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High-Temperature Coatings With Pt Metal Modified y-Ni +

v’ -N13Al Alloy Compositions

TECHNICAL FIELD

This invention relates to alloy compositions for high-temperature, oxidation

resistant coatings. Coatings based on these alloy compositions may be used, for example,

as part of a thermal barrier system for components in high-temperature systems.

BACKGROUND
The components of high-temperature mechanical systems, such as, for example,
gas-turbine engines, must operate in severe environments. For example, the high-
pressure turbine blades and vanes exposed to hot gases in commercial aecronautical
engines typically experience metal surface temperatures of about 1000 °C, with short-
term peaks as high as 1100 °C. A portion of a typical metallic article 10 used in a high-

temperature mechanical system is shown in Fig. 1. The blade 10 includes a Ni or Co-

based superalloy substrate 12 coated with a thermal barrier coating (TBC) 14. The

thermal barrier coating 14 includes a thermally insulative ceramic topcoat 20 and an
underlying metallic bond coat 16. The topcoat 20, usually applied either by air plasma
spraying or electron beam physical vapor deposition, is most often a layer of yttria-
stabilized zirconia (YSZ) with a thickness of about 300-600 um. The properties of YSZ
include low thermal conductivity, high oxygen permeability, and a relatively high
coefficient of thermal expansion. The YSZ topcoat 20 is also made “strain tolerant” by
depositing a structure that contains numerous pores and/or pathways. The consequently

high oxygen permeability of the YSZ topcoat 20 imposes the constraint that the metallic
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bond coat 16 must be resistant to oxidation attack. The bond coat 16 1s therefore
sufficiently rich in Al to form a layer 18 of a protective thermally grown oxide (TGO)
scale of a-Al,O5. In addition to imparting oxidation resistance, the TGO bonds the
ceramic topcoat 20 to the substrate 12 and bond coat 16. Notwithstanding the thermal
protection provided by the thermal barrier coating 14, the spallation and cracking of the
thickening TGO scale layer 18 is the ultimate failure mechanism of commercial TBCs.
Thus, improving the adhesion and integrity of the interfacial TGO scale 18 is critical to
the development of more reliable TBCs. Related to this 1s the need to significantly reduce
the progressive roughening or “rumpling” of the bond coat surface during thermal
exposure, which is a formidable limitation of conventional bond coat systems.

The adhesion and mechanical integrity of the TGO scale layer 18 is very
dependent on the composition and structure of the bond coat 16. Ideally, when exposed to
high temperatures, the bond coat 16 should oxidize to form a slow-growing, non-porous
TGO scale that adheres well to the superalloy substrate 12. Conventional bond coats 16
are typically either an MCrAlY overlay (where M = N, Co, NiCo, or Fe) or a platinum-
modified diffusion aluminide (B-NiAl-Pt). The Al content in these coatings 1s sufficiently
high that the Al,O3 scale layer 18 can “re-heal” following repeated spalling during service
of the turbine component.

Howeyver, the adhesion, and therefore the reliability, of the TBC system 1is
measured with respect to the first spallation event of the TGO scale layer 18. As a result,
once the first spallation event occurs in the scale layer 18, the ceramic topcoat 20 can
begin to delaminate and fail, so that re-healing of the scale layer 18 1s not a critically
important performance requirement for the adhesion of the ceramic topcoat 20. Thus,
conventional bond coats, which were designed primarily for re-healing the Al,O; TGO
scale layer, do not necessarily possess the optimum compositions and/or phase
constitutions to provide enhanced scale layer adhesion and improved TBC reliability.

Another approach to improving the adhesion of the TGO scale layer on a second
metallic article 28 is shown in Fig. 2A. A superalloy substrate 30 1s coated on an outer
surface with a layer 32 of Pt and then heat-treated. Referring to Fig. 2B, following this
heat treatment Al diffuses from the superalloy substrate 30 into the Pt layer 32 to form a
surface-modified outer region 34 on the superalloy substrate (Fig. 2B). An AL,O; TGO
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scale layer 38 and a ceramic layer topcoat 40 may then be formed on the surface modified
region 34 using conventional techniques. However, since transition metals from the
superalloy substrate 30 are also present in the surface modified region 34, it is difficult to
precisely control the composition and phase constitution of the surface region 34 to
provide optimum properties to improve adhesion of the TGO scale layer 38.

Future improvements in gas-turbine performance will require even higher
operating efficiencies, longer operating lifetimes, reduced emissions and, therefore,
higher turbine operating temperatures. Improved TBCs are needed to protect turbine
operating components at increased temperatures (e.g. 1150°C), and new bond coat
compositions must be developed to reduce spallation and increase adhesion of the TGO

layer, which will result in an enhanced reliability for the ceramic topcoat layer.

SUMMARY

’ As noted above, conventional 3-NiAl-Pt bond coats have a relatively high Al
content to promote healing of the Al,O3; TGO scale layer following spallation. As a result
of this Al enriched composition and the predominance of the B-Ni1Al phase constitution of
the base alloy in the coating microstructure, these bond coats are not compatible with the
phase constitution of the Ni-based superalloy substrates, which have a y-Ni + y’-NiAl
microstructure. When applhied to a superalloy substrate having a y-N1 + y’-N1Al phase
structure, since the B-Ni1Al-Pt alloys have a significantly higher Al concentration, Al
diffuses from the bond coat layer to the substrate at the interface between the adjacent
layers. This Al interdiffusion depletes Al 1n the bond coat layer, which reduces the ability
of the coating to sustain Al,Os; scale growth. Additional diffusion also introduces
unwanted elements that can promote oxide scale spallation. A further consequence of
coating/substrate interdiffusion, particularly for the next generation of superalloys
containing up to 6 wt% rhenium, is the formation of brittle and hence deleterious
topologically-closed-pack (TCP) phases, such as ¢, in the region of the original
coating/substrate interface. This TCP phase formation deterimentally affects the
mechanical properties and can greatly shorten the useful service life of the coated

component.
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In one aspect, the invention is an alloy including a Pt-group metal, Ni and Al in
relative concentration to provide a y + y’ phase constitution. In this application y refers
to the solid-solution N1 phase and y’ refers to the solid-solution Ni3Al phase.

In another aspect, the invention is an alloy including a Pt-group metal, Ni and Al,
wherein the concentration of Al is limited with respect to the concentrations of Ni and the
Pt-group metal such that the alloy includes substantially no -NiAl phase.

In yet another aspect, the invention is a ternary Ni-Al-Pt alloy including less than

about 23 at% Al, about 10 at% to about 30 at% of a Pt-group metal, and the remainder Ni.

In yet another aspect, the invention is a coating composition including a Pt-group
metal, N1 and Al, wherein he composition has a y-Ni + y’-NizAl phase constitution. The
composition may further include a reactive element such as Hf in sufficient concentration
to provide one of a y + v’ or 'y’ phase constitution.

In yet another aspect, the invention is a thermal barrier coated article including (a)
a superalloy substrate; and (b) a bond coat on the substrate, wherein the bond coat
includes a Pt-group metal, Ni and Al, and wherein the bond coat has a y-Ni + y’-NizAl
phase constitution. The bond coat may further include a reactive element such as Hf in
sufficient concentration to provide one of a y + 'y’ or y’ phase constitution.

In yet another aspect, the invention is a method for making a heat-resistant
substrate including applying on the substrate a coating including N1 and Al in a y-Ni + y’-
Ni3Al phase constitution. The coating may further include a reactive element such as Hf
in sufficient concentration to provide one of a y + v’ or v’ phase constitution.

In yet another aspect, the invention 1s a thermal barrier coated article including a
superalloy substrate; a bond coat on the substrate, wherein the bond coat includes a
ternary alloy of Pt-Ni-Al, and wherein the alloy has a y-Ni + y’-Ni13Al phase constitution;
an adherent layer of oxide on the bond coat; and a ceramic coating on the adherent layer
of oxide.

In yet another aspect, the invention is a method for reducing oxidation in y-Ni +

v’ -N13Al alloys, including adding a Pt-group metal and an optional a reactive element to

the alloys.



10

15

20

25

30

CA 02525320 2005-11-09

WO 2004/104243 PCT/US2004/014740

In yet another aspect, the invention is a homogeneous coating including an alloy
with a y-Ni + y’-Ni3Al phase constitution.

The Pt-group metal modified alloys of the present invention have a gamma-Ni
phase and a gamma prime-NisAl (referred to herein as y-Ni + y’-Ni3Al or y + v') phase
constitution that is both chemically and mechanically compatible with the y + vy’
microstructure of a typical Ni-based superalloy substrate. The Pt-group metal modified vy
+ v’ alloys are particularly useful in bond coat layers applied on a superalloy substrate
used in a high-temperature resistant mechanical components.

The details of one or more embodiments of the invention are set forth in the
accompanying drawings and the description below. Other features, objects, and
advantages of the invention will be apparent from the description and drawings, and from

the claims.

DESCRIPTION OF DRAWINGS

FIG. 1 1s a cross-sectional diagram of a metallic article with a thermal barrier
coating.

FIG. 2A 1s a cross-sectional diagram of a metallic article coated with a Pt layer,
prior to heat treatment.

FIG. 2B is a cross-sectional diagram of the metallic article of FIG. 2A following
heat treatment of the superalloy substrate and application of a conventional thermal
barrier coating.

FIG. 3 is a portion of a 1100 °C Ni-Al-Pt phase diagram showing an embodiment
of the Pt metal modified y-Ni + y’-Ni3Al alloy compositions of the invention.

F1IG. 4 1s a cross-sectional diagram of a metallic article with a thermal barrier
coating.

FIG. 5 is a portion of a Ni-Al-Pt phase diagram showing the alloy compositions of
Example 1.

FIG. 6 is a plot showing weight change of Ni-Al-Pt alloys of different phase
constitutions after “isothermal” exposure at 1150°C in still air.

FIG. 7 1s a series of cross-sectional images of selected alloys shown in Fig. 6 after

100 h oxidation at 1150°C in air. The compositions are nominal and in atom percent.
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FIG. 8 is a series of cross-sectional images of selected Pt modified y-Ni + y’-
NisAl alloys after 1000 h 1sothermal oxidation at 1150°C in air. All images are the same
magnification (x500). The compositions are nominal and in atom percent.

FIG. 9 1s a plot showing the cyclic oxidation kinetics at 1150 °C 1in air of various
Pt modified y-Ni + y’-NizAl alloys, y-Ni + y’-Ni3 Al alloys without Pt, and Pt-modified B-
NiAl alloys.

FIG. 10 1s a series of cross-sectional images of selected Pt modified, and Pt and Hf
modified, y-Ni + y’-Ni3Al alloys, and y-Ni + y’-Ni13Al alloys without Pt following
isothermal oxidation at 1150 °C 1n air.

FIG. 11 is a plot comparing the cyclic oxidation kinetics of Pt-modified B-NiAl, vy
Ni + v’-NisAl, and Hf-modified y-Ni + y’-N13Al at 1150°C in air.

FIG. 12 1s a plot comparing the cyclic oxidation kinetics of Pt-modified B-NiAl, vy
N1 + v’-Ni13Al alloys and those a Pt-modified B-NiAl alloy at 1150 °C 1n air.

FIG. 13 is a plot comparing the cyclic oxidation kinetics of Pt-modified B-NiAl, vy
Ni + y’-Ni3Al alloys of Example 1 and those a Pt-modified 3-Ni1Al alloy at 1150 °C in air.

FIG. 14 1s a plot showing the effect of Hf modification on the cyclic oxidation
kinetics of Pt-modified B-NiAl, vy N1 + v’-Ni5Al alloys of Example 1.

FIG. 15 1s a series of surface and cross-sectional images illustrating the effect of
Hf modification on selected Pt-modified B-NiAl, y Ni + y’-Ni3Al alloys of Example 1 and
FIG 14.

FIG. 16 1s a plot showing the effect of Hf modification on the cyclic oxidation
kinetics of Pt-modified 3-Ni1Al, vy N1 + y’-Ni3Al alloys of Example 1.

FIG. 17 1s a series of surface and cross-sectional images illustrating the effect of
Hf modification on selected Pt-modified B-NiAl, y Ni + y’-NisAl alloys of Example 1 and
FIG. 16 after 1000 hours of 1sothermal oxidation at 1150°C 1n air.

FIG. 18 1s an 1llustration of microstructure and composition profiles through a vy-
Ni + vy’-Ni3Al alloy composition (N1-22A1-30Pt)/y-N1 + v’-N13Al (N1-22Al) couple after
50 h interdiffusion at 1150°C.

FIG. 19 1s an 1llustration of microstructure and composition profiles through a vy-

Ni + y’-NizAl alloy composition (N1-22A1-30Pt)/CMSX-4 couple after 50 h interdiffusion
at 1150°C.
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Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

In one aspect, the invention 1s a platinum (Pt) group metal modified y-Ni + 1y’
Ni3Al alloy, which in this application refers to an alloy including a Pt-group metal, Ni and
Al in relative concentration such that a y-Ni + y’-Ni3Al phase constitution results. In this
alloy the concentration of Al 1s limited with respect to the concentration of Ni and the Pt-
group metal such that substantially no 3-NiAl phase structure, preferably no (-NiAl
phase structure, is present in the alloy, and the y-Ni + y’-Ni13Al phase structure
predominates.

The Pt-group metal may be selected from, for example, Pt, Pd, Ir, Rh and Ru, or
combinations thereof. Pt-group metals including Pt are preferred, and Pt is particularly
preferred.

In the alloy Al 1s preferably present at less than about 23 at%, preferably about 10
at% to about 22 at% (3 wt% to 9 wit%), the Pt-group metal is present at about 10 at% to
about 30 at% (12 wt% to 63 wt%), preferably about 15 at% to about 30 at%, with the

remainder Ni. The at% values specified for all elements in this application are nominal,

and may vary by as much as +1-2 at%.

Additional reactive elements such as Hf, Y, La, Ce and Zr, or combinations
thereof, may optionally be added to or present in the ternary Pt-group metal modified y-
N1 + y’-Ni13Al alloy to modify and/or improve its properties. The addition of such
reactive elements tends to stabilize the y’ phase. Therefore, if sufficient reactive metal 1s
added to the composition, the resulting phase constitution may be predominately vy’ or
solely v’. The Pt-group metal modified y-Ni + y’-Ni3Al alloy exhibits excellent solubility
for reactive elements compared to conventional B-Ni1Al-Pt alloys, and typically the
reactive elements may be added to the y + y’ alloy at a concentration of up to about 2 at%
(4 wt%), preferably 0.3 at% to 2 at% (0.5 wt% to 4 wt%), more preferably 0.5 at% to 1
at% (1 wt% to 2 wt %). A preferred reactive element includes Hf, and Hf is particularly

preferred.

In addition, other typical superalloy substrate constituents such as, for example,

Cr, Co, Mo, Ta, and Re, and combinations thereof, may optionally be added to or present
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in the Pt-group metal modified y-Ni + y’-NizAl alloy in any concentration to the extent
that a y + v’ phase constitution predominates.

Referring to Fig. 3, a portion of a phase diagram of an embodiment of the
invention is shown in which the Pt-group metal is Pt. In this embodiment the Ni-Al-Pt
phase diagram includes phases 3-NiAl (region 3), y-Ni (regton y) and y’-NizAl (region
v’). In this embodiment, if the Al concentration is selected with respect to the
concentration of Ni and Pt such that the ternary alloy falls within the shaded region A
falling between the y-Ni and the y’-Ni3Al phase fields, then the components are present in
ay+ vy’ structure.

+ In the embodiment depicted in the region A of Fig. 3, Al is preferably present at
less than about 23 at%, preferably about 10 at% to about 22 at% (3 wt% to 9 wi%) and Pt
is present at about 10 at% to about 30 at% (12 wt% to 63 wt%), preferably about 15 at%
to about 30 at%, with the remainder Ni. An optional reactive element such as Hf, if
present, may be added at a concentration of about 0.3 at% to about 2 at% (0.5 wt% to 4
wi%).

The alloys may be prepared by conventional techniques such as, for example,
argon-arc melting pieces of high-purity Ni, Al, Pt-group metals and optional reactive
and/or superalloy metals and combinations thereof.

The Pt-group metal modified y-N1 + y’-Ni13Al alloy may be applied on a substrate
to impart high-temperature degradation resistance to the substrate. Referring to Fig. 4, a
typical substrate will typically be a N1 or Co-based superalloy substrate 102. Any
conventional Ni or Co-based superalloy may be used as the substrate 102, including, for
example, those available from Martin-Marietta Corp., Bethesda, MD, under the trade
designation MAR-M 002; those available from Cannon-Muskegon Corp., Muskegon, MI,
under the trade designation CMSX-4, CMSX-10, and the like.

The Pt-group metal modified y-Ni + y’-Ni3Al alloy may be applied to the
substrate 102 using any known process, including for example, plasma spraying, chemical
vapor deposition (CVD), physical vapor deposition (PVD) and sputtering to create a
coating 104 and form a temperature-resistantv article 100. Typically this deposition step i1s

performed in an evacuated chamber.
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The thickness of the coating 104 may vary widely depending on the intended
application, but typically will be about 5 pm to about 100 pum, preferably about 5 pm to
about 50 um, and most preferably about 10 um to about 50 pm. The composition of the
coating 104 may be precisely controlled, and the coating has a substantially homogenous
Y + v’ constitution, which in this application means that the y + v’ structure predominates
though the entire thickness of the coating. In addition, the coating 104 has a substantially
constant Pt-group metal concentration throughout its entire thickness.

[f the coating 104 1s a bond coat layer, a layer of ceramic typically consisting of
partially stabilized zirconia may then be applied using conventional PVD processes on the
bond coat layer 104 to form a ceramic topcoat 108. Suitable ceramic topcoats are
available from, for example, Chromalloy Gas Turbine Corp., Delaware, USA. The
deposition of the ceramic topcoat layer 108 conventionally takes place in an atmosphere
including oxygen and inert gases such as argon. The presence of oxygen during the
ceramic deposition process makes 1t inevitable that a thin oxide scale layer 106 is formed
on the surface of the bond coat 104. The thermally grown oxide (TGO) layer 106
includes alumina and 1s typically an adherent layer of 0-Al,O3. The bond coat layer 104,
the TGO layer 106 and the ceramic topcoat layer 108 form a thermal barrier coating 110
on the superalloy substrate 102.

The Pt-group metal modified y-Ni + y’-Niz Al alloys utilized in the bond coat layer
104 are both chemically and mechanically compatible with the v + vy’ phase constitution
of the N1 or Co-based superalloy 102. Protective bond coats formulated from these alloys
will have coefficients of thermal expansion (CTE) that are more compatible with the
CTEs of Ni-based superalloys than the CTEs of B-NiAl-Pt based alloy bond coats. The
former provides enhanced thermal barrier coating stability during the repeated and severe
thermal cycles experienced by mechanical components in high-temperature mechanical
systems.

When thermally oxidized, the Pt-group metal modified y-Ni + y’-Nis; Al alloy bond
coats grow an 0-Al,O3 scale layer at a rate comparable to or slower than the thermally

grown scale layers produced by conventional B-Ni1Al-Pt bond coat systems, and this

provides excellent oxidation resistance for y-Ni + y’-Ni3Al alloy compositions. The Pt-

metal modified y + vy’ alloys also exhibit much higher solubility for reactive elements
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such as, for example, Hf, than conventional -NiAl-Pt alloys, which makes it possible to
further tailor the alloy formulation for a particular application. For example, when the Pt-
metal modified y + vy’ alloys are formulated with other reactive elements such as, for
example, Hf, and applied on a superalloy substrate as a bond coat, the growth of the TGO
scale layer is even slower. After prolonged thermal exposure, the TGO scale layer further
appears more planar and has enhanced adhesion on the bond coat layer compared to scale
layers formed from conventional B-NiAl-Pt bond coat materials.

In addition, the thermodynamic activity of Al in the Pt-group metal modified y-Ni
+ v’-NisAl alloys can, with sufficient Pt content, decrease to a level below that of the Al
in Ni-based superalloy substrates. When such a bond coating including the Pt-group
metal modified y-N1 + y’-NisAl alloys 1s applied on a superalloy substrate, this variation
in thermodynamic activity causes Al to diffuse up its concentration gradient from the
superalloy substrate into the coating. Such “uphill diffusion” reduces and/or substantially
eliminates Al depletion from the coating. This reduces spallation 1n the scale layer,
increases the stability of the scale layer, and enhances the service life of the ceramic
topcoat in the thermal barrier system.

Thermal barrier coatings with bond coats including the Pt-group metal modified
v-N1 + v’-Ni3Al alloys may be applied to any metallic part to provide resistance to severe
thermal conditions. Suitable metallic parts include N1 and Co based superalloy

components for gas turbines, particularly those used in aeronautical and marine engine

applications.

Examples

Example 1

Ni-Al-Pt alloys and Ni-Al-Pt alloys modified with Hf were prepared by argon-arc
melting pieces of high-purity Ni, Al, Pt, and Hf. To ensure homogenization and
equilibrium, all alloys were annealed at 1100°C or 1150°C for 1 week in a flowing argon
atmosphere and then quenched in water to retain the high-temperature structure. The

alloys were cut into coupon samples and polished to a 600-grit finish for the further

testing on phase equilibrium, oxidation, and interdiffusion.

10
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The equilibrated samples were first analyzed using X-ray diffraction (XRD) for
phase identification and then prepared for metallographic analyses by cold mounting
them in an epoxy resin followed by polishing to a 0.5 pm finish. Microstructure
observations were initially carried out on etched samples using an optical microscope.

5 Concentration profiles were obtained from un-etched (i.e., re-polished) samples by either
energy (EDS) or wavelength (WDS) dispersive spectrometry, with the former utilizing a
secondary electron microscope (SEM) and the latter an electron probe micro-analyzer

(EPMA). Differential thermal analysis (DTA) was also conducted on selected samples to

determine thermal stability of different phases.

10 The 1dentified alloy compositions are shown in Table 1:

Phases Comp.
Overall Comp.

N L L
at% | 48 22 30 476 219 305|636 133 23.1
:
: 6.3

304 64 632 | 299 638 | 434 42 524
22 20 | 574 215 21.1 1695 146 15.9
431 75 4941418 72 510|539 52 409
22 25 | 528 2211 251 166.6 141 193

3 69 5681361 69 57.01485 47 468
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Table 1

The identified alloy compositions are also depicted on a Ni-rich portion of the
NiAIPt phase diagram shown in Fig. 5.
15
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Example 2 — Isothermal and Cyclic Oxidation

Isothermal and cyclic oxidation tests were carried out at 1100 and 1150°C in still
air using a vertical furnace. Isothermal oxidation kinetics were monitored by
intermittently cooling the samples to room temperature and then measuring sample
weight change using an analytical balance. No attempt was made to retain any scale that
may have spalled during cooling to room temperature or handling. As a consequence,
weight-loss kinetics were sometimes observed. Cyclic oxidation testing involved
repeated thermal cycles of one hour at temperature (1100 or 1150 °C) followed by cooling
and holding at about 120°C for 15 minutes. Sample weight change was measured
periodically during the cool-down period. Raising and lowering the vertical furnace via a
timer-controlled, motorized system achieved thermal cycling. At the end of a given test,

the oxidized samples were characterized using XRD, SEM and EDS.

Example 2A

The “1sothermal” oxidation behavior at 1150°C in still air of a range of Ni-Al-Pt
alloys of different phase constitutions is shown in Fig. 6. The y + v’ alloy in this example
was the same as alloy 7 in Example 1 above. All of the alloys shown formed an Al,Os-
rich TGO scale layer, as confirmed by XRD. Sample weight changes were measured at

room temperature after 20, 40, 60 and 100 hours of exposure. Accordingly, the oxidation
test was not truly isothermal. The alloy labeled B in Fig. 6 is B-N1Al containing
nominally 50 at % Al and 10 at % Pt This alloy exhibited positive weight-change kinetics

over time and, hence, limited scale spallation. Comparison of the oxidation behavior of
binary B-NiAl to that of Pt-modified (3-Ni1Al leads to the conclusion that Pt addition to
NiAl-based alloys reduces spallation and enhances TGO scale adhesion. The low weight-
change kinetics of the ternary Pt-modified y+y’ alloy 1s comparable to those of the
containing alloys, which have higher concentrations of Al. Binary '+ v’ alloys exposed
under similar conditions were found to undergo significantly higher weight-change
kinetics followed by excessive scale spallation. Thus, the addition of Pt to y + v’ alloys

not only improves scale adhesion, but also promotes Al,O3 scale formation.

12
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Cross-sectional SEM 1mages of selected alloys from the 1150°C isothermal
oxidation test (F1g. 6) are shown in Fig. 7. Each alloy was exposed for 100 hours. The
poor scale adhesion of the Al;O3 TGO scale layer on the binary B-NiAl bond coat is
clearly evidenced by the gap between the scale layer and the bond coat. Scale adhesion
appeared to be quite good for the Pt-modified B-containing alloy bond coats and the Pt
modified y + v’ alloy bond coats. However, in the case of the Pt modified y + vy’ alloy
bond coat, the bond coat/TGO scale interface is non-planar, i.e., rumpled. Selective
aluminum oxidation caused the subsurface region of this Pt modified y + vy’ alloy (alloy
7) to transform 1nto a continuous ¥y layer followed by a layer of y + .. Both layers were
found to increase 1n thickness with increasing time of oxidation. The Pt modified y + vy’
alloy bond coat shown 1n Fig. 7 1s alloy 7 in Example 1 above (Ni1-22Al-30Pt).

As shown 1n Fig. 8, a much more planar alloy/scale interface develops if the Ni-
22 A1-30Pt alloy 1s modified with 0.5 at.% (1 wt.%) hafnium, such that the alloy
composition 1s Ni-22A1-30Pt-0.5HT, or if the platinum content in the alloy is reduced. In
addition, the alloys having a much more planar alloy/scale interface showed no evidence
of forming an intermediate layer of y + o for the times studied (i.e. up to 1000 hours). A
comparison of the images 1n Fig.8 shows that further béneﬁt of Hf addition 1s to
significantly decrease the thickness of the Al,O3 scale that develops on the y + y’alloys

during oxidation.

Example 2B
Alloy samples from Example 1 were isothermally and cyclically oxidized at 1150
°C. The plot in Fig. 9 shows that a Pt-free y + y” alloy (#B3: Ni-22 at.% Al) has very

poor cyclic oxidation resistance; whereas, adding 10-30 at.% Pt to this alloy (i.e., keeping

the Al content constant at 22 at.% and thus having vy’ as the principal phase) significantly

improves cyclic oxidation resistance. In the case of alloy #29, 1t 1s further shown that the

cyclic oxidation resistance is still very good even if the Al content 1s lowered from 22 to
16 at.% and the Pt content 1s kept at 20 at.% (i.e. vy 1s the principal phase).

Fig. 10 shows cross-sectional images of the isothermally oxidized alloys of
Example 1. The addition of 10-30 at%Pt to a Ni-22 at%Al promotes the exclusive

formation of a continuous and adherent Al,O; scale. As indicated, the binary Ni-22

13




10

15

20

25

30

CA 02525320 2005-11-09

WO 2004/104243 PCT/US2004/014740

at.%Al alloy B3 forms a poorly adherent scale that contains an out layer of the spinal

phase Ni10O-Al,Os.

Example 2C

Fig. 11 compares the 1150°C cyclic oxidation kinetics of bulk alloys of the
following Pt-modified alloys: B-NiAl (50 at.% Al), y-N1 + y’-Ni3Al+ (22 at.% Al), and
Hf-modified y-Ni + y’-Ni13Al+ (22 at.% Al). Each thermal cycle consisted of one hour at
1150°C 1in air followed by 15 minutes in air at about 120°C. It 1s seen that the B alloy
(based on the commonly used bond coat composition) underwent weight loss, which is
indicative of oxide-scale spallation, while the better performing y + vy’ alloys did not
show notable evidence of scale spallation. The performance of the Hf-modified alloy 1s
particularly superior, showing minimal weight gain and, therefore, an exceptionally slow
rate of oxide-scale growth. It 1s noteworthy that the beneficial effect of hafnium was
observed even at an alloying content of 2 wt.%. Such a high hafnium content would be
highly detrimental to the oxidation resistance of a B-based coating, which requires no
greater than about 0;1 wt.% hafnium for a beneficial effect. From a practical standpoint,
staying below this low maximum 1s very difficult to achieve and therefore hafnium is
generally not intentionally added to b-based coatings. The y + v’ bond coating

compositions being proposed in this application will easily allow for the addition of

hafnium and thus for optimization for protective scale formation.

Example 2D

This example compares the cyclic oxidation kinetics at 1150 °C in air of various
alloy compositions. The plot in Fig. 12 shows that the cyclic oxidation kinetics of the Pt-
modified y-Ni + y’NiszAl alloy are comparable to the Pt-modified 3-NiAl alloy. The B-
NiAl alloy contains 50 at.% Al (i.e., more than double that of the Pt-modified y-Ni +
v’NisAl alloy) and is representative of alloys used as conventional Pt-modified B-NiAl
bond coatings. The plot of Fig. 12 also shows the significant benefit of adding 1 wt.%
(~0.5 at.%) Hf to the Pt-modified y-Ni + y’NisAl alloy. The rate of Al,O3 scale growth

deceases by almost an order of magnitude with Hf addition.

14
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Example 2E

This example compares the cyclic oxidation kinetics at 1150 °C 1in air of various vy
+ v alloy compositions of Example 1. The plot in Fig. 13 shows the cyclic oxidation of
various Pt-modified y-N1 + y’NizAl alloy from Example 1, together with a binary y-Ni +
v’Ni;Al alloy (B3 of Example 1, with 22 at.%Al) and a stoichiometric B-NiAl alloy. Itis
seen that the alloys containing more than 10 at.%Pt exhibit very protective oxidation
behavior, with always a positive rate of weight change and, hence, no measurable scale

spallation.

Example 2F

The plot of Fig. 14 shows the beneficial effect of Hf addition for improving the
oxidation resistance of various Pt-modified y-Ni + y’NizAl alloys from Example 1,
together with a stoichiometric -NiAl alloy. Closer inspection shows that the beneficial
effect 1s greatest when v’ 1s the principal phase in the alloy (alloy 32, which is alloy 7
with 1 wt% Hf), compared to when v 1s the principal phase in the alloy (alloy 38, which is
alloy 29 with 1 wt% HIf). This is likely because Hf is much more soluble in y’ than in v,
thus the hafnium 1s more uniformly distributed in the y’-based alloy.

As shown 1n the surface and cross-sectional images of Fig. 15, scale adhesion is
much improved with the addition of 1 wt.% (~0.5 at.%) Hf to the Ni-22 at.%Al1-30 at.%Pt
alloy. A test including 1000 thermal cycles, with each cycle consisting of 1 h at 1150°C +

15 min at ~ 120°C, is considered a long-term test.

Example 2G

The plot of Fig. 16 shows that the cyclic oxidation resistance of the Pt-modified -
N1 + v’Ni3Al alloy from Example 1 (where v’ 1s the principal phase) can be improved
with the addition of even 2 wt.% (~1 at.%) hafnium (alloy 36, which is alloy 7 with 2 at%
Hif). In the context of the currently-used -Ni1Al-based coatings, such a high hafnium

content would never be used, as 1t would be detrimental to oxidation resistance.

The cross-sectional images in Fig. 17 show that 1 and 2 wt.% Hf addition to the

high-Pt alloy #7 causes a significant reduction in the extent of rumpling at the alloy/scale
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interface. Rumpling is a progressive roughening of the surface and should be avoided to

maintain optimum oxidation resistance.

Example 3

Interdiffusion couples were made by hot isostatic pressing alloy coupons at

1150°C for 1 hour. Subsequent interdiffusion annealing was carried out at either 1100°C
or 1150°C for up to 50 h in a flowing argon atmosphere. The diffusion couples were
quenched in water at the end of a given interdiffusion anneal. The same characterization
techniques discussed above were used to analyze the interdiffusion behavior in the Ni-Al-
Pt system.

The eifects of Pt on the interdiffusion of Al in Pt modified y-Ni + y’-NisAl alloys
were studied at 1150°C. It was found that, with sufficient Pt content (e.g., greater than
about 15 at.%) the chemical activity of Al in the y + 1y’ alloy containing 22 at% Al is
decreased to the extent that there 1s uphill diffusion of Al from the “substrate” (containing
~ 13-19 at.% Al) to the y + vy’ coating composition.

A representative example 1s shown in Fig. 18 for the case of a y + y* (Ni-22Al-
30Pt)/y + vy’ (N1-19Al1) couple after 50 h interdiffusion at 1150°C.

A second representative example 1s shown in Fig. 19 for the case of a y'+vy (Ni-
22 Al-30Pt)/ CMSX-4 couple after 50 h interdiffusion at 1150°C.

In each of these examples the enrichment of aluminum in the Al-rich, y + vy’
“coating” side of the couple 1s clearly evident in the composition profiles shown in Figs.
18-19. The finding of uphill aluminum diffusion is significant, as it shows that Pt
modified y-N1 + y’-Ni3Al alloy coatings can be formulated that will exhibit aluminum
replenishment or even enrichment owing to Al diffusion from the substrate to the coating.
This latter behavior 1s 1n direct contrast to what is observed in $-NiAl containing
coatings.

A number of embodiments of the invention have been described. Nevertheless, it
will be understood that various modifications may be made without departing from the

spirit and scope of the invention. Accordingly, other embodiments are within the scope of

the following claims.

16
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What is claimed is:
1. An alloy comprising:

10 at% to 30 at% of a Pt-group metal,

10 at% to 22 at% Al,

0.5 at% to 2 at% of a reactive element selected from the group consisting
of Hf, Y, La, Ce, Zr, and combinations thereof, and

the remainder Ni,

wherein the alloy has a predominately y-Ni + y'-NizAl phase constitution .

2. The alloy of claim 1, wherein the Pt-group metal is selected from the group
consisting of Pt, Pd, Ir, Rh and Ru, and combinations thereof.

3. The alloy of claim 1, wherein the Pt-group metal is Pt.
4, The alloy of claim 1, wherein the reactive element is Hf.
5. The alloy of claim 1, further comprising a metal selected from the group

consisting of Cr, Co, Mo, Ta, and Re, and combinations thereof.

6. The alloy of claim 1, wherein the alloy comprises 10 at % to 22 at % Al

and 15 at % to 30 at % of the Pt-group metal, and wherein the Pt-group metal is
Pt.

7. A coating on a substrate, wherein the coating comprises the alloy of any
one of claims 1-6.

8. The coating of claim 7, wherein the substrate is a metal.

9. A thermal barrier coated article comprising:
(a) a superalloy substrate;

17
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(b) a bond coat on the substrate, wherein the bond coat comprises the

alloy of any one of claims 1-6.

10.  The article of claim 9, further comprising an adherent layer of oxide on the
bond coat.

11.  The article of claim 10, further comprising a ceramic coating on the
adherent layer of oxide.

12. The article of claim 9, wherein the bond coat has a thickness of about
5 um to about 100 ym.

13. A method for making a heat resistant substrate comprising applying on a
substrate a coating comprising the alloy of any one of claims 1-6.

18
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