/ 2470 35 12 60 87 5 1
(2.5 cm % 1 incﬁ) gun 4 hrs/Hp
distance)
9 20 w% Yp03 - Ir0: 149 (300) 1079°C (1975°F)/ 350 96 95 4 5
(2.5 em {1 inch% gun 4 hrs/Hp
distance)
10 21 w% Mg0 - Zr02 149 (300) - None 1930 92 33 - - - 60 8 7
(High energy gun)
1 8 w% Y203 - Zr02 149 (300) 1079°C (1975°F)/ 6110 100 23 - 75 - 2
(High energy gun) 4 hrs/Hp
12 21 wk% Mg0 - Zr02 149 (300) 221°C (430°F) Liquid 1280 45 42 50 - 5 40 18
Tin Quench from
1079°C (1975°F)/Air
13 6 wX Y203 - Zr0p 149 (300) 221°C (430°F) Liguid 4820 35 33 60 67 5 -
Tin Quench from
1079°C (1975°F)/Air
14 20 w% Y03 - Zr0p 149 (300) 221°C (430°F) Liquid 1060 96 96 4 4
Tin Quench from
1079°C (1975°F)/Air
15 20 w% Y03 - Zr0p 149 (300) 1079°C (1975°F)/ 620 9 96 4 4
+ carbon 4 hrs/Air
16 20 wi Y03 - Zr0p - 1079°C (1975°F)/ 6200 100 100
4 hrs/ilp

(1
(2
(3

) 1107°C(2025°F)/4 Min., Forced Air Cool/2 Min,
) Accuracy Tolerances Generally Are +5%
) YSZ = Yttria stabilized zirconia



exposed at 1079°C (1975°F) prior to testing. This coating consists of
approximately equal amounts of cubic and tetragonal ZrO2, with 5% monoclinic
and no free magnesia. The high percentage of tetragonal Zr0, may result from
equilibration in a two-phase field at 1079°C (1975°F); the absence of free
magnesia in the thermally exposed system 12 coating is not understood.

With the exception of system 11, results for the "partially stabilized" 6 w%
and 8 wi Ygo% - Ir0 com?ositions indicate between 55 and 60% tetragonal
phase after the 1079°C (1975°F) thermal exposure, with between 1 and 5%

monoclinic and the balance cubic zirconia. The existence of the system 11
ceramic in the fully cubic form, even after heat treatment, is not understood.

Pre-test metallographic examination revealed a variety of ceramic
microstructures having various strain relief features, as shown in Figures 3-3
through 3-18. Representative Task 1 plasma spray bond coat microstructures are
included in Figure 3-3. Microstructures of the bond coat on systems 2 through
15 are identical to those shown for system 1 in Figure 3-3. Specific features
identified in the various ceramic systems are described in the following
paragraphs.

Plasma sprayed coatings which exhibit prominent segmentation cracking include
system 1 (8 w% Yp03 - ZrOp plasma sprayed without substrate temperature
control) shown in éigure §-3a, and systems 8 and 9 (6 and 20 w% Y 05 -

Zr0, plasma sprayed at 1 inch gun-to-specimen distance) shown in gigures
3-10a and 3-1Ta. The higher than normal temperature generated in the absence
of substrate temperature control during deposition of coating system 1
resulted in conditions which favored the formation of a moderate Tevel of
segmentation cracking. A high level of segmentation cracking was promoted by
the high energy input employed in deposition of systems 8 and 9. The
relatively coarse segmentation cracking of these plasma sprayed coatings
contrasts sharply with the fine columnar microsegregation inherent to the
EB-PVD coating (system 16, Figure 3-18a).

Coatings exhibiting moderate levels of strain relief cracking include systenis
3, 4, 13, and 14 [6 w% Y203 - Zr02, 149°C (300°F) substrate control; 20

wh Yo03 - Zr0y, 149°C (300°F) substrate temperature control; 6 wh

Y203 - Zr0y, ?iquid tin quenched from 1079°C (1975°F); and 20 w%

Y503 - Zr0,, Tiquid tin quenched from 1079°C (1975°F), respectively].
Pﬁo%omicrographs of these coatings are shown in Figure 3-5a, -6a, -15a, and
-16a. Small amounts of cracking were observed in the as-deposited 21 w% MgOo
- Zr0, coatings (systems 2, 5, 10, and 12, see Figures 3-4a, -7a, -12a, and
-14a.] As shown in the corresponding photomicrographs, the amount of
microcracking found in the 21 wk Mg0 - Zr02 coatings increases substantially
during cyclic thermal response. While some of these 21 w% Mg0 - Zr0,
coatings appear to have relatively high levels of porosity (see for example
Figure 3-7a), this is believed to be an effect of the polishing process. The
21 w% Mg0 - Zr02 coating is very difficult to polish without pullout.

Examination of coatings to which fugitive and differential expansion diluents
were added provides several interesting observations. While the A1203
additive in system 6 was not clearly visible in the Tight metallograph (Figure

3-8a), x-ray distribution maps of this coating clearly show the presence of

16



200X

a. PRE-TEST LIGHT PHOTOMICROGRAPH. NOTE SEGMENTATION CRACK THROUGH
THE THICKNESS OF CERAMIC COATING.

200X

b. POST-TEST LIGHT PHOTOMICROGRAPH. NOTE DOMINANT IN-PLANE CRACK NEAR
METAL/CERAMIC INTERFACE.

Figure 3-3 Microstructures of Task I Coating system 1 [8 w% Y03 -
Zr0o Plasma Sprayed with Uncontrolled Substrate Temperature]
before and after 1770 Cycles of Burner Rig Exposure at 1107°C
(2025°F)
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200X

a. PRE-TEST LIGHT PHOTOMICROGRAPH. NOTE EXTENSIVE MICROCRACKING WiTH
SAME TENDENCY FOR THE FORMATION OF INCIPIENT SEGMENTATION CRACKS.

b. POST-TEST LIGHT PHOTOMICROGRAPH. NOTE INCREASED MICROCRACKING
COMPARED TO PRE-TEST STRUCTURE,

Figure 3-4 Microstructure of Task I Coating System 2 [21 w% Mg0 - Zr0p
Plasma Sprayed with Uncontrolled Substrate Temperature] before
and after 1690 Cycles of Burner Rig Exposure at 1107°C (2025°F)

18



a. PRE-TEST LIGHT PHOTOMICROGRAPH 200X

b. POST-TEST LIGHT PHOTOMICROGRAPH 150X

Figure 3-5 Microstructure of Task I Coating System 3 [6 wk Y03 -
Zr0p Plasma Sprayed with 149°C (300°F) Substrate Tempera%ure
Control] before and after 4820 Cycles of Burner Rig Exposure at
1107°C (2025°F)
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200X
a. PRE-TEST LIGHT PHOTOMICROGRAPH

200X

b. POST-TEST LIGHT PHOTOMICROGRAPH. NOTE THE INCREASED CERAMIC DENSITY
COMPARED TO PRE-TEST STRUCTURE.

Figure 3-6 Microstructure of Task I Coating System 4 [20 w% Y»03 -
Zr0, Plasma Sprayed with 149°C (300°F) Substrate Temperature
Con%ro]] before and after 660 Cycles of Burner Rig Exposure at
1107°C (2025°F)

20



200X

a. PRE-TEST LIGHT PHOTOMICROGRAPH. NOTE EXTENSIVE MICROCRACKING WITH
SAME TENDENCY FOR FORMATION OF INCIPIENT SEGMENTATION CRACKING.

200X

b. POST-TEST LIGHT PHOTOMICROGRAPH. NOTE INCREASED MICROCRACKING
COMPARED TO PRE-TEST STRUCTURE.

Figure 3-7 Microstructure of Task I Coating System 5 [21 w% Mg0 - Zr0
Plasma Sprayed with 149°C (300°F) Substrate Temperature Contro'l%
before and after 1480 Cycles of Burner Rig Exposure at 1107°C
(2025°F)

21



Figure 3-8

a. PRE-TEST LIGHT PHOTOMICROGRAPH 200X

150X

b. POST-TEST LIGHT PHOTOMICROGRAPH. NOTE INCREASED ‘"'STRUCTURAL
DEGRADATION"* COMPARED TO PRE-TEST STRUCTURE.

Microstructure of Task I Coating System 6 [85 w% (20 w% YgO

- ZIr0p) + 15 w% Al,03 Plasma Sprayed with 149°C (300 F?
Substrate Temperature Eontro]] before and after 390 Cycles of
Burner Rig Exposure at 1107°C (2025°F)
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NN i d

e. YTTRIUM X-RAY IMAGE 1000X f. ZIRCONIUM X-RAY IMAGE 1000X

Figure 3-8 Backscattered Electron Image Photograph and X-ray Image Photographs Showing
(Continued) Pre-Test Elemental Distributions in Task I Coating System 6 [85 w% (20 w% Yp03 -

Zr0p) + 15 w% A1203]



Figure 3-9

200X

b. POST-TEST LIGHT PHOTOMICROGRAPH. NOTE INCREASED “STRUCTURAL
DEGRADATION’* COMPARED TO PRE-TEST STRUCTURE.

Microstructure of Task I Coating System 7 [85 w% (20 w% Y0
- Ir0p) + 15 w% Mg0 Plasma Sprayed with 149°C (300°F?
Substrate Temperature Control] before and after 190 Cycles of
Burner Rig Exposure at 1107°C (2025°F)
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e. YTTRIUM X-RAY IMAGE 1000X f. ZIRCONIUM X-RAY IMAGE 1000X

Figure 3-9 Backscattered Electron Image Photograph and X-ray Image Photographs Showing
(Continued) Pre-Test Elemental Distributions in Task I Coating System 7 [85 w% (20 w% Y03 -
Zr0p) + 15 w% MgO]



200X
a. PRE-TEST LIGHT PHOTOMICROGRAPH

200X

b. POST-TEST LIGHT PHOTOMICROGRAPH

Figure 3-10 Microstructure of Task I Coating System 8 [6 w% Y03 -
Zr0p, 1 inch Gun-to-Specimen Distance, Plasma Sprayed with
149°C (300°F) Substrate Temperature Control] before and after
2470 Cycles of Burner Rig Exposure at 1107°C (2025°F)
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150X
a. PRE-TEST LIGHT PHOTOMICROGRAPH. NOTE SIGNIFICANT CRACKING IN THE
PLANE OF THE COATING CAUSED BY HIGH ENERGY DEPOSITION.

150X
b. POST-TEST LIGHT PHOTOMICROGRAPH. NOTE THE ABSENCE OF SIGNIFICANT

SINTERING, WHICH IS ATTRIBUTED TO REDUCED EXPOSURE TIME COMPARED TO
SYSTEMS 4, 14 and 15.

Figure 3-11 Microstructure of Task I Coating System 9 [20 w% Yo03 -

ZrOg), 1 inch Gun-to-Specimen Distance, Plasma Sprayed with
149°C (300°F) Substrate Temperature Control] before and after
350 Cycles of Burner Rig Exposure at 1107°C (2025°F)
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200X
a. PRE-TEST PHOTOMICROGRAPH. NOTE EXTENSIVE MICROCRACKING.

150X

b. POST-TEST LIGHT PHOTOMICROGRAPH. NOTE INCREASED MICROCRACKING
COMPARED TO PRE-TEST STRUCTURE.

Figure 3-12  Microstructure of Task I Coating System 10 [20 w% Mg0 - ZrOE
Plasma Sprayed with High Energy Gun and 149°C (300°F) Substrate

Temperature Control] before and after 1060 Cycles of Burner Rig
Exposure at 1107°C (2025°F)
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a. PRE-TEST LIGHT PHOTOMICROGRAPH

b. POST-TEST LIGHT PHOTOMICROGRAPH

Figure 3-13  Microstructure of Task I Coating System 11 [8 w% Y 08 -
Zr0p, Plasma Sprayed with High Energy Gun and 149°C (§O °F)
Substrate Temperature Control] before and after 6110 Cycles of
Burner Rig Exposure at 1107°C (2025°F)



Figure 3-14

200X
a. PRE-TEST LIGHT PHOTOMICROGRAPH. NOTE EXTENSIVE MICROCRACKING.

200X

b. POST-TEST LIGHT PHOTOMICROGRAPH. NOTE INCREASED MICROCRACKING
COMPARED TO PRE-TEST STRUCTURE .

Microstructure of Task I Coating System 12 [21 w% Mg0 - Zr0p,
Plasma Sprayed with 149°C (300°F) Substrate Temperature Control
and Liquid Tin Quenched from 1079°C (1975°F)] before and after
1280 Cycles of Burner Rig Exposure at 1107°C (2025°F)
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200X
a. PRE-TEST LIGHT PHOTOMICROGRAPH

b. POST-TEST LIGHT PHOTOMICROGRAPH

Figure 3-15  Microstructure of Task I Coating System 13 [6 w% Yo03 -
Zr0,, Plasma Sprayed with 149°C ?300°F) Substrate Temperagure
Con%ro] and Liquid Tin Quenched from 1079°C (1975°F)] before and
after 4820 Cycles of Burner Rig Exposure at 1107°C (2025°F)
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200X

a. PRE-TEST LIGHT PHOTOMICROGRAPH. NOTE INCREASED MICROCRACKING
COMPARED TO SYSTEM 4.

200X

b. POST-TEST LIGHT PHOTOMICROGRAPH. NOTE INCREASED DENSITY COMPARED
TO PRE-TEST STRUCTURE.

Figure 3-16 Microstructure of Task I Coating System 14 [20 w% YgOg -
Plasma Sprayed with 149° %300°F) Substrate Temperature

Zr0o,
Con%ro] and Liquid Tin Quenched from 1079°C (1975°F)] before and
after 1060 Cycles of Burner Rig Exposure at 1107°C (2025°F)
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a. PRE-TEST LIGHT PHOTOMICROGRAPH 200X
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b. POST-TEST LIGHT PHOTOMICROGRAPH 200X

Figure 3-17 Microstructure of Task I Coating System 15 [85 whk (20 w% Y203
Zr02) + 15 w% Carbon, Plasma Sprayed with 149°C (300°F)
Substrate Temperature Control] before and after 620 Cycles of
Burner Rig Exposure at 1107°C (2025°F)
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300X

1000X

15 wh%

r0p) +

Backscattered Electron Image Photographs Showing Pre-Test Task I
? System 15 [85 w% (20 w% Y03

inued) Coatin
Carbon
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Figure 3-17
(Cont
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a. PRE-TEST LIGHT PHOTOMICROGRAPH 200X

b. POST-TEST LIGHT PHOTOMICROGRAPH 200X

Figure 3-18 Microstructure of Task I Coating System 16 [EB-PVD 20 w% Yo03 -
Zr0p] before and after 6200 Cycles of Burner Rig Exposure at
1107°C (2025°F)
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free Al203 (Figure 3-8d). These maps also suggest some heterogeneity of Y
distribution in the coating (Figure 3-8e). Similar examination of the Mg0
doBed Y203 _stabilized Zr02 coating (Fiaure 3-9d through f) suggests a
substantially smaller content of free Mg0 than the amount of free A1203
seen in the Al,03 doped ceramic of the same composition. There also
appears to be significant amounts of Mg0 in solution in the Y,04
stabilized Zr0, matrix. This observation is consistent with tﬁe previously
described x-ray results (Table 3-1II), which suggested that YZO
significantly alters the solubility of Zr0, for Mg0. Scanning e?ectron
micrography of the carbon doped coating (Figure 3-17c and d) confirms the
presence of significant amounts of porosity created presumably by conversion
of carbon to volatile oxides during pre-test thermal exposure in air.

3.3 TASK I BURNER RIG EVALUATION

To evaluate the relative thermal spall resistance of the candidate coatings,

trig]icate specimens coated with each of the systems listed in Table 3-1 were
cyclic burner rig tested at 1107°C (2025°F) maximum leading edge temperature
as described in Appendix A.

Failure was defined as spalling of the ceramic layer over approximately 50% of

the specimen test section, which constitutes about the middle 2.5 cm (1 inch)
of the hottest side of the bar. This failure criterion recognizes that some

ceramic loss may occur without severe degradation of the protective nature of
the ceramic. It should be noted that, once initiated, spallation failure

propagates relatively rapidly, so that the stated coating Tife is not highly
sensitive to end point definitions. A typical failed specimen is shown in

Figure 3-19. Coatings which had not failed after 6000 cycles of exposure were
removed from the test.

Results of the burner rig tests are listed in Table 3-IV and presented

graphically in Figure 3-20. Coatings which clearly show improvement compared
to the baseline include systems 3, 8, 11, 13, and 16. With the exception of

system 16, which has a unique structure produced by the vapor deposition
process, the best performing coatings were all partially stabilized zirconia

containing either 6 or 8 w#% Y203. Performance of the 21 w% Mg0 - Zr0?
modification tended to be comparable to the baseline, regardless of

processing. With the exception of the EB-PVD results, performance of the 20 w%
Y203 "fully stabilized" Zr02 tended to be poor, regardless of processing
or compositional modifications.

3.4 EVALUATION OF TESTED SPECIMENS

To provide additional understanding of coating behavior, burner rig tested

specimens were evaluated metallographically and by x-ra¥ diffraction. Exposed
specimens were sectioned through the hot zone for metallographic evaluation.

X ray diffraction patterns were obtained from remnant ceramic_in the hot zone
area. Light micrographs of exposed ceramic structures are included in Figures

3-3 through 3-18. Post-test x-ray diffraction results are Tisted together with
pre-test results in Table 3-III.
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Figure 3-19 Typical Ceramic Spallation Failure of 21 wk Mg0 - ZrO; Coated
Specimen [149°C (300°F) Substrate Temperature Control, Tin
Quench, System 12] following 1280 Cycles of Test Exposure. Note
remnant ceramic in spalled area.
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TABLE 3-1V
TASK 1 CYCLIC THERMAL TEST RESULTS

8¢

Substrate
Coating Temperature Post
System During Coating Cycles to Ceramic Failure
Number Ceramic Layer Coating °C (°F) Processing Bar 1T Bar 2 Bar 3 Avg,
1 8 w% Yp03 - Zr0p Uncontrolled 1079°C (1975°F)/ 1770 1820 2770 2120
4 hrs/Hz
2 21 wi Mgl - Ir0p Uncontrolied None 1480 1500 1690 1557
3 6 whYp03 - Zr0p 149 (300) 1079°c (1975°F)/ 160012 4g20 5830 5325(3)
4 hrs/Ha
4 20 w¥ Y03 - Zr0p 149 (300) 1079°C (1975°F)/ 340 660 1590 863
4 hrs/Hy
5 21 wi MgO - Zr0, 149 (300) None 7002) 1480 1690 1585(3)
6 85 wx (20 wgvsz) +(7 149 (300) 1079°C (1975°F)/ 190 390 620 400
15 wt Aly03 4 hrs/Hp
7 85 w% (20 w¥ YSZ) + 149 (300) 1079°C (1975°F)/ 160 190 190 180
15 w% Mg0 4 hrs/H;
8 6 wi Y203 - Zr0 149 (300) 1079°C (1975°F)/ 2430 2470 3510 2803
(2.5 em (1 incﬁ) gun 4 hrs/Hp
distance)
9 20 w% Y03 - Zr0 149 (300) 1079°C (1975°F)/ 340 350 660 450
(2.5 cm (1 inch% gun 4 hrs/Hp
distance)
10 21 w¥% Mg0 - Zr0; 149 (300) None 1060 1060 1930 1350
(High energy gun)
1 8 w% Y203 - Zr02 149 (300) 1079°C (1975°F)/ 6110(5) 6110 6110 More than
(High energy gun) 4 hrs/Hp NF NF NF 6110
12 21 wi Mgb - 7r0 149 (300) 221°C (430°F) Liquid 680 gao(2) 1280 980(3)
Tin Quench from
1079°C (1975°F)/Air
13 6 wi Y03 - 2r0p 149 (300) 221°C (430°F) Liquid 14302} 4820 6030 542513
Tin Quench from NF
1079°C (1975°F)/Air
14 20 w% Y03 - Zr0p 149 (300) 221°C (430°F) Liquid 610 1020 1060 897
Tin Quench from
1079°C (1975°F)/Air
15 20 wi Y203 - Zr0p 149 (300) 1079°C (1975°F)/ 610 620 1260 830
+ carbon 4 hrs/Air
16 20 wX% Yp03 - Zr0p 1079°C (1975°F)/ (4) 6200 6200 More than(a)
(EB-PVD) 4 hrs/Hp NF NF 6200 NF

(1) YSZ = Yttria stabilized zirconia
(2) Metallic defect failure

(3) Average of only two data points

{4) Burner rig malfunction

(5) NF =

No failure
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Visual and metallographic observation indicated that the predominant ceramic
failure mode involved the formation and propagation of a dominant crack within
the ceramic parallel to the metal-ceramic interface, as shown in Figure 3-3b.
As shown in Figure 3-4b, cracking sometimes occurs at the interface between

the ceramic and the oxide scale formed on the surface of the metallic coating
layer; more often, however, a thin layer of remnant ceramic is left adhering

to the metal after ceramic spallation. This layer is clearly observable on the
failed specimen shown in Figure 3-19.

The relative performance of the various coating systems may, to some extent,
be rationalized by comparison of the pre- and post-test structures and phase
distributions. A11 of the magnesia stabilized ceramic coatings (systems 2, 5,
10, and 12), for example, exhibit a significant increase in the extent of
microcracking as a result of cyclic thermal exposure (Figures 3-4, 7, 12, and
14). Examination of the pre- and post-test x-ray diffraction results for these
coating systems (Table 3-III) suggests that this increased microcracking
results from a progressive de-stabilization of the higher temperature phases,
with an attendant increase in the volume fraction of monoclinic phase (45 to
60%) when measured at room temperature. This phase is thought to undergo a
reversible transformation to tetragonal during each thermal cycle, which
results in the development of large internal stresses caused by the large
difference in density between these two phases. These cyclically reversed
internal volume changes cause progressively increasing amounts of internal
cracking, Teading eventually to destruction of coating integrity.

As opposed to the 21 w% Mg0 - Zr0, composition discussed above, phase
distribution in the 20 w% Y,03 - %rOz composition appears to be quite

stable during cyclic thermaq exposure. As noted previously, this composition
deposits as virtually all cubic with only trace amounts (less than 5%) of
monoclinic phase, and shows essentially no change after testing. The only
significant change seen is in system 6, where the amount of free Al203
decreased from 8% to 1%. This result suggests there may be some solubility of
A1203 in Zr02 at the 1107°C (2025°F) exposure temperature.

Microstructurally, undiluted plasma sprayed 20 w% Y03 - Zr0, systems 4

and 14, which are identical except for the enhanced microcracking produced by
quenching of system 14, both exhibited a substantial reduction of the amount
of strain tolerant features present in the microstructure after testing. This
increase of post-test density indicates that sintering of the ceramic may be
occurring during thermal exposure. This reduction of strain tolerance during
exposure is thought to be responsible for the relatively poor cyclic thermal

performance of the plasma deposited 20 w% YZO% - Ir0p composition. The
carbon diluted 20 w% YZOg - Zr0, ceramic (system 15) exhibits a similar,
e

though Tess pronounced, densification after exposure. The average performance
gfle?is system was virtually identical to that of systems 4 and 14 (Table

The high energy deposited 20 w% Y503 - Zr0, coating (system 9) exhibited
significant cracking in the plane o% the coating (Figure 3-11a). Rapid

propagation of these in-plane cracks is presumed to be responsible for the
poor performance of this coating. This coating did not exhibit sintering to

the same degree as systems 4, 14, and 15. This reduced sintering is attributed
to the Tower average exposure time of the system 9 specimens.
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Both of the 20% Y03 - Zr0, coatings which were modified by the

inclusion of a second phase having a different coefficient of thermal
expansion (systems 6 and 7) performed very poorly in cyclic burner rig
testing. As opposed to the undiluted systems of the same composition discussed
above, both of these systems exhibited moderate to substantial increases of
microcracking as a result of exposure. This presumably is the result of the
cyclic differential expansion and contraction of the innoculant relative to
the Zr0p matrix. This observation suggests that these coatings progressively
self-destruct in the same way as the 21 w% Mg0 - Zr0, ceramic discussed

previously.

The partially stabilized zirconias (systems 1, 3, 8, 11, and 13) appear to be
relatively stable both structurally (Figures 3-3, 5, 10, 13, and 15) and with
respect to conversion to monoclinic phase (Table 3-III). The primary
structural change observed as a result of cyclic thermal exposure of these
coatings is a slight increase in the percentage of the tetragonal phase. In
the case of the high energy gun coating (system 11), which deposits as 100%
cubic, this change was substantial, with 75% conversion from cubic to
tetragonal after testing. The poorest performing of the five partially
stabilized zirconia coatings was the baseline (system 1), which did not have
the benefit of residual stress (substrate temperature) control during
deposition. The best performing is system 11, which appears to have a slightly
higher Tlevel of porosity and less microcracking than the other three partially
stabilized zirconia systems which were sprayed with controlled residual stress
processing. The relatively lower performance of the high energy system 8
(sprayed from a 1 inch distance) is attributed to incipient in-plane cracking
similar to that which occurred in the companion system 9. Taken as a group,
the performance of the partially stabilized zirconia compositions clearly is
superior to the other two compositions evaluated (except for the EB-PVD
coating described below).

The structure and phase distribution observed in the EB-PVD 20 w% Y,03 -

ZrO2 remained essentially unchanged after 6000 cycles of thermal expoSure
(Figure 3-18). This high level of structural stability, coupled with the
extremely high Tevel of strain tolerance inherent to the columnar PVD
structure, is presumed to be responsible for the excellent performance of this
coating.

3.5 SELECTION OF TASK II CANDIDATES

Based on the clearly superior performance in the Task I burner rig
evaluations, plasma sprayed, partially stabilized zirconia (6 w% Y,03 -

Zr0,) was selected for three of the four coatings to be optimized in Task

II. Specific plasma spray processes selected for optimization were the
controlled substrate temperature plasma spray process (system 3), the high
energy input plasma spray process (systems 8 and 11), and post coat thermal
shock (system 13). The fourth system selected was the EB-PVD deposition
process (system 16), which also performed extremely well in Task I. Efforts to
optimize each of these four coating systems are described in the following
section.
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4.0 TASK Il - COATING/PROCESS IMPROVEMENTS

The objectives of this task were to optimize each of the four coating systems
selected in Task I and to evaluate these systems for selection of four Task
IIT candidates. Methods of coating, testing, and evaluation were identical to
those employed in Task I (Section 3.0).

4.1 SELECTION OF APPROACHES TO SYSTEM OPTIMIZATION

For each of the four coating concepts selected in Task I, four process or
chemistry modifications were identified to provide increased durability or
producibility. These approaches are listed in Table 4-I and are described in
the following paragraphs.

Modifications to system 3 involved evaluation of different powder particle
sizes and morphologies and of post-coat surface finishing. Three starting
ceramic powder size/shape variables were utilized to investigate effects on
coating structure, Tife, and producibility. A fourth condition investigated
the effect of media surface finishing on ceramic spalling resistance. This
latter variable was considered important since the surface roughness of
conventional plasma sprayed ceramics (5.08-7.61 um/200-300 uin AA) is greater
than that desired for the intended turbine airfoil applications.

The high energy plasma process modifications were based on Task I coating
systems 8 (2.5 cm/1 in. gun distance) and 11 (high energy gun), both of which
were shown to be capable of producing long life strain tolerant coatings. To
permit direct comparison of results, all of these modifications were performed
on one composition (6 w% Y203 - Zr0s). Modifications 8A and B were

included to determine the re?ationsﬁip between the extent of segmentation (and
in-plane cracking) and gun-to-specimen distance. The high energy spray process
(8C) was included for direct comparison with Task I system 11 results.
Modification 8D involved post-coat processing with the plasma torch to provide
segmentation/microcracking.

Modifications of coating system 13 included variation of the pre-heat
temperature and substitution of water quenching for liquid tin quenching as a
potential production simplification. Two water quench pre-heat temperatures
(982°C, 1800°F and 1079°C, 1975°F) were evaluated (system 13A and B). Two
different tin quenching pre-heats (982°C, 1800°F and 1079°C, 2050°F) also were
evaluated with systems 13C and D.

Two of the modifications of the 20 w% Y203 - Zr02 electron beam vapor
deposited coating evaluated in Task I inc?uded variations of the Y503
stabilizer content. Specific compositions tested were 6 w% Y203 - Zr0>

and 12 wk Yp03 - Zr02 (system 16B and C). Two alternate ceramic

compositions (3A1203.25i02 and 23% Ce0p - Zr02) also were evaluated

(system 16A and D). These compositions were of interest because of their wide
variation of chemical and physical properties which contributed to their
utility as model systems to aid in defining the strain tolerance potential of
micro-segmented coatings.
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13

16

Ceramic Coating Type

TABLE 4-1

TASK II COATING/PROCESS SYSTEMs(T)

Ceramic Layer

Controlled Substrate
Temperature Plasma

Spray Process

High Energy Input
Plasma Spray Process

Post Plasma Spray

Thermal Shock

Micro Segmented

6 w% Yo03 -
roy

6 wi Y203 -
Zr0;

(Distribution

as in Mod, 3C)

6 wi Y03 -
Zr0o

(Distribution

is in Mod. 3C)

Electron Beam
Physical Vapor
Deposited
Ceramic

Modification
3A Fine spherical Powder (-325 Mesh)
3B Coarse Spherical Powder (45% + 325 Mesh)
3C Bimodal Distribution Angular Powder
525 Nesh 65 nax.
3D Media Surface Finishing of 3C
8A 50 Volts 800 Amps-2.5 cm (1 inch) Gun Distance
8B 50 volts 800 Amps-5.1 cm (2 inch) Gun Distance
8C 50 Volts 1500 Amps-High Energy Gun - 15.2 - 33 cm
(6-13 inch) Gun Distance
8D Plasma Surface Treatment - Post Coating
13A Water Quench from 982°C {1800°F) to RT
13B Water Quench from 1079°C (1975°F) to RT
13C Tin Quench from 982°C (1800°F) to 221°C (430°F)
13D Tin Quench from 1121°C (2050°F) to 221°C (430°F)
16A 3 Alp03 - 25707 (Mullite)
16B 6% Y203 - Zr02
16C 12% Y203 - Zr0p
16D 23% Ce02 - Zr0p

(1) = Metallic Coating Layer Applied Using Low Pressure Chamber Spray with Parameters Given in

Table 3-11D
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4.2 SPECIMEN PREPARATION AND CHARACTERIZATION

Except as noted in Table 4-I and in the following description, coating
deposition and processing conditions were not changed from those used in
coating Task I specimens. The metal bond coat under all plasma deposited
coatings was applied by Tow pressure chamber spray using the parameters
indicated in Table 3-I1ID. Substrate temperature control was used for all
plasma ceramic coated specimens. Coating system 3D was media finished to a
surface roughness of 2.49 um (98 pin) AA. For comparison, surface roughness
measurements taken on several other Task II specimens are listed in Table
4-11. Post-coating plasma surface treatment of system 8D was done immediately
after coating by stopping the powder feed to the plasma gun while continuing
specimen rotation and gun traverse. This procedure produced very high surface
temperatures that caused melting of the outer regions of the coating, thus
promoting additional segmentation cracking. Despite the use of substrate
temperature control, substrate temperatures above 427°C (800°F) were
experienced during application of coating systems 8C and D. Electron beam
deposition of 3 Alp03 - 2Si0p was not successful and evaluation of

system 16A thus was not continued through the balance of Task II. A1l plasma
ceramic coated specimens were heat treated in hydrogen at 1079°C (1975°F) for
four hours prior to burner rig testing. Subsequent to the hydrogen heat
treatment, coating systems 13A-D were reheated in air to the temperature
indicated in Table 4-1 and were quenched either in room temperature water
(systems 13A&B) or in 221°C (430°F) liquid tin (systems 13C&D). The EB-PVD
coatings (systems 16B, C, and D) were heat treated in hydrogen at 1079°C
(1975°F) for four hours after metallic coating and in air at 871°C (1600°F)
for four hours after ceramic coating.

TABLE 4-I1

TASK II PRE-TEST SURFACE ROUGHNESS MEASUREMENTS
OF SELECTED COATINGS

Surface
Roughness
A.A.

Coating Modification System pm ( uin.)
3A 6 w% Y203 - Zr0> Fine Spherical Powder (-325 mesh) 3.50 138
3B 6 w% Yp03 - Zr0o Coarse Spherical Powder (45% #325 mesh) 8.98 354
3C 6 wk Yp03 - Zr0> Bimodal Distribution Angular Powder 6.55 258
3D 6 wk Yp03 - ZrOp Media Surface Finishing (See Mod. 3C) 2.49 98
16B 6 w% Y03 - Zr0Op EB-PVD 2.28 90
16C 12 wk Yp03 - Zr0p EB-PVD 2.11 83
16D 23 w% Ce0203 - Zr0» EB-PVD 1.19 47
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As in Task I, coatings produced in this task were evaluated metallographically
and by x-ray diffraction prior to testing. X-ray diffraction results are
presented in Table 4-II1. Photomicrographs of each coating system are included
in Figures4-1 through 4-16.

Phase distributions observed in the 6 w% Y,03 - Zr0, plasma sprayed

coatings are more or less consistent with %hose measured in Task I. Relatively
small amounts of monoclinic (Tess than 8%) were found, with the predominant
phase being tetragonal. There was, however, substantial variability of the
relative amounts of tetragonal and cubic phases present in each coating,
depending on specific conditions. Specimens with exceptionally high tetragonal
(and correspondingly Tow cubic) phases include the coating produced with
coarse spherical powder (3B), and the coatings quenched from 982°C (1800°F).
The reason for this result in system 3B is not fully understood, but may be
related to the inherently nonhomogeneous nature of the spray-dried spherical
powder. The observation of Tow cubic content in coatings 13A and C quenched
from 982°C (1800°F) is attributed to equilibration of the tetragonal structure
at 982°C (1800°F) just within the tetragonal plus cubic phase field shown on
the phase diagram of Stubican et. al. (Reference 15). The somewhat higher
cubic content of coatings 13B and D which were equilibrated and quenched from
higher temperatures is consistent with this rationalization. The data also
suggests that the tetragonal-to-monoclinic transformation was entirely
suppressed by the very high cooling rate tin quench applied to coatings 13C
and D.

The phase distributions observed in the EB-PVD coatings are somewhat puzzling.
The 6 w% Y203 - Zr02 coating was predominantly cubic, with a small

amount (5%% monoclinic in the as-deposited condition. The higher (12%)

Y503 coating also was gredominant]y cubic, but contained 5% free Y503.
Preaominance of the cubic phase in the EB-PVD 6 w% Y,0; - Zr0, coating

might be attributed to preferential enrichment of the Y,0; in"the EB-PVD
deposit, which would tend to stabilize the cubic phase. This enrichment could
result from the higher vapor pressure of Yo03 as compared to Zr02, which
would tend to enrich yttrium in the vapor cloud. This observation is

consistent with the observation of free Y203 in the nominal 12% Y203 -

ZrO2 EB-PVD coating. It is not, however, consistent with the absence of free
Yo03 in the 20 w% Y503 - Zr0, coating studied in Task I (Table
3-1?1). What is clear about %h

e EB deposited Y,04 stabilized zicronias is
that they tend to deposit (and remain) virtua]?y 100% cubic, as opposed to the
Ce02 stabilized ZrO2, which deposited as 100% tetragonal phase.

Metallographic evaluation of the as-deposited coatings indicated a range of
microstructural strain relief features, as shown in Figure 4-1 through 4-16.
Typical Tow pressure chamber sprayed bond coat structures are shown in Figures
4-1A and C. To aid in interpretation of the ceramic structures, a qualitative
assessment of the relative amounts of various strain relief features is listed
in Table 4-1V.
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TABLE 4-111
TASK 11 X-RAY DIFFRACTION PHASE ANALYSIS OF COATING SURFACE
YOLUME PERCENT OF PHASE PRESENT(1)

Exposure Cubic Tetragonal Monoclinic
Cycles Zro2 Zroz ZrOz 1203
Coating For Post-
System Post-Coating Test Pre- Post- Pre- Post- Pre- Post- Pre- Post-
Number Ceramic tayer Processing Specimen  Test Test Test Test Test Test Test Test
A 6w Y203 - 2r0 Fine Spherical 1079°C {1975°F)/4 hrs./Hy ‘ $250 4 62 60 3% 0 3 - -
Powder (=325 Mesh) - -

3B (353 YzO? = Ir0; Coarse Spherical 1079°C {1975°F)/4 hrs./Hy 6180 7 55 85 42 8 3 - -
Powder (451 +325 Vesh)

3 6wl Y203 = Zr0z Bimodal Dfstribution 1079°C (1975°F)/4 hrs./Hp 2380 20 S8 73 40 7 2 - -
Angular Powder

30 6wl Y203 - 2r0 Bimodal Distribution 1079°C {1975°F)/4 hrs./Hp 2110 22 60 73 338 5 2 - -
Angular Powder-Media Surface Finishing

8A 6wl Y203 = 2r0z Bfmodal Distribution 1079°C (1975°F)/4 hrs./H . 6180 3 60 62 338 8 2 - -
Angular Powder, 2.5 cm (1 inch) Gun-To-Specinen
Distance

88 ° 6wS Y203 - Ir0; Bimodal Distribution 1079¢C (1975°F)/4 hrs./Hp 6180 40 58 53 40 7 2 - -
Angular Powder, 5.1 ca {2 fnch) Gun-To-Specimen
Distance

8c 6wl Y203 ~ 2r0; 8imodal Distribution 1079°C (1975°F)/4 hrs./Hp 200 40 58 55 40 5 2 - -
High tnergy Gun

80 6wl Y203 = 2r0; Bimodal Distribution 1079°C (1975°F)/4 hrs./Hy 2040 §5 65 42 32 3 13 - -
Post éoltlng P‘lsma Surface Treatment

13A 6wl Y203 - Zr0z Bimodal Distribution 1079°C (1975°F)/4 hrs./Hy + Water Quench 3240 0 S8 95 40 5 2 - -
Angular Powder from 982°C (1800°F) to Room Temp.

138 6w% Y203 - Zr0; Bimodal Distribution 1079°C (1975°F)/4 hrs./Hi + Water Quench 1050 % 75 10 2 s 3 - -
Angular Powder from 1079°C (1975°F) to Room Temp.

13¢ 6wl Y203 - 2r0z Bimodal Distribution 1079°C (1975°F)/4 hrs./Hy + Tin Quench 1050 10 60 9 38 0 2 - -
Angular Powder from 982°C (1800°F) to z§1°c (430°F)

130 6w3 Y203 - Ir02 Bimodal Distribution 1079°C (1975°F)/4 hrs./Hs + Tin Quench 2090 25 58 75 40 0 2 - .
Angular Powder from 1121°C (2050°F) to 221°C (430°F)

168 6wl Y203 - Zr0z EB-PVD 1079°C(1975°F)/4 hrs./Hy After Metallic 5170 95 100 0 - 5 - - -

Coating, 871°C (1600°F)/4 hrs./Air After
Ceramic Coating

16C 12w% Y203 - 2r0p EB-PYD 1079°C(1975°F)/4 hrs./Hy After Metallic 5640 95 100 ] - 0 - 5 -
Coating, 871°C (1600°F)/4 hrs./Air After
Ceramic Coating

16D 23w1 Ce02 - Zr0z EB-PYD 1079°C(1975°F)/4 hrs./Hy After Metallic 5070 0 20 100 30 0 - - -
Coating, 871°C (1600°F)/4 hrs./Afr After
Ceramic Coating

{Daccuracy tolerances are generally 45%
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A) PRE-TEST LIGHT PHOTOMICROGRAPH
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B) PRE-TEST SCANNING ELECTRON MICROGRAPH

Figure 4-1

Microstructures observed in
Task II coating system 3A
(plasma spray 6 w% Y20

-Ir0p,  fine (-325 mesh?
spherical powder) before and
after 5250 cycles of burner rig
exposure at 1107°C (2025°F)



D) PRE-TEST INTERFACE 500X

500X

E) POST—TEST, SHOWING OXIDE SCALE GROWTH AT INTERFACE

Figure 4-1 Microstructures observed in Task II coating system 3A (plasma
(Continued) spray 6 w% Y203 -Zr0z, fine (-325 mesh) spherical powder)
showing details of metallic-ceramic interface before and after test
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B) PRE-TEST SCANNING ELECTRON MICROGRAPH

Figure 4-2 Microstructures observed in

Task II coating system 3B
(glasma spray 6 w% YgOg
-2r0», coarse (45% + 32
mesh? spherical powder) before
and after 6180 cycles of burner
rig exposure at 1107°C (2025°F)
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C) POST-TEST LIGHT PHOTOMICROGRAPH
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B) PRE-TEST SCANNING ELECTRON MICROGRAPH

Figure 4-3 Microstructures observed in

Task II coating system 3C
(plasma spray 6 wk Yo03
-Zr0s, bimodal distribution
angular powder) before and
after 6180 cycles of burner rig
exposure at 1107°C (2025°F)



LS

A) PRE-TEST LIGHT PHOTOMICROGRAPH

C) POST-TEST LIGHT PHOTOMICROGRAPH
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2000X

B) PRE-TEST SCANNING ELECTRON MICROGRAPH

Figure 4-4 Microstructures observed in

Task II coating system 3D
(plasma spray 6 wh  Yp03
-2r0y, media surface
finished) before and after 2110
cycles of burner rig exposure
at 1107°C (2025°F)
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C) POST-TEST LIGHT PHOTOMICROGRAPH
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B) PRE-TEST SCANNING ELECTRON MICROGRAPH

Figure 4-5 Microstructures observed in

Task II coating system 8A
(plasma spray 6 w% Y03
-Zr0p, 1 1inch gun-to-specimen
distance) before and after 6180

cycles of burner rig exposure
at 1107°C (2025°F)
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Figure 4-6 Microstructures

2000X

B) PRE-TEST SCANNING ELECTRON MICROGRAPH

observed in
Task II coating system 8B
(plasma spray 6 w% Yp03
-2Zr0p, 2 inch gun-to-specimen
distance) before and after 6180
cycles of burner rig exposure
at 1107°C (2025°F)
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150X

2000X
B) PRE-TEST SCANNING ELECTRON MICROGRAPH

Figure 4-7 Microstructures observed 1'n
Task II coating system
(plasma  spray
-Zr0p) before and after 308

cycles of burner rig exposure
at 1107°C (2025°F)
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Figure 4-8 Microstructures observed in

Task II coating system 8D
(plasma  spray 6 w%  Yp03
-7r02) post-coating  plasma
surface treatment) before and
after 2040 cycles of burner rig
exposure at 1107°C (2025°F)
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A) PRE-TEST LIGHT PHOTOMICROGRAPH

C) POST-TEST LIGHT PHOTOMICROGRAPH
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B) PRE-TEST SCANNING ELECTRON MICROGRAPH

Figure 4-9

Microstructures observed in
Task II coating system 13A
(plasma  spray 6 w%  Yp03
=Zr0s, water quench from

892° (1800°F) to room
temperature) before and after
3240 cycles of burner rig
exposure at 1107°C (2025°F)
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B) PRE-TEST SCANNING ELECTRON MICROGRAPH

Figure 4-10 Microstructures observed in

Task II coating system 13B
(plasma spray 6 w% Y203
-Zr0p,  water quench  fron
1079°C  (1975°F) to  room
temperature) before and after
3240 cycles of burner rig
exposure at 1107°C (2025°F)
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C) POST-TEST LIGHT PHOTOMICROGRAPH

Figure 4-11
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B) PRE-TEST SCANNING ELECTRON MICROGRAPH

Microstructures observed in
Task II coating system 13C
(plasma spray 6 w% Y20

-Ir0p, tin quench from 982°

(1800°F) to 221°C  (430°F)
before and after 1050 cycles
of burner rig exposure at
1107°C (2025°F)
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Figure 4-12 Microstructures observed in

Task II coating system 13D
(plasma spray 6 w% Yp03
-Zr02, tin quench from
1121°C  (2050°F) to  221°C
(430°F) before and after 2090
cycles of burner rig exposure
at 1107°C (2025°F)
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Figure 4-13 Microstructures observed in
Task II coating system 16B
(EB-PVD 6 wh Y203-Zr07)
before and after 5770 cycles

of burner rig exposure at
1107°C (2025°F)



D) PRE-TEST INTERFACE 500X

E) POST-TEST, SHOWING OXIDE SCALE GROWTH AT INTERFACE 500X
Figure 4-13 Microstructures observed in Task II coating system 16B (EB-PVD 6

(Continued) w#% Y03-7ZrGp) showing detail of metallic ceramic interface
before and after test
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Figure 4-14 Microstructures observed in
Task II coating system 16C
(EB-PVD 12 w%  Y03-Zr02)
before and after 5640 cycles

of burner rig exposure at
1107°C (2025°F)
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Figure 4-15 Microstructures observed in

Task II coating system 16D
(EB-PVD 23 w% Ce0p-Zr0p)
before and after 5070 cycles
of burner rig exposure at
1107°C (2025°F)
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A)NORMAL COATING MICROSTRUCTURE B) GROWTH IRREGULARITY

Figure 4-16 Pre-Test Microstructures of 23 w% Ce0p-Zr02 EB-PVD Coating System
Todifigation 16D Exhibiting Normal Microstructure (Left) and Growth Irregularity
Right



As expected, the three EB-PVD coatings which survived processing possessed a
very high level of micro-segmentation resulting from the fine columnar nature
of the EB-PVD .microstructure (Figures 4-13 through 16). A few growth

irregularities were observed in coating system 16D (EB-PVD 23 w% Ce0p -
Zr0,) as shown in Figure 4-16; based on subsequently described burner rig

test results, these structural irregularities apparently did not significantly
degrade the performance of this coating. The plasma sprayed ceramic applied
with 2.5 and 5.7 cm (1 and 2 inch) gun-to-specimen distances possessed high
and moderately high levels of segmentation shown in Figures 4-5 and 4-6,
respectively, with the balance of the plasma coatings having low-to-moderate

leve}s of this strain relief feature (Figures 4-1 through 4-4 and 4-8 through
4-12).

Moderate to Tow levels of micro-cracking were observed in process variation 3A
(fine spherical powder, Figure 4-1) and in the four quenched structures
(systems 13A-D, Figures 4-9 through 4-12), with the balance of the plasma
sErayed coatings having low or very low levels of micro-cracking (Figures 4-2
through 4-8 and 4-13 through 4-16). Substantial quantities of porosity and
segmentation-cracking, observed in coating 3B (coarse spherical, Figure 4-2)
and 8A (2.5, one inch, gun distance, Figure 4-5), respectively, may be
beneficial in preventing catastrophic growth of the moderate-high levels of
in-plane cracking found in these coatings.

4.3 TASK II BURNER RIG EVALUATION

Triplicate specimens coated with each of the systems Tlisted in Table 4-1I,
except system 16A, were cyclic burner rig tested at 1107°C (2025°F). Test
procedures and failure criteria were as described for Task I (Section 3.3 and
Appendix A). Results of these tests are presented in Table 4-V and Figure
4-17. Coating systems/modifications identified as providing superior
resistance to cyclic thermal spalling include plasma sErayed ceramics made
with coarse spherical powder (system 3B), and with high energy input (system

8A) . Promising electron beam vapor deposited coatings include both the 6 w¥
and 12w% Yo03 - Zr0, compositions (systems 16B and C, respectively).
Comments concerning the correlation between structural observations and burner

rig performance of each coating are included in the following section.
4.4 EVALUATION OF TESTED SPECIMENS

Post-test evaluation included x-ray diffraction and metallographic
examination. Results of these analyses are included with corresponding
pre-test results in Table 4-III and in Figures 4-1 through 4-16.

As indicated by the x-ray data in Table 4-1II, there is a general trend toward
decreasing tetragonal and increasing cubic phase in the exposed plasma sprayed
coatings. With the exception of system 13B, the percentages of tetragonal and
cubic phases appear to stabilize in the range of 32 to 42 percent and 55 to 65
percent, respectively. The behavior of system 13B is not understood. There
also is a general trend toward decreasing monoclinic phase except for those
coatings which had no monoclinic in the as-deposited condition, in which cases
small increases occur. All of the plasma sprayed coatings seem to stabilize
with monoclinic percentages in the range of two to three percent.
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TABLE 4-IV

PRE-TEST TASK II THERMAL BARRIER COATING
MICROSTRUCTURAL OBSERVATIONS

Segmentation or

Segmentation-  Micro- In Plane

Coating Modification Systems Cracking Cracking Porosity Cracking

3A Fine Spherical Powder low-moderate  Tow- Tow Tow
(-325 mesh) moderate

3B Coarse Spherical Powder very Tow Tow moderate- moderate-
(45% + 325 mesh) high high

3C Bimodal Distribution Tow-moderate moderate Tow -~
Angular Powder

3D Media Surface Finishing Tow-moderate moderate Tow --
(See Mod. 3C)

8A 2.5 cm (1 inch) Gun-to- high Tow Tow moderate
Specimen Distance

88 5.1 cm (2 inch) Gun-to- moderate- Tow Tow Tow
Specimen Distance high

8C High Energy Gun moderate Tow Tow- --

moderate

8D Post-Coating Plasma moderate moderate  Tow- --
Surface Treatment moderate

13A Water Quench 982°C Tow moderate Tow Tow-
(1800°F) to R.T. moderate

13B  Water Quench 1079°C Tow moderate  Tow Tow-
(1975°F) to R.T. moderate

13C Tin Quench 982°C Tow moderate Tow Tow
(1800°F) to 221°C (430°F)

13D Tin Quench 1121°C moderate moderate  Tow moderate
(2050°F) to 221°C (430°F)

16B  EB-PVD very high -- -- --
6 wk Yo03 - Zr02

16C EB-PVD very high -- -- --
12 w% Yo03 - Zr0s

16D EB-PVD very high -- -- --

23 w% Ce0p - Zr0y
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TABLE 4-V

TASK IT CYCLIC THERMAL TEST RESULTS

Coating
System
Number Ceramic Coating Layer
3A 6 w% Yp03 - Zr0p Fine Spherical
Powder (-325 Mesh)
3B 6 w% Yp03 - Zr0; Coarse Spherical
Powder (45% + 325 Mesh)
3 6 w% Y203 - Zr0 Bimodal Distribu-
tion Angular Powder
30 6 w% Yp03 - Zr0p (See Mod. 3C)
Media Surface Finished
8A 6 W% Yp03 - Zr0y (See Mod. 3C)
2.5 cm (1 1ncﬁ) Gun-Specimen Distance
8B 6 w¥% Y203 - Zr0» (See Mod. 3C)
5.1 cm (2 incﬁ) Gun-to-Specimen Distance
8c 6 w% Y03 ~ Zr0; (See Mod. 3C)
High Energy Gun
8D 6 w% Y203 - Zr02 (See Mod. 3C)
Post Coating Plasma Surface Treatment
137 6 W% Y203 - Zr0z (See Mod. 3C)
138 6 WX Yp03 - Zr0y (See Mod. 3C)
13C 6 W% Yo03 - Zr0 (See Mod. 3C)
13D 6 w% Yp03 - Zr02 (See Mod. 3C)
168 6 w¥% Yp03 - Zr0 EB-PVD
16¢ 12 w8 Y03 - Zr0p EB-PVD
160 23 w¥ Cely - Ir0p EB-PVD
(1) NF: No Coating Failure - Testing Discontinued

Post-Coating

Processing
1079°C (1975°F)/4 hrs./Hp

1079°C (1975°F)/4 hrs./Hp
1079°C (1975°F)/4 hrs./Hj
1079°C (1975°F)/4 hrs./Hj
1079°C (1975°F)/4 hrs./Lz
1073°C (1975°F)/4 hrs./H,
1079°C (1975°F)/4 hrs./Hp
1079°C (1975°F)/4 hrs./Hp

1079°C (1975°F)/4 hrs./Hy +
Water Quench From 982°C %1800°F)
to Room Temp.

1079°C (1975°F)/4 hrs./Hp +

Water Quench From 1079°C (1975°F)
to Room Temp.

1079°C (1975°F)/4 hrs./Hy +

Tin Quench From 982°C (1500°F) to
221°C (430°F)

1079°C (1975°F)/4 hrs./Hp +

Tin Quench From 1121°C (2050°F) to
221°C (430°F)

871 °C (1600°F)/4 hrs./Air

871 °C (1600°F)/4 hrs./Air

871 °C (1600°F)/4 hrs./Air
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Cycles to !

Ceramic Coating Failure
Bar T Bar 7 Bar 3 Avq.
3910 4840 5250 4666
6920 6840 6180NF 6647
1540 1050 2380 1657
1670 1790 2110 1857
7830 6520 6180 6843
5310 5450 6180 5646
200 200 200 200
1740 600 2040 1460
3240 3240 1690 2723
2090 1050 930 1357
1050 2090 2990 2043
4800 2090 1400 2763
5770 8330NF  6340NF 6813
5640 6590NF  7630NF 6620
4940 5070 6460NF 5490
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Figure 4-17 Thermal Cycle Test Exposure of Task II Experimental Thermal Barrier Coating
Systems



69

150X

Figure 4-18 Post-test microstructure of 23 w% Ce0p-ZrOp coating system modification
following 5070 cycles of test exposure, showing failure of the ceramic
at the Zr0p/A1203 interface
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The trend toward decreasing tetragonal phase, stabilizing in the 32 to 42
percent range, is different from that seen for the same plasma sprayed 6 w%
Y$O3- Zr0p ceramic composition tested in Task I, where the percentage

of tetragonal phase increased to values between 71 and 87 percent during

exposure (Table 3-III). This difference is not understood.

As in Task I, behavior of the EB coatings was different from the plasma
coatings. Both the Y203 stabilized compositions were 100 percent cubic
after exposure. The (Ce0, stabilized composition, which was 100 percent
tetragonal as deposited, was converted to 70 percent cubic after the test.

Evaluation of the post-test microstructures indicated ceramic failure
mechanisms similar to those observed in Task I. As illustrated, for example,
in Figure 4-1C, the plasma coatings tend to fail by propagation of cracks
parallel and adjacent to, but not co-incident with, the metal-ceramic
interface. Electron beam coatings, on the other hand, appear to fail at the
interface between the ceramic and the oxide scale formed on the surface of the
MCrAlY layer (Figure 4-18). As shown in Figures 4-1E and 4-13E, significant
oxide scale grows at the metal-ceramic interface of both plasma and EB
deposited coatings during cyclic elevated temperature exposure. In the case of
the EB ceramic, failure resulting from thermal cycling occurs at the interface
between the ceramic and the oxide scale. It is not clear whether this
interface represents a weak point in the coating system or is the location of
highest thermal stress generated as a result of the thermal cycling. The
situation for plasma ceramic coatings is even less clear. Cyclic failure of
this ceramic occurs near, but not coincident with, the ceramic-oxide scale
interface. Whether the growth of the oxide scale influences the state of
stress in, and thus the failure 1ife of, the ceramic is not understood at
present. Additional experimental effort is clearly required to separate these
two effects.

Densification was observed in the plasma sprayed ceramics having a high

initial level of porosity; the best example is coating system 3B, coarse
spherical powder, shown in Figure 4-2. Relatively little densification was
observed in ceramic coatings having Tower pre-test levels of porosity such as
coating systems 8A and B (Figure 4-5 and 4-6), or cyclic thermal rig tested
for short times, such as system 8C (Figure 4-7).

Coating system 3B, coarse spherical powder, was superior to other system 3
coatings; this may be attributed to the strain-relief derived from the high
level of porosity in the ceramic as shown in Table 4-IV and Figure 4-2.
Coating systems 3C and D appeared to be too dense and were deficient in
microcracking and segmentation cracking while 3A was less dense and exhibited
a moderate level of strain-relief features (Figures 4-1, 4-4 and 4-5).

The best performing high energy input coating was system 8A (2.5 cm (1 inch)
gun-to-specimen distance) which had a high concentration of segmentation
cracking as indicated in Table 4-1V and Figure 4-5. The 5.1 cm (2 inch)
gun-to-specimen distance, coating system 8B, also performed well with 5646
cycles to failure average. It exhibited a moderate-high level of segmentation
cracking as shown in Table 4-IV and Figure 4-6. Although coating systems 8C
and D, high energy gun spray and post coating plasma treatment, had moderate
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levels of segmentation cracking (Table 4-1V and Figures 4-7 and 4-8,
respectively), the specimen substrates in each system were unavoidably
overheated (427°C (800°F)) during coating processing. This overheating is
thought to be responsible for relatively early failure of those coatings in
cyclic thermal testing. Figure 4-7C shows a residual portion of post-tested
coating system 8C after complete spallation of the ceramic coating.

Although the thermal-shock coatings (system 13A-D) exhibited moderate-to-high
levels of strain-relief features (Table 4-IV and Figures 4-9 through 4-12),
the overall performance of these coatings was less than expected. As in the
case with coating 3C and D, these system 13 coatings were all relatively
dense, which is thought to have had a negative effect on the coating test
lTives; a minimum Tevel of porosity apparently is required to prevent the
catastrophic growth of in-plane cracks.

The system 16 coatings (EB-PVD 6 w% Yo03 - Zr0s, 12 w% Yo03 -

Zr0,, and 23 wk Ce0, - Zr0,) generally exhibited Tong thermal cycle rig

tes% Tives which corre]ate% well with the strain tolerance due to
micro-segmentation which is inherent in these coatings (Table 4-IV and Figures
4-13 through 4-16).

In summary, the performances of the Task II coating systems generally are
consistent with the amount and kinds of strain-relief features observed in the
test specimens (Table IV) with the exception of the system 13 coatings which
exhibited moderate-to-high amounts of segmentation-cracking, microcracking,
and porosity, but performed relatively poorly.

4.5 SELECTION OF COATINGS FOR TASK III EVALUATION

The four coating/process systems listed in Table 4-VI were selected for
evaluation in Task III. These coatings represent one selection from each of
the four generically different process approaches evaluated in the first two
tasks. Coating systems 3B and 8A were selected on the basis of their excellent
burner rig test results in Task II. While the post plasma spray thermal shock
system evaluated in Task Il provided somewhat disappointing burner rig
results, the good performance of Task I coating system 13, which was processed
through a tin quench from 1079°C to 221°C (1975°F to 430°F), prompted the
decision to reevaluate this processing concept in Task III. In an effort to
combine processing benefits with the benefits provided by the coarse spherical
powder used to produce Task II coating 3B, this powder was chosen for Task III
evaluation of the high energy input spray (system 8A) and post plasma spray
thermal shock (system 13) processes in Task III. Selection of the EB-PVD
applied system as the fourth coating to be evaluated was based on the
outstanding burner rig performance observed in Tasks I and II. The 6 w%

Y203 - Zr02 ceramic was selected for the EB-PVD coating to eliminate
composition as a variable in the Task III evaluation.

71



TABLE 4-VI

COATING/PROCESS SYSTEMS SELECTED FOR TASK 111 EVALUATION(T)

Coating
System
Number  Ceramic Coating Type

Ceramic Layer

3 Controlled Substrate
Temperature Plasma

Spray Process

8 High Energy Input
Plasma Spray Process

13 Post Plasma Spray
Thermal Shock

16 Micro-Segmented

6 wh Yo0q -
ZrOz 273

6 w% Yo0q -
ZPOZ 2 3

6 wz Yp03 -
ZTOZ

Electron Beam
Physical Vapor
Deposited Ceramic

Modification

Coarse Spherical
Powder (45% +
325 Mesh)

Coarse Spherical

Powder (45% + 325

Mesh) 2.5 cm (1 inch)
Gun-to-Specimen Distance

Coarse Spherical

Powder (45% + 325

Mesh) Tin Quench from
1079°C (1975°F) to 221°C
(430°F)

6 w% Y203 - Zr0s

(1) = PTasmavDeposited Ceramic Bond Coat Applied by Low Pressure Chamber Spray
Using the Parameters Identified in Table 3-IID. EB Ceramic Was Deposited

over EB Bond Coat.
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5.0 TASK IIT - COATING DURABILITY

The objective of this task was to evaluate each of the four coating systems
selected at the end of Task II using test conditions which more realistically
simulate gas turbine operating conditions, and to select the best two systems
for engine evaluation in Task IV.

5.1 SPECIMEN PREPARATION AND EVALUATION

Procedures and equipment used to fabricate the four ceramic coating systems
evaluated in this task (Table 4-VI) were the same as those used to prepare
corresponding coatings in Tasks I and II. The three plasma sprayed ceramic
coatings were applied over low pressure chamber sprayed metallic coatings. The
EB-PVD ceramic was deposited over EB-PVD metallic. As in prior tasks coatings
were examined metallographically and by X ray diffraction prior to and after
testing.

Results of pre- and post-test x-ray diffraction phase analyses on the Task III

coatings are presented in Table 5-I1. As in prior tasks, the predominant phase
observed in as-depositedTﬁ1asma s?rayed 6 wk Yp03 - ZrO2 ceramics was
tetragonal (Table 5-I). The monoclinic content was somewhat higher than seen

previously, particularly in system 8. As observed previously, the electron
beam coating was deposited (and remained) virtually all cubic.

Pre- and post-test photomicrographs of the four coating systems evaluated in
this task are shown in Figures 5-1 through 5-4. The microstructure of coating
system 3 is similar to the corresponding Task II structure (system 3B). As
shown in Figure 5-1, the system 3 structure contains moderate amounts of
porosity and microcracking. Although not shown in Figure 5-1, occasional
segmentation cracking also was observed in this coating.

Coating systems 8 and 13 were processed to increase the amount of strain
tolerant features such as segmentation and microcracking. As shown in Figure
5-2, this goal was achieved in the system 8 ceramic, which has a high
concentration of segmentation cracking-coupled with a moderate to high amount
of heterogeneously distributed, relatively coarse porosity. However, the
structure also contains relatively high amounts of less desirable in-plane
cracking, indicating the need for very close process control in the
fabrication of this coating. Despite the quenching applied to coating system
13, the structure of this coating (Figure 5-3) is virtually indistinguishable
from that of system 3.

As observed previously, the structure of the EB-PVD coating, system 16 (Figure

5-4), consists of extremely fine segments (columns) aligned perpendicular to
the plane of the coating.
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TASK TII X-RAY DIFFRACTION PHASE ANALYSIS CF CERAMIC COATING SURFACE

TABLE 5-I

ON CYCLIC OXIDATION RIG TEST SPECIMENS

Exposure Volume Percent Phase Present
Time (hr) Cubic Tetragonal MonocTinic
Coating for Post- Ir0y Ir0o
System Test Pre- Post- Pre- Post- Pre- Post-
Number Ceramic Coating Specimens Test Test Test Test Test Test
3 Plasma Sprayed 6 w% Yp03- ZrOﬁ 604 20 25 75 70 8 5
Coarse Powder (45% + o25 Mesh)
8 Plasma Sprayed 6 w% Y203-Zr07 459 15 12 70 75 15 13
Coarse Powder (45% + 325 Mesh),
2.5 cm (1 inch) Gun-to- Spec1men
Distance
13 Plasma Sprayed 6 w¥% Y»03-Zr0; 427 28 28 65 67 7 5
Coarse Powder, Tin Quench From
1079°C (1975°F) to 221°C (430°F)
16 Electron Beam Physical Vapor 645‘ 99(])(2) - - - -
Deposited 6 wi Y203-7r07
(T)Remainder % cubic Y03
2)pattern could not be analyzed quantitatively - appeared to contain both

cubic and tetragonal
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(A) PRE-TEST CONDITION 200X

(B) CYCLIC OXIDATION RIG TESTED 200X (C) CYCLIC HOT CORROSION RIG TESTED 200X

Figure 5-1 Light photomicrograph of Task III coating system 3 (6 w% Yp03-Zr0p, baseline
system): (a) before test; (b) after 604 hours (cycles) in cyclic oxidation rig
test at 1149°C (2100°F) ceramic and 9€2°C (1800°F) substrate temperature; (c)
after 432 cycles/hours in cyclic hot corrosion rig test at 954°C 1750°F) ceramic
surface temperature and 899°C (1650°F) substrate tenperature.



9L

(D) 500X

Figure 5-1 Light photomicrograph of Task III coating system 3 (6 w% ¥Y203-Zr07, baseline
(Continued) system) showing oxide scale observed on bond coat surface of cyclic oxidation rig
tested specimen.
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(A) PRE-TEST CONDITION 200X

(B) CYCLIC OXIDATION RIG TESTED 200X (C) CYCLIC HOT CORROSION RIG TESTED 200X

Figure 5-2

Light photomicrographic of Task III coating system 8 (6 w% Yp03-Zr0p, one
inch gun-to-specimen distance): (a) before test; (b) after 459 hours (cycles) in
cyclic oxidation rig test at 1149°C (2100°F) ceramic surface temperature and 982°C
(1800°F) metal substrate temperature; (c) after 575 hours (cycles) in cyclic hot

corrosion rig test at 954°C (1750°F) ceramic surface temperature and 899°C
(1650°F) metal substrate temperature.
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(D) 500X

Figure 5-2 Light photomicrographic of Task III coating system 8 (6 w% Y03-Zr0», one
(Continued) inch gun-to-specimen distance) showing oxide scale observed on bond coat surface
of cyclic oxidation rig tested specimen.
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Figure 5-3
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(A) PRE-TEST CONDITION 200X

(B) CYCLIC OXIDATION RIG TESTED 200X (C) CYCLIC HOT CORROSION RIG TESTED

Light photomicrographs of Task III coating system 13 (6 w% Yp03-ZrUz, Tiguid
tin quenched from 1975°F): (a) before test; (b) after 427 hours (cycles) in cyclic
oxidation rig test at 1149°C (2100°F) ceramic surface temperature and 982°C
(1800°F) metal substrate temperature; (c) after 453 hours (cycles) in cyclic hot

corrosion rig test at 954°C (1750°F) ceramic surface temperature and 899°C
(1650°F) metal substrate temperature.

\

200X
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(D) 500X

Figure 5-3 Light photomicrographs of Task III coating system 13 (6 w% Y»03-Zr02, liquid
(Continued) tin quenched from 1975°F) showing oxide scale observed on bond coat surface of
cyclic oxidation rig tested specimen.
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(A) PRE-TEST CONDITION 200X

4

(B) CYCLIC OXIDATION RIG TESTED 200X (C) CYCLIC HOT CORROSION RIG TESTED 200X

Figure 5-4 Light photomicrographs of Task III coating system 16 (EB-PVD 6 w% Y203-

Zro%): (a) before test; (b) after 645 hours (cycles) in cyclic oxidation rig
test at 1149°C (2100°F) ceramic surface temperature and 982°C (1800°F) metal
substrate temperature; (c) after 444 hours (cycles) in cyclic hot corrosion rig

test at 954°C (1750°F) ceramic surface temperature and 899°C (1650°F) metal
substrate temperature.
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(D) 500X

Figure 5-4 Light photomicrographs of Task III coating system 16 (EB-PVD 6 w%

(Continued) Y»03-Zr0») showing oxide scale observed cn bond coat surface of cyclic
oxidation rig tested specimen. (Note gap between MCrAlY oxide and debonded
ceramic.)



5.2 CYCLIC OXIDATION RIG TESTING AND EVALUATION

The objective of this testing was to evaluate the cyclic thermal durability of

candidate coatings in an environment which more realistically simulates gas
turbine engine operating conditions. As in Tasks I and II, tests were
conducted in a jet-A fueled burner rig. Key differences between previous tests
and the Task III tests were internal cooling of the Task III specimens, which
provided a thermal gradient across the ceramic, and the use of a one hour
cycle as opposed to the prior six minute cycle. Tests in this task were
conducted with a ceramic surface temperature of 1149°C (2100°F) and a
substrate temperature of 982°C (1800°F). Each cycle consisted of 57 minutes
exposure to the combustion flame, followed by three minutes of compressed air
cooling. Details of the test equipment and procedures are provided in Appendix
B.

Results of the cyclic oxidation tests conducted on the four Task III coating
systems are presented in Table 5-I1 and Figure 5-5. Because of the differences
in test conditions, it is difficult to compare these results with those from
prior tasks. When compared on the basis of test time, however, the results for
systems 3 and 8 appear to be consistent with those for the corresponding
systems 3B and 8A tested in Task II. Based on measured transients, the
respective hot time in the Task II and III tests are approximately three
minutes and 56 minutes per cycle. Based on these times, total respective
average hot times for Task II system 3B and Task III system 3 are
approximately 344 and 342 hours. Corresponding respective hot times for Task
IT system 8A and Task III system 8 are approximately 342 and 396 hours,
indicating similar performance of the corresponding Task II and III coating
based on total hot exposure time to failure. This observation suggests tha
thermal exposure (time at temperature) plays a significant role in thermal
barrier coating degradation and failure. The relative importance of this
factor in relation to cyclic thermal stress effects is not well understood at
the present time. For typical aircraft engine applications, these hot times
reprﬁsent about 15,000 hours of engine operation with a typical block time of
1.5 hours,

As expected based on superior performance in Tasks I and II, the best coating
in the oxidation test was the system applied by EB-PVD. Both systems 3 and 8
had performances which were only slightly lower than the EB coating, with the
poorest performance coating being the quenched ceramic (system 13). The poor
performance of this coating as compared to system 3, which had a similar
structure (compare Figures 5-1 and 5-3) is not understood.

Post test metallographic and x-ray evaluation indicated very little change of
structure or ceramic surface phase distribution after exposure. As jllustrated
in Figures 5-1B, 5-2B, 5-3B and 5-4B, the ceramic failure mode in the cyclic
oxidation test was essentially the same as that observed in the Task I and II
rapid cycle tests. The plasma coatings failed by cracking in the ceramic
adjacent to the ceramic-metal interface (Figure 5-1B, 5-2B and 5-3B), while
the EB coating appeared to fail at the interface between the ceramic and the
oxide scale formed on the MCrAlY layer (Figure 5-4B). The post test ceramic
structures seen in Figures 5-1 through 5-4 are not significantly different
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TABLE 5-I1

TASK IIT CYCLIC OXIDATION RIG TEST RESULTS

(1149°C; 2100°F Ceramic, 982°C; 1800°F metal substrate/57 min.

+ forced air cool/3 min.)

Plasma Sprayed 6 w% Yp03-Zrop
Coarse Powder (45% + 325 Mesh)

Plasma Sprayed 6 w% Yp03-Zr0)
Coarse Spherical Powder (45% + 325
Mesh), 2.5 cm (1 inch) Gun-to-

Plasma Sprayed 6 w#% Y203-Zr0»
Coarse Spherical Powder (45% +
325 Mesh), Tin Quench from 1079°C

Coating
Systen
Number  Ceramic Coating
3
8
Specimen Distance
13
1975°F) to 221°C (430°F)
16

Electron Beam Physical Vapor
Deposited 6 w% Y203-Zr02

Number of Hours to Failure

Bar | Bar 2 Bar 3 Bar 4 Avg.
147 344 367 604 366
272 381 459 584 424
79 175 417 427 274
272 645 523 584 506
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Figure 5-5 Task III Cyclic Oxidation Rig Test Results
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from the corresponding pre-test structures shown in the same figures,
indicating, at least for this test, ceramic sintering is not a si?nificant
factor in coating degradation. Except for the EB coating (system 16), post
test x-ray diffraction results are, within the range of experimental error,
virtually identical to pre-test results (Table 5-13. The x-ray diffraction
pattern for the electron beam deposited coating appeared to contain both cubic
and tetragonal peaks, but could not be analyzed quantitatively. These results
suggest that, as opposed to the rapid cycle test where significant structural
and phase changes were seen, the ceramic remains relatively "inert" during the
cyclic oxidation exposure. Two factors may contribute to this difference of
behavior. First, while the surface temperature is higher, the average ceramic
temperature is lower in the cyclic oxidation than in the rapid cycle test.
Second, the number of strain cycles experienced in the oxidation test is
smaller by at least an order of magnitude. This may contribute to reduced
transformation in a system which is known to be susceptible to strain induced
phase transformation. Despite the lower metal temperature (compared with Task
I and Task II rapid cycle tests), significant MCrAlY surface oxidation was
observed under the ceramic layer (see Figures 5-1D, 5-2D, 5-3D, and 5-4D). As
indicated previously, the relative importance of this oxide scale growth, and
of other possible thermal exposure effects (such as sintering or phase
changes) versus stress induced by thermal cycling as causal factors in ceramic
coating failure is not well understood at the present time.

5.3 CYCLIC HOT CORROSION RIG TESTING AND EVALUATION

The objective of this testing was to evaluate the cyclic durability of
candidate coatings in an environment which simulates typical aircraft gas
turbine hot corrosion conditions. To accomplish this objective, burner rig
tests were conducted with 30.5 Titers/hr SOy (which converts to S03 during
combustion) and 20 ppm synthetic sea salt (ASTM D-1141-52) added to the burner
primary air supply. Initial trials were conducted at a ceramic surface
temperature of 982°C (1800°F); however; detailed analysis of the specimen
surface indicated no salt deposition was occurring. To achieve salt
deposition, the ceramic surface temperature was reduced. The specimens were
exposed to a ceramic surface temperature of 954°C (1750°F) and an inner
diameter metal temperature of 899°C (1650°F) for 57 minutes in a ducted rig,
followed by three minute cooling with a blast of compressed air at ambient
pressure. Details of the test methods are provided in Appendix C.

Results of the cyclic hot corrosion tests are presented in Table 5-III and
Figure 5-6. With the exception of coating system 8 (2.56 cm (1 inch)
gun-to-specimen distance), these results are grouped closely at about 425

hours. Experience with metallic coating systems indicates that with_the Tevels
of salt and sulfur utilized for this testing, metallic coating rig lives are

less than typical service 1ives by factors in the range of 2 to 5X. However,
not enough is currently known about Tife prediction of ceramic coating

performance from laboratory data to quantitatively predict airfoil coating
life from these data.

Post test photomicrographs (Figures 5-1 through 5-4) show some change in the
ceramic failure mode under hot corrosion conditions. While the predominant
failure mode continues to involve cracking of the ceramic just above the
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TABLE 5-III
TASK III CYCLIC HOT CORROSION RIG TEST RESULTS

(954°F; 1750°F Ceramic, 899°C; 1650°F Metal Substrate/57 min. +
Forced Air Cool/2 min.)

Number of Hours/Cycles

Coating Accumulated
System (1)
Number Ceramic Coating Bar 1T Bar 2 Bar 3 Bar 4 Avg.
3 Plasma Sprayed 6 w% Y03-Zr0; 162-R  316-F 432-F 514-R >421
Coarse Spherical Powder (45% +
325 Mesh)
8 Plasma Sprayed 6 W Y203-Zr0s 162-R  510-F 575-F  732-F 606

Coarse Spherical Powder (45% + 325
Mesh), 2.5 cm (1 inch) Gun-to-
Specimen Distance

13 Plasma Sprayed € w% Yo03-Zr0s 162-R  359-F 453-F 473-F 428
Coarse Spherical Powder, Tin Quench
From 1079°C (1975°F) to 221°C (430°F)

16 Electron Beam Physical Vapor 162-R  72-F 444-F 789-F** 435
Deposited 6 w% Y03-7Zr02

R - No failure/specimen removed from test for evaluation
F - Specimen removed from test due to spallation failure of ceramic coating.
F** -  Removed from test due to corrosion of the specimen originating at the uncoated tip.

(1) - Removed at 162 hours for destructive examination - not included in average.
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Figure 5-6 Task III Cyclic Hot Corrosion Rig Test Results
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metal-ceramic interface, additional spalling of the ceramic in the outer
layers also is seen. (See Figure 5-3C, for example). This observation supports
the previously published hypothesis (Reference 21) that ceramic hot corrosion
failure results from alternate freezing and thawing of corrodents which
deposit in liquid form and infiltrate the ceramic. X-ray diffraction patterns
obtained from remnant ceramic surfaces on failed specimens indicated the
presence of various corrosion species (Table 5-1V). As shown in Figures 5-7
through 5-10, x-ray intensity maps indicate substantial infiltration of Na,
Mg, and S in all four candidate ceramics. Surprisingly, the system 8 coating,
which provided the best resistance to corrosion induced spallation, appears to
Eqve assmgih or more infiltrated corrodent than the other three coatings (see
igure 5-8).

5.4 SELECTION OF COATINGS FOR FUTURE ENGINE EVALUATION

Based on cyclic thermal spall results obtained in Tasks I and II and on the
cyclic oxidation and hot corrosion results obtained in Task III, the two
coating/process systems Tisted in Table 5-V were selected for future
evaluation in Task IV. These systems were selected to provide a good balance
of cyclic oxidation, hot corrosion and thermal spall performance. While
performance of the EB-PVD system was outstanding in all tests except cyclic
hot corrosion, this coating was not considered a candidate for Task IV
evaluation because reproducible process methods for application to complex
geometry turbine components have not yet been demonstrated.
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TABLE 5-1V

TASK TII XRD PHASE ANALYSIS
CF CYCLIC HOT CORROSION RIG TESTED SPECIMENS (VCLUME PERCENT)

Coating Exposure
System Time (hr) and Cubic Tetragonal Monoclinic

Number  Analyzed Bar ZrO2 ZrO2 ZrO2 Other
3 316 13% 65% 7% 10% Ni0, S (v/o undetermined)
8 732 -- minor trace major (Ni, Fe) CroCg

major Fep03
minor (0.4Nas0 0.1Ca0)2S04
trace Ni0

13 473 trace trace - major NiO
major (0.4NapC 0.1Ca0)2S04
minor (Ni, Fe) Cr204

16 789 trace trace -- major (Ni, Fe) Crp0a

minor NiC
trace (0.4Nap0 0.1Ca0)»S04
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(A) BACKSCATTERED ELECTRON IMAGE (B) SULFUR X-RAY IMAGE
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(C) SODIUM X-RAY IMAGE (D) MAGNESIUM X-RAY IMAGE

Figure 5-7 Backscattered electron image photomicrograph (a) and x-ray image photographs

showing the distribution of sulfur, sodium, and magnesium (b-d, respectively) in
Task III coating system three (6 w% YZO3-Zr02, baseline system) after 432
hours (cycles) of cyclic hot corrosion rig testing at 954°C (1750°F) ceramic
surface temperature and 899°C (1650°F) metal substrate temperature.
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Figure 5-8 Backscattered electron image photograph (a) and x-ray image photographs showing
the distribution of sulfur, sodium, and magnesium (b-d, respectively) in Task III
coating system eight (6 w% Yp03-Zr0p, one inch gun-to-specimen distance)
after 575 hours (cycles) of cyclic hot corrosion rig testing at 954°C (1750°F)
ceramic surface temperature and 899°C (1650°F) metal substrate temperature.
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Figure 5-9 Backscattered electron image photograph (a) and x-ray image photographs showing
the distribution of sulfur, sodium, and magnesium (b-d, respectively) in Task III
coating system 13 (6 w% Y03-Zr0p, 1liquid tin quenched from 1975°F) after
453 hours (cycles) of cyclic hot corrosion rig testing at 954°C (1750°F) ceramic
surface temperature and 899°C (1650°F) metal substrate temperature.
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Figure 5-10 Backscattered electron image photograph
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(a) and x-ray image photographs showing
the distribution of sulfur, sodium, and magnesium (b-d, respectively) in Task III
coating system 16 (EB-PVD 6 w% Yp03-Zr0p) after 444 hours (cycles) of cyclic

hot corrosion rig testing at 954°C (1750°F) ceramic surface temperature and 899°C
(1650°F) metal substrate temperature.

800X

800X



$6

TABLE 5-V

PLASMA SPRAY COATING SYSTEMS SELECTED FOR TASK IV ENGINE EVALUATION

System Ceramic
Description Composition
3 6w%Y203 - Zr02
8 6w%Yo03 - Zr0;

Process Details

Coarse Spherical Powder, 149°C (300°F)
Substrate Temperature Control, 7.6 cm (3
inches) Gun-to-Specimen Distance

Coarse Spherical Powder, 149°C (300°F)
Substrate Temperature Control, 2.5 cm (1
inch) Gun-to-Specimen Distance



6.0 CONCLUSIONS

Based on the results of the initial burner rig screening tests, it is

concluded that partially stabilized zirconia containing six weight percent
yttria is the best of the tested ceramic compositions.

Based on results of the process optimization studies, it is concluded that
processes which favor the formation of strain tolerant ceramic microstructures
can provide substantial (more than 3X) benefits to cyclic thermal durability
of ceramic coatings. The processes included electron beam - physical vapor
deposition, optimization of plasma powder morphology, high energy plasma
deposition, and ceramic residual stress control.

Results of cyclic oxidation tests on candidate optimized systems indicate
ceramic durability comparable to over 15,000 engine f1ight hours. While the
coating was found to be susceptible to failure as a result of corrodent
infiltration under hot corrosion conditions, not enough is currently known
about life prediction of ceramic coating performance from laboratory corrosion
data to quantitatively predict airfoil coating 1ife from the hot corrosion
results.

Metallographic observation of failed coatings (spallation over 50 percent of
the test zone) indicated that, under all test conditions except cyclic hot
corrosion, spallation of the coating resulted from the formation of a dominant
crack parallel and adjacent to, but not coincident with, the metal-ceramic
interface. The formation of an MCrAlY oxide scale was clearly visible at the
metal-ceramic interface. However, the data generated were not sufficient to
determine the influence of this scale on coating failure or to separate the
effects of thermal exposure (time at temperature) versus thermally induced
stress cycling on coating life. In addition to cracking at the metal-ceramic
interface, spalling of the ceramic in the outer layers was also seen in hot
corrosion exposed specimens.

Based on the results of this program, two coating systems were considered
suitable for experimental engine evaluation. These systems were six weight
percent yttria stabilized zirconia plasma sprayed with two different process
parameters. While performance of electron beam ~ physical vapor deposited
coatings generally was outstanding, this coating was not considered a
candidate for engine evaluation because reproducible process methods for
application to complex geometry turbine components have not yet been

demons trated.
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APPENDIX A
UNCOOLED BURNER RIG TEST DETAILS

The uncooled burner rig test employed in Tasks I and II involves cyclic flame
heating and forced air cooling of coated cyclinderical test specimens
illustrated in Figure A-1. A set of 12 specimens installed on a spindle ready
for testing is shown in Figure A-2., These bars are rotated in the exhaust
gases of a jet fuel burner rig (Figure A-3) to provide a uniform temperature
for all specimens. The exhaust gases are the combustion products of Jet A fuel
and air, with a velocity of Mach 0.3. Specimen temperature is monitored and
controlled using an optical pyrometer and automatic feedback controller.
Emittance of the bars is periodically measured and corrections are made to
maintain the desired set point temperature. During rig operation the fuel
pressure is regulated automatically to maintain the desired temperature. To
provide cyclic cooling, the burner is automatically moved away from the
specimens for the cool-down portion of the cycle, during which a compressed
air blast is applied to the specimens. Cycle duration totals six minutes, with
four minutes in the flame and two minutes of forced air cooling. Testing is
interrupted approximately every 20 hours to allow for visual examination of
the specimens. Failure is considered to have occurred when spallation occurs
over approximately 50 percent of the "test" zone of the bar. The "test" zone
includes an area which is approximately 2.5 cm (1 inch) Tong at the center of
the exposed portion of the bar, having a uniform temperature during testing.
This failure criterion recognizes that some ceramic Toss may occur without
severe degradation of the protective nature of the ceramic. It should be noted
that once initiated, spallation failure propagates relatively rapidly, so that
the stated coating life is not highly sensitive to end point definitions.
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Figure A-1 Diagram of Specimen Used for Burner Rig Testing. Dimensions are

expressed in centimeters.
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Figure A-2 Specimens in Fixture Ready for Burner Rig Testing.
Coating color variations are due to slight losses of
stoichiometry (oxygen depletion) from the heat treat operation.
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Figure A-3

Burner Rig in Operation during the Hot Portion of the Cycle.



APPENDIX B
OXIDATION BURNER RIG TEST

The cyclic oxidation exposure burner rig test utilized in Task III defined the
capabilities of improved coating systems selected from Task II under simulated
field service oxidation conditions. The test rig is similar to that previously
described in Appendix A 1in that it maintains full automatic control of test
temperature and cooling cycles; it also features a special rotating specimen
mounting fixture, shown in Figure B-1, with internal passages and flow valves
for individual control of internal specimen cooling air dimpingement tubes
inside the hollow test specimens. This fixture provides for simultaneous test
of twelve air-cooled specimens. The test specimen illustrated in Figure B-2
permits internal cooling and temperature monitoring during rig testing.
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Figure B-1  Schematic Diagram of Burner Rig Test Apparatus for Cyclic
Oxidation Exposure in Task III
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Figure B-2 Oxidation/Corrosion Burner Rig Test Specimen. Dimensions are
expressed in centimeters.
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The rig is operated with an unrestricted burner exhaust to the specimen area
as shown in the schematic in Figure B-1. This unducted design has been
selected since clean fuel oxidation test conditions do not require controlled
addition of air contaminants as required for hot corrosion evaluation.

Basic burner operation is controlled by using an infrared optical device
calibrated to read the ceramic coating surface temperature of the specimens.
The output of the infrared detector is fed through automatic devices which
vary fuel pressure and consequently control gas temperatures. In addition,
four specimens in each rotatin? cluster are instrumented with type "S"
immersion thermocouples installed to measure the metal temperature in the
substrate 1.C2 mm (0.040 inches) below the interface between the substrate and
the metallic coatinyg layer in the ceramic coating system. The thermocouple
signals are passed through multi-channel mercury slip rings to automatic
monitoring devices for measurement of specimen temperatures.

Prior to the initiation of testing, the cooling air flow is balanced to
equivalent values for all specimens in the cluster using flow meters and the
integral flow control valving used in the specimen fixture (Figure B-1). The
specimen metal temperature is then maintained by control of air supply
pressure during testing.

The cyclic oxidation test conditions were 1148°C (2100°F) ceramic surface

temperature and 982°C (1800°F) metal temperature. These conditions were
selected to simulate typical anticipated operating conditions for a thermal

barrier coated turbine airfoil. The one hour test cycle used in this exposure
was 57 minutes flame immersion and three minutes forced air cool.
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APPENDIX C
CORROSION BURNER RIG TEST

A cyclic hot corrosion test was also utilized in Task III to aid in defining
the capabilities of coating systems selected from Task II under simulated
field service conditions. Specific test conditions were selected to model a
mixed oxidation-hot corrosion type of exposure encountered in relatively high
temperature aircraft turbine exposure with "clean" fuels and moderate
atmospheric contaminants.

Intensive study of hot corrosion phenomena at Pratt & Whitney Aircraft has
shown that the primary contaminants responsible 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 trioxide from the
combustion gases. A comprehensive analysis of hot corrcsion mechanisms has
shown conclusively that acidification of contaminant salt deposits by sulfur
trioxide is critically related to turbine hot corrosion and that meaningful
Taboratory hot corrosion testing requires that the activity of S03 be
maintained at levels characteristic of turbine operation. Accordingly, the hot
corrosion test rig used in Task III provides for control of both salt
contaminant loading and for control of combustion gas composition by
effectively Timiting excess dilution air.

The test rig used in the hot corrosion exposure evaluation was specifically
desianed for evaluation of turbine materials in contaminated environmental
conditions. The rig is similar to that previously described in Appendix B for
oxidation test evaluation in that it maintains full automatic control of test
temperature and cooling cycles and that it features a special rotating
specimen mounting fixture with internal passages ana flovi valves for
individual control of internal specimen cooling air. This fixture provides for
simultaneous test of twelve air-cooled specimens. There is also provision for
metered injection of contaminants to allow accurate simulation of aircraft
turbine environments. Temperature control of the hot corrosion test rig is
conducted in the same manner as previously discussed for oxidation test rigs.

The major modification 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-1. This ducted exhaust allows specific restriction
of ambient air dilution and consequently provides for optimum control of the
Tevel of exhaust gas sulfur and air contaminants.

The hot corrosion test conditions used in Task III sirulate typical hot
corrosion conditions encountered in near ground aircraft engine operation.
Selection of the 899°C (1650°F) metal temperature and the 954°C (1750°F)
ceramic surface temperature were based on conditions that exist where major

salt loading from atmosphere contamination occurs. The test cycle was the same
as that used for cyclic oxidation testing, i.e., 57 minutes in the flame and
three minutes for air cooling.
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Figure C-1 Schematic Diagram of Ducted Burner Rig Test Apparatus for Task
III Hot Corrosion Exposure. Test specimens are enclosed to allow
precise control of SO3 and other contaminants.
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