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TURBINE BLADES AND MANUFACTURE METHODS

CROSS REFERENCE TO RELATED APPLICATION
[0001] Benefit is claimed of US Patent Application Ser. No.
61/878,894, filed September 17, 2013, and entitled “Turbine
Blades and Manufacture Methods”, the disclosure of which is
incorporated by reference herein in its entirety as if set

forth at length.

BACKGRQUND
[0002] The disclosure relates to gas turbine engines. More

particularly, the disclosure relates to turbine blades.

[0003] FIG. 1 schematically illustrates a gas turbine
engine 20. The exemplary gas turbine engine 20 is a two-spool
turbofan having a centerline (central longitudinal axis) 500,
a fan section 22, a compressor section 24, a combustor section
26 and a turbine section 28. Alternative engines might include
an augmentor section (not shown) among other systems or
features. The fan section 22 drives air along a bypass
flowpath 502 while the compressor section 24 drives air along
a core flowpath 504 for compression and communication into the
combustor section 26 then expansion through the turbine
section 28. Although depicted as a turbofan gas turbine engine
in the disclosed non-limiting embodiment, it is to be
understood that the concepts described herein are not limited
to use with turbofan engines and the teachings can be applied
to non-engine components or other types of turbomachines,
including three-spool architectures and turbines that do not

have a fan section.

[0004] The engine 20 includes a first spool 30 and a second
spool 32 mounted for rotation about the centerline 500
relative to an engine static structure 36 via several bearing

systems 38. It should be understood that various bearing

1
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systems 38 at various locations may alternatively or

additionally be provided.

[0005] The first spool 30 includes a first shaft 40 that
interconnects a fan 42, a first compressor 44 and a first
turbine 46. The first shaft 40 is connected to the fan 42
through a gear assembly of a fan drive gear system
(transmission) 48 to drive the fan 42 at a lower speed than
the first spool 30. The second spool 32 includes a second
shaft 50 that interconnects a second compressor 52 and second
turbine 54. The first spool 30 runs at a relatively lower
pressure than the second spool 32. It is to be understood that
“low pressure” and “high pressure” or variations thereof as
used herein are relative terms indicating that the high
pressure is greater than the low pressure. A combustor 56
(e.g., an annular combustor) is between the second compressor
52 and the second turbine 54 along the core flowpath. The
first shaft 40 and the second shaft 50 are concentric and

rotate via bearing systems 38 about the centerline 500.

[0006] The core airflow is compressed by the first

compressor 44 then the second compressor 52, mixed and burned
with fuel in the combustor 56, then expanded over the second
turbine 54 and first turbine 46. The first turbine 46 and the
second turbine 54 rotationally drive, respectively, the first

spool 30 and the second spool 32 in response to the expansion.

[0007] US Patent 6331217 shows a single-crystal airfoil
transient liquid phase (TLP) bonded to a polycrystalline root.
US Patent 7762309 shows casting of a blade having a

single-crystal root and a columnar airfoil.
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SUMMARY
[0008] One aspect of the disclosure involves a blade
comprising an airfoil and attachment root. The blade has a
tipward zone and a rootward zone. The rootward zone has a
single crystal structure. The tipward zone has a single
crystal structure. The crystalline orientations of the
rootward zone and tipward zone are at least 15° out of

registry with each other.

[0009] A further embodiment may additionally and/or
alternatively include the crystalline orientations of the
rootward zone and tipward zone being at least 30° out of

registry with each other.

[0010] A further embodiment may additionally and/or
alternatively include a transient ligquid phase bond between

the tipward zone and the rootward zone.

[0011] A further embodiment may additionally and/or
alternatively include the tipward zone having a first
composition and the rootward zone having a second composition,

different from the first composition.

[0012] A further embodiment may additionally and/or
alternatively include the tipward zone having a first
crystalline direction within 15° of spanwise and the rootward
zone having a second crystalline direction, different from the

first crystalline direction, within 15° of spanwise.

[0013] A further embodiment may additionally and/or
alternatively include the first crystalline direction being a
<111> direction and the second crystalline direction being a

<001> direction.
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[0014] A further embodiment may additionally and/or
alternatively include the tipward zone having a first
crystalline direction within 15° of spanwise. The rootward
zone has said first crystalline direction within 15° of
spanwise. At an interface between the tipward zone and the
rootward zone, the crystal of the tipward zone is rotated
around the spanwise direction by an angle of 15-45° relative

to the crystal of the rootward zone.

[0015] A further embodiment may additionally and/or
alternatively include the first crystalline direction being a

<001> direction.

[0016] A further embodiment may additionally and/or
alternatively include the tipward zone being less dense than

the rootward zone.

[0017] A further embodiment may additionally and/or
alternatively include the tipward zone and the rootward zone

having the same composition.

[0018] A further embodiment may additionally and/or
alternatively include the tipward zone and the rootward zone

having differing compositions.

[0019] A further embodiment may additionally and/or
alternatively include the tipward zone and the rootward zone

being nickel-based superalloy.

[0020] Another aspect of the disclosure involves a method
for manufacturing a blade comprising: an airfoil; and
attachment root, wherein: the blade has a tipward zone and a
rootward zone; and the rootward zone; and the tipward zone.

The method comprises: assembling a precursor of the tipward
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zone and a precursor of the rootward zone with a foil
therebetween; and heating the assembled precursors and foil to
transient ligquid phase bond the tipward zone and the rootward

zone.

[0021] A further embodiment may additionally and/or
alternatively include the rootward zone having a single
crystal structure and the tipward zone having a single crystal

structure.

[0022] A further embodiment may additionally and/or
alternatively include the crystalline orientations of the
rootward zone and tipward zone being at least 15° out of

registry with each other.

[0023] A further embodiment may additionally and/or
alternatively include the tipward zone having a <111>
direction within 15° of spanwise and the rootward zone having

a <001> direction within 15° of spanwise.

[0024] A further embodiment may additionally and/or
alternatively include the tipward zone being of a different

alloy than the rootward zone.

[0025] A further embodiment may additionally and/or
alternatively include the tipward zone being of a less dense

alloy than the rootward zone.

[0026] A further embodiment may additionally and/or
alternatively include a boundary between the tipward zone and
the rootward zone being between -10% and 70% span of the

airfoil.
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[0027] A further embodiment may additionally and/or
alternatively include the foil having a by-weight
concentration of a melting point depressant at least 1.0%
greater than the precursor of the first zone and the precursor

of the second zone.

[0028] A further embodiment may additionally and/or
alternatively include the precursor of the tipward zone and
the precursor of the rootward zone being nickel-based

superalloy and the melting point depressant being boron.

[0029] A further embodiment may additionally and/or
alternatively include foil having a thickness of twenty

micrometers to 100 micrometers.

[0030] Another aspect of the disclosure involves a blade
comprising an airfoil and attachment root. The blade has a
tipward zone, a rootward zone, and a transient liquid phase

bond between the tipward zone and the rootward zone.

[0031] The details of one or more embodiments are set forth
in the accompanying drawings and the description below. Other
features, objects, and advantages will be apparent from the

description and drawings, and from the claims.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0032] FIG. 1 is a partially schematic half-sectional view

of a gas turbine engine.

[0033] FIG. 2 is a view of a turbine blade of the engine of
FIG. 1.
[0034] FIG. 3 is a view of an alternative turbine blade of

the engine of FIG. 1.

[0035] FIG. 4 is an exploded view of the turbine blade of

FIG. 2 during manufacture.

[0036] FIG. 5 is a schematic sectional view of a proximal

portion of the blade of FIG. 2, taken along line 5-5.

[0037] FIG. 6 is a schematic sectional view of a distal

portion of the blade of FIG. 2, taken along line 6-6.

[0038] FIG. 7 is a schematic representation of crystalline

orientations of the two zones of the blade of FIG. 2.

[0039] FIG. 8 is a schematic sectional view of a distal
portion of the blade of FIG. 2, taken along line 6-6 but
showing a first alternative crystalline orientation of an

outboard zone.

[0040] FIG. 9 is a schematic representation of crystalline
orientations of the two zones of the blade of FIG. 2 including
the first alternative crystalline orientation of the outboard

zone.

[0041] Like reference numbers and designations in the

various drawings indicate like elements.
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DETATILED DESCRIPTION
[0042] The engine 20 includes many components that are or
can be fabricated of metallic materials, such as aluminum
alloys and superalloys. As an example, the engine 20 includes
rotatable blades 60 and static vanes 59 in the turbine section
28. The blades 60 and vanes 59 can be fabricated of superalloy
materials, such as cobalt- or nickel-based alloys. The blade
60 (FIG. 2) includes an airfoil 61 that projects outwardly
from a platform 62. A root portion 63 (e.g., having a "fir
tree" profile) extends inwardly from the platform 62 and
serves as an attachment for mounting the blade in a
complementary slot on a disk 70 (shown schematically in FIG.
1). The airfoil 61 extends streamwise from a leading edge 64
to a trailing edge 65 and has a pressure side 66 and a suction
side 67. The airfoil extends spanwise from and inboard end 68
at the outer diameter (0OD) surface 71 of the platform 62 to a
distal/outboard tip 69 (shown as a free tip rather than a

shrouded tip in this example).

[0043] The root 63 extends from an outboard end at an
underside 72 of the platform to an inboard end 74 and has a
forward face 75 and an aft face 76 which align with

corresponding faces of the disk when installed.

[0044] The blade 60 has a body or substrate that has a
hybrid composition and microstructure. For example, a “body”
is a main or central foundational part, distinct from
subordinate features, such as coatings or the like that are
supported by the underlying body and depend primarily on the
shape of the underlying body for their own shape. As can be
appreciated however, although the examples and potential
benefits may be described herein with respect to the blades
60, the examples can also be extended to the vanes 59, disk

70, other rotatable metallic components of the engine 20, non-
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rotatable metallic components of the engine 20, or metallic

non-engine components.

[0045] The blade 60 has a tipward first section 80
fabricated of a first material and a rootward second section
82 fabricated of a second, different material. A boundary
between the sections is shown as 540. For example, the first
and second materials differ in at least one of composition,
microstructure and mechanical properties. In a further
example, the first and second materials differ in at least
density. In one example, the first material (near the tip of
the blade 60) has a relatively low density and the second
material has a relatively higher density. The first and second
materials can additionally or alternatively differ in other
characteristics, such as corrosion resistance, strength, creep

resistance, fatigue resistance or the like.

[0046] In this example, the sections 80/82 each include
portions of the airfoil 61. Alternatively, or in addition to
the sections 80/82, the blade 60 can have other sections, such
as the platform 62 and the root potion 63, which may be
independently fabricated of third or further materials that
differ in at least one of composition, microstructure and
mechanical properties from each other and, optionally, also
differ from the sections 80/82 in at least one of composition,

microstructure, and mechanical properties.

[0047] In this example, the airfoil 61 extends over a span
from 0% span at the platform 62 to a 100% span at the tip 69.
The section 82 extends from the 0% span to X% span and the
section 80 extends from the X% span to the 100% span. In one
example, the X% span is, or is approximately, 70% such that
the section 80 extends from 70% to 100% span. In other

examples, the X% can be anywhere from -20%-99%, more
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particularly, -10% to 80% or -10% to 80% or 10% to 80%. In a
further example, the densities of the first and second
materials differ by at least 3%. In a further example, the
densities differ by at least 6%, and in one example differ by
6%-10%. As is discussed further below, the X% span location
and boundary 540 may represent the center of a short
transition region between sections of the two pure first and

second materials.

[0048] The first and second materials of the resgpective
sections 80/82 can be selected to locally tailor the
performance of the blade 60. For example, the first and second
materials can be selected according to local conditions and
requirements for corrosion resistance, strength, creep
resistance, fatigue resistance or the like. Further, various
benefits can be achieved by locally tailoring the materials.
For instance, depending on a desired purpose or objective, the
materials can be tailored to reduce cost, to enhance

performance, to reduce weight or a combination thereof.

[0049] FIG. 3 divides the blade 60-2 into three zones (a
tipward Zone 1 numbered 80-2; a rootward Zone 2 numbered 82-2;
and an intermediate Zone 3 numbered 81) which may be of two or
three different alloys (plus transitions). Desired relative

alloy properties for each zone are:

[0050] Zone 1 Airfoil Tip: low density (desirable because
this zone imposes centrifugal loads on the other zones) and
high oxidation resistance. This may also include a tip shroud

(not shown) ;

[0051] Zone 2 Root & Fir Tree: high notched LCF strength,

high stress corrosion cracking (SCC) resistance, low density

10
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(low density being desirable because these areas provide a

large fraction of total mass);

[0052] Zone 3 Lower Airfoil: high creep strength (due to
supporting centrifugal loads with a small cross-section), high
oxidation resistance (due to gaspath exposure and heating),

higher thermal-mechanical fatigue (TMF) capability/life.

[0053] Exemplary Zone 1/3 transition 540 is at 50-80%
airfoil span, more particularly 55-75% or 60-70% (e.g.,
measured at the center of the airfoil section or at half
chord). Exemplary Zone 2/3 transition540-2 is at about 0% span

(e.g., -5% to 5% or -10% to 10%).

[0054] FIG. 4 is an exploded view of a precursor 98 of the
blade 60 of FIG. 2. The precursor 98 includes precursors 100
and 102 of the sections 80 and 82, respectively. The
precursors 100 and 102 are separately cast (e.g., of differing
compositions and/or differing crystallographic orientation).
For example, the precursor 100 may be of a less dense material
also having less strength due to the reduced loading it

experiences relative to the precursor 102.

[0055] FIG. 4 further shows a foil 104 having faces 106 and
108 for transient liquid phase bonding (TLP) of the two
sections 100 and 102. For bonding nickel-based superalloy
precursors 100 and 102, the foil 104 may be a nickel-based
alloy or superalloy having a gquantity of melting point
depressant (e.g., boron). Exemplary boron concentrations are
1% to 15% by weight, more particularly 1% to 3% by weight.
These may be at least 0.5% higher than concentration of the
depressant in the precursors, more particularly, at least 1.0%

higher. Exemplary foil thicknesses are twenty micrometers to

11
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one hundred micrometers, more particularly, thirty micrometers

to eighty micrometers.

[0056] The foil 104 is sandwiched between regpective
surfaces/faces 110 and 112 of the precursors 100 and 102

(e.g., in a fixture (not shown)) and the combination is
heated.
[0057] FIG. 2 further shows a frame of reference 520

wherein a direction 522 is radially-outward or spanwise (also
known as a stacking axis) along the airfoil, a direction 524
normal thereto is parallel to the sides of the attachment root
and the third coordinate direction is shown as 526. In some
examples where the disk slot is off longitudinal by an angle
81, a normal direction to the root faces 75 and 76 will be off
of the direction 524 by that angle 6;. A direction 528 is
normal to such a machined face. As-cast, however, the faces
may be normal to the root sides and then machined at the angle

O1.

[0058] The frame 520 of FIG. 2 also includes exemplary

crystalline directions along the root.

[0059] The sectional views of FIGS. 5 and 6 also show a

chordwise direction 530 and a direction 532 normal thereto

[0060] In a first exemplary implementation involving
differing crystallographic orientations, the relatively
proximal/rootward portion (e.g., section 82 of FIG. 2 or
section 82-2 of FIG. 3) may share the crystalline orientation
of the root and platform and have a high ductility (<001> for
exemplary face centered cubic (FCC) alloy) axis aligned within
15° of the radial and/or spanwise direction 522 (more

particularly within 5°) in order to best address

12
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thermal-mechanical fatigue from cyclical radial loading. Other
cubic structures that have demonstrated epitaxial atomic
growth are also relevant (e.g., simple cubic, body centered

cubic, and hexagonal close packed).

[0061] FIGS. 5 and 7 further show an <010> direction
aligned with the axis 524, a <100> direction aligned with 526,
and a <110> direction aligned with 530. These are arbitrarily
chosen for reference in describing the different orientations
of the different sections below. FIG. 5 further labels the
<001> direction that is initially coincident with 522 as 534;
the <010> direction initially coincident with 524 as 535; the
<100> direction initially coincident with 526 as 536; and the
<110> direction initially coincident with 530 as 533. As is
discussed below in the tipward portion of the airfoil shown in
FIG. 6, these respective crystallographic directions will be
rotated out of registry with the physical geometric

directions.

[0062] The orientation for the outboard/distal/tipward
portion (e.g., 80 of FIG. 2 or 80-2 and/or 81 of FIG. 3) is to
resist radial creep under centrifugal loading. Accordingly,
for this purpose, the high rigidity (<111> in FCC alloys) axis
is aligned within 15° of the radial and/or spanwise direction
522, more particularly within 10° or 5°. FIG. 6 is a schematic
sectional view of the distal portion of the airfoil of the

blade of FIG. 2, taken along line 6-6.

[0063] In this example, the <110> directions 533 of the two
sections are in alignment or close thereto (e.g., within 15°
of each other, more particularly within 10° or 5°). In the
rootward portion, the <110> direction is out of alignment with
the directions 524 and 526. In this embodiment, a <010>
direction 535 is aligned with the direction 524 and a <100>

13
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direction 534 is aligned with 526. Such alignments may be
within 15°, more particularly 10° or 5°. The shared alignment
of at least one direction (e.g., the <110> direction 533
discussed above) helps improve bonding between the two
sections by presenting similar atomic structure of the two

regions at the interfaces.

[0064] FIGS. 8 and 9 show an alternative implementation
wherein the rootward portion (root, platform, and proximal
airfoil sections) have similar crystalline orientations to the
first exemplary implementation. However, the crystalline
orientation of the tipward section of the airfoil is altered
so that a <001> direction 522 is aligned with the radial
direction 522 (e.g., within 15°, more particularly within 10°
or 5° or 2°). In this implementation, even though the primary
orientation (shared <001> direction as the radial direction
522) is the same, the secondary orientations are relatively
angularly offset from each other. In this example, they are
rotated by an angle shown as o in FIG. 9. Exemplary o is
10-45°, more particularly, 15-45° or 30-45° but will depend
upon physical conditions discussed below. The rotation may
make use of several properties of the crystalline structure.
In the crystalline lattice cube, the cube face planes have
higher ductility. This may make it desirable to align this
ductility with particular stresses. This may be used, in
particular, to align the high ductility direction with high
surface stress directions, thereby aligning high ductility
direction close to parallel with the surface. Thus, for
example, along the root, a plane of the cube may be parallel
to the common plane of the radial direction 522 and the
slot-wise or root-wise direction 524; whereas, along at least
a portion of the airfoil the angle o may be chosen to better
align such a plane with one or both of the pressure side and

suction side at least along high tensile stress areas.

14
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[0065] The use of “first”, “second”, and the like in the
following claims is for differentiation within the claim only
and does not necessarily indicate relative or absolute
importance or temporal order. Similarly, the identification in
a claim of one element as “first” (or the like) does not
preclude such “first” element from identifying an element that
is referred to as “second” (or the like) in another claim or

in the description.

[0066] Where a measure is given in English units followed
by a parenthetical containing SI or other units, the
parenthetical’s units are a conversion and should not imply a

degree of precision not found in the English units.

[0067] One or more embodiments have been described.

Nevertheless, it will be understood that various modifications
may be made. For example, when applied to an existing baseline
configuration, details of such baseline may influence details
of particular implementations. Accordingly, other embodiments

are within the scope of the following claims.

15
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CLATIMS
What is claimed is:
1. A blade (60; 60-2)comprising:
an airfoil (61); and
attachment root (63),
wherein:
the blade has a tipward zone (80; 80-2; 80-2, 81) and a
rootward zone (82; 82-2, 81l; 82); and
the rootward zone has a single crystal structure;
the tipward zone has a single crystal structure; and
the crystalline orientations of the rootward zone and
tipward zone are at least 15° out of registry with each

other.

2. The blade of claim 1 wherein:
the crystalline orientations of the rootward zone and
tipward zone are at least 30° out of registry with each

other.

3. The blade of claim 1 further comprising:
a transient liquid phase bond (540; 540-2) between the

tipward zone and the rootward zone.

4. The blade of claim 1 wherein:
the tipward zone has a first composition; and
the rootward zone has a second composition, different from

the first composition.

5. The blade of claim 1 wherein:
the tipward zone has a first crystalline direction within
15° of spanwise; and
the rootward zone has a second crystalline direction,
different from the first crystalline direction, within

15° of spanwise.

16
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10.

11.

12.

13.

The blade of claim 5 wherein:
the first crystalline direction is a <111> direction; and

the second crystalline direction is a <001> direction.

The blade of claim 1 wherein:

the tipward zone has a first crystalline direction within
15° of spanwise;

the rootward zone has said first crystalline direction
within 15° of spanwise; and

at an interface between the tipward zone and the rootward
zone, the crystal of the tipward zone is rotated around
the spanwise direction by an angle of 15-45° relative to

the crystal of the rootward zone.

The blade of claim 7 wherein:

the first crystalline direction is a <001> direction.

The blade of claim 1 wherein:

the tipward zone is less dense than the rootward zone.

The blade of claim 1 wherein:
the tipward zone and the rootward zone have the same

composition.

The blade of claim 1 wherein:
the tipward zone and the rootward zone have differing

compositions.

The blade of claim 1 wherein:
the tipward zone and the rootward zone are nickel-based

superalloy.

A method for manufacturing a blade (60; 60-2) comprising:

17
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an airfoil (61); and
attachment root (63),
wherein:
the blade has a tipward zone (80; 80-2; 80-2, 81) and a
rootward zone (82; 82-2; 81; 82); and
the rootward zone; and
the tipward zone, the method comprising:
assembling a precursor (100) of the tipward zone and a
precursor (102) of the rootward zone with a foil
(104) therebetween; and
heating the assembled precursors and foil to transient
liquid phase bond the tipward zone and the rootward

zone.

14. The method of claim 13 wherein:
the rootward zone has a single crystal structure; and

the tipward zone has a single crystal structure.

15. The method of claim 14 wherein:
the crystalline orientations of the rootward zone and
tipward zone are at least 15° out of registry with each

other.

16. The method of claim 14 wherein:
the tipward zone has a <111> direction within 15° of
spanwise; and
the rootward zone has a <001> direction within 15° of

spanwise.

17. The method of claim 13 wherein:
the tipward zone is of a different alloy than the rootward

zone.

18. The method of claim 13 wherein:
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the tipward zone is of a less dense alloy than the rootward

zone.

19. The method of claim 13 wherein:
a boundary between the tipward zone and the rootward zone is

between -10% and 70% span of the airfoil.

20. The method of claim 13 wherein:
the foil has a by-weight concentration of a melting point
depressant at least 1.0% greater than the precursor of

the first zone and the precursor of the second zone.

21. The method of claim 20 wherein:
the precursor of the tipward zone and the precursor of the
rootward zone are nickel-based superalloy; and

the melting point depressant is boron.

22. The method of claim 20 wherein:
foil has a thickness of twenty micrometers to 100

micrometers.

23. A blade (60; 60-2)comprising:
an airfoil (61); and
attachment root (63),
wherein the blade has:
a tipward zone (80; 80-2; 80-2, 81);
a rootward zone (82; 82-2, 81; 82); and
a transient liquid phase bond (540; 540-2) between the

tipward zone and the rootward zone.
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