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bstract

irconia and alumina have been successfully incorporated into turbines used for propulsion and power generation. They exert a crucial influence

n the fuel efficiency. The roles of these oxides within the overall system are described, relative to those for the other constituents, and their
ost important properties are outlined. The mechanisms that govern their properties are presented and approaches for adjusting them in desirable

irections are discussed. Opportunities for new materials with potential for superior performance are assessed.
2007 Elsevier Ltd. All rights reserved.
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. The motivation

Oxides are present in turbines used for propulsion and power
eneration. Their benefits are manifest in a substantial increase
n the longevity of various hot section components.1–8 The
echnology demonstrates how oxides can be used to protect
tructural members that experience environmental extremes.
ocumenting the principles that underlie this success facilitates
issemination to other systems. The technology involves choices
f materials and spatial configurations, as well as survivability
pon extreme temperature cycling without loss of functionality.

.1. Materials and configurations

The following considerations have motivated the choice of
aterials and their spatial configurations. The thermal require-
ents are straightforward (Fig. 1). By directing air through

hannels, the structural alloy is internally cooled: with heat
ransfer coefficient determined by the flow rate and the chan-
el geometry. Subject to a combustion temperature, Tgas, and
n external heat transfer coefficient, superposing an external
nsulting oxide allows Tgas to be raised while retaining the

lloy at an allowable maximum temperature. Remarkably, insu-
ating oxides deposited onto geometrically complex structural
omponents, such as airfoils, remain attached for extended peri-
ds despite cycling through an enormous temperature range (in
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xcess of 1200 ◦C) within an oxidizing environment. A single
aterial would be incapable of satisfying these requirements.
he viable solution is an oxide/metal multilayer (Fig. 2). The
uter oxide imparts thermal protection: while the metallic layer
bond coat) affords oxidation protection through the formation
f a second oxide, as well as plastic accommodation of strain.1–8

At the technology inception, the preferred insulating oxide
as determined to be yttria-stabilized zirconia (YSZ), chosen
ecause of its low, temperature-invariant, thermal conductivity9

Fig. 3a). The most desirable phase was ascertained by conduct-
ng laboratory-based thermal cycle tests to seek the composition
ffording greatest durability: that is, the largest number of
ycles before the coating spalls (Fig. 3b).16 The outcome was
wt.% yttria-stabilized zirconia (7-YSZ). This composition is

till used, despite the discovery of lower thermal conductiv-
ty options.4,17–20 It remains the material of choice because
ther properties (especially toughness21–25) are also crucial.
n rotating components, the layer thickness is important. It is
compromise between having sufficient thickness to achieve

he desired temperature drop, yet thin enough to avert exces-
ive inertial loads, due to the extra mass. The outcome is
hickness in the range 100 ≤ Htbc ≤ 250 �m. On stationary com-
onents, such as shrouds and combustors, the mass is less critical
nd much thicker layers can be used. The choice is typically,
00 �m ≤ Htbc ≤ 1 mm.

The principles governing the materials for oxidation protec-

ion are straightforward: albeit with nuanced implementation.
i) A thermally grown oxide (TGO) forms at the bond coat sur-
ace by reaction with the combustion gas. The preferred TGO
hould have the lowest possible oxygen ingress at the temper-
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ig. 1. A schematic of an airfoil and a magnified view of a surface zone with
he TBC and bond coat layers identified. The thermal conditions are defined.

tures of interest (900–1150 ◦C), with correspondingly small
ounter-diffusion of the metallic elements. (ii) The bond coat
hould have sufficient thermo-chemical compatibility with the
tructural alloy that the basic composition, microstructure and
roperties are retained for the expected life of the system. The
ingular solution is an alloy that forms �-Al2O3 upon oxidation.
o achieve this, near its surface, the alloy must contain suffi-
ient Al that the primary oxidation product is, indeed, �-Al2O3
nd, moreover, acts as a reservoir for re-formation of �-Al2O3
hould spallation occur. The common choices are alloys based
n Ni(Al) with various additions (such as Cr, Co, Pt, Y and Hf).
ther requirements are more nuanced. They dictate competi-

ive advantage, through key aspects of system performance and
urability. In practice, three categories of bond coat have been
mplemented, differentiated by the phases present and the alloy
dditions. (a) One category consists of a single �-phase usually
ade by inter-diffusing Al and Pt with Ni adjacent to the surface

f the superalloy.26–28 (b) A second consists of a two-phase, �/�-
lloy, usually deposited onto the substrate by plasma spraying or
B-PVD.29–31 (c) The third is a two-phase �/�′ alloy made by

nfusing Pt (and Hf) into the substrate.32,33 Systems made using
hese bond coats perform differently with durability governed
y different mechanisms.

.2. Performance and durability

To survive extreme thermal cycling the misfit strains between
he layers must be understood and managed.34–39 These strains

rise due to differences in thermal expansion coefficient, as well
s phase transformations and inter-diffusion. They cause resid-
al stresses upon temperature cycling, which activate inelastic
echanisms that, in turn, limit durability. The importance of the

c
c
s
v
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isfit differs for each of the layers. It is least important for the
xternal oxide because this layer need not be dense: it serves
nly to insulate the underlying alloy and does not provide oxi-
ation protection. It is designed with a microstructure having
patially configured porosity that affords low in-plane stiffness
nd strain tolerance.40–44 This strategy cannot be used for either
he TGO or the bond coat: because, to serve their functions,
oth need to be dense (minimal porosity). The TGO misfit can-
ot be independently controlled, but its adverse consequences
an be managed by limiting its thickness. The misfits between
he bond coat and substrate are more nuanced: they occur not
nly from thermal expansion, but also phase transformations39

nd swelling.45 Understanding these misfits, ascertaining their
mportance to system durability, and finding means to control
hem, has been an important research focus.

Ultimately the durability is governed by spalling of the exter-
al insulating oxide, as deduced from components removed
rom engines (Fig. 4). Small diameter spalls can be tolerated,
ecause backside cooling and boundary layer effects still allow
he exposed surface to be protected by the (surrounding) intact
xide. Degradation only becomes a concern after an appreciable
rea fraction of the coating has been removed. Actual spall for-
ation is preceded by smaller cracks that extend and coalesce

long delamination planes located either within the oxide layer
r at the interface between the TGO and the bond coat.

The ensuing article highlights the roles of the oxide con-
tituents. It is organized as follows. The constituent materials
nd their salient thermo-mechanical properties are outlined.
he spectrum of mechanisms governing the performance and
urability of hot section components are described, thereby
lluminating the oxide functionalities. With reference to these

echanisms, the dominant characteristics of the oxides are
iscussed, with associated mechanistic understanding. In turn,
hese mechanisms reveal opportunities for new research on
xides that might further enhance the fuel efficiency.

. The constituents and their thermo-mechanical
roperties

The requirements imposed on each layer (Fig. 2) dictate the
onstituent property attributes. In current implementations, the
tructure and composition of the substrate and the insulating
xide are largely fixed. Options exist for the bond coat, which
ffect the formation of the ensuing TGO.

.1. Insulating oxide

The thermal expansion coefficient of this layer, αtbc, is
ppreciably lower than that for the substrate, αsub: the dif-
erence is about, αtbc − αsub ≡ �αtbc ≈ −3 ppm/K. To prevent
pontaneous delamination due to this misfit, the in-plane mod-
lus of the layer, Etbc, must be controlled, as illustrated by
he following simple argument. At the highest temperature,

reep in the YSZ causes it to become stress-free. Subsequent
ooling induces residual stress through the thermal expan-
ion misfit. If the YSZ were fully dense (Etbc = 200 GPa,
tbc ≈ 0.2), for a typical value of the average temperature
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Fig. 2. An exploded view of the tri-layer thermal barrier system indicating the functionalities of each of the layers. Cross sections of actual systems are included.
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ig. 3. (a) The thermal conductivity of several insulating, ternary oxides as a
unction of temperature.10–14(b) A binary phase diagram for the ZrO2–YO1.5

ystem showing the phases expected.15 A line representative of the cyclic dura-
ility is superposed.16

rop (�T ≈ 1100 ◦C), the residual stress at ambient would
e, σR ≈ Etbc�αtbc�T/(1 − vtbc) ≈ −0.8 GPa. For thickness,
tbc ≥ 100 �m, the stored energy/area, Utbc ≡ σ2

RHtbc/2Etbc ≥
60 J/m2, would substantially exceed the mode I toughness
Γ tbc ≈ 45 J/m2 for 7-YSZ23), rendering the system prone
o spontaneous delamination.22 To obviate this problem,
eposition methods have been developed that create a non-
ense microstructure with appreciably lower in-plane modulus,
tbc ≤ 50 GPa.40,41 In this modulus range, the stored energy
ecomes of order the toughness (typically, Utbc ≈ 45 J/m2 for
tbc = 150 �m), enabling implementation. The columnar struc-

ure developed by EB-PVD is especially effective.42
.2. Bond coat

The relationships between the properties of the bond coat and
ystem durability are much more nuanced, because of the highly

s
s
e
a
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on-linear interplay with the substrate and the TGO.36,37 The
ideal” bond coat would have the following attributes: (i) resis-
ant to inter-diffusion with the substrate, (ii) minimal strain misfit
ith the substrate (based on thermal expansion, phase transfor-
ations and minimal inter-diffusion-induced swelling) and (iii)

igh creep strength with adequate ductility. All of these pref-
rences cannot be realized simultaneously. The challenge has
een to identify those attributes having the greatest importance.

.3. Thermally grown oxide

The characteristics of the TGO are controlled largely by the
ond coat microstructure and microchemistry, but modulated
y impurities, water vapor and dopants. Upon initial oxida-
ion, transient phases of alumina generally form. Later, these
onvert into �-Al2O3.46–53 The bond coats used in practice
evelop this phase at a relatively early stage within the cyclic
ife, minimizing adverse influences of the phase transforma-
ion on durability. As the �-Al2O3 layer grows, it develops a
mall (but significant) compressive stress.54,55 Upon cooling,
he compression increases dramatically, due to thermal expan-
ion misfit with the substrate: αtgo − αsub ≡ �αtgo ≈ −7 ppm/K,
uch that σtgo ≈ −4 GPa at ambient.56–58 Consequently, even
hough the TGO may be relatively thin at the end of the
yclic life (htgo ≈ 6 �m), the energy stored/area is quite large,
tgo = σ2

tgohtgo/2Etgo ≈ 80 J/m2 and contributes substantially
o the potential for delamination at the TGO/bond coat interface
Fig. 5).

.4. Interfaces

While interfaces between metals and oxides involve funda-
entally strong (covalent and ionic) bonds,59–61 their adhesion

an be compromised by minor impurities (S is especially
etrimental).61 To inhibit such degradation, there has been a
ong history in the industry of systematically lowering the S
evel in superalloys, as well as using selected alloy additions (Y,
t, Hf, etc.) to tie-up remnant S.

. Mechanisms limiting the durability of hot section
omponents

An early challenge in the implementation of thermal barrier
ystems was the difficulty in realizing laboratory tests that repro-
uced the conditions that arise in an operating turbine. Furnace
ycle and burner rig tests were widely used, but the spalling
echanisms were not always representative of those found in

irfoils, shrouds or combustors removed from actual engine
ervice. As the body of information acquired on components
ccumulated, this concern became less problematic. A remain-
ng issue is the merit of purported failure mechanisms presented
n the literature, obtained on specimens tested in a laboratory

etting. To eliminate the concern, each of the mechanisms pre-
ented below has been carefully scrutinized and correlated with
ngine experience. Namely, the mechanisms are those that the
uthors deem reproducible and verifiable, on the basis of engine
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ig. 4. A summary of the various mechanisms that can cause spalling of the TBC
he constituent layers upon thermal cycling. The extrinsic mechanisms are dete
ervice that contains various spalled regions.

xperience. They reside within two basic categories: intrinsic
nd extrinsic (Fig. 4). Those in the intrinsic category are not
specially sensitive to the presence of a thermal gradient in the
omponent and vice versa. The intrinsic category is character-
zed by a group of mechanisms that arise because of the strain

isfits associated with the constituent materials. These mecha-

isms can often be reproduced in well-executed furnace cycle
nd burner rig tests. The failures are ultimately manifest as spalls,
sually present in hot sections. In systems with EB-PVD coat-

ig. 5. The energy release rates for delamination along either the TGO/bond
oat interface, as a function of TGO thickness, or internally, within the TBC.
lso shown is an estimate of the mode II toughness of the interface.
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rbine airfoils. The intrinsic mechanisms are governed by strain misfits between
d by external factors. Also shown at the left is an airfoil removed from engine

ngs, three different intrinsic mechanisms have been identified,
ifferentiated in terms of the surface exposed by the spall. (i) One
echanism exposes zirconia and some alumina on both delami-

ation surfaces. Cross sectioning indicates that it is accompanied
y rumpling (or ratcheting) of the TGO, manifest as undula-
ions that, locally, penetrate into the bond coat (Fig. 6).62–64

his mechanism arises primarily in systems with �-phase bond
oats. (ii) A second exposes the bond coat, with periodic islands
f TGO and some entrained zirconia. The bond coat exhibits
mprints of the grains in the TGO, suggesting brittle failure
y loss of adhesion at the metal/oxide interface. Cross sections
ffirm that the failure occurs primarily by delamination along the
nterface, with local extension through thickness heterogeneities
n the TGO (Fig. 7).31 (iii) A third exposes the bond coat,
ut now with superposed features indicative of voids formed
t longer times.65 All intrinsic mechanisms have a characteristic
GO thickness, hcrit, at the incidence of spalling. However, hcrit
epends on the bond coat composition and microstructure, as
ell as the thermal cycling history. In itself, it is not an useful
etric for characterizing failure across a range of bond coats

nd cycling scenarios. The extrinsic category cannot be repro-
uced in furnace cycling or conventional burner rig tests. The
echanisms include damage induced by particle impact (ero-

ion and foreign object damage),66–69 delaminations enabled
y the penetration of deposits of calcium–magnesium–alumino-
ilicate (CMAS) formed from the ingress into the engine of sands
nd dust in the atmosphere70–72 as well as those introduced by
hermal gradients.21 All are dominated by the microstructure
nd properties of the insulating oxide. The manifestations in

urbine hardware are as follows. Foreign object damage (FOD)
s apparent as spalls at the leading edges of airfoils. Less severe
article impacts cause the gradual thinning of the TBC, by ero-
ion: also in the vicinity of the leading edges. CMAS damage
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ig. 6. (a) A large-scale buckle in a TBC coating with a ridge crack along the

op. This buckle initiated at the upper-free edge. (b and c) Cross sections away
rom the buckle revealing the development of multiple (small) cracks in the TBC
bove the TGO.

s found in the hottest sections of airfoils, especially along the
ressure surface, and in shrouds. Once molten, the CMAS is
vident through a yellow coloration associated with transition
lements (such as Fe and Mn), in the deposits. The mechanism
perates in the presence of a thermal gradient that plays a dual
ole.21 (a) It enables the CMAS (once molten) to penetrate to a
pecified depth into the oxide. (b) It causes the surface to experi-
nce residual tensile stress upon cooling.72 In turn, these stresses
rovide the energy release rate, G, that enables internal delami-
ation (substantially elevated by the increase in stiffness caused
y CMAS penetration). Because it has not yet been possible
o adequately duplicate these mechanisms in laboratory scale

ests, the mechanistic understanding has been based on obser-
ations and measurements made on components removed from
ngines. The implementation of new testing facilities will rectify
his shortcoming.
eramic Society 28 (2008) 1405–1419

The pre-eminent influences of the oxide constituents emerge
n the context of the foregoing mechanisms. The alumina influ-
nces all of the intrinsic mechanisms. When the spalling is
ictated by rumpling of the TGO, three of the most important
nfluences are attributed to the alumina: (a) its thickening rate,
b) the magnitude of the stress induced as it thickens and (c) the
hermal expansion misfit with the substrate. Small values of all
hree are most desirable. The microstructure and properties of
he insulating layer have greatest influence upon the extrinsic
echanisms. The salient properties include: (a) the toughness,

b) the yield strength at high temperature, (c) the in-plane mod-
lus and (d) its densification rate. The incidence and extent of all
f the cracking and delamination mechanisms scale directly with
he toughness. Indeed, a central attribute of 7-YSZ is its rela-
ively high toughness. The yield strength plays a role through the
bility of plasticity to dissipate the kinetic energy from particles
irculating in the turbine that impinge onto the rapidly rotating
irfoils. The modulus affects the level of residual stress induced
s the system thermally cycles because of the thermal expan-
ion misfit with the substrate. In turn, the modulus is affected
y the microstructure, established by the method of deposition,
nd modified by sintering or CMAS penetration.

. The role of the alumina

.1. Thickening and elongation

Over the thickness range that dominates intrinsic durabil-
ty, the salient phenomena are dictated by the �-Al2O3 phase
ith columnar grain structure (Fig. 8). At the temperatures of

nterest (1000–1125 ◦C), the growth involves counter-diffusion
f oxygen and aluminum along the �-Al2O3 grain boundaries
Figs. 8 and 9).73 The diffusion flux, and hence, the parabolic
ate constant, is dictated by the grain size of the �-Al2O3 as
ell as by impurities and by dopants that diffuse to the TGO

nd become entrained. While there is a wealth of empirical data
n this topic, the fundamentals remain elusive. Two issues are
ritical:

(i) Phase transformation from amorphous alumina (formed
during initial stages of heating) through various transient
polymorphs to the stable �-Al2O3. The rate of transfor-
mation determines the nucleation rate of the stable phase,
as well as its lateral growth rate. In turn, this determines
the grain size of the �-Al2O3, thereby controlling the sub-
sequent thickening rate (as oxidation proceeds by grain
boundary diffusion). The �-Al2O3 forms by means of a
nucleation and growth process. Understanding the role of
certain dopants on this process is important because (a) Cr
is always incorporated for corrosion resistance and (b) rare
earths such as Hf and Y are used to control interface adhe-
sion, as well as the rumpling propensity (discussed below).
It is known that doping with Hf and Y retards the growth

rate of the �-Al2O3 once nucleated. This benefit happens
because these large cations are soluble in gamma and theta
but not in alpha, causing them to be rejected from the grow-
ing �. Consequently, the interface cannot advance into the
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ig. 7. Cross sections through a burner rig test specimen comprising an MCrA
egion showing the intact interface. (b) A region adjacent to the spalled zone s
hickness heterogeneity.

metastable phase until the excess solute precipitates, since
the local driving force is insufficient. Conversely, Cr and Fe
(cations soluble in �) accelerate the growth rate: a feature
elucidated by polishing the surface of bond coat alloys with
Cr and Fe oxides and noting preferential growth of alumina
on heterogeneous nuclei created at the polishing features
(scratches, grit-blast grooves, etc.) (Fig. 10). Given these
counteracting influences of the dopants, a compromise in
the relative dopant levels is required. However, because a
quantitative model is lacking, reliance has been placed on
empiricism, with adverse consequences for progress toward
optimal doping strategies.

ii) The relative inward and outward diffusive fluxes along the
grain boundaries in the ensuing �-Al2O3 influences both
thickening and elongation. The grain boundaries governing
these effects are clean and devoid of amorphous interphases
(although sub-monolayers of Hf or Zr can be entrained). The
conventional picture is that, once �-Al2O3 is formed, oxide
thickening is dominated by inward diffusion of O. In prac-
tice, there is a counter-flux of cations,73,74 demonstrated by
using the following protocol. The alloy is oxidized to form
a continuous TGO, which is then polished at an angle, and
re-oxidized. Some of the new oxide forms as ridges along
locations where the oxide grain boundaries intersect the sur-
face (Fig. 9). There are corresponding ridges where the grain
boundaries intersect the interface. Measurement of the vol-
ume of these ridges allows assessment of the relative anion
and cation fluxes (note that, in Fig. 9 the inward and outward
fluxes must be of comparable magnitude). Such measure-
ments reveal that the counter-fluxes depend sensitively on
dopants such as Hf and Y entrained in the grain boundaries

of the growing oxide. The unresolved question is how to
think about the atomic mechanisms of counter-diffusion,
and how this process determines elongation strain. These
fundamentals have not been addressed in the literature.

o
a
a
r

nd coat after thermal cycling to full life. (a) A section remote from the spalled
g that the delamination follows the interface except where it extends across a

.2. The stresses in the TGO

If all of the new �-Al2O3 formed at the interface with the
ond coat, the ensuing volume increase would be accommodated
y upward (rigid body) motion of the prior TGO, obviating a
rowth stress. Instead, the outward counter-flux of Al causes
ome new �-Al2O3 to form at dislocations/ledges along the
ransverse grain boundaries, as well as that formed on the sur-
ace of the TGO (Fig. 9). That formed at the boundaries must be
ccommodated by lateral deformation of the neighboring grains,
ausing a compressive growth stress (Fig. 11). Since �-Al2O3
s susceptible to plastic deformation at the growth tempera-
ure, the stress attains a “steady-state”, wherein the strain-rate
nduced by the growth is balanced by the creep-rate. The mag-
itude of this stress has been measured in situ for the TGO
ormed on several different bond coats. It is measured to be of
rder, σgrowth ≈ −300 MPa54 (Fig. 12). While this stress level
ppears reasonable based on deformation mechanism maps for
-Al2O3 and stress relaxation rates in a typical TGO, it remains

o develop a quantitative model. Moreover, the influences of
ole of dopants on growth strains and relaxations are poorly
nderstood. Upon cooling, because of its relatively low thermal
xpansion coefficient (relative to the substrate) a large in-plane
ompression develops (Fig. 12). At ambient, whenever the TGO
emains planar (no rumpling), the compressive stress is in the
ange, −3.5 < σtgo < −6 GPa, depending on the thermal expan-
ion coefficient for the substrate.58 When rumpling occurs, the
tress diminishes, because of bending and elongation of the
GO.37,57

Rumpling is highly non-linear phenomenon, involving inter-
ctions between the TGO, bond coat and substrate and reliant

n many thermo-mechanical properties of the layers. The inter-
ctions have been unearthed through the development of a code
nd its validation by incisive experiments.36 While the rumpling
ate is strongly influenced by the strain misfits between the sub-
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Fig. 8. (a) Fractured cross section of a TGO illustrating the inner, columnar
p
p
fl

s
a
t

4

i
T
m
I
t

t
a
i
p
a
H
t
u
o
f
h
i
a
(
s
t
o
c
e
i
t
i
r
u
a
w
i
e
t
R
s

5

i
p
a
a
Y
o
e
s
r
(
f
(
s
n
R
u
c
c

ortion of the oxide formed by inward diffusion of O and the outer, equiaxed
ortion formed by outward diffusion of Al. (b) Schematic diagram showing the
ux paths.

trate and bond coat, as well as its creep strength, the TGO is
lso important. From a TGO perspective, the growth stress and
he thickening rate are most influential.

.3. Interface adhesion

When rumpling is suppressed, durability is limited by delam-
nation along the interface between the TGO and the bond coat.

he energy release rate enabling this mechanism (Fig. 5) is com-
unicated to the interface as a mode II (shear) delamination.

n principle, equating the energy release rate to the mode II
oughness of the interface predicts a lower bound on the TGO

(
b
p
t
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hickness that causes delamination (Fig. 5). In practice, this
pproach to predicting the critical thickness has not been real-
zed, because the mode II toughness is a notoriously difficult
roperty to measure. Instead, estimates based on the mode I
nd mixed-mode delamination toughness have been invoked.
owever, these results demonstrate order of magnitude varia-

ions that depend on the presence of segregants and the method
sed to form the interface. Instead of placing reliance solely
n measurements, a simulation scheme that distinguishes the
actors dominating the adhesion (Fig. 13) is being pursued. It
as two basic ingredients. (i) The traction/separation character-
stics during bond rupture at the interface are ascertained using
first principles approach based on density functional theory.

ii) These results are input to an embedded process zone (EPZ)
imulation of interface crack extension that captures the mul-
iplicative influence on the toughness of the plastic dissipation
ccurring in the bond coat. In general, the traction/separation
urves are found to depend on the termination plane (stoichiom-
try) of the �-Al2O3, as well as the presence of dopants and
mpurities. For �-Ni(Al) alloys, the termination has been ascer-
ained to be a mix of stoichiometric and Al-rich. The former
s the least adherent (Fig. 14). Moreover, when present, S seg-
egates to this interface and further decreases the adhesion (by
p to 70%), because the interfacial covalent-ionic Ni–O bonds
re replaced with weaker ionic-covalent S–Al bonds. Doping
ith Hf obviates the detriment, especially when it segregates on

nterstitial sites (HfI) (Fig. 14), because Hf–Ni and Hf–O bonds
ffectively knit the surfaces together. When integrated (Fig. 13),
hese results establish a rationale for designing tough interfaces.
ecall that Hf has the additional benefit that it affects the creep

trength of the TGO when it segregates to the grain boundaries.

. The insulating oxide

Beyond the basic requirement that the thermal conductiv-
ty be low and (preferably) temperature invariant, the following
roperties are critical to system performance. Toughness affects
ll of the extrinsic mechanisms. Remarkably, the range realiz-
ble among all (non-fibrous) oxides is fully encompassed by
SZ across the composition range between cubic and tetrag-
nal (Fig. 15).22 The cubic materials (c-ZrO2 → 20-YSZ) are
xceptionally brittle (toughness, Γ ≈ 6 J/m2), while partially
tabilized tetragonal materials (t-ZrO2 → 3-YSZ), which expe-
ience a martensitic transformation to the monoclinic phase
m-ZrO2), are among the toughest (Γ > 300 J/m2). The trans-
ormation mechanism is inapplicable for two related reasons.
a) It is thermodynamically forbidden at elevated temperatures,
pecifically those above T0(t/m) (Fig. 16a), wherein there is
o driving force for the partitionless t → m transformation. (b)
epeated cycling across the T0(t/m) results in disruptive vol-
me changes every time the t-ZrO2 transforms to m-ZrO2 on
ooling and regenerates upon heating, with concomitant micro-
racking. Compositions within the non-transformable tetragonal

t′) phase field, bound by the compositions for which T0(t/m) is
elow ambient and T0(c/t) is below the maximum operating tem-
erature, provide the best performance. Because tetragonality
ypically decreases with increasing dopant content75 the pre-
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Fig. 9. Illustration of the same area of an alumina TGO on re-oxidation after smoothly polishing the TGO formed in the first oxidation step. New oxide forms along
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he grain boundaries of the initially formed TGO and the amount increases wit
rain boundaries leading to a thickening of the oxide above and below the oxide
hinner as indicated by the arrows.

erred compositions within this range are those at the lower
nd, pre-eminently exemplified by 7-YSZ. Typically, the mode
toughness is in the range, 40 < Γ < 50 J/m2 23–25,76: sufficient

o prevent spalling after manufacturing and to suppress large-
cale delamination when exposed to thermal gradients. Such
ompositions are ferro-elastic.77–79 Upon crack extension, dissi-
ation occurs through the formation (or switching) of nano-scale
omains, resulting in toughening that scales with the tetrago-
ality, c/a, and the coercive stress.23,24,77–79 The concept that
he tetragonality governs the toughness of tetragonal oxides has
ed to the development of new compositions with appreciably
igher toughness than 7-YSZ.24,25,80 The most prominent exam-
le resides within the ZrO2–YO1.5–TiO2 ternary phase field
Fig. 16), having toughness, Γ ≈ 90 J/m2 24 (Fig. 17). Modu-

us. Given that the in-plane modulus of the layer is so important,
t is remarkable that measurements are still sparse. The only
omprehensive results are those published by Johnson et al.40

alues in the range 20 < E < 40 GPa (compared with 200 GPa for

w
c
m
a

her oxidation. Schematic of the counter-diffusion of O and Al along the TGO
her side of the boundary. In between grain boundaries, the oxide is significantly

ense 7-YSZ) are representative: consistent with a microstruc-
ure comprising columns bonded at periodic attachment sites.
ielding. The ability of the layer to yield when impacted by for-
ign objects in the engine is a significant attribute. The plastic
esponse upon impact at high temperature is reflected in the rel-
tively low yield strength of 7-YSZ above 900 ◦C (Fig. 18a).
he associated plastic dissipation serves to absorb much of the
inetic energy from the impact and thereby, diminish the ampli-
ude of the elastic waves that propagate through the layer.21 Also
f interest is the role of yielding in the development of kink bands
n systems having columnar microstructure (Fig. 18b). The plas-
ic bending of the columns is apparent, as well as the incidence
f cracks wherever the bending induces large tensile strains.68,76

As engine temperatures continue to increase, two factors

ill inevitably limit the capability of 7-YSZ and tetragonal

ompositions derived from it. One limitation arises from the
etastable nature of non-transformable t’ phases, since the

mount of solute required for non-transformability typically
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Fig. 11. A schematic indicating the elastic compression of the TGO grains
needed to accommodate the formation of new alumina at the internal grain
boundaries.
ig. 10. Illustration of preferred nucleation of alpha-alumina islands on hetero-
eneous sites, such as scratches, on the alloy surface. Optical micrographs.

xceeds the solubility limit for most viable stabilizers.4 The
mplication is that all these compositions have a durability ulti-

ately limited by the partitioning of the supersaturated t’ into
he equilibrium phases, and the potential for undesirable trans-
ormation of the depleted tetragonal phase into monoclinic on
ooling.81–87 Small windows of opportunity exist in ternary
ystems. The composition exhibiting highest toughness resides
n the ZrO2–YO1.5–TiO2 system having a depleted tetragonal
hase that is non-transformable upon cooling.24 An interest-
ng opportunity is presented by the ZrO2–YO1.5–TaO2.5 system
herein the tetragonal field penetrates deeply into the ternary

nd exhibits a regime in which compositions are both immune
o phase separation (up to at least 1500 ◦C) and also exhibit
oughness comparable to (or slightly higher than) 7-YSZ.25 This
ystem has yet to be synthesized in coating form and evaluated
or durability.

A second major limitation of 7-YSZ (and its derivative t’
ompositions) is the degradation by CMAS penetration.71,72,88

are earth zirconates, notably Gd2Zr2O7, offer a solution as they
eact with the CMAS melt and induce its crystallization at tem-
eratures well above the melting point of the original deposit.89

ecause the reaction and crystallization kinetics are competitive
ith that for infiltration, the process effectively seals the surface
gainst further penetration. However, RE zirconates are typi-
ally cubic (pyrochlore or �-phase) and exhibit the same low
oughness as cubic zirconia compositions. Moreover, they are

Fig. 12. An illustration of the stress in the TGO measured in situ in the syn-
chrotron during a single thermal cycle from ambient to 1125 ◦C and back to
ambient.
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Fig. 13. (a) A schematic showing how traction/separation results (right) obtained
from first principles calculations become an embedded process for a crack exten-
sion simulation that captures the multiplicative influence of plastic dissipation
on the interface toughness. (b) The ratio of the toughness to the work of separa-
tion as a function of the ratio of the dislocation-free zone width, D, to the plastic
zone size on the metal side of the interface, R0 ∼ EΓ0/σ

2
Y, with σY the yield

strength and l the plasticity length scale.

Fig. 14. (a) Trends in the work of separation calculated using density functional
theory for both stoichiometric and Al-rich interfaces. (b) The atomic arrange-
m
T

t
a
a
u
a
t
r

6

r
f
i

ents at a stoichiometric interface, with and without dopants and segregants.
he numbers refer to the work of separation on the indicated plane (in J/m2).

hermo-chemically incompatible with the TGO4,90 and require
diffusion barrier to preclude deleterious interactions.90 A suit-
ble diffusion barrier is 7-YSZ, which also provides a tougher
nderlayer to hinder the propagation of cracks originating near
nd above the TGO. Unfortunately, solutions for toughening
he zirconates are not immediately evident, and the challenge
emains to be addressed by future research.

. Research opportunities

From the foregoing synopsis the opportunities emerge for
esearch on alumina and zirconia (and related oxides) that might
urther enhance in the performance of hot section components
n turbines.

(i) Despite decades of research the thickening rate of the �-
Al2O3 (once formed) remains to be understood. There are
dramatic effects of impurities (detrimental) and dopants
(beneficial). The grain size is also important because the

diffusional fluxes occur primarily along the grain bound-
aries. The counter-fluxes of oxygen and Al have yet to be
accounted for in the context of a viable atomistic model. This
is of key importance since the latter are directly responsible
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Fig. 16. (a) ZrO2–YO1.5 phase diagram showing the domain wherein non-
transformable-tetragonal solid solutions are thermodynamically feasible and
favored over the cubic form of the same composition up to 1300 ◦C (hatched
area). (b) Extension of that domain into the ZrO2–YO1.5–TiO2 system. C0(t/m)
i
o

(

ig. 15. The toughness of monolithic ceramics showing the wide range achiev-
ble in the YSZ system.

for the growth stress which, while measurable, has not been
adequately rationalized or predicted.

ii) A basic understanding of the adhesion of the �-Al2O3/�-Ni
interface is progressing. First principles computations based
on density functional theory have demonstrated trends in the
work of separation of the interface, Γ 0, upon segregation of
impurities and dopants, consistent with experimental find-
ings. A scheme for linking Γ 0 to the toughness through
a crack extension simulation is in place: but results are
not yet formalized because of ambiguities regarding the
plasticity length scale for the bond coat adjacent to the
interface.

ii) The toughness of tetragonal oxides has been attributed to
their ferroelastic properties. The dissipation that causes
toughening occurs through nano-scale domain formation
during crack extension, suggestive of a dependence of
toughness on the tetragonality, c/a, and the coercive stress.
An ensuing focus on compositions in the ZrO2–YO1.5–TiO2
system having larger c/a has, indeed, led to a doubling of
the toughness. While consistent with the ferroelastic mech-
anism, direct evidence has yet to be provided. Moreover,

such enhancements suggest that systems with yet larger
toughness compositions remain to be discovered.

iv) Direct measurements of the in-plane modulus of the YSZ
coatings generated by EB-PVD are still sparse. Approaches
s the trace of the T0(t/m) surface at ambient temperature, and C0(F/t) is the trace
f the T0(F/t) surface on the 1300 ◦C isotherm. Adapted from Ref. [24].

that provide further measurements while attached to the
substrate and characterize trends with inter-columnar-
connectivity are merited.

v) Yielding of YSZ contributes significant to its ability
to withstand impact by projectiles at high temperature.
Plastic deformation also participates in kink band devel-

opment during impact. A systematic assessment of the
deformation mechanisms and of trends in yield strength
with composition would facilitate design for impact
tolerance.
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Fig. 17. Trend in toughness with tetragonality for the compositions marked
in Fig. 14b.24 From left: 15.2YO1.5, 7.6YO1.5, 7.6YO1.5–7.6TiO2 and
7.6YO1.5–15.2TiO2.

Fig. 18. (a) The yield strength of 7-YSZ as a function of temperature. (b) A kink
band induced in a columnar material by impressing at 1100 ◦C: note the plastic
bending of the 7-YSZ across the band.
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