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Abstract Interfacial segregants in thermally grown
a-Al,O5 scales formed during high temperature exposure
of thermal barrier coating systems reflect the oxygen-active
dopants present in the bond coating and substrate, such as
Y and Hf. These dopants diffuse outward and segregate to
the substrate-alumina interface and the alumina grain
boundaries. Related studies suggest that these segregants
affect the growth and mechanical properties of the alu-
mina-scale; however, the characterization of segregation in
alumina formed on coated superalloy systems has been
limited. Segregation examples evaluated using analytical
transmission electron microscopy are given from tradi-
tional Pt-modified aluminide coatings and newer Pt
diffusion coatings. Model systems are used to illustrate that
grain boundary segregants on the columnar alumina
boundaries are not because of the reverse diffusion of
cations from the Y,0j3-stabilized ZrO, top coating, and that
interstitial elements in the substrate likely affect the out-
ward flux of cation dopants. The dynamic nature of this
segregation and oxygen-potential gradient-driven diffusion
is discussed in light of observations of substrate dopant and
interstitial contents affecting coating performance.

Introduction

A thermal barrier coating (TBC) system, typically used to
protect Ni-base superalloys in the hot section of turbine
engines, is composed of an oxidation-resistant metallic
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bond coating and a low thermal conductivity ceramic top
coating [1-6]. Deposition and repair of TBCs is a very
profitable business and, therefore, many details are pro-
prietary. Until the past decade, there was relatively little
published information about TBC performance and there is
still very little in the literature about current developments.
For example, few papers discuss the latest Gd,Zr,O,
(GZO) coatings [7, 8] that have lower thermal conductivity
than the more widely evaluated Y,Os-stabilized ZrO,
(YSZ) coatings. Perhaps more importantly than thermal
conductivity, GZO coatings also are attractive as an outer
layer on YSZ because of their resistance to attack from
liquid-phase silicates (the so-called CMAS for calcia-
magnesia-alumino-silicates) in the engine due to ingestion
of particulates such as sand [9, 10].

Since the earliest TBC performance models [2, 5], there
has been a focus on the “weak link” of the TBC system—
the thermally grown alumina scale that forms at the inter-
face between the bond coating and the almost oxygen-
transparent, ceramic YSZ top coating. Particularly, for YSZ
deposited by electron-beam physical vapor deposition (EB-
PVD) on bond coatings with a relatively flat external sur-
face, most failures are observed at the metal-alumina
interface [11]. A thermally grown a-Al,O5 layer is common
to virtually all high-temperature TBC systems because of its
slow growth rate and thermodynamic stability, particularly
in the presence of water vapor in the gas from combustion
[12]. On conventional high-temperature alloys and
NiCoCrAlY-type bond coatings, adhesion of alumina scales
is commonly improved by minor additions of oxygen-active
or reactive element (RE) dopants such as Y or Hf [13-16].
These dopants are commonly found segregated to «-Al,O3
grain boundaries and the metal-scale interface. The segre-
gation is thought to (1) change the scale growth mechanism
thereby lowering the parabolic rate constant by up to an
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order of magnitude [16] and (2) improve scale adhesion by
segregating to the metal-scale interface [15] thereby pre-
venting the detrimental segregation of indigenous sulfur
[17-19]. Dopant segregation on scale grain boundaries has
been observed in Pt-modified diffusion aluminide coatings
where a RE was not added to the coating but diffused from
the substrate [20]. The perceived effect of RE dopants on
oxidation behavior also has changed because it was
observed that RE grain boundary segregants improved the
creep strength of bulk aluminas [21, 22]. Recently, it also
was demonstrated that a RE-doped alumina scale had a
lower creep rate than an undoped scale [23].

The purpose of this article is to provide examples of
interfacial segregation in scales formed on bond coatings
and model systems and discuss the driving force for and
role of interfacial segregation in TBC systems, particularly
in light of recent studies [24, 25] that have found critical
effects of substrate chemistry on TBC performance but
have not investigated segregation or other microchemistry
phenomena in those systems.

Experimental procedure

The superalloy substrates were commercially fabricated and
compositions determined by inductively coupled plasma
analysis and glow discharge mass spectroscopy. Composi-
tions are given in atomic percent. The model substrates used
in this study were cast or extruded at Oak Ridge National
Laboratory (ORNL). Fabrication details of the oxide-dis-
persed FeCrAl alloy are available elsewhere [26]. The
coatings were fabricated commercially or by standard
methods described elsewhere [27, 28]. Isothermal and cyclic
oxidation exposures were performed in dry, flowing O,. The

Fig. 1 a TEM dark field image
of the alumina scale formed
after 20 cycles at 1130 °C on a
commercial TBC on an N5
substrate consisting of a Pt-
modified aluminide bond
coating and an EB-PVD YSZ
top coat. b Hf map from the box !
in (a) showing grain boundary :
segregation
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cyclic tests consisted of insertion for 1 h followed by 10 min
cooling between cycles. For this study, the alumina inter-
faces were primarily characterized using a Hitachi model
HF-2000 transmission electron microscope (TEM) operated
at 200 kV as well as a Philips model CM-200 scanning
transmission electron microscope (STEM) also operated at
200 kV and equipped with an energy dispersive X-ray
(EDX) analyzer. Cross-sectional TEM specimens were
prepared using focused ion beam (FIB) thinning [29]. A W
layer was applied to protect the outer surface of the reaction
product from ion beam damage during thinning.

Results
Segregation in bond coatings

Some examples are given of segregation in the scale
formed on actual bond coatings. Figure 1 shows the alu-
mina scale formed beneath a commercial EB-PVD YSZ
layer with a Pt-modified aluminide bond coating applied to
an alloy N5 (2nd generation single crystal Ni-14Al-8Cr-
7Co-2Ta-2 W-1Re-1Mo-0.05Hf superalloy) substrate after
oxidation for 20 cycles at 1130 °C. The scale has the
typical columnar o-Al,O3 microstructure [15, 16, 30] with
an overlying fine-grained mixed Al,03-ZrO, zone [31, 32]
between the alumina and the YSZ top coating. Figure 1b
shows an STEM/EDX Hf map near the metal-oxide
interface highlighting Hf segregation on the alumina grain
boundary. The N5 substrate beneath the coating contained
only 0.05%Hf. The Hf segregation at the substrate—alumina
interface is not apparent in this map because of the low
level of Hf present in this system. Similar examples of Hf
segregation can be found elsewhere [20, 33]. However, no

-
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Hf segregation was detected in a simple (i.e., no Pt) dif-
fusion aluminide (NiAl) coating on the same N5 substrate
with 0.05Hf [20]. Studies of model alloys have suggested a
synergism between Hf and Pt where Pt lowers the Hf
activity thereby increasing the Hf chemical potential gra-
dient in the substrate and increasing the driving force for
incorporation of Hf into the coating [34]. For Pt aluminide
coatings on superalloys without Hf (i.e., no Hf in the sys-
tem), no cation segregation on the alumina grain
boundaries was reported [35]. However, in that study, both
TEM and Auger electron spectroscopy (AES) were used to
measure S segregation at the metal-scale interface.

Figure 2 shows both Hf and Y segregation with a Pt-dif-
fusion coating [27, 36-39]. This coating initially consisted of
a 7-um thick layer of Pt that was diffused for 2 h at 1175 °C
into an NS5 substrate with Y and no ceramic top coating was
present [40]. The specimen was oxidized for 1,000 1 h cycles
at 1150 °C to form a relatively thick oxide, compared to
Fig. 1. In this case, both Hf and Y were observed as grain
boundary segregants with a much lower level of Ta segre-
gation. This N5 substrate was shown to contain 0.011% Y and
0.043% Hf but 2.1%Ta using inductively coupled plasma
analysis. Thus, the amount of segregation is not proportional
to the substrate concentration.

Segregation of Y also would be expected in MCrAlY-
type (M = Ni, Co) bond coatings where Y is present in the
0.2-0.5% range. However, several TEM studies of this
class of coating have focused on the bond coating chem-
istry [41], oxide pegs [42, 43], or the mixed Al,O5-ZrO,
zone [32, 44, 45] but have not characterized segregation to
the grain boundaries in the columnar alumina portion of the
scale. Similar to MCrAlY coatings, uncoated second gen-
eration superalloys (e.g., alloys N5, 1484, and CMSX4)
form a columnar a-Al,Os; scale underneath an initial or
transient Ni-rich mixed oxide layer [16, 46, 47]. Figure 3
demonstrates that dopants in the superalloy (0.003Y,

Fig. 2 a TEM bright field

0.003Zr, 0.054Hf, 2.11Ta) become segregants on the grain
boundaries. However, as in Fig. 2, the amount of segre-
gation was not proportional to the substrate dopant content,
particularly for Ta, where segregation is not distinct in
Fig. 3e. (The elemental maps in Fig. 3 are not quantitative
but the Hf segregation is clearly stronger than the other
elements.) Earlier work on a similar uncoated N5 substrate
clearly showed Ta segregation on «-Al,O5 grain bound-
aries; however, in that case the oxidation exposure was
100 h at 1200 °C [16]. While Ta has been observed to
segregate to alumina grain boundaries, it is not considered
a strongly beneficial dopant and alone it did not produce
the same benefit as Y or Hf [26].

Segregation in model systems

While examples from real coating systems and superalloys
illustrate that segregation is not a laboratory or model alloy
curiosity, TBC systems are generally so complex that it is
difficult to conduct controlled experiments to elucidate
mechanisms. For example, a model NiCrAlYHT alloy was
made to study the segregation expected on the alumina
grain boundaries in a commercial co-doped (both Y and
Hf) NiCoCrAlY bond coating [14], and it was determined
that there was not a different level of Y or Hf grain
boundary segregation compared with a single dopant
model alloy (i.e., NiCrAlY) [47].

Simple ternary Ni—Al-Hf alloys are easier to characterize
for segregation because other elements are not present that
may have peaks which overlap in the X-ray energy spectra.
Figure 4a shows the scale formed on Ni-34Al + 0.06Hf
after 2 h at 1200 °C. The martensitic structure in this two-
phase (y 4+ /') alloy can be seen in the substrate. Because of
the 34% Al content, this alloy initially formed an outer
NiAl,O4 layer with an underlying alumina layer. One
Ni-rich grain is apparent in the area mapped in Fig. 4b. At

image of the alumina scale
formed after 1000 1 h cycles at
1150 °C on a Pt-diffusion-
coated N5 + Y substrate. The
box in a was analyzed by
STEM/EDX and elemental
maps for b Hf, ¢ Y, and d Ta are
shown
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Fig. 3 a STEM annular dark
field image of the alumina scale
formed on an uncoated N5 + Y ’
substrate after 100, 1 h cycles at
1100 °C. The box in a was
analyzed by STEM/EDX and .

elemental maps for b Hf, ¢ Zr, :

d Y, and e Ta are shown to
illustrate grain boundary
segregation on a grain boundary
near the metal—scale interface

a-Al,O5 scale

(a) N5 (+Y)

Fig. 4 a STEM annular dark
field image of the alumina scale
formed on martensitic Ni—
34.4A1-0.056Hf after 2 h at
1200 °C. The box in a was
analyzed by STEM/EDX and
elemental maps for b Ni and

¢ Hf are shown

this oxidation temperature and Hf content, the Hf map
clearly shows segregation on both the oxide grain bound-
aries and the metal—-scale interface (Fig. 4c). Hf-rich oxide
particles also are present in the alumina layer as well as a
few Ni-rich particles. The outer portion of the alumina layer
also contains numerous voids. Previous studies have asso-
ciated these voids and particles with the phase
transformation of the initially formed, metastable cubic
phase (e.g., 0-Al,03) to the stable o phase [46, 48]. Cubic
aluminas have a higher volume and cation solubility than
o-Al,O; resulting in voids and second-phase precipitates on
transformation.

Model alloys also can help explain some of the com-
position effects observed in superalloys. Recent work
showed an effect of different Hf and C substrate levels on
Pt-modified aluminide bond coating performance [24].
Previous work had shown an effect of the Hf/C ratio on
scale adhesion of model Ni-50Al alloys [49, 50], similar to
the effect of dopant—impurity ratios suggested by Sigler
and Smialek [51, 52]. Figure 5 shows two regions from

mixed transient oxide

Ni-50.1A1-0.048Hf (Hf/C = 1.4) showing the variability in
scale microstructure, likely due to substrate orientation
[53-55]. Figure 5a is a classic example of a thicker scale
near the oxide grain boundary where transport is faster and
thinner scale in the center of a large alumina grain. The
ridge formed above the grain boundary corresponds to the
alumina ridges observed at the gas interface (Fig. 6a).
Figure 5b shows another region where the grains are
smaller, the ridge spacing is closer, and an interfacial void
has formed. Hafnium grain boundary segregation in this
specimen has been reported previously [56, 57].
Increasing the C content in Hf-doped NiAl (49.8%Al-
0.051%Hf) and thereby lowering Hf/C to 0.9 resulted in
several changes. In Fig. 6b, the oxide ridges at the gas
interface increased in height and width, and the spacing
decreased. In the TEM cross section in Fig. 7a, the average
scale grain width was smaller and the gas interface ridge
structure was not apparent in this area. Instead, there was a
layer of fine grains at the gas interface. Hafnium was
weakly detected as a segregant to the alumina grain
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Fig. 5 TEM bright field images
of the scale formed on Ni-
50Al1 + 0.05Hf (Hf/C = 1.4)
after 2 h at 1200 °C. Two
locations showing different
scale microstructures formed

=,

o-Al,O5 scale

L)

>

Ni-50Al+Hf

Ni-50A1+Hf

Fig. 6 SEM secondary electron plan view images of the a-Al,O3;
scale formed on NiAl + Hf alloys after 2 h at 1200 °C a Hf/C = 1.4
and b Hf/C = 0.9

boundaries (Fig. 7b). In other regions, voids were observed
at the metal-scale interface similar to Fig. 5b. However, at
a longer oxidation times, the scale formed on the NiAl with
Hf/C = 1.4 remained flat and adherent (Fig. 8a). In con-
trast, the scale formed on the lower Hf/C ratio NiAl after
the same exposure showed undulations above separations
between oxide and metal which were associated with large
interfacial voids. The degradation in scale adhesion due to
the addition of C has been attributed to a Hf—C interaction
where C reduced the flux of Hf into the scale, presumably
because of the formation of HfC precipitates in the metal
[49, 50]. A similar effect on alumina spallation behavior

@ Springer

was found with Zr and C in Fe-40Al [58]. When Hf/C > 1,
more Hf remains in solution and is more easily incorpo-
rated into the growing scale. To confirm this hypothesis,
more in-depth analytical TEM work is in progress to
quantify the amount of segregation as a function of the
Hf/C ratio in the substrate.

Another issue that was addressed by a model system was
that of segregant source. It could be argued that the YSZ
top coating contains Y, Zr, and Hf (as a naturally occurring
ZrO, impurity). In the presence of a YSZ top coating, these
elements could potentially dope the alumina scale grain
boundaries. However, the dynamic segregation theory
(DST) to explain the role of RE dopants suggests that the
large oxygen potential gradient (OPG) across the scale
prevents the backward diffusion of oxygen-active RE do-
pants [15]. (A role of the OPG was originally suggested by
Cotell, Yurek, and coworkers to explain why ion implanted
Y did not reverse diffuse in Cr,Oj3 scales [59, 60]) To test
the OPG-based theory, a model substrate without Y, Zr, or
Hf was selected, La,O5-dispersed FeCrAl (Fe—20Cr—9Al-
1.10-0.022La) [26]. A coupon of this alloy was coated
with 125 pm of EB-PVD YSZ. It was oxidized isother-
mally for 200 h at 1200 °C to grow a thick a-Al,Oj3 scale.
Figure 9a—c show a grain boundary analysis in the
columnar section of the scale. In this area, no Y, Hf, or Zr
(Fig. 9¢) segregation was detected but La ions (Fig. 9b)
were detected as segregants. In the outer, fine-grained
mixed scale, both La and Zr (Fig. 9d and e) could be
detected on the alumina grain boundaries. However, this
outer layer may have grown by some outward transport that
would intermix the scale and the YSZ coating providing a
source of Zr ions to segregate.



J Mater Sci (2009) 44:1676-1686

1681

Fig. 7 a STEM annular dark
field image of the alumina scale
formed after 2 h at 1200 °C on
Ni—49.8Al-0.051Hf (Hf/

C = 0.9). The box in (a) was
analyzed by STEM/EDX and
the elemental map for Hf is
shown in (b)

Fig. 8 SEM secondary electron plan view images of the a-Al,O3
scale formed on NiAl + Hf alloys after 100 h at 1200 °C
a Hf/C = 1.4 and b Hf/C = 0.9

A general conclusion from model systems is that it is
difficult to quantify the amount of segregation on scale
interfaces and compare between systems because, as in
bulk o-Al,O3, the amount of segregation is a function of
the dopant type and exposure temperature [61]. A further
complication in the analysis of scales is that the amount of
segregation is dependent on the location (depth) in the
scale and the time of exposure. For example, Fig. 10 shows
an example of Y and Zr segregation in the alumina scale
formed on Y,0;3-dispersed NizAl (22.1%Al-0.06Zr—
0.56Y) beneath an outer Ni-rich oxide [62]. Similar vari-
ations have been observed in other systems [63].
Segregation on grain boundaries also can change as a
function of oxidation time [64]. As the dopant diffuses
outward into the scale, the boundaries can become

supersaturated with segregant near the gas interface and a
dopant-rich oxide particle (e.g., Y3AlsO, or HfO,) can
nucleate at or near the gas interface. After nucleation, the
amount of segregant is reduced as the nearby particle
becomes a sink for further segregants that diffuse to the gas
interface [64]. Dopant-rich oxide particles also form due to
internal oxidation and become incorporated into the inward
growing alumina scale [65]. Therefore, there can be dop-
ant-rich oxides throughout the scale. Deeper in the scale,
these oxides likely act as sources for segregant ions (rather
than as sinks when near the gas interface), similar to RE-
rich oxide dispersions in alloys being a source for dopant
ions in the scale.

Discussion

These examples of segregation at alumina interfaces have
attempted to illustrate that interfacial segregation is a
ubiquitous observation in RE-doped alumina scales, both in
model systems and commercially made TBC’s, and that
there is a significant level of complexity to this phenome-
non. Interfacial S segregation was not mentioned in these
observations because RE segregation appears to preclude S
segregation which is typically found in undoped systems,
particularly at the metal-scale interface [19, 35, 66, 67]. A
review of S segregation observations was recently pub-
lished [68]. While dopant grain boundary segregation was
first hypothesized 30 years ago [69], it took several years
before TEM/EDX observations began confirming dopant
segregation on scale grain boundaries [70, 71]. Another
decade passed before interfacial segregation at both scale
grain boundaries, and the metal-scale interface was placed
in the more complete DST context of dopant ions not as
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Fig. 9 Alumina scale formed
on EB-PVD YSZ-coated La,Os5-
dispersed FeCrAl after 200 h at
1200 °C (a) shows the columnar
section of the scale and maps
(b) and (¢) indicate La but not
Zr segregation in box in (a). On
an alumina grain boundary in
the Al,O3-YSZ mixed zone,
both (d) La and (e) Zr

metal interface
(epoxy)

segregated
0.08
ODS NizAl, 1200°C

0.07

006y V V Y/Al
o
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Fig. 10 Plot of grain boundary segregation as a function of depth in
the a«-Al,Oj3 scale for ODS NizAl after oxidation for 40 h at 1200 °C
[after data from 62]

stagnant segregants (as in bulk ceramics) but as diffusing
species driven by the OPG to move from the substrate to
the scale—gas interface [15]. This theory clearly explained
why RE-rich coatings and RE ion implantation have a
limited effect [72], because they cannot provide a contin-
uous flux of RE dopant to the metal-alumina interface and
alumina grain boundaries. Since the proposal of DST, no
alternative mechanism for the RE effect or contradictory
experimental evidence has been published.

The basic aspects of interfacial segregation in thermally
grown alumina are similar to grain boundary segregation in
bulk «-Al,O5. Based on McLean [73], segregation can be
related [61] to the misfit strain energy such that for
segregants with an ionic radius, s, similar to the ionic
radius of Al, ra;:

@ Springer

1n(Cgb/Clat) ~ (rseg - rAl/rAl)z (1)

where Cg, and Cy, are the concentrations of the segregant
on the grain boundary and lattice, respectively. Li and
Kingery [61] matched their bulk alumina grain boundary
segregation data to this relationship. The relationship could
not be applied to Zr and La because they were not detected
by STEM/EDX in the lattice (i.e., Ci,~0) after annealing
at 1775 °C. A Cjy value of 0.0009 was determined for Y
after annealing at 1575 °C [61]. The importance of
annealing temperature is that higher temperatures should
decrease the amount of segregation because the strain
energy driving force should decrease as the dopant is more
easily accommodated in the lattice. (This argument
assumes a relatively rapid cooling rate that fixes the dopant
distribution.) Thus, Cg/Ciy was 27 for Y at 1575 °C and
5.6 at 1800 °C. Cation valence did not strongly affect
segregation except for Tit* where a space—charge effect
was hypothesized [61].

Comparing segregation data for bulk and thermally
grown alumina is difficult because of this temperature
effect on segregation. To make an appropriate comparison,
Zr segregation levels in alumina scales [64] were compared
to Zr segregation on Al,O3;—Al,O5 grain boundaries found
in Al,O3—ZrO, bulk ceramics as a function of annealing
temperature (Fig. 11). All of the specimens were air cooled
after withdrawing from the furnace. The segregation values
(in this case the peak Zr/Al intensity ratio at the interface as
Clac~ 0) decreased with annealing temperature for the bulk
Al,03—ZrO, specimens and were consistent with the Zr
segregation level reported by Li and Kingery [61]. The
segregation levels in the thermally grown scales did not
follow the same temperature trend. The reason is attributed
to a critical difference between bulk and thermally grown
alumina. The bulk specimens follow equilibrium segrega-
tion behavior in alumina with a fixed dopant content. In the
scale, the grain boundaries are not just segregation sites to
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Fig. 11 Segregation of Zr to alumina—alumina grain boundaries as a
function of annealing for bulk ceramics* or oxidation temperature for
scales [64]. Results from Zr-doped Al,Oj3 also are included [61]. Bars
show standard deviation of ~6 measurements. *Data from unpub-
lished work of B. A. Pint and K. B. Alexander, Oak Ridge, TN (1997)

relieve strain energy but also a diffusion path. An additional
driving force besides strain is affecting segregation in
scales: the OPG. Oxygen-active RE dopants can lower their
free energy by diffusing from the metal into the oxide all the
way to the highest oxygen potential at the gas interface.
Thus, the oxidation temperature not only affects how much
segregant is present on the scale grain boundaries because
of strain energy but also affects the amount of dopant in the
scale due to the outward dopant flux into the scale. This is
particularly important at lower oxidation temperatures. At
1500 °C, the outward flux of dopant is sufficiently high that
ZrO, particles nucleate and grow at the gas interface (e.g.,
Fig. 12a), their volume increasing with oxidation time [64,
74]. In this near-equilibrium case, the Zr segregation is
similar to that formed in a bulk ceramic. In contrast, for
oxidation at 1000 °C the Zr segregation value was low

Fig. 12 a SEM secondary
electron plan view image of the
gas interface of the alumina
scale formed on HfO,-dispersed
NiAl after 4 h at 1500 °C
showing the HfO, particles that
nucleate and grow. b
Quantification of the HfO,
particle volume formed after 4 h
at 1500 °C on three different
Hf-doped NiAl alloys

(Fig. 11) because only a small flux of Zr was present in the
scale after 50 h, with few ZrO, particles. A measurement
after 5,000 h at 1,000 °C would likely find a higher level of
segregation as more Zr diffused into the scale. The opposite
behavior was found after a 1 h exposure at 1400 °C where
the Zr/Al measurement was extremely high because the
grain boundaries were supersaturated at the point where
nucleation of ZrO, particles occurred at the gas interface of
the scale [64]. A longer exposure at 1400 °C would likely
yield a lower amount of segregation, closer to the equilib-
rium segregation value. Thus, the reason for segregation in
scales is not unrelated to strain energy, that driving force
moves the dopants to the boundaries rather than the lattice.
However, a second driving force, the OPG, is involved
which affects the dopant concentration in the scale and
makes the segregation time dependent—a dynamic aspect
to the segregation. By selecting appropriate oxidation times
at each temperature, the scale segregation values in Fig. 11
would likely move closer to the equilibrium behavior.

As to which alloy dopants segregate, the list is very
similar as those that segregate in bulk alumina [61].
However, dopants that are less oxygen active than Al, in
particular Mn and V, were not found as grain boundary
segregants when added as a dispersion (MnO and VN) to
FeCrAl [26]. It was argued that those elements with an
oxygen affinity lower than Al were not incorporated into
the oxide and were not affected by the OPG. Therefore,
they did not segregate to scale grain boundaries as they
were observed to do in bulk alumina [61].

Beyond the issue of which elements segregate is the
more relevant question of which elements produce the RE
benefit on alumina growth and adhesion, i.e., which dopants
are effective segregants. Again, the previous study on oxide-
dispersed FeCrAl [26] provides the best indication that a
number of small cations (e.g., Mg, Ti, Ta, Nb) segregate but
do not confer as significant a benefit as larger cations (i.e.,
high rg,). Therefore, simply segregating to the grain

0.05 Hf
metal

0.4 Hf
metal

Particle Volume/Area (um)
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boundaries is not sufficient to produce the beneficial effect.
Based on the examples and literature cited above, the most
well-known effective dopants are all large ions: Y, Hf, Zr,
and La. Hafnium is the most recent addition to that list with
work emanating from the screening studies of Doychak [75]
and the coating studies on Hf-containing superalloys of
Streiff and coworkers [76]. The relative benefit of RE do-
pants on alumina scale growth or adhesion does not scale
with ion size as was observed for RE dopants on the growth
rate of the Cr,0O3 scale formed on oxide-dispersed Ni-25Cr
[77]. However, the relative benefit of similar dopants on
lowering the creep rate of bulk alumina is not simply a
function of ion size but a more complex relationship with
the atomic bonding at the grain boundary [22]. Thus, cation
size is not the sole criterion for determining effectiveness
but does give some indication.

The examples above also introduced the effectiveness of
co-doping or using multiple RE dopants to improve oxi-
dation behavior [14, 47, 78, 79]. There is a similar analogy
in bulk ceramics with combinations of elements such as Nd
and Zr having an additional beneficial effect on creep
strength [80]. In alumina scales, the co-doping benefit does
not appear to be related to the amount of segregation [47].
Rather, the alloy co-doping strategy for oxidation resis-
tance allows replacing Y in the alloy with Hf and/or Zr.
The significance of this replacement is that Y is virtually
insoluble in Fe- and Ni-based alloys and tends to form
Y-rich precipitates on the grain boundaries. (This low
solubility is a key reason for the thermal stability, i.e., low
coarsening rate, of Y-containing oxide dispersion
strengthened alloys [26].) These Y-rich metallic particles
tend to internally oxidize forming Y—AIl oxides such as
Y3Al50;, that allow more rapid O transport than does
a-Al,03, thereby increasing the rate of oxidation and pro-
moting deeper internal oxidation [78]. In single crystal
superalloys, Y additions also attack the casting molds and
are only tolerated at low (5-50 ppm) levels [81]. At these
low levels, Y is ineffective as a single dopant. Therefore,
pairing Y with a more soluble dopant is an effective
strategy. Additions of Hf and Zr alone are not as effective
as when combined with Y [78]. A unique aspect of Y may
be its interaction with S [18, 19]. Sulfides of Hf and Zr are
not as stable as Y sulfides [51]. This may explain why the
Y/S ratio is a critical factor [51, 52, 78], although the
importance of this relationship also may be related to the
potential for segregation of both elements at the metal—
scale interface [15] rather than a gettering mechanism [18].

There is a general issue about the role of interstitials
(most importantly S, but also C, P, etc.) and their interaction
with dopants that has been recognized for the last 20 years
[51]. The recent work showing the effect of Hf and C
superalloy content on coating performance [24] illustrated
that dopant-interstitial effects need to be broadly considered
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beyond just S and the gettering mechanism. One aspect of
the results for model Ni—Al-Hf-C substrates presented in
Figs. 6, 7, 8 is that varying the Hf/C ratio in these materials
did not eliminate the Hf benefit but did reduce it. This
suggests that a more sophisticated argument than getter-
ing—Hf tied up as HfC—is needed. Previous work
comparing Hf and HfO, additions in NiAl [74] clearly
demonstrated that when Hf was added as HfO,, there was a
reduction in the HfO, particle volume at the gas interface
that formed due to the outward diffusion of Hf through the
scale during oxidation for 4 h at 1500 °C, Fig. 12. (The
other interesting result was that the HfO, volume was not
strongly affected by the amount of Hf metal added to the
alloy, Fig. 12b.) As mentioned previously, a similar effect
may occur when more HfC forms due to higher C levels in
the substrate, i.e., lower Hf/C. The C addition likely reduced
the Hf outward flux and thereby makes the Hf addition less
effective. A similar interaction likely occurs for low levels
of Y and S. In this dynamic system, a reduction in mobility
is critical. Therefore, awareness of the dopant-interstitial
ratios is another critical factor, particularly when mini-
mizing the RE content of the system.

Considering the current understanding of dopant and
interstitial effects on alumina scale adhesion, one of the
unresolved issues is the observed effect of small RE dopant
additions [81] and very low S levels in the superalloy on the
performance of TBC lifetimes particularly with MCrAlY
bond coatings. In the case of diffusion aluminide coatings,
there is no RE added to the system other than that present in
the superalloy. Even with Pt in an aluminide coating, the RE
benefit appears to be much more significant than the Pt
benefit [16]. The addition of Pt only affects adhesion and
does not slow the alumina growth rate. Therefore, scale
growth and adhesion on aluminide coatings should be more
affected by superalloy composition as has been observed in
several studies [20, 24, 25, 38, 82, 83]. However, in the case
of MCrAlY coatings, which generally contain 0.05-0.5%Y,
there should be a larger quantity of Y in the coating than S
or dopant atoms in the substrate. Modifications of CMSX4
reportedly had a combined Y + La content of 5 ppmw [81].
Even with a large coating:substrate ratio of 1:50 (e.g.,
40-um coating on a 2-mm thick turbine foil substrate) there
should be more Y in the coating than in most superalloy
substrates, and enough Y to counteract a few ppm S in the
substrate. However, the limited experimental evidence in
the literature suggests that substrate composition has dra-
matic effects on TBC lifetime with MCrAlY bond coatings
[81-83]. The dynamic aspect and role of interstitials needs
to be considered in this case, as shown schematically in
Fig. 13. If the bond coating is losing Y because of its out-
ward flux into the scale (Jrge)) and internal oxidation of Y
(i.e., oxide peg formation [42, 43]) also reduces Y mobility,
the coating may effectively run out of Y during service [84].
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Fig. 13 Schematic of diffusion fluxes in a generic TBC system.
Interdiffusion occurs between the superalloy substrate and the
metallic bond coating. Oxygen readily diffuses through the yttria-
stabilized ZrO, (YSZ) top coating. The oxidation reaction to form
alumina primarily involves the inward transport of O with a minor
contribution of Al outward transport. Equilibrium at the alumina—
substrate interface requires a very low partial pressure of O,, and thus
a very high oxygen potential gradient which is the driving force for
diffusion of oxygen-active or -reactive elements (RE) from the
substrate

At this point, S diffusing from the substrate through the
coating (Js(sx)) could affect the alumina adhesion but a flux
of RE dopant from the substrate (Jrg(sx)) could continue to
dope the coating and supply dopant to the alumina scale. The
test of this hypothesis will be to look for a unique superalloy
dopant such as La in the alumina scale when an MCrAlY
coating was used. This hypothesis of dopant depletion was
developed to explain the effect of MCrAlY coating thick-
ness [84] and also the effect of substrate thickness on the
oxidation behavior of alumina-forming alloys [85].

A better understanding of dopant effects and quantifying
the amount of segregation is needed not only to improve the
performance of current TBC technology but also to assist in
the development of the next generation of alloys and coat-
ings. Development efforts for next generation alloys,
whether they be higher performance or lower cost, need
guidance on the optimization of minor alloying additions.
Perhaps a performance breakthrough will occur because of
a different dopant element or a new combination of dopants.
These efforts may be assisted by computational methods
which are now being used to study segregation and inter-
faces [86, 87]. However, these models need to be based on
the correct driving forces in order to provide relevant
information. The driving force due to the OPG is critical in
thermally grown scales but difficult to quantify because
there are few experiments that isolate the OPG role [88—90].
The OPG present in solid oxide fuel cells between the air
and fuel sides may affect long-term performance of func-
tional multi-cation oxides in that system [90].

In conclusion, this review has focused on the segrega-
tion phenomenon and its implications to TBC systems.
Details critical to future segregation studies have not been
addressed, such as the quantification method of the inter-
facial segregation, the potential errors associated with the

measurement, and possible distortions due to the specimen-
thinning process. These issues will need to be addressed in
subsequent studies to create a better understanding of the
role of interfacial segregation in TBC systems.

Summary

A number of examples were shown of STEM/EDX seg-
regation observations in thermally grown o-Al,O5 scales
both from commercial and laboratory-made TBC bond
coatings and from model bond coating alloys. Several key
points are emphasized:

1. Segregation of dopant ions is found in all systems
doped with a reactive element such as Y, Zr, and Hf.

2. The oxygen potential gradient across the scale represents
a driving force not found in bulk alumina. Segregants in
alumina scales are not statically located on the grain
boundaries, but diffuse outward during oxidation and are
prevented from diffusing back toward the alloy because
of the dopant—oxygen chemical potential gradient.

3. Examples were shown to illustrate that the segregation
in alumina scales is affected by time, temperature, and
interstitial content.

4. The dynamic nature of the outward dopant flux and the
finite dopant content in the TBC system needs to be
considered in coating lifetime models.

5. Segregation in TBC systems needs to be further
quantified as a function of system composition, time,
and temperature and this information needs to be
incorporated into computational modeling of thermally
grown alumina systems.
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