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This feature article exploresthe concept of creating func- I. Introduction

tionally graded metal—ceramic composite microstructures : :
for thermal barrier coatings used in gasturbine applica- URING the past several decades, the gas-turbinecommunity
tions. From a thermomechanical per spective, this concept has made considerable progressin using ceramic coatings
offers the possibility of significantly improvingthe life and to protect metalsfrom high-temperature turbine environments.
reliability of thermal barrier coatings. However, prior ressarch ~ These ceramic coatings, commonly referred to as thermal bar-
revealsthat progress hasbeen somewhat limited because of rier coatings (TBCs), are currently used, in conjunction with air
the oxidative instability exhibited by some metal-ceramic ~ cooling, to prolong the life of metallic "hot-section™ turbine
composite microstructures. The present study addresses components in revenue-generating aircraft engine services.
someof thematerialscriteriaand resear chissuesassociated Theuseof TBCsalsooffersthe possibility of increasing turbine
with preparing chemically stable, yet mechanically durable, inlet temperaturesand, consequently, of improving the thermo-
graded metal—ceramic microstructuresfor realistic appli- dynamic efficiency of gas turbines used in aircraft and land-
cation environments. based applications.? However, in practice, such benefits have

not been realized yet, largely because the performance of cur-
rently available TBCs is considered as not sufficiently reliable
and predictable for use as a "' prime reliant™ material. In other
Z. A. Munir—contributing editor words, current TBC systems are conservatively designed to
avoid situations where the ceramic layer (or a portion of the
layer) may prematurely spall off, possibly causing the cata-
strophicfailure of the underlying metallic components.

SUppiiol by e Aduenoed Ges Turhine Sysiens Progtam,. oiice o | et Nevertheless, from a materials perspective, TBC technology
Technologies,and in part by the High—TemperatureMateriaIsLéboratory Fellowship is currently considered aa V|a_b|e near-term solution for the
Program, Office of Transportation Technologies, U.S. Department of Energy, under development of more-efficient aircraft engines and land-based
80ntract‘ No. DE-AC05-960R22464 with Lockheed Martin Energy Research gas turbines.’> Some of the major technical issues associated

orporation. . : - . -

"Member, American Ceramic Society. with the development of reliable TBCs are (i) processing
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improvements from both performance and economic stand-
points, (ii) understanding the failure mechanisms of current
TBCs in simulated and actual turbine environments, and
(iii) developing characterization and test methods to measure
and understand the time-, temperature-, and environment-
dependent characteristicsof TBCs for reliable life prediction.
However, with the anticipation of the ultimatelimitationsasso-
ciated with conventionad TBCs, it also seems necessary to
explore the possibility of incorporating novel materials con-
ceptsin futurecoating design. In particul ar, thisstudy addresses
the concept of functionally graded materials (FGMs) by
reviewing prior work and reporting some confirmatory experi-
mental results.

II. Conventional Thermal Barrier Coatings

(1) Design Philosophy

Most TBCs are structurally as well as functionally complex
and, therefore, should be considered and studied as a materials
system. For example, a state-of-the-art TBC system used in
aircraft engines typically consists of a 125-250 pm thermally
insulating ceramic layer and a 50-125 wm metallic bond coat
layer between the ceramic layer and the metal component sur-
face. Y,0,-stabilized ZrO, (Y SZ) is most commonly used as
the ceramic layer because of its low thermal conductivity and
relatively high coefficient of thermal expansion (CTE) for a
ceramic (Table I). The role of the metalic bond coat is to
protect the substrate from high-temperature oxidation because
the transport of oxygen throughthe Y SZ layer, viaionic diffu-
sion and/or through microcracks or connected porosity, is rela-
tively fast at typical turbine temperatures.

In the early stage of TBC development, ZrO, coatings par-
tially stabilized with 6%-8% Y,0, prepared by air plasma
spray (APS) were found to be suitable for TBC applications.*
It also was observed that the incorporation of a controlled
amount of porosity resulted in improved spallation behavior."
This behavior was attributedto thefact that theincorporation of
microstructural defects, such as porosity and microcracks, into
the APS coating effectively increased the apparent compliance
of the coatings. This approach of using acompliant Y SZ layer
has been practicedas an effective meansof accommodatingthe
strains developed between the ceramic coating and metallic
substrate due to their mismatch in material properties.

In another significant development,'''~** el ectron-beam phys-
ical vapor deposition (EBPV D) was used to produce a coating
microstructurethat consisted of Y SZ columns (several microm-
etersin diameter) that were preferentially oriented perpendicu-
lar to the substrate surface (Fig. 1). The spallation life of the
EBPVD coating wasfound to be superior to that of air-plasma-
sprayed coatings by some investigators."'* This result was
attributed to the ability of the YSZ columns in the EBPVD
coating to become physically separated or segmented during
thermal cycling and, therefore, to accommodate residual and
thermal stresses. This type of microstructure was observed to
be unique to the EBPVD process. Dinwiddie et al.™* showed
that the thermal conductivity of the as-deposited EBPVD coat-
ing was higher than that of the as-sprayed APS coating (—1.5
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vs —0.8 W/(m-K) at 1000°C) but was much less susceptibleto
degradation by therma aging. The EBPVD coating was
reported to be particularly useful for protectingrotating turbine
componentsin commercial aircraft applications.’

Thus, from a practical standpoint, the conventional approach
for accommodating the material mismatch betweentheceramic _
coating and metallic substrate is to make the ceramic layer
compliant by incorporating structural defects, such as micro-
cracks and porosity as well as vertically segmented columns.
However, in terms of achieving long-term durability, severa
major problemsare associated with the presenceof these micro-
structural features. As an example, the sintering of the micro-
structural defects with increased temperatureor prolonged time
exposure becomes an important issue, which may result in an
increase in thermal conductivity* and a decrease in coating
compliance. Also, these microstructural features provide rapid
diffusion pathsfor oxygen and other corrosivespecies.

(2) Failure Modes

Simulated and actual aircraft engine tests have shown that
state-of-the-art TBCs typically exhibit wide failure distribu-
tions and also experience a variety of failure modes ranging
from particulate-inducederosion, to salt-induced hot corrosion,
to high-temperatureoxidation, to therma —mechanica fatigue.”
However, from a more fundamental point of view, the instabil-
ity at themetal —ceramicinterfacecan be considered asthe most
critical factor that limits the ultimate performance of current
TBCs. This bimaterial interface, inevitably required for bond-
ing theceramic coating and metallic surface, isthe major source
of time-, temperature-, and environment-dependent property
changesas well asfailures.

The Y SZ coating prepared by APS tendsto fail by the spall-
ation of the YSZ layer near the interface between the bond coat
and the ceramic layer but mostly within the ceramic layer.'®'>'¢
The time-to-failuredepends on many factors, but the two most
dominant parametersare the oxidation of the bond coat and the
number of thermal cycles. The ultimatefailure of the EBPVD
coating also is due to the spallation of the ceramic layer. How-
ever, its exact failure location is clearly different from that
observedfor the APS coating. Asshownin Fig. 1, the EBPVD
coating fails a the interface between the bond coat surface and
its Al,0, scale.'*'” Asin the case of the APS coating, thelife of
the EBPVD coating mainly depends on oxidation and thermal
cycles."?

In both APS and EBPVD systems, a thin Al,O, scale forms
on the surface of the bond coat upon exposure to oxidative
environmentsbecause of rapid transport of oxygen through the
Y SZ layer. Because Al O, isrelatively impermeabl eto oxygen,
further oxidation of the bond coat is retarded once a continuous
scale is formed. This scale formation, therefore, actually pro-
videsprotectionto the metallic substratefrom high-temperature
oxidation. Therefore, the overall performance of a TBC not
only depends on the ceramic layer itself but also is dictated by
its bond coat and, more precisdly, the natureof the metal —oxide
interface that developsupon oxidation. Thisis particularly true
for the EBPVD Y SZ layer that appears to be sufficiently com-
pliant so that the coating fails not within the ceramic layer, but
at the scale—bond coat interface. Also, for the EBPVD system,

Tablel. Sdected Propertiesof Potential CoatingM aterials*

i . Oxygen
Linear Elastic Thermal diffusivity
CTE modulus conductivity at 1000°C
Material (X1078K™") (GPa) (W/(m-K)) (m?/s)
YSZ (patidlystabilized) ~ 89-106 205 —2a 1127°C 10-11t
ALO, ) 7.2-86 380-434 5.8 at 1127°C 1072
3A1,0,-25i0, (mullite) 57 145 33a 1127°C 10718
TiO, 94 283 33a1127°C 107"
Cag 55195 Zr, POy 3 70 ~1 a 1000°C

*Measured for dense, bulk materials. Compiled from Refs. 4-9. Apparent propertiesof these materials, if prepared by APS
and EBPV D, are expected to be widely different from the tabulated values. Also, thistypeof material sassessment alwayssuffers
from the lack of high-temperaturepropertiesand uncertaintiesin reported values, depending on specimen preparation, impurity
level s, measurement methods, etc. Neverthel ess, thistype of assessment providesa starting basis. *For ZrO,.
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Fig. 1 Cross-section of an EBPVD YSZ coating deposited on a
superalloy substrate coated with an aluminide bond coat after exposure
to oxidativeenvironments. Micrograph showsthat the EBPV D coating
fails by debonding a the interface between the Al,O, scale and the
bond coat surface. (Micrograph courtesy of Ben Nagaraj, General
Electric Aircraft Engines.)

the effects of substrate materials can be considerable because
of thediffusion of some alloying elements as well asimpurities
to the metal —scale interface. Therefore, to a large extent, the
developmentof more-reliableEBPV D TBCs necessitatesa new
generation of bond coat material's, which substantially improve
the adhesion of the metal —scaleinterface.

(3) ScaleFormationand Adhesion

Currently, nickel and platinum aluminide coatings prepared
by gas-phase pack or chemical vapor deposition (CVD)*® and
vacuum-plasma-sprayed(VPS) MCrAlY (whereM = Ni, Co,
CoNi, or NiCo) coatings' are used as bond coats for most
TBC applications. The protection mechanism provided by these
types of Al,O,-forming coatings recently has been described
by Birks et al." Upon oxidation, a continuous a-Al,0, scale,
consisting of equiaxed grains, grows on the surface of the
bond coat after a brief transient growth period. Eventualy,
a columnar grain microstructure develops. At this stage, the
transport of oxygen mainly occurs along grain boundaries
between the oxide columns. Also, the formation of small voids
(aslargeas several micrometers) has been observed underneath
the scale at the metal surface as aresult of interactive morpho-
logical and diffusional mechanisms. The ability of the bond
coat to continue to support the growth of the Al,0, scale
depends on the activity and the total amount of auminum
available in the coating. However, during use, the aluminum
reservoir of the bond coat is depleted by consumption by the
Al,O, scale growth and by diffusion into the alloy substrate.
When thealuminumlevel of the bond coat falls below at which
Al,0, cannot beformed preferentially, faster growing oxides of
the other constituents of the bond coat will form. Then, the
adhesion of the TBC can be significantly degraded. Another
factor is that the continuing growth of the otherwise protective
Al,0O, scale a the bond coat—-YSZ interface is a source of
increasingstrain.

When a bond coat is used without a ceramic top coat (asin
the case of many aircraft and land-based gas turbines operating
today), the A1,0, scaletendsto spall off duringthermal cycling,
and, subsequently, a new oxide scale forms on the coating
surface. Thiscycle of scale formation and spallation continues
at the expense of the sacrificia metallic coating layer, which
can be refurbishedor repaired at regular maintenanceintervals.
However, when the aluminide or MCrAlY coating is used as a
bond coat for a TBC layer, even local scale spallation can
initiate coating failure. Therefore, scale formation, which is
essential for the oxidation protection of the base metal, is an
important issueto consider in TBC design.
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From a mechanical point of view, the driving force for scale
spallationisthe development of residual and thermal stressesat
the interface between the oxide scale and the metal surface. The
scale becomes severely strained with temperature cycling and
increased scale thickness because of the large differencesin
material properties, such as CTE and Young's modulus. In a
qualitative sense, when the level of these stresses exceeds the
bond strength of the bimaterial interface, the scale and meta
surfacesaredebonded. From the standpoint of fracture mechan-
ics, it isimportant to consider factorsthat affect crack initiation
and propagation along this metal —scale interface. For example,
the presence of small voids at the metal—scae interface can
contribute to spalling by reducing the resistance of crack
propagation.”

Scale adherence can be improved by several methods. First,
the addition of small amounts of so-called reactive ele-
ments—such as yttrium, hafnium, and zirconium—to super-
dloys and coatings can significantly improve scale adhe-
sion.?"** Second, the removal of sulfur impuritiesto below sub-
ppm levels also increases scale adhesion because sulfur tends
to segregate and weaken the bonding between the metal and
scale.” A low level of sulfur also is observed to reduce the
degree of void formation at the metal—scale interface.'” In a
conceptual sense, these approachescan be viewed as an avenue
to increase the work of adhesion at the metal —scaleinterface.
The concepts of adding reactive elements or removing sulfur
impurities have been used or are being pursued by modifying
current casting and coating procedures.

III. Functionally Graded
Thermal Barrier Coatings

The basic thesis behind the FGM concept is that, by appro-
priately combining two or more materials, the functionality of a
particular material system can be tailored and extended beyond
what is possiblewith nongraded material systems.* For various
applications, the FGM approach has been explored to mitigate
some of the major problems associated with the devel opment
of asharp interfaceat the join of two dissimilar materials. For
structural applications, compositionally and/or microstructur-
aly graded interfaces, if properly designed and prepared, can
be more resistant to crack initiation and propagation.?> Also, in
principle, the graded interfacescan be useful for lowering peak
stresses and eliminating stress singularities at certain crack-
sensitive locations because of the gradual changes in material
properties, such as CTE and Young's modulus, through the
graded interface region.® Although the FGM concept itself
is rather intuitive and simple to comprehend, there are many
technical challenges associated with measuring and estimating
physical and mechanical properties of graded materials and,
therefore, validating their potential benefits.?6-2

(I) Examplesof Functionally Graded Thermal Barrier
Coatings

In the past, not surprisingly, the FGM concept has been
pursued as a means for managing residual stresses and to
replace the sharp YSZ-MCrAlY interface encountered in the
APS TBC system. However, demonstrating this FGM concept
generally has been difficult because the graded regions con-
taining Y SZ and MCrAlY as ceramic and metallic constituents
tend to become unstable upon exposure to oxidative environ-
ments. As an example, Fig. 2 shows a typical graded micro-
structure containing Y SZ and NiCoCrAlY, which was created
using APS equipment configured with a single plasma torch
with separate YSZ and NiCoCrAlY powder feeders. As
recently reviewed by Sampath et al.,”* similar graded micro-
structures have been produced by various plasma spray tech-
niques. Some selected propertiesof the graded materias, such
as hardness and elastic modulus, have been measured.”® Also,
severa studies®®*! have been conducted to address the measure-
ment and estimation of the physical and mechanical properties
of this type of graded materials. The graded microstructure
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shown in Fig. 2 was prepared on a Mar-M-247 substrate
(=2 cm X —2 cm) as an abradable seal. Note that, in the
turbine section, abradable seals are used to help minimize the
gas leakage through the gap between the tips of the rotating
blades and the turbine shroud.'** Typicaly, abradable seals are
much thicker than the TBCs used for vanesor airfoils. Although
the temperature requirementsfor abradable seals are not gener-
aly as demanding as those for the coatings used for airfoils,
there are other structural criteria, such as abradability, to con-
sider. To some extent, abradable seal applications have been
targeted as a test vehicle to validate the usefulness of the FGM
coating concept because of the relatively lower temperature
requirements as well as the need for a greater thickness (i.e.,
—4 mm) that allows more gradual compositional grading pro-
files. Figure 3 shows the compositional change of the NiCo-
CrAlY and YSZ phases measured as a function of coating
thickness, using a digital image analyzer interfaced with an
optical microscope. The seal consists of a0.13 mm NiCoCrAlY
layer, a2.54 mm region graded with NiCoCrAlY and Y SZ, and
al.27 mm pure-Y SZ layer.

(2) FailureMechanismd Graded MCrAly +YSz TBCs
The stability of the graded seal shownin Fig. 2 wastested at
1000°Cinair in aresistance-heated tube furnace. The tempera-
ture of the seal was measured using an optical pyrometer. The
seal spalled within the graded region after an isothermal treat-
ment of 100 h. The lateral dimension of the spalled piece was
increased relativeto that of the remaining substrate, which was
attributed to the volume expansion caused by the oxidation of
the metallic phase. A similar spallation behavior was observed
after 242 h of oxidation at 1000°C. Figure 4 shows that spall-
ation occurred within the graded region —0.5 mm, measured
from the initial substrate surface. Metallographic and X-ray
diffraction (XRD) analyses indicated that most of the metallic
phase in the spalled region was oxidized. However, the sed

Porous YSZ
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structure remaining on the substrate was not extensively oxi-
dized athough some localized penetrations were evident. Also,
preferential oxidation of the metallic phase occurred near the
substrate interface, where it intersected with the free edges of
the seal specimen. Because of the crude nature of thisoxidation
experiment, it was not possible to resolve the relative contribu-
tions to the observed spallation behavior from the oxidation of -
the graded region versus that of the free edges. However, in the
context of the present study, the critical issue to be emphasized
wasthe oxidativeinstability of the graded microstructure of this
particular coating design, which contained YSZ and NiCo-
CrAlY as composite constituents.

Similar observations were reported previously by other
investigators. The work of Eaton and Novak* showed that
graded YSZ + CoCrAlY coating microstructures were not sta-
ble in high-temperature oxidizing environments. In that study,
a set of free-standing metal —ceramic composite samples was
prepared by APS for oxidation testing. CoCrAlY was used as
the metallic constituent (about 12 vol%). Upon oxidation at
1093°C, it was observed that the size and weight of the YSZ +
CoCrAlY composite samples significantly increased as a result
of the oxidation of the metallic phasein the Y SZ matrix. Tiwari
et al.® also observed similar behavior with free-standing APS
composites containing NiCrAl and Y SZ. In comparison to pure
NiCrAl free-standing APS samples, the weight gain of the
NiCrAl + Y SZ composite samples after oxidation at 600° and
800°C was — 3 times higher. The increased oxidation observed
for the metal + ceramic composite samples was attributed to
several reasons by Tiwari et a. The presence of numerous
metal —ceramic interfaces in the composite samples provided
short-circuit paths for oxygen diffusion. Also, the rapid diffu-
sivity of oxygen through Y SZ, with an increased metallic sur-
face area available through the dispersion in the Y SZ matrix,
increased the oxidation of the metallic phase. For similar rea-
sons, Miller** recommended that plasmaspray coatings with an

Graded Region
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ubstrate.
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Fig. 3. Compositional change measured as a function of seal thickness using a digital image analyzer interfaced with an optical microscope. For
the analysis, 52 digital scans were made at 75 pm thickness intervals along the polished cross section of the APS—-FGM seal structure. Lamellar
microstructural features devel oped during spraying (see Fig. 2) wereresponsible for relatively large fluctuationsin the composition profilesobserved
in the graded region. Level of splat boundaries, which were created between molten particles during spraying, was estimated to be —8.42% + 1.5%
in the outer Y SZ layer without considering any particle pullouts during polishing. Compositional contribution from the splat boundaries was added
arbitrarily to the Y SZ phase. In the graded region, the presence of the splat boundaries was not quantified because the splat boundaries and ceramic

phase could not be distinguished clearly during the image analysis.

interface region graded with MCrAlY and Y SZ areinappropri-
ate because of oxidation of the graded region at temperatures
>800°C.

Despite the oxidation problems associated with using Y SZ
as a ceramic constituent, most FGM TBC work reported in the
literature has been performed on the APS YSZ + MCrAlY
material system.***! Successful oxidation test results generally
have not been reported for this material system except for the
work of Mendelson et al.*! They have reported that the cyclic
life of adual-graded TBC containing a graded YSZ-MCrAlY
interface and a laser-glazed top surface was longer than that of
conventional two-layer TBCs. Also, for the lower-temperature
situations (<600°C) encountered in diesel-engine environ-
ments, the concept of using step-graded interfaces containing
MCrAIlY and Y SZ appears to be an effective means of manag-
ing residual and thermal stresses.*>

These observations suggest that Y SZ is not an ideal ceramic
for preparing TBCs with a graded metal—ceramic region

because Y SZ rapidly conducts oxygen at el evated temperatures.
Also, the strain-tolerant microstructure of the APS coating
allowsrapid oxygen diffusion. Therefore, the major lesson from
prior research is that, when a FGM system is being considered
for a TBC application, thermochemical as well as thermo-
mechanical compatibilities between the proposed metallic and
ceramic constituents should be examined. Also, their syner-
gistic interactions with the surrounding environment should
be considered.

(3) Alternative Thermal Barrier Materials

In recognition of the failure modes observed for state-of-the-
at TBCsand the results with YSZ + MCrAlY FGM TBCs, an
"ided" TBC material can be envisioned. This coating material
should be a thermally insulating ceramic. Also, the coating
needsto beintrinsically resistant to oxygen diffusion (including
diffusion along grain boundaries) and to be free of microstruc-
tural defect features, such as porosity and microcracks. At the

Locus of Failure
——

Fig. 4. FGM sed failed by spallation after isothermal oxidation at 1000°C for 242 hin air. This optical micrograph shows that the spallation took
place within the graded region —500 pm, measured from theinitial substrate surface.
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same time, the ceramic coating must be chemicaly and
mechanically compatible with its bond coat and substrate as
well as with turbine atmospheres. Meanwhile, the concept of
grading can be used to manage stresses and to increase the
toughnessof its metal —ceramicinterfacial region.

In apractical sense, it appears that no single ceramic material
is likely to meet this complex set of criteria. Even if such a
material exists, another important issue is whether strain-
tolerant ceramic microstructures will continue to be needed at
the expense of oxidation performance. Toillustrate this point, a
new class of ceramic materials, commonly referred to as NZPs,
can be considered as a possible alternative material
to YSZ. NZPs are named after their parent composition
(NaZr,P,0,,).** As compared in Table |, the thermal conduc-
tivity of these materials (—1 W/(m-K) for slip-cast Ca, sSr, -
Zr,P,0,,°) isessentially lower than that reported for dense, fully
or partialy stabilized YSZ ceramics (~2 W/(m-K)*®). Young's
modulus of the NZP materials also is rather low for a ceramic
(—70GPa),* which is another desired characteristic relating to
coating compliance. The melting point of NZPs is typically
>1800°C. Because of their crystal structure, oxygen diffusivity
in NZPs (both ionic and electronic) is expected to be relatively
low, although it has not been measured accurately.* Further-
more, one of the NZP compositions, Ca,;Sr,sZr,P.O,,, has
been found to be resistant to corrosion induced by Na,SO,.*
However, the CTE of NZPsis very low (see Tablel), particu-
larly in comparison to nickel-based superalloys. Also, their
stability in turbine environments (e.g., possible dissociation
into gaseous species containing phosphorus) and compatibility
with respect to the nickel-based alloys are highly questionable.
Recently, Ca,;Sr,sZr,P;0,, was air plasma sprayed onto a
nickel-based superalloy with a MCrAlY bond coat.” Prelimi-
nary isothermal oxidation test resultssuggest that this particular
NZP material reacts substantially with the bond coat at 1000°C
in air after 100 h. This observation suggests that, although the
Ca, ;Sr,57Zr,P,0,, materia has some desirable characteristics,
its useasadirect substitute for Y SZ isunlikely.

(4) Rationalefor Multilayered Functionally Graded
Thermal Barrier Coatings

Exploring alternative thermal barrier materialsis expected to
be a difficult, time-consuming, and uncertain task because of
the complex materials criteria imposed on candidate materials.
Probably a more pragmatic approach to this challenge is to
incorporate additional layers in the coating structure to satisfy
the multiplefunctionality required for more oxidation resistant,
yet mechanically durable TBCs, as schematically illustrated in
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Fig. 5. One plausible example of this multilayer approach isto
incorporate an oxygen barrier layer that is sandwiched between
the thermal barrier layer and metallic surface. The role of this
interlayer, which can befunctionally graded, isto retard oxygen
transport to the metal surface as well as to avoid the formation
of asharp metal —ceramicinterface.

(5) Oxygen Barrier Materialsand Required Morphology

Tablel lists severa ceramic materialsfor consideration asan
oxygen barrier material. ZrO,-based materials (i.e., stabilized
with CeO,, MgO, SrO, etc.) are notincluded in Table | because
most of them are good electrolytes and, thus, oxygen conduc-
tors. Table | shows that A1,0, and mullite exhibit low oxygen
diffusivity at 1000°C, but their thermal conductivity is higher
than that of YSZ. Other properties, such as CTE and elastic
modulus, also should be considered because these properties
determine the level of residual and thermal stresses in the coat-
ing and substrate. As a qualitative approximation, the in-plane
residual stress of the coating (o) due to temperature changes or
gradientsis expected to be proportional to the magnitude of the
CTE mismatch between the substrate and coating materials
(Aw) and inversely proportional to the compliance of the coat-
ing (C); i.e., ¢ = Aa/C. The compliance of a dense coating
depends on its intrinsic elastic modulus as well as microstruc-
ture. From this simple approximation, it can be argued that
a dense mullite coating deposited on a superaloy substrate
generates less residual stress than a dense Al,0, coating
because the low modulus of mullite compensates for its low
CTE vaue. However, mullite’s oxygen diffusivity is expected
to be higher than that of Al,0,.

Eaton and Novak observed that Al,0,, mullite, and MgAl,0,
composites mixed with a metalic phase (CoCrAlY) exhibited
superior oxidative stability to YSZ + CoCrAlY composite
specimens. The observed oxidation behavior was explained
mainly by the relatively low rate of oxygen diffusion through
these oxides. The use of Al,0; as a ceramic constituent for
preparing a graded abradable seal structure recently was
reported by DeMasi-Marcin and Gupta.' In this application, an
abradable seal was graded in multiple steps to provide smooth
transitions going from a metallic bond coat, to Al,O,, to fully
stabilized Y SZ, to partially stabilized Y SZ. Recently, Rumaner
et al.*® reported that an APS coating graded with MCrAlY and
mullite (or A1,0,) was much more crack and oxidation resistant
than conventional dual-layered MCrA1Y/YSZ TBCs, but at the
expense of increased therma conductivity. Therefore, from a
standpoint of matching CTE, providing thermal resistance, and
obtaining strain-tolerant microstructures, Al,0, or mullite is
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Fig.5. Materialscriteriafor designing afunctionallygraded, multilayer coating system for thermal insulation aswell asoxidation resistance.
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same time, the ceramic coating must be chemicaly and
mechanically compatible with its bond coat and substrate as
well as with turbine atmospheres. Meanwhile, the concept of
grading can be used to manage stresses and to increase the
toughness of its metal —ceramicinterfacial region.

Inapractical sense, it appearsthat no single ceramic material
is likely to meet this complex set of criteria. Even if such a
material exists, another important issue is whether strain-
tolerant ceramic microstructures will continue to be needed at
the expense of oxidation performance. Toillustrate this point, a
new class of ceramic materials, commonly referred to as NZPs,
can be considered as a possible aternative material
to YSZ. NZPs are named after their parent composition
(NaZr,P,0,,).** As compared in Table |, the thermal conduc-
tivity of these materials (—1 W/(m-K) for dlip-cast Ca,sSr, s-
Zr,P,0,,°) isessentially lower than that reported for dense, fully
or partialy stabilized Y SZ ceramics (—2 W/(m-K)®). Young's
modulus of the NZP materials also is rather low for a ceramic
(—70GPa),* which is another desired characteristic relating to
coating compliance. The melting point of NZPs is typically
>1800°C. Because of their crystal structure, oxygen diffusivity
in NZPs (both ionic and electronic) is expected to be relatively
low, athough it has not been measured accurately.*® Further-
more, one of the NZP compositions, Ca,;Sr,Zr,P;0,,, has
been found to be resistant to corrosion induced by Na,SO,.*
However, the CTE of NZPsis very low (see Table 1), particu-
larly in comparison to nickel-based superalloys. Also, their
stability in turbine environments (e.g., possible dissociation
into gaseous species containing phosphorus) and compatibility
with respect to the nickel-based aloys are highly questionable.
Recently, Ca,sSr,sZr,P,0,, was air plasma sprayed onto a
nickel-based superalloy with a MCrAlY bond coat.*” Prelimi-
nary isothermal oxidation test resultssuggest that this particular
NZP material reacts substantially with the bond coat at 1000°C
in air after 100 h. This observation suggests that, although the
Ca,Sr,sZr,P,0,, material has some desirable characteristics,
its use asadirect substitute for Y SZ isunlikely.

(4) Rationale for Multilayered Functionally Graded
Thermal Barrier Coatings

Exploring alternative thermal barrier materialsis expected to
be a difficult, time-consuming, and uncertain task because of
the complex materials criteria imposed on candidate materials.
Probably a more pragmatic approach to this challenge is to
incorporate additional layers in the coating structure to satisfy
the multiplefunctionality required for more oxidation resistant,
yet mechanically durable TBCs, as schematically illustrated in
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Fig. 5. One plausible example of this multilayer approach isto
incorporate an oxygen barrier layer that is sandwiched between
the thermal barrier layer and metallic surface. The role of this
interlayer, which can befunctionally graded, isto retard oxygen
transport to the metal surface as well as to avoid the formation
of asharp metal —ceramicinterface.

(5) Oxygen Barrier Materials and Required Morphology

Tablel lists severa ceramic materialsfor consideration asan
oxygen barrier material. ZrO,-based materials (i.e., stabilized
with CeO,, MgO, SrO, etc.) arenot included in Table | because
most of them are good electrolytes and, thus, oxygen conduc-
tors. Table | showsthat Al1,0, and mullite exhibit low oxygen
diffusivity at 1000°C, but their thermal conductivity is higher
than that of YSZ. Other properties, such as CTE and €elastic
modulus, also should be considered because these properties
determine the level of residual and thermal stresses in the coat-
ing and substrate. As a qualitative approximation, the in-plane
residual stress of the coating (u) due to temperature changes or
gradientsis expected to be proportional to the magnitude of the
CTE mismatch between the substrate and coating materials
(Aa) and inversely proportional to the compliance of the coat-
ing (C); i.e., ¢ = Aa/C. The compliance of a dense coating
depends on itsintrinsic elastic modulus as well as microstruc-
ture. From this simple approximation, it can be argued that
a dense mullite coating deposited on a superalloy substrate
generates less residual stress than a dense Al,O, coating
because the low modulus of mullite compensates for its low
CTE value. However, mullite’s oxygen diffusivity is expected
to be higher than that of Al,0;.

Eaton and Novak observed that Al,0,, mullite, and MgAl,O,
composites mixed with a metallic phase (CoCrAlY) exhibited
superior oxidative stability to YSZ + CoCrAlY composite
specimens. The observed oxidation behavior was explained
mainly by the relatively low rate of oxygen diffusion through
these oxides. The use of Al,0, as a ceramic constituent for
preparing a graded abradable seal structure recently was
reported by DeMasi-Marcin and Gupta.' In this application, an
abradable seal was graded in multiple steps to provide smooth
transitions going from a metallic bond coat, to Al,O,, to fully
stabilized Y SZ, to partialy stabilized Y SZ. Recently, Rumaner
et al.*® reported that an APS coating graded with MCrAlY and
mullite (or Al,0,) was much more crack and oxidation resistant
than conventional dual-layered MCrAlY/YSZ TBCs, but at the
expense of increased thermal conductivity. Therefore, from a
standpoint of matching CTE, providing thermal resistance, and
obtaining strain-tolerant microstructures, Al,O, or mullite is
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lessdesirablethan Y SZ. However, becauseof itsability to resist
rapid oxygendiffusion, the use of Al,0, or mulliteasan oxygen
barrier in the intermediate region of a TBC structure can be
effective.

The morphology of such an oxygen barrier layer also was
expected to be important. For example, Strangman* reported
that the presence of a 1 wm thick «-Al,0, interlayer (not
graded) prepared by CVD increased the burner-rig life of a
TBC consisting of EBPVD YSZ and VPS MCrAlY from
15-35 h to 95-143 h a 1150°C with 30 min cycles. The
increased oxidationlife was attributed to the dense morphol ogi-
cal quality and high chemical purity of the a-Al,O, layer pre-
pared by CVD, whichisan atomistic growth process. Also, Sun
et al.* reported that the presenceof a4 pm thick CVD a-Al,0,
interlayer between the APS Y SZ layer and VPSMCrAIY bond
coat layer increased cyclic oxidation life. Therate of bond coat
oxidation was reduced by the presence of the a-Al,O, layer.
Furthermore, in the case of the a-Al,0, interlayer, the forma-
tion of spinels, i.e., Ni(Cr,Al),O,, was not observed at the
scade-Y SZ interface. This suggested that theinitial mechanism
for bond coat oxidation was altered because of the presence of
the a-ALO, interlayer. These studies by Strangman and Sun
et al. suggest that, in terms of improving oxidation behavior,
the morphological quality and chemical purity of the interlayer
are as critical as the thickness and grading of the interlayer.
More recently, Lee et al.’' showed that an aluminide coating
dispersed and graded with small a-Al,0, particles could be
created by CVD. The potential merit of such a graded inter-
facial structureiscurrently being investigated.

IV. Research Needs

The results described in this study suggest that progressin
the development of useful FGM TBC systems generally has
been limited by the selective, high-temperature oxidation of a
metallic phase when it is mixed and graded with the most
commonly used ceramic material, YSZ. This instability is
attributed to both the high oxygen conductivity of YSZ at
elevated temperatures and the presence of extended metal—
ceramic interfaces, as well as microstructural defects, such as
microcracks and porosity, in the graded phase, which alow
rapid oxygen transport. These observations aso illlustrate
that developing a redlistic FGM coating system has to be
approached from a system consideration to satisfy the uncom-
promising set of thermomechanical and thermochemical
requirements. Therefore, although TBC applicationshave been
targeted by many investigatorsas the most immediate place for
the demonstrationof the FGM concept, this study indicatesthat
itisdtill achallenging task.

From this perspective, it seems that the first step toward
validating the FGM TBC concept should be to investigate the
design and creation of a coating structure possessinga multiple
number of metal —ceramicas well as ceramic—ceramicinterface
regions to achieve the desired combination of thermal resis-
tance, mechanical compliance, and oxidation resistance. It is
projected that, when these coating constraints are appropriately
dealt with, the FGM concept then can be fully utilized for
managing peak stresses and increasing interfacial toughness.
Asan example, some prior work indicatesthat theincorporation
of an oxygen barrier layer between the metalic bond coat
surface and Y SZ layer appears to be a promising system to be
further explored. The role of this oxygen barrier layer is to
retard oxygen transport to the metd surface. Also, in principle,
such a layer can be microstructurally and compositionally
graded to avoid the formation of a sharp metal —ceramicinter-
face. The selection criteriafor such an oxygen barrier material
should be based on intrinsic material properties, such as oxygen
diffusivity, CTE, and modulus as well as on the type of mor-
phology that can be created by a particular processing method.

Once the selection of candidate materials and synthesis
methodsis completed for amultilayer TBC system, it would be
a good starting point to conduct thermomechanical modeling,
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processing experiments, extensive characterization, and prop-
erty measurements. This type of comprehensive work is
required to appropriately design and test the validity of the
proposed multilayer FGM concept. Ultimately, the long-term
thermochemical stability of FGM microstructures also should
be addressed.
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