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Abstract The thermally grown oxide developed by a
thermal barrier coating deposited on Al,O5-forming Ni-base
superalloy containing Hf was analyzed with the aid of
selective deep etching to partially expose the oxide in contact
with the bond coat. Yttria-stabilized zirconia and a Pt-
modified aluminide were used as top and bond coats,
respectively. Thermal exposure tests were carried out at
1,150 °C in air with 24-h cycling period to room tempera-
ture. Scanning electron microscopy combined with energy
dispersive x-ray spectroscopy and transmission electron
microscopy were used to characterize the microstructure.
Hafnium-rich oxide pegs enveloped by Al,O3 were observed
to emanate from a continuous layer of Al,05 and grow into
the bond coat with continued thermal exposure. However, a
correlation appeared to exist between the local structure and
composition of the oxide and thermal stability of the bond
coat. Ultimately, decohesion occurred between the contin-
uous layer of Al,O; and underlying bond coat involving
fracture of the Hf-rich oxide pegs leading to spallation of the
top coat.

Keywords Thermal barrier coating - Superalloy - Oxide -
Electron microscopy
Introduction

Thermal barrier coatings are surface protection systems
applied to gas turbine blades, which can allow the turbine
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entry temperature to be increased by up to 200 °C resulting
in higher engine efficiency, more power output, and less
fuel consumption, e.g., [1-5]. The coating is developed by
first depositing a conventional metallic coating referred to
as a bond coat, e.g., a platinum aluminide or an MCrAlY-
type, on the blade superalloy substrate and is then made to
develop a thin layer of aluminum oxide (Al,O3) about
1-2 pm in thickness to act as a “glue” enhancing the
adhesion of the ceramic top coat, which can be applied by
either electron-beam physical vapor deposition or thermal
spray technology [6]. Upon exposure at elevated temper-
ature, the initially formed oxide layer continues to grow
predominantly by inward diffusion of oxygen [7-9].
Commonly, the newly formed oxide is referred to as
thermally grown oxide.

Although the exact failure mechanism of the coating
system can be influenced by the processing technique [9],
several studies have demonstrated that the adhesion between
the thermally grown oxide and underlying bond coat plays
a key role in determining the useful life of the coating
[7-16]. Therefore, to develop more durable coatings, it is
important to establish a better understanding of the oxi-
dation behavior during exposure at elevated temperatures.
Toward that objective, this study has been undertaken to
characterize the oxidation behavior of a state-of-the-art
thermal barrier coating system deposited on a nickel-based
superalloy. Emphasis is placed upon the usefulness of
selective deep etching in exposing the oxide surface in
contact with the bond coat.

Experimental Procedure

A commercial grade of alloy MAR M 002DS® (MAR M is
a registered trademark of Martin Marietta Corporation) was
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Table 1 Chemical composition of the superalloy used in the study (wt%)

Ni Co Cr Al Ti Mo w Ta Hf Zr Fe C
60.10 9.83 8.91 5.47 1.44 0.27 9.87 2.46 1.12 0.04 0.37 0.12

Initial Oxide
Layer

| Bond Coat|

Fig. 1 Backscattered electron SEM image showing typical micro-
structure along a cross-section of the TBC system used in the study in
the as-deposited condition (as-polished specimen).

used as a substrate in this study. Table 1 shows its chemical
composition as measured by inductively coupled plasma
atomic energy spectroscopy with the exception of carbon,
which was measured by combustion calorimetry. Samples
in the form of rods about 10 cm in length and 8§ mm in
diameter were first grit blasted and then coated with a
conventional platinum aluminide bond coat deposited by a
proprietary process involving electroplating a platinum
layer and an aluminizing treatment. Subsequently, the rods
were given a diffusion/pre-oxidation heat treatment at
1,150 °C in air to develop the bond coat microstructure
with an average thickness of about 80 pm as well as a thin
surface layer of Al,O; about 1-2 pum in thickness to
enhance the adhesion of the top coat. The bond coat con-
sists of an outer layer based upon the composition of
B-NiAl followed by an interdiffusion zone. Finally, a state-
of-the-art ceramic top coat consisting of yttria-stabilized
zirconia (zirconia—7 wt% yttria) with an average thickness
of 250 um was deposited using the technique of electron-
beam physical vapor deposition (EB-PVD) [6]. Disk-
shaped specimens about 8 mm in thickness for thermal
exposure tests and microstructural characterization were
machined from the coated rods. Deep etching of exposed
specimens was carried out in a solution consisting of 10%
bromine and 90% methanol for about 90 s followed by a
thorough cleaning in methanol.

Oxide Exposed

Top Coat % lé::? %ﬂ\r{ace
Before Etching After Etching Tilted
@) (0° tilt) (©
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Fig. 2 An illustration of the selective deep etching technique used to
expose the oxide surface in contact with the bond coat. a A schematic
showing the effect of etching on the morphology of a typical
metallographic specimen under 0° tilt angle. b Secondary electron

10 pm

Bond .Coat
(d)

SEM image showing corresponding morphology of etched specimen
(as-deposited condition). ¢ A schematic of a specimen tilted to
observe the oxide surface. d Secondary electron SEM image showing
the morphology of the oxide surface as observed at 60° tilt angle.
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Fig. 3 Analysis of the surface
of initial oxide layer in contact
with the bond coat (as-deposited
condition). a Secondary electron
SEM image illustrating the
oxide morphology. b Energy
dispersive spectrum illustrating
the elemental composition of
the region marked / in

a. ¢ Energy dispersive spectrum
showing typical elemental
composition of the region
marked 2 in a.
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<« Fig. 4 Backscattered electron SEM images showing the effect of

exposure time at 1150 °C in air with 24-h cycling period to room
temperature on the microstructure of thermally grown oxide (as-
polished condition). a As-deposited condition. b 24 h. ¢ 48 h.d 72 h.
e 96 h.

Scanning electron microscopy (SEM) and microchemi-
cal analysis by energy dispersive x-ray spectroscopy were
used to characterize the thermally grown oxide. Specimens
were examined in the etched and as-polished conditions.
To observe the bond coat microstructure near the surface
on the scale of transmission electron microscopy (TEM),
thin foils were prepared by a combination of electropol-
ishing and ion beam thinning [17]. Specimens were first
electropolished on one side by the jet polishing technique
in a solution consisting of 30% nitric acid in methanol by
volume until perforation occurred. This was followed by
ion beam thinning. All foils were examined at an acceler-
ating voltage of 200 keV.

Experimental Results and Discussion

Figure 1 shows a backscattered electron SEM image
illustrating a typical microstructure along a cross-section of
the coating system in the as-deposited condition. Typical of
top coats deposited by EB-PVD, the grain structure
assumes a columnar morphology [6]. It is observed that the
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Fig. 5 Secondary electron SEM images showing the effect of exposure time at 1150 °C in air with 24-h cycling period to room temperature on
the morphology of thermally grown oxide surface in contact with the bond coat (etched condition; 60° tilt angle). a 24 h. b48 h. ¢ 72 h. d 96 h.

average thickness of the initial layer of Al,O5; separating
the top coat from the bond coat is about 1.5 um. As can be
seen, the underlying bond coat layer of B-NiAl has a
thickness of about 43 um followed by an interdiffusion
zone about 35 um in thickness. Particles exhibiting dark
contrast near the interface separating the two layers are
alumina particles incorporated by grit blasting and mark
the original superallloy surface.

An example illustrating the application of selective deep
etching to expose the oxide surface in contact with the
bond coat is demonstrated in Fig. 2 for a specimen in the
as-deposited condition. Figure 1(a) schematically illus-
trates the etching technique where the bond coat is selec-
tively dissolved to reveal the oxide surface. A secondary
electron SEM image is shown in Fig. 1(b) to illustrate the
morphology of an etched specimen where the electron
beam is nearly parallel to the exposed oxide surface (0° tilt
angle). Figure 1(c) is a schematic of a tilted specimen to

enable the observation of the exposed oxide surface. A
corresponding secondary electron SEM image illustrating
the respective morphology of the exposed oxide surface is
shown in Fig. 1(c).

The results of analyzing the oxide surface of
Fig. 1(c) are summarized in Fig. 3. It is observed from the
secondary electron SEM image of Fig. 3(a) that the oxide
contains a fine dispersion of second phase particles. As
expected, Al and O are found to be the major elemental
constituents of the oxide consistent with Al,O5 as shown in
the spectrum of Fig. 3(b). However, it is observed that the
oxide contains some Hf and small concentrations of Cr and
Ni. The secondary phase particles are found to be enriched
in Hf suggesting a Hf-rich oxide as demonstrated in
Fig. 1(c). It is noted that the spectrum of Fig. 1(c) contains
a strong Al peak, which could be due to the small size of
the particles relative to the probe diameter exciting Al from
the surrounding matrix.

@ Springer
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Fig. 6 An example illustrating the results of analyzing the thermally
grown oxide developed after 96 h of exposure at 1150 °C in air with
24-h cycling period to room temperature (etched condition; 60° tilt
angle). a Secondary electron SEM image showing the oxide

For comparative purposes, Fig. 4 shows backscattered
electron SEM images along the coating cross-section in the
as-polished condition summarizing the effect of exposure
time at 1150 °C in air with 24-h cycling period to room
temperature on the microstructure of the oxide layer. As can
be seen, after 96 h of exposure, the average oxide thickness
has increased from about 1.5 pum in the as-deposited condi-
tion (Fig. 4a) to 5 pum after 96 h of exposure (Fig. 4e). Also,
it is noted that the Hf-rich oxide particles observed in
Fig. 3(a) can not be distinguished in Fig. 4(a), which shows
the microstructure in the as-deposited condition. This could
be related to the small size of the particles and their closeness
to the oxide-bond coat interface in the as-deposited condi-
tion. However, as shown in Fig. 4(b) (24 h of exposure), the
Hf-rich oxide particles can be distinguished and continue to
grow with time and penetrate the bond coat as illustrated in
Fig. 4(c—e). Also, it is noted that certain regions are more
populated with Hf-rich oxide. The results presented later
suggest that this behavior could be related to the tendency of
the B-phase (NiAl) to transform into y’-phase (NizAl) with
continued thermal exposure as a result of interdiffusion.

Figure 5 shows secondary electron SEM images illus-
trating the effect of exposure time on the morphology of

@ Springer

(c)

morphology as viewed at higher magnification. b Energy dispersive
spectrum showing the elemental composition of the region marked /
in a. ¢ Energy dispersive spectrum showing the elemental composi-
tion of the region marked 2 in a.

oxide surface in contact with the bond coat of etched
specimens as observed at 60° tilt angle. As can be seen, Hf-
rich oxide pegs enveloped with Al,O3; emanate from a
continuous layer of Al,O5 and continue to grow with time.
This is illustrated in Fig. 6 which shows the results of
analyzing the elemental composition of an oxide peg
consistent with Hf-rich oxide enveloped by Al,O;. It is
known that such oxide pegs can enhance the adhesion of
Al,O5 to underlying metallic substrates and that the peg
morphology could be related to increasing Al activity by
reactive elements such as Hf promoting the formation of an
envelop of Al,O;, e.g., [18].

An example illustrating the relationship between the
structure of the thermally grown oxide and thermal stability
of the bond coat is shown in Fig. 7 for specimens exposed
for 72 h at 1150 °C in air with 24-h cycling period to room
temperature. Figure 7(a) shows a secondary electron SEM
image of an etched specimen as observed at 0° tilt angle.
Grains of y'-phase are distinguished near the surface of the
bond coat. A low-magnification secondary electron SEM
image of the exposed oxide surface as observed at 60° tilt
angle is shown in Fig. 7(b) demonstrating the inhomoge-
neous distribution of the Hf-rich oxide. Figure 7(c) shows a
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Fig. 7 An example illustrating the correlation between the structure
of thermally grown oxide and thermal stability of the bond coat
(specimens exposed 72 h at 1150 °C in air with 24-h cycling period to
room temperature). a Secondary electron SEM image along a cross-
section of the coating system (etched specimen; 0° tilt angle). b Low-
magnification secondary electron SEM image illustrating the oxide
morphology in contact with the bond coat (etched specimen; 60° tilt
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angle). ¢ Bright-field TEM image sgl%zving neighboring grains of f-
and y'-phases. d Microdiffraction pattern derived from the grain of B-
phase in (111) orientation. e Microdiffraction pattern derived from
the y'-phase in (111) orientation. f Energy dispersive spectrum
illustrating the elemental composition of the B-phase. g Energy
dispersive spectrum illustrating the elemental composition of the y'-
phase.

Fig. 8 Secondary electron SEM images illustrating the morphology of the surfaces exposed by failure of the coating system (192 h of exposure).

a Bond coat. b Top coat.
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Fig. 9 Microchemical analysis of the phases present at the surfaces
exposed by failure of the coating system (192 h of exposure).
a Backscattered electron SEM image of the bond coat corresponding
to Fig. 8(a). b Backscattered electron SEM image of the top coat

bright-field TEM image derived from a region near the
bond coat surface. Corresponding microdiffraction patterns
are shown in Fig. 7(d and e) consistent with those of
(111)pphase (cubic; B2-type superlattice) and (111),_phase
(cubic; Ll,-type superlattice), respectively. In (111) ori-
entation, the P-phase is characterized by fundamental
body-centered cubic reflections (Fig. 7d) in contrast with
the y'-phase, which exhibits fundamental face-centered
cubic reflections in addition to superlattice reflections at
every Y2-position of the fundamental reflections (Fig. 7e).
The tendency of the B-phase to transform into y’-phase
is expected as a result of outward diffusion of Ni. Fig-
ure 7(f, g) shows energy dispersive x-ray spectra illustrat-
ing the elemental compositions of the B- and y’-phases,
respectively. Although Hf is known to have a very limited
solubility in the B-phase [19], it has a relatively high sol-
ubility in the y'-phase and acts as y'-stabilizer [20] con-
sistent with the spectral data of Fig. 7(f, g). Therefore, the
v'-phase can act as an effective sink for Hf, which may
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corresponding to Fig. 8(b). ¢ Energy dispersive spectrum represen-
tative of the regions marked / in a and b. d Energy dispersive
spectrum representative of the regions marked 2 in a and b. e Energy
dispersive spectrum derived from the region marked 3 in a.

correspond to the regions with smaller density of Hf-rich
oxide shown in Fig. 7(b). It is noted that an earlier study
has shown that a correlation exists between the structure of
thermally grown oxide and bond coat for other coating/
superalloy systems [21].

o Top Coat
l 4 'l Fracture
- -

Surface
I Bond Coat

(a) W Hif-rich oxide (b)

[ Aluminum oxide

ALHf

Fig. 10 A schematic illustration of the failure mode of the coating
system. a Microstructure of the thermally grown oxide at a given time
t. b Decohesion between the continuous layer of Al,O3 and bond coat
involving fracture of the Hf-rich oxide pegs at the time of failure.
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Figure 8 shows secondary electron SEM images illustrating
the morphology of the surfaces exposed by failure of the
coating system after 192 h of exposure, which occurred by loss
of adhesion between the thermally grown oxide and bond coat
exposing the bond coat surface (Fig. 8a) and bottom surface of
the top coat (Fig. 8b). Corresponding backscattered electron
SEM images and elemental compositions of the phases
observed at the two surfaces are shown in Fig. 9. Islands of
Al,O3 containing Hf-rich oxide particles are observed at the
surface of the bond coat (Figs. 8a, 9a—d). The composition of
the bond coat shown in Fig. 9(e) appeared to be consistent with
that of y-solid-solution phase. A continuous layer of Al,O3
containing particles of Hf-rich oxide is observed at the exposed
surface of the top coat (Figs. 8b, 9b—d) noting that the spectra
derived from the oxide phases at both surface were found to be
essentially the same. Based upon the above observations, it can
be concluded that failure of the coating system occurred by loss
of adhesion between the continuous layer of thermally grown
oxide and underlying bond coat. Observation of islands of
Al,O5 containing particles Hf-rich oxide at the exposed bond
coat surface, and the presence of Hf-rich oxide particles dis-
persed within the layer of Al,O5 covering the corresponding
bottom surface of the top coat suggests that the sequence of
events leading to failure has involved fracture of the Hf-rich
oxide pegs as depicted in the schematic of Fig. 10.

Conclusion

It is demonstrated that selective deep etching of metallic
bond coats used in thermal barrier coatings can present a
useful technique in analyzing the thermally grown oxide in
contact with bond coat. Upon exposure of the coating/
superalloy system included in the study, the thermally
grown oxide is found to consist of Hf-rich oxide pegs
enveloped by Al,O; and emanating from a continuous
layer of Al,O5;. However, a correlation is found to exist
between the local density of oxide pegs and thermal sta-
bility of the bond coat. Failure of the coating system is
found to occur by loss of adhesion between the continuous
layer of Al,O3 and underlying bond coat involving fracture
of the Hf-rich oxide pegs.
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