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Abstract

It is shown that aluminizing of platinum-modified aluminide bond coatings by an external vapor source of aluminum in an
open retort (chemical vapor deposition) can substantially enhance the performance of thermal barrier coatings in com-
parison with aluminizing by an internal vapor source in a closed retort (pack cementation). This is demonstrated by about
twofold increase in life as determined from cyclic oxidation tests at 1150 °C. The difference in behavior is explained with
reference to variations in the initial microstructure of each bond coating, particularly the platinum distribution and
thickness of the interdiffusion zone. However, in both cases, it is found that decohesion of the top ceramic coatings during
cyclic oxidation occurs by spallation of the oxides developed by the bond coatings. It is concluded that aluminizing by
chemical vapor deposition improves the thermal stability and resistance to oxidation of the bond coating.
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Introduction

Diffusion platinum aluminide coatings have gained wide
acceptance as reliable protective coatings for gas turbine
blades as well as bond coats topped with yttria-stabilized
zirconia in a thermal barrier coating (TBC) [1]. Several
studies have demonstrated that incorporating Pt into the
aluminide coating leads to the formation of purer scale with
slower growth rate [1-6]. In practice, the platinum alu-
minide is produced by two main processes: (i) electrode-
position and diffusion of a 6-8 um layer of Pt into the
turbine blade and (ii) aluminizing to form an Al-rich sur-
face layer [7].

Two aluminizing methods are distinguished: (i) pack
cementation or closed retort chemical vapor deposition
(CVD) [8, 9] and (ii) open or flowing gas retort or shortly
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CVD [8, 10]. A common feature of the two methods is that
vapors of aluminum chloride (AlCl3) provide the source of
the Al. However, the two methods differ in the method by
which the Al source is created. In pack cementation, the
vapors are locally created by a pack mixture where the
blades are immersed. In contrast, blades to be coated by the
CVD method are isolated from the pack. The AICl; vapors
are created in an external reactor and then transported into
the reaction vessel where the blades are contained.

The resistance to oxidation of the bond coating has been
shown by many studies to dictate a TBC life [1]. Therefore,
this investigation has been conducted to elucidate the
influence of the above aluminizing methods on the
microstructure of Pt-modified aluminide coatings and their
behavior in TBC systems. Two bond coatings with com-
mercial grades have been selected: (i) RT22LT bond
coating produced by pack cementation and (ii) Howmet
150 L bond coating produced by the open retort CVD [11]
with a substrate of alloy MAR MO002DS produced by
directional solidification and yttria-stabilized zirconia top-
coating. The investigation focuses on comparative thermal
stability, oxidation behavior, and TBC life.
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Fig. 1 Microstructures in the as-deposited condition. (a, d) are
backscattered SEM images along the cross sections of RT22LT and
Howmet 150 L bond coatings, respectively. (b, e) are x-ray diffrac-
tometer traces derived from the surfaces of RT22LT and Howmet
150 L bond coatings, respectively; the insets in (b) show dark-field
image of PtAl, particles and the corresponding convergent-beam

Experimental Procedure

The coatings investigated were deposited on rods (10 cm
long and 8 mm diameter) of alloy MAR MO002DS with
composition  of = Ni-9.22C0-9.23Cr-9.71W-5.63Al-
2.30Ta-1.36Ti—1.64Hf-0.16Mo-0.14C-0.10Fe-0.04Zr-

0.01B all in wt.%. The rods were grit-blasted and then
ultrasonically cleaned followed by: (i) wet electroplating of
Pt layers with nominal thickness of about 7 pm and (ii)
diffusion heat treatment for 1 h at 1100 under argon
atmosphere according to standard industrial practice [3].
One set of samples was aluminized by the pack cementa-
tion method with high Al activity at 850 °C to produce the
RT22LT bond coating by inward diffusion of Al, and
another set was aluminized by the CVD method with low
activity pack at 1100 °C to produce the Howmet 150 L
bond coating by outward diffusion of Ni. Some Pt/
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microdiffraction pattern in [001] orientation, and the insets in
(e) show microdiffraction patterns of B-phase in [111] (left) and
[211] (right) orientations. (c, f) are concentration profiles of Pt along
cross sections of the RT22LT and Howmet 150 L bond coatings,
respectively

aluminized samples were heat-treated at 1150 °C for 3 h
under argon atmosphere to produce the characteristic
structure of the two bond coatings and reserved for
microstructural characterization. The remainder of the Pt-
aluminized samples was heat-treated at 1150 °C for 3 h in
air to produce the characteristic structure of the two bond
coatings and a thin film of Al,O3 about 1 pm thick to
improve the adhesion of the topcoating. Electron beam
physical vapor deposition [12] was used to topcoat the Pt-
modified aluminides with 250-m-thick layers of zirconia
stabilized by 7 wt.% yttria.

Specimens having 6 mm thickness were prepared from
the coated samples for all the tests. The specimens were
heated to 1150 °C in a box furnace and cycled to room
temperature every 24 h. The life of the TBC system was
determined from the average time to spallation of the
topcoating  in  six  specimens. Microstructural
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Fig. 2 Effect of 120 h of exposure at 1150 °C on the microstructure
of RT22LT bond coating. (a) Backscattered SEM image along cross
section showing secondary precipitates and partial transformation of
B-phase into y'-phase. (b) EDS spectrum showing the elemental
composition of the sigma-phase particle marked in (a). (¢) EDS
spectrum showing the elemental composition of the MC-type carbide

characterization techniques included scanning electron
microscopy (SEM) with microchemical analysis by energy-
dispersive spectroscopy (EDS) and wavelength-dispersive
spectroscopy (WDS), x-ray diffractometry, and transmis-
sion electron microscopy (TEM). To examine the
microstructure in the vicinity of the surface of each bond
coating at the higher resolution of TEM, foils were thinned
by combination of: (i) electro-polishing on the alloy side
using an electrolyte composed of 30 volume% nitric acid
in methanol and (ii) ion beam thinning [13]. The foils were
investigated using 200 keV microscope.

Results and Discussion
As-Deposited Microstructures

Figure 1 illustrates the as-deposited microstructures of the
bond coatings. Figure la shows that the RT22LT coating
consists of two outer layers with total thickness of 45 pm
and an inner interdiffusion zone (15 pum thick typically
consisting of B-phase containing a mixture of MC-type
carbides and sigma phase enriched in heavy transition
metals [6, 9]). The x-ray diffractometer trace of Fig. 1b

particle marked in (a). (d) Bright-field TEM image near the bond
coating surface showing crystals of B- and y'-phases. (e, f) are the
corresponding microdiffraction patterns in [111] orientation of the B-
and y'-phases, respectively; the y'-phase is distinguished by the
characteristic L1, superlattice reflections at {110} positions

shows that the surface layers consist of B-phase (cubic B2
superlattice; a = 0.29 nm) with PtAl, as secondary phase
(cubic CaF,-type; a = 0.59 nm). Particles of PtAl, are
shown in the dark-field TEM image of the inset (left) and
corresponding [001] convergent-beam microdiffraction
pattern (right). Figure Ic illustrates the variation in Pt
concentration across the bond coating layers. It is noted
that most of the Pt is present in the outermost 20 um layer.
Since Pt can substitute for Ni in B-NiAl [4], it is evident
that excess Pt over the solubility limit is precipitated in the
form of PtAl,.

Figure 1d shows that the Howmet 150 L coating con-
sists of one layer about 30 pm thick and 30-pum-thick
interdiffusion zone with structure similar to that of
RT22LT coating. The corresponding x-ray diffractometer
trace of Fig. le shows that the coating layer consists only
of B-phase as further illustrated by its [111] (left) and [112]
(right) characteristic electron diffraction patterns of the
inset. Evidently, in this case, Pt is entirely accommodated
in solid solution in the B-phase. This is further confirmed in
the concentration profile of Fig. 1f where the Pt content is
about the same across the outer layer unlike the RT22LT
coating (Fig. 1c¢). As demonstrated below, both the thermal
stability and oxidation properties are impacted by the
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above-observed differences in microstructures of the
RT22LT and Howmet 150 L bond coatings. On the other
hand, the thicker interdiffusion zone of Howmet 150 L
coating with higher concentration of heavy transition
metals such as W and Ta can present a stronger barrier to
bond coating degradation by interdiffusion at high tem-
peratures [0, 9] as demonstrated below.

Counts

O 10 20 30 40 50 60 70 80
(b) Bragg Angle (26)

Fig. 3 Effect of 408 h of exposure at 1150 °C on the microstructure
of Howmet 150 L bond coating. (a) Backscattered SEM image along
cross section showing partial transformation of B-phase into the 7y'-
phase. (b) X-ray diffractometer trace derived from the surface
showing characteristic Bragg reflections of the B- and y'-phases

Thermal Stability Characteristics

Figure 2 shows the microstructure of RT22LT bond coat-
ing after 144 h at 1150 °C. The SEM image of Fig. 2a and
corresponding EDS spectra (Fig. 2b and c) indicate the
presence of precipitates in the outer coating layer including
Ni—-Cr—W sigma phase (Fig. 2a and b) and MC-type car-
bide (Fig. 2a and c), where M refers to Ta, Ti, and Hf. It is
noted here that the ternary Ni-Cr—W can exist over a wide
range of composition [14]. Simultaneously, the B-phase has
been partially transformed into the Ni-rich y’-phase as
indicated in Fig. 2a and confirmed by TEM observations.
Figure 2d is a bright-field TEM image showing crystals of
B- and y'-phases in the vicinity of the surface as demon-
strated by the corresponding diffraction patterns of the B2
(B-phase) and L1, (y'-phase) superlattices in [111] orien-
tation (Fig 2e and f).

Unlike the above case of RT22LT bond coating, the
onset of measurable loss of thermal stability indicated by
partial B-phase — 7y/-phase transformation has been
observed in Howmet 150 L bond coating following 408 h
of thermal exposure at 1150 °C. This is demonstrated in
Fig. 3, which shows the microstructure along a cross sec-
tion (Fig. 3a) and corresponding x-ray diffractometer trace
obtained from the surface (Fig. 3b), where characteristic
L1, superlattice reflections are observed in addition to the
major reflections of the B-phase.

The superior thermal stability of Howmet 150 L coating
in comparison with RT22LT coating is further demon-
strated in Fig. 4 showing the functional dependence of Pt
concentration across the two bond coatings on time at
1150 °C. Although substantial inward diffusion of Pt in the
RT22LT coating is observed (Fig. 4a), the Howmet 150 L
has maintained uniform distribution of Pt with very little or
no evidence for inward diffusion as shown in Fig. 4b after
up to 120 h. Such behavior can be attributed to the dif-
ference in initial distribution of Pt across the two bond
coatings (Fig. 1c and f), where the Pt concentration

Fig. 4 Effect of exposure time 1 12—
at 1150 °C on the concentration @ As deposited
profiles of Pt as determined by 12 m48h
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Fig. 5 Comparative oxidation
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gradient in the RT22LT coating is absent in the Howmet
150 L coating. Therefore, upon exposure at elevated tem-
peratures, Pt in the RT22LT coating tends to diffuse inward
to eliminate the concentration gradient. Also, the thicker
interdiffusion zone of Howmet 150 L bond coating is
expected to contribute to its higher thermal stability by
reducing the extent of diffusion of substrate elements into
the coating.

Oxidation Behavior

The comparative oxidation behavior of RT22LT and
Howmet 150 L bond coatings in TBC systems is illustrated
in Fig. 5. Figure 5a shows the oxides thickening rates at
1150 °C as measured from SEM images. As expected from
the results of thermal stability described above, the oxide
on RT22LT bond coating is observed to grow at a faster
rate in comparison with that on Howmet 150 L. The SEM
images of inset and corresponding representative EDS
spectra of Fig. 5b and ¢ show that the oxide on each bond
consists of Al-rich oxide expected to be Al,03 with a
dispersion oxide pegs enriched in Hf. It is noted that after
120 h of exposure, the Hf-rich oxide has grown deeper into
the RT22LT coating, which is known to facilitate further
oxidation [15-18]. In contrast, the Howmet 150 L bond
coating is observed to remain at an earlier stage of

oxidation with no evidence for internal oxidation, which
can be correlated with its higher diffusional stability.
Furthermore, Fig. 5d shows that oxidation of Howmet
150 L bond coating closely approaches parabolic rate
behavior (T =k t2, where T, k, and t refer to the oxide
thickness, oxidation rate constant, and time at a given
temperature, respectively), whereas RT22LT bond coating
is seen to exhibit some deviation, which correlates with its
lower resistance to oxidation.

Performance of TBC Systems

Experiment shows that the TBC systems investigated are
degraded by decohesion of the oxides developed by the two
bond coatings leading to spallation of the topcoating. This
is demonstrated in Fig. 6. It is observed that the
microstructures of the surfaces revealed by decohesion of
topcoating in a specimen exposed 240 h at 1150 °C of the
system with the RT22LT bond coating (Fig. 6a and b) are
similar to those corresponding to the system with the
Howmet 150 L bond coating after 408 h (Fig. 6¢c and d). In
both cases, the bond coating surface (Fig. 6a and c) con-
tains islands of Al,O5; with a dispersion of Hf-rich oxide
particles as demonstrated in the representative EDS spectra
of Fig. 6e, f, and g. The exposed bottom surfaces of the
topcoatings (Fig. 6b and d) are observed to contain a
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Fig. 6 Analysis of surfaces
exposed by spallation of the
topcoating during cyclic
oxidation at 1150 °C. (a, b) are
backscattered SEM images
showing the microstructures of
the RT22LT bond coating
surface (a) and bottom surface
of topcoating (b) after 240 h. (c,
d) are backscattered SEM
images showing the
microstructures of the Howmet
150 L bond coating surface

(¢) and bottom surface of
topcoating (d) after 408 h. (e,
f) are representative EDS
spectra illustrating the elemental
compositions of the Al-rich
oxide and Hf-rich oxide marked
1 and 2, respectively in (a—d).
(g) EDS spectrum illustrating
the elemental composition of
the exposed bond coating
surface marked 3 in (a).

(h) Comparative lives of TBC

systems utilizing the RT22LT
and Howmet 150 L bond

Howmet 150L

. RT22LT s
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1 | |
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Time to Failure (h)
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continuous layer Al-rich oxide containing a dispersion of
Hf-rich oxide particles with corresponding EDS spectra
indistinguishable from those shown in Fig. 6e and f. Such
observations indicate that fracture of hafnium oxide pegs in
the vicinity of the oxide-bond coating interface has played
a key role in degradation of the two coating systems.
Figure 6g shows the elemental composition of the exposed
bond coating surface (regions marked 3 in Fig. 6a and c),
which appears to be consistent with y-phase (Ni-rich solid
solution). Evidently, with continued thermal exposure, the
B-phase is eventually transformed into y-phase due to loss
of Al and enrichment in Ni caused by oxidation and
interdiffusion, respectively.

It is noted here that some earlier studies have demon-
strated that excessive growth of oxide pegs enriched in
reactive elements such as Hf into the substrate of Al,O3
formers can degrade its adherence to the substrate due to
localized high strain energy [17, 18]. However, as shown in
Fig. 6h, the TBC system with Howmet 150 L bond coating
outperforms the system with RT22LT bond coating by
little less than twofold as determined from the onset of
macroscopic spallation of the topcoating during the cycling
oxidation tests on 12 specimens from each system. Evi-
dently, this is related to the superior thermal stability and
resistance to oxidation of the Howmet 150 L bond coating.

@ Springer

Also, the results indicate that the initial distribution of Pt in
the bond coating is a key factor in determining its benefi-
cial effects. In the present case, the results show that par-
tition of Pt into the B-phase and its uniform distribution in
the entire coating layer (Howmet 150 L bond coating) are
more advantageous than a mixture of B-(Ni, Pt)Al and
PtAl, in the outermost coating layer (RT22LT bond
coating).

Conclusions

It is found that an outward Pt-modified aluminide coating
aluminized by chemical vapor deposition in an open retort
with an external vapor source of Al outperforms an inward
coating aluminized by an internal vapor source in a closed
retort (pack cementation) in terms of thermal stability and
resistance to oxidation. The superior properties of the
outward coating are realized in TBC systems by about
twofold increase in life as compared to the inward coating.
Such difference in behavior of the two coatings is corre-
lated with variations in initial microstructures of the two
bond coatings.
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