Microstructural Evolution of the Nickel Platinum-Aluminide
Bond Coat on Electron-Beam Physical-Vapor Deposition
Thermal-Barrier Coatings during High-Temperature Service

L.C. ZHANG and A.H. HEUER

The microstructural evolution of a (Ni,Pt)-aluminide bond coat underneath the ZrO,-based thermal-barrier
coating (TBC) topcoat system on a René N5 Ni-based superalloy turbine blade during prolonged high-
temperature service has been characterized using transmission electron microscopy (TEM). The as-deposited
bond coat has a spatially varying microstructure, which consists of an outer layer of single-phase 3-(Ni,Pt)Al,
a middle layer of a B-(Ni,Pt)Al matrix containing a high number density of w-phase precipitates, and an
inner layer containing a y/y" matrix and numerous u- and o-phase precipitates. During service, microstruc-
tural changes in the hotter sections of the blade are more extensive than those in the cooler parts, as
expected. As a result of interdiffusion, the inner layer grows into the /vy’ substrate, with the formation
of some My;Cg precipitates, and the 8 matrix in the middle layer is transformed into a two-phase mixture
of B and 7y’. Corresponding changes occur in the morphologies and volume fractions of the various pre-
cipitate phases present in the bond coat. The single-phase 3 material in the outer layer retains its basic
structure, except that the compositional changes due to diffusion between the bond coat and turbine blade
cause a martensitic transformation to occur in the hottest sections during the final cooling of the blade.
The distribution of various elements in the different layers has also been analyzed, as has growth of the
thermally grown oxide (TGO) at the bond coat/TBC interface.

I. INTRODUCTION

IT is well known that modification of Ni-aluminide bond
coats by Pt additions significantly improves their resistance to
high-temperature oxidation and hot corrosion."™ Such prop-
erty enhancements have led to widespread application of Pt-
aluminide bond coats on superalloy components of advanced
gas turbine engines. Some studies®®! have indicated several
coupled effects of the Pt addition in these Ni-aluminide bond
coats. First, Pt increases the coating stability by preventing
inward diffusion of Al and outward diffusion of Ni and refrac-
tory elements like Mo, V, Ta, and W.5! Second, Pt increases
the diffusivity of Al in the outer region of the bond coat, result-
ing in the formation of a purer thermally grown oxide (TGO).!*)
In addition, Pt improves oxide adherence."”®! Last, Pt prevents
the B-NiAl alloy from transforming into a y’-Ni;Al-based alloy,
thereby improving the oxidation resistance of the bond coat.’®

The aluminide bond coats deposited on single-crystal
superalloy turbine blades involve several matrix and precip-
itate phases, primarily B8-NiAl and y’-Ni;Al matrix phases
and u, o, and o’ precipitates (the superalloy substrate itself is,
of course, a y/y" Ni-based alloy). Precipitation of the u and
o phases usually depletes the substrate of the refractory strength-
ening elements Ta, W, Mo, Cr, and Co and can, therefore, be
detrimental to mechanical properties of the superalloy. How-
ever, these precipitates do have a beneficial effect on coat-
ing stability by restricting inward diffusion of Al and outward
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diffusion of Ni.”) It is worth noting that the u phase prefer-
entially dissolves W and Ta and the o phase preferentially
dissolves Cr and Co. Furthermore, a-Cr precipitates are com-
monly encountered in the simple aluminide bond coat,”!
whereas a-W precipitates have been found in a Pt-aluminide
bond coat,!'"! where they formed by outward diffusion of W
from the superalloy substrate. Carbide precipitates are present
in some bond coats when sufficient carbon is present.!'!

In order to investigate the mechanisms of degradation of
these bond coats, laboratory studies have been carried out
involving isothermal exposure,!'*!3~13) thermal fatigue,!'> and
thermomechanical fatigue!'®! under various conditions. All
these studies have shown that two processes dominate the
microstructural evolution: interdiffusion between the bond coat
and substrate and oxidation of the bond coat, leading to the
so-called TGO layer beneath the ZrO,-based thermal-barrier
coating (TBC) topcoat. Microstructural characterizations of
aluminide bond coats have been published,!"*! but detailed
investigation in terms of phase distribution and phase chem-
istry is another matter. In this study, we have characterized
an actual turbine blade (provided by General Electric (GE)
Aircraft Engines) taken out of service after some unknown but
modest fraction of life, which clearly experienced a relatively
complicated combination of hot deformation and thermal
cycling, and compared its microstructure with laboratory
coupons, both as-deposited and after a high-temperature expo-
sure. (The Y,05-stabilized ZrO, topcoat had been made by
electron-beam physical-vapor deposition. Our study comple-
ments recent work by Wright, Hemker, and co-workers!?2%
on laboratory coupons of similar composition and structure.

To the best of our knowledge, no similar studies on the
microstructure of actual blades taken out of service have been
reported to date; our work should help in understanding the
factors determining the life of these exquisitely engineered
structures.
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II. EXPERIMENTAL PROCEDURE

The laboratory coupon consisted of an electron-beam
physical-vapor-deposited 7 w/o Y,0s-stabilized ZrO, TBC on
top of a Pt-modified aluminide bond coat and a René N5 single-
crystal substrate; the coupon had been processed identically
to production superalloy turbine blades. These turbine blades
are manufactured by conventional single-crystal casting tech-
nologies. Following casting, and certain proprietary aging
heat treatments and proprietary machining operation, the blade
was coated with the platinum-aluminide bond coat to provide
environmental protection. The PtAl coating was applied in
two steps: Pt deposition and aluminiding. A thin layer of Pt
was applied to the desired surfaces by electroplating after the
surface was cleaned and activated. The thickness of the Pt
electroplate was set to achieve the desired postaluminiding
composition. The Pt-plated turbine blade was then aluminided
using a chemical-vapor deposition process designed to create
an “outward” coating. In this process, the Al activity and
process temperature are adjusted to promote the outward dif-
fusion of Ni from the substrate to react with Al diffusing in
from the coating atmosphere. The coating produced is con-
ventionally described as consisting of two layers: an “additive
layer” adjacent to the external surface (termed as such because
much of this layer adds to the dimensions of the component)
and an interdiffusion zone within the alloy. This low-activity
coating process produces a single-phase PtAl coating, where
the additive layer of the coating is single-phase 3-NiAl (B2
structure) with Pt in solid solution. (This structure is in con-
trast to so-called higher-activity processes, where the additive
layer may contain precipitates of PtAl, phases due to higher
Al levels.)

The shape of the actual blade we studied is similar to that
shown in Figure 1. We arbitrarily labeled and sectioned var-
ious parts of the blade: sections A, C, E, and G are from the
hotter, higher-pressure side of the engine, while sections B, D,
F, and H are from the cooler side; sections G and I are close
to the leading edge. In this article, we will focus on the cooler
section F and the hotter section A, which represent extremes
in the thermal exposure, but we will supplement our descrip-
tion with data from other sections, as needed, to fully illustrate
the microstructural evolution.

Convex side
Cooler TBC

Concave side

Hotter TBC (leading edge)

CMAS Deposit

Fig. 1—A schematic diagram of a turbine blade and the various sections
that have been studied.
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Specimens for scanning electron microscopy (SEM) inves-
tigations were prepared by mechanical grinding and polishing.
Some specimens were etched using a solution of 97 pct hydro-
chloric acid (HCI), 2 pct sulfuric acid (H,SO,), and 1 pct nitric
acid (HNOj). After the bond coat was etched, the grain bound-
aries, as well as the B-NiAl and y’-Ni;Al phases, could readily
be imaged in a PHILIPS* XL-30 environmental SEM (ESEM)

*PHILIPS 1is a trademark of Philips Electronic Instruments Corp.,
Mahwah, NIJ.

with a Noran Vantage energy-dispersive spectroscopy (EDS)
system. Volume fractions and sizes of phases visible in the
SEM images were analyzed using digital image analysis. Cross-
sectional foils for transmission electron microscopy (TEM)
were obtained using the technique described by Unal et al.,’*!
with final thinning using a Gatan precision ion-polishing system.
The TEM foils were examined using a PHILIPS CM-20 TEM
apparatus operating at 200 kV.

Compositional data were obtained in the transmission
electron microscope using a high-purity GE X-ray energy-
dispersive spectroscopy (XEDS) detector and the thin-film
ZAF-corrected software program in the Noran Voyager EDS
system. All compositions are quoted in atomic percent.

III. RESULTS

A. Microstructure

Figure 2(a) is a relatively low-magnification cross-sectional
SEM image of the as-deposited coupon sample, and Figures 2(b)
and (c) are similar images of sections F and A of the used
blade; the Al,O; TGO is at the top of each image, and the
Rene NS5 single-crystal substrate is at the bottom. These images
suggest a subdivision of the bond coat into three regions: an
inner layer, adjacent to the /7y’ blade; a middle layer; and an
outer layer beneath the Al,O; TGO, itself between the bond
coat and the Y,Os-stabilized ZrO, top coat. During the pro-
cessing of the bond coat, described earlier, occasion is had to
grit blast the exposed surface with Al,O5; media, some of which
is imbedded in the sample. The residual Al,O; grit particles
appear to delineate the transition between the outer and mid-
dle layers. We show a further TEM image of these grit parti-
cles subsequently.

Various phases within the bond coat are identified by num-
bers adjacent to the images, the identification being made by
TEM (to be discussed subsequently). Measurement of the
grain size in various layers performed through SEM imaging
on etched-plan and sectional-view samples (images not
included here) indicated that the grain size of the outer and
middle layers differed significantly. This is clear from Fig-
ure 2(d), a backscattered SEM image of a cross section of
section A. In this image, the atomic-number contrast renders
the B-NiAl phase a lighter shade of gray than the y’-NizAl
phase, while the various precipitate phases to be discussed
next are the brightest features in the image. In addition, in the
outer layer of hot sections A and C, small vy’ intergranular
precipitates between the (3 grains were frequently observed.

A TEM image of the inner layer in the as-deposited mater-
ial is shown in Figure 3(a). The v’ matrix in the bond coat
contains fine precipitates of both o-and o’; these phases have
similar chemistries, as shown in Table I, but are distinctly differ-
ent crystallographically. The o phase has tetragonal symmetry,
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Fig. 2—SEM images showing the main microstructural features of a cross section of the bond coat in (a) the as-deposited sample, (b) the cooler part F,
and (c) the hotter part A. (d) Backscattered SEM image from Section A.

[110]%,

(@) | ®)

Fig. 3—TEM images. (a) the multiphase microstructure in the inner and middle layers in the as-deposited sample. The diffraction patterns from the 8 and

v’ phases are also displayed. (b) Numerous precipitates in the extended inner layer of the cooler part F, an enlargement of the framed area showing an
M,;Cs particle, and its diffraction pattern.
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Table I. Chemical Compositions (in Atomic Percent) of Different Phases in the Platinum-Modified Bond Coat
Samples
Phases Elements As-Deposited Sample Cool Section F Hot Section A
Matrix (outer layer) “B-NiAl” NiysAlygPt,,Co;TasCr, NiyAlysPt,Ta;CosCrs W NisgAl,,Pt3TasCosCry
Ppts (outer layer) Al,O4 Not present Al,Os;Ni (W, Ta, Cr, Fe), —
Matrix (mlddle layer) “B—NiAl” Ni49A123Pt9T39Cr5C05 Nis()A127_5Pt12C05Cr4WFe Ni53A122Pt1()C06Cr3WFe
v"-NizAl not present NigyAl;5TagCosPt;Cry
Ppts (mlddle layer) 1% Cr21N120W15C014Ta12R69 CrzoNi17‘5W13C015 CrzoNile}COMTalzReg
M06Pt3 T313Re|0M07Pt3 M06pt3
M,;Cy not present — —
Matrix (inner layer) 'y/-ngAl Ni60A116T39C07Pt4Cr3wZ Ni66A113Ta7C06Pt3W2Cr3 Ni61A116T37C05Pt3Cr3W2
Ppts (inner layer) (o2 — Cr44Ni17C015_5W9RegM06 Cr45Ni|7C0]6WSRe7M05
a’ — Cr42Ni16C014W10R610M06Fe —
1 Cry3Ni;sW5Co 5Ta Reg CrNijgsW4Coi6Ta 0Res
MOﬁPt — MOsPt
My;C¢ not present Cr,4NigWsRe,Ta,;CosMo,Pt Cry3Ni;WsResTa,CosMo,Pt
Substrate Y Ni50Cf17C013Ta7W4A13Re3 Ni48Cr13C014Ta6W3A13R64 Nisocrzocol lTa5W3Al7
Mo, Pt Mo, Pt Re,Mo
Y ! N167A1 12T38C04W3Cr3pt le)gAl 1 Ta7C05W4Cr4Pt N165Al 15Ta7C05W3Cr3Pt

with a ~ 0.90 nm and ¢ ~ 0.465 nm, and is a well-known
phase in Ni-based alloys.!"'?! To the best of our knowledge,
o’ has not been described before; it is orthorhombic with a
~ 0.102 nm, b ~ 0.83 nm, and ¢ ~ 0.475 nm. The Appen-
dix describes the TEM crystallographic characterization of
this phase.

As seen in Figure 3(a), the o phase occurs as needlelike
precipitates, whereas o’ appears as blocky precipitates. Blocky
u-phase particles, also well known in Ni-based alloys,!'!?!
are present near the inner-layer/middle-layer boundary; we
refer to them as particles and not precipitates, as there is no
well-defined orientation relationship with the y’ matrix.

It was most convenient to determine the chemistry and crys-
tallography of the o- and o-phase precipitates from the used
blade, where the larger size of the precipitates facilitated their
characterization. Figure 3(b) shows a portion of the inner layer
in section F. All of the o and o’ precipitates have coarsened,
the o phase losing its characteristic needlelike morphology.
The orientation relationships of the o and ¢’ precipitates with
the y’ matrix are as follows:

(2-20),//(1-10),, [001],,//[110], [1]
(1-11),//(001),, [110],,//[110], [2]
(1-11),//(001),, [110],//[140], [3]

Interestingly, two distinctly different crystallographic ori-
entation relationships (Eqgs. [2] and [3]) can be discerned
between the o’ precipitates and the y” matrix. They share
the same planar orientation relationship, (1-11),//(001),,,
but different directional orientation relations. However, there
are no recognizable differences in morphologies between these
two types of precipitates.

M,;Cg carbide precipitates with a complex subgrain struc-
ture are now present; a higher-magnification view of one pre-
cipitate is shown in the inset of Figure 3(b). The orientation
relation between the M,;Cq precipitate and the y’ matrix is
given by

(100),//(100)y,c, and [0011,//[001]y.c,  [4]
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The precipitate microstructure in the inner layer in the hottest
section A is similar to that in the cooler section F, except that
even more precipitate coarsening has occurred in section A
than in section F.

Portions of the middle layers in the as-deposited sample and
in section F are shown in Figures 4(a) and (b), respectively.
The matrix is a 8-NiAl phase containing w particles in the
as-deposited sample and a B/’ matrix containing w particles
and M»,;C precipitates in section F of the blade. The trans-
formation of Bto a B/7y” mixture is a consequence of the chang-
ing chemistry induced by interdifussion during service.

Portions of the outer layers in sections F and A are shown
in Figures 5(a) and (b), respectively. In section F, the matrix
contains a “tweed’” microstructure, indicative of the well-known
structural instability in 8-NiAl alloys, in which a tweed mor-
phology often develops on cooling Ni-rich NiAl alloys with
the B2 structure. It is generally considered to develop as a pre-
cursor to a martensitic transformation and reflects an aperi-
odic distortion of the lattice on the scale of some tens of atomic
spacings. This lattice distortion leads to a characteristic streaking
of {110}, reflections in electron diffraction patterns, in addi-
tion to the tweed contrast in TEM images.

In the hottest sample we examined, section A, the chem-
istry has changed sufficiently that the matrix has undergone a
martensitic transformation on final cooling to room tempera-
ture; diffraction patterns of seven tetragonal martensite vari-
ants identified in Figure 5(b) are shown in Figure 5(c).

As noted in Figure 2, grit particles of Al,O; are present
within the bond coat;"*® these grit particles more or less define
the boundary between the middle and outer layers of the bond
coat, as they become embedded in the bond coat. Figure 6
is a TEM micrograph showing these particles in section B.

The second form of a-Al,O; that is present is the TGO,
which plays a crucial role in the lifetime of these TBCs. The
variable nature of the TGO in the as-deposited material—a
columnar a-Al,O3 zone and a fine-grained mixed zone of
a-Al,O5 and ZrO,—has been shown in earlier work by our
group and by others.”””?8! The formation of this mixed zone has
been extensively discussed;>2?73! the mechanism of its for-
mation is still a matter of debate. The EDS data (not included

METALLURGICAL AND MATERIALS TRANSACTIONS A



(b)

Fig. 4—Bright-field TEM micrographs of the middle layer (@) in the as-deposited material and (b) in section F.

Fig. 5—Bright-field TEM micrographs of the outer layer in sections (a) F and (b) A. Diffraction patterns of the seven martensite variants labeled in (b) are
shown in (c).

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 36A, JANUARY 2005—47



Fig. 6—Bright-field TEM micrograph showing a-Al,O5 grit particles incor-
porated in the bond coat in Section B.

here) confirm that the fine-grained zone contains a mixture
of Al,O; and ZrO,.

Images of the TGO from sections A and B are shown in
Figures 7(a) and (b), respectively. Both images clearly show
that the newly formed oxide is columnar. In all images from
the used blade, the columnar Al,O; layer is “sandwiched”
between a fine-grained mixed zone of Al,O; and ZrO, and the
ZrO, topcoat.

We have also determined the average thickness of the
TGO at the various positions around the blade, as well as
the average dimensions of the columnar Al,Os; these data
are shown in Table II.

B. Chemical Evolution

Figure 8(a) is a schematic drawing of a cross section of the
TBC system, summarizing the main changes that occur dur-
ing high-temperature exposure of the turbine blade. Aside
from growth of the TGO by oxidation of the 3-NiAl outer
layer, Ni outward diffusion occurs from the /7y’ turbine blade,
and Pt inward diffusion occurs toward the substrate. The inner
layer, which is a mixture of y” and B-NiAl with a tweed micro-
structure and containing o, ¢, and w phases in the as-received
sample, transforms to a -y’ matrix in the used blade; the o, o,
and u phases coarsen, and M,;Cq carbides form.

The middle layer, which is a 3-NiAl phase containing u
particles in the as-deposited material, transforms to a /7y’
matrix containing coarse u particles and M,;Cq precipitates.
Depending on the position, the 8 phase can have a tweed sub-
structure or will have undergone a martensitic transformation
on cooling. Likewise, the outer B3 layer has either a tweed or
martensitic substructure, depending on the temperatures experi-
enced during service.

Figure 8(b) shows diffraction patterns from [3-NiAl in the
outer layer from various sections around the blade, along with
the c/a ratios deduced from this data. This structural evolution
can be understood with the assistance of Figure 8(c), which
shows the change in the unit cell as the structure transforms
from B-NiAl to y"-Ni3;Al. The B2 structure of NiAl is shown
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Fig. 7—Bright-field TEM micrographs of the a-Al,0; TGO in Sections
(a) A and (b) B.

Table II. The Average Dimensions of the TGO and the
Columnar AlL,Oj; at the Various Positions around the Blade

Average Average Average Columnar
Thickness of Thickness Dimensions in TGO
Inner Layer of TGO (Width X Height)
Section (um) (pum) (pum)
A ~27 ~0.7 ~0.1 X ~1.0
B ~18 ~13 ~0.1 X ~0.6
C ~23 ~1.4 ~0.1 X ~0.6
D ND* ND ~0.1 X ~0.5
E ~10 ~1.2 ~0.1 X ~0.2
F ~6 ~0.9 ~0.1 X ~0.2
G ~5 ~1.0 ~0.1 X ~0.1
H ND ND ND
I ~15 ~1.4 ~0.1 X ~0.5

*ND—not determined
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Fig. 8—(a) Schematic drawing showing interdiffusion in the bond coat during service; diffraction patterns from S-NiAl in the outer layer from various sections
are shown in (), while (c) shows schematic drawings of the transition from B-NiAl (B2 structure) to y’-Ni3Al (LI, structure). Of course, the martensite and
NisAl; will have some Ni atoms randomly occupying Al sites, and not the 1:1 stoichiometry shown here. (d) Composition profiles through the bond coat for

the as;deposited material and for Section A.
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Fig. 8—(Continued). (a) Schematic drawing showing interdiffusion in the bond coat during service; diffraction patterns from $-NiAl in the outer layer from
various sections are shown in (b), while (c) shows schematic drawings of the transition from B-NiAl (B2 structure) to y’-NizAl (LI, structure). Of course,
the martensite and NisAl; will have some Ni atoms randomly occupying Al sites, and not the 1:1 stoichiometry shown here. (d) Composition profiles through
the bond coat for the as-deposited material and for Section A.

in the upper left; we can also represent this structure by ref- Ni concentration increases, transformation to a martensitic
erence to the L1o structure (upper-right and lower-left sketches). structure with ¢/a = 0.840 occurs at a critical Ni concentra-
In this latter representation, there is a smooth variation of the tion, thought to be 50 to 60 at. pct, and then to another ordered

c/a ratio from 0.707 (\/5/2) for NiAl to 1.0 for Ni;Al. As the phase, NisAl;, with ¢/a = 0.90.
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Table III. Summary of EDS Analysis of Used Blade
(Concentrations in Atomic Percent)

Matrix

Y ,fNi66A1 13Ta7C07Cr3Pt3
B—NiSOAlzgpt] 2C05Cr4
B—NiysAlyPt4CosCrsTas

Precipitates
O'—Cr44Ni 1 7CO 1 6W9R68M06
0'—Cry,NiCo4,WgRe )Mog
M23C6—Cr74NiGW5Re4Ta4CO3M02
#—CrNi; 5Co1sW3Ta 3Re (MosPts

Inner layer
Middle layer
Outer layer

Inner layer

Middle layer

Figure 8(d) shows composition profiles from the outer layer
to the y/vy’ substrate for the as-deposited sample and for sec-
tion A. We made sure that the thinnest parts of the TEM foils
were used for these analyses. (All the concentrations given
derive from quantification of EDS spectra with a thin-film
ZAF correction; the absolute accuracy is ~10 pct.) Table I
shows the composition of selected phases in the as-received
samples and in sections F and A. A more succinct description
of the average composition of the three layers and the several
precipitates is shown in Table III. In the as-deposited sample,
the highest Al concentrations were found in the outer layer, and
the concentration decreased from ~40 at. pct in the outer layer
to ~15 at. pct in the substrate. In contrast, the Ni concentra-
tion increased from ~43 at. pct in the outer layer to ~65 at. pct
in the substrate. It is worth emphasizing that the Ni and Al
concentrations changed abruptly within the thin inner layer of
the as-deposited sample.

The highest Pt concentration was also found in the outer
layer, reaching a mean value of ~12 at. pct. The Pt concen-
tration decreased with increasing distance from the TGO, such
that finally no Pt exists in the substrate. Similarly, an abrupt
decrease in the Pt concentration also occurred within the inner
layer. Recognizing the detection limit of the EDS system,
just-detectable amounts of Cr and Co (1 to 2 at. pct) were
found in the outer layer. The W and Ta concentrations were
nearly zero in the outer layer, consistent with the absence of
any fine o W particles (Figure 2(a)).

As shown in Figure 8(d), the concentration of these elements
changed significantly in various layers of section A. In the outer
layer, the mean Al concentrations decreased to ~33 at. pct; the
Ni concentrations increased to ~48 at. pct; and the Pt con-
centrations decreased slightly. The width of the inner layer
increased during service, as shown in Table II.

IV. DISCUSSION

In addition to the temperature dependence of interdiffu-
sion between the bond coat and substrate during service, the
microstructures in the bond coat are also related to the initial
coating microstructures, which depend on the “aluminization”
variables utilized in the coating process, primarily time and
temperature.®¥ The as-deposited bond coat has two main
features: (1) the 3 phase in the outer and middle layers (with
the B2 structure) is Al deficient (Table I) and displays a
tweed morphology; and (2) the gradient of the Ni concentra-
tion is much steeper than that of Al and Pt in the inner layer.
Furthermore, the location of the alumina grit particles is
consistent with the coating being produced by a low-activity,
Ni-outward diffusion process.
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The general interdiffusion process in each section of the ser-
vice blade can be summarized as follows. The Ni-to-Al ratio
in both the middle and outer layers increased as Ni diffused
outward from the substrate and inner layer. This Ni depletion
results in the extension of the y” inner layer into the substrate.
The Ni-rich y phase in the substrate near the inner layer trans-
formed to 7y’ due to such interdiffusion. This transformation
was accompanied by simultaneous formation of the more Cr-,
Co-, and W-rich o, ¢, and M,;Cg phases in the newly formed
v’ phase. This is possible because the y” phase dissolves less
Cr, Co, and W than the y phase.'"”’ Second, this interdiffusion
causes the 8 — 7y’ phase transition in the middle layer and
decreases the volume fraction of the W- and Ta-rich u parti-
cles in the middle layer, because the -y’ matrix usually dissolves
more W and Ta in the middle layer than does the 8 matrix.!'”!

The 3 phase is usually considered to be a very good Al,O4
former, whereas the y and -y’ phases are poorer oxide formers,
which impairs the overall coating performance.'® The Ni-to-Al
ratio in the outer layer increases with interdiffusion, eventu-
ally reaching such levels that the 8 matrix transforms to y”. In
our used blade, no vy’ phase was formed, and most of the 8
phase remained stable in the outer layer of each section. The
initial tweed microstructure of the 3 phase remained for most
of the cooler sections. The 3 stability can possibly be attrib-
uted to the absence of any W-rich particles in the initial outer
layer. (It was reported that W-rich particles accelerate nucle-
ation of the vy’ phase and destabilize the 8 phase.”*>!) The major
change we observed is the broken symmetry in the 8 phase,
implying structural modulation of this phase due to small com-
positional variations. In the hottest section, the martensite that
formed can be considered an intermediate structure between the
B and y’ phases; the formation of martensite upon cooling results
from the large Al depletion during the rapid interdiffusion in the
hotter sections. This result is consistent with data in a series
of recent articles.>233! The martensitic transformation affects
the mechanical behavior by producing a linear transforma-
tion strain,?*?!*®! and it appears to enhance the intermediate-
temperature strength of the bond coat.[*3!

V. CONCLUSIONS

We have performed a comprehensive microstructural study
on an actual turbine blade produced by GE Aircraft Engines
and taken out of service after a modest (but unknown) frac-
tion of life. Our SEM/TEM study provides comprehensive
information on the microstructures of a widely used bond
coat system and its evolution during high-temperature service.
As such, it provides an important baseline for improved
airfoils in gas turbine systems and a benchmark for assump-
tions regarding phase evolution in the bond coat.

Specifically, the as-formed bond coat consists of three lay-
ers: an inner layer adjacent the Ni-based superalloy, which is
a mixture of y and +y’ phases but contains numerous w and
o precipitates; a middle layer of a 3-(Ni,Pt) aluminide con-
taining u precipitates; and an outer layer of single-phase
B-(Ni,Pt) aluminide. An a-Al,O3; TGO abuts the outer layer,
on which resides the ZrO,-based thermal barrier coating.
During service, spatially varying microstructural changes occur,
depending on the spatially varying thermal history of each
portion of the turbine blade. Due to interdiffusion, the inner
layer extends into the y/y” substrate, and some M,;Cg4 carbides
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form. The B matrix in the inner layer transforms to a B/’
mixture, and the various precipitate phases undergo coarsen-
ing. The outer layer remains single-phase 3, but diffusionally
induced composition changes cause the hottest sections to
undergo a martensitic transformation on cooling. In the blade
we studied, the thickest TGO was ~1.4 um.
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APPENDIX—LATTICE SYMMETRY OF ¢’

The lattice symmetry of the o’ phase was determined as
follows. A precipitate in an orientation close to a low-index
zone axis was assumed to be parallel to c¢*. This precipitate
was then tilted around c* to a number of nearby zone axes,
and additional diffraction patterns were recorded, as shown
in Figure Al. Analysis of these diffraction patterns led to

20.4°

010*

the reciprocal lattice shown in Figure A2, from which it is
clear that the structure is orthorhombic, with the lattice para-
meters a ~ 1.02 nm and » ~ 0.83 nm. Further tilting experi-

R

Tifeivrr
Fonnd the
o aviy

Fig. A2—Construction of the reciprocal lattice based on analysis of the
diffraction patterns in Fig. Al.

[-40]*

Orthorhombic

symmetry
a=10.2A°

b= 8.3A°
c=4.75A°

Fig. A1—A series of diffraction patterns from a ¢’ precipate with orthorhombic symmetry.
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ments then allowed the c-axis length to be determined: ¢ ~

0.475 nm.
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