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Description

[0001] The present invention relates to metal structures derived from aluminum - rare earth - transition metal (Al-RE-
TM) alloys. In particular, the present invention relates to processing techniques for improving the ductility of metal parts
derived from Al-RE-TM alloys.
[0002] Al-RE-TM alloys have been considered for structural applications in the aerospace industry. Such alloys have
high strengths, and can be formed into a variety of different structures. Furthermore, due to the lower density of aluminum,
as compared to well-established alloys such as titanium, Al-RE-TM alloys are also capable of providing significant weight
savings.
[0003] To obtain good glass-formability, aluminum-based alloys typically include high atomic percentages of rare earth
and transition metal elements. However, such alloys accordingly have high volume fractions of intermetallic phases in
the devitrified state, which results in alloys having low ductility (e.g., elongations less than 5%). High ductility is desirable
for many aerospace applications. As such, there is a need for processing techniques that improve the ductility of Al-RE-
TM alloys, while also preserving the strengths of the alloys.
[0004] The present invention relates to a method for processing a metal part. The method includes extruding a Al-
RE-TM alloy to form an extruded part having an extrusion axis. The extruded part is then heated and subjected to a
compressive strain greater than 50%.
[0005] Certain preferred embodiments of the present invention will now be described, by way of example only, with
reference to the accompanying drawings, in which:
[0006] FIG. 1 is a flow diagram of a method of processing a metal part derived from a Al-RE-TM alloy to improve the
ductility of the metal part;
[0007] FIGS. 2A-2D are schematic illustrations depicting a suitable forging process for forming an airfoil assembly;
[0008] FIGS. 3A-3I are perspective views depicting an alterative forging process, which include multiple compressive
strain applications;
[0009] FIG. 4A is a macrograph of an extruded part prior to forging;
[0010] FIG. 4B is a macrograph of the metal part shown in FIG. 4A after forging; and
[0011] FIG. 5 is a graph of yield strengths and ductilities versus applied compressive strains for exemplary metal parts
of the present invention and comparative metal parts.
[0012] FIG. 1 is a flow diagram of method 10, which is a method for processing a metal part to increase its ductility,
while also substantially retaining its strength. Method 10 includes steps 12-18, and initially involves extruding a AI-RE-
TM alloy to form an extruded part (step 12). The extrusion process includes vacuum hot pressing the alloy into a porous
billet and extruding the billet through an extrusion die. The billet can be extruded with a variety of extrusion-based
systems, such as those commercially available from SAPA, Inc., Portland, OR. Suitable extrusion temperatures range
from about 300°C to about 500°C.
[0013] The extrusion system compresses and plastically deforms the billet to form the extruded part with a dense (i.e.,
substantially non-porous) alloy. The extruded part exits the extrusion system with an extrusion axis that extends along
the length of the extruded part. The extruded part has a high strength, but low ductility (e.g., elongations to failure ranging
from 1-4%). Suitable yield strengths for the extruded part range from about 620 megaPascals (MPa) (about 90 Ksi) to
about 830 MPa (about 120 Ksi).
[0014] To increase the ductility of the extruded part, the extruded part is then subjected to secondary processing. This
involves heating the extruded part to a temperature that is above the crystallization temperature of the Al-RE-TM alloy
(step 14). This causes the Al-RE-TM alloy to form a plastic-like state, thereby allowing the alloy to be plastically deformable.
Examples of suitable temperatures for heating the extruded part range from about 300°C to about 450°C, with particularly
suitable temperatures ranging from about 350°C to about 400°C.
[0015] While the extruded part remains heated at the above-discussed temperatures, a compressive strain greater
than 50% (i.e., an upset greater than 50%) is applied to the heated extruded part (step 16). In one embodiment, the
compressive strain is applied to the heated extruded part in a direction that is substantially parallel to the extrusion axis.
For example, the Al-RE-TM alloy may be upset in a direction that is substantially parallel to the extrusion axis to form a
variety of parts, such as turbine disks and blades. In an alternative embodiment, the compressive strain is applied to
the heated extruded part in a direction that is substantially perpendicular to the extrusion axis. Perpendicular applications
are suitable for simple blade forging.
[0016] Examples of suitable applied compressive strains include compressive strains greater than about 50%, with
particularly suitable compressive strains ranging from about 70% to about 90%. The applied compressive strains may
be obtained with strain rates ranging from about 0.0001 seconds-1 to about 1,000 seconds-1. This corresponds to strain
rates ranging from slow strain rates of isothermal forging (e.g., for producing disks) to high strain rates of mechanical
or hammer forgings (e.g., for producing blades).
[0017] The heating and applied compressive strains of steps 14 and 16 may be performed in a variety of secondary
processes. Examples of suitable secondary processes for heating and applying the compressive strains to the extruded
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part include forging operations and hot rolling operations. Suitable forging systems for use with method 10 include
thermal forging systems (e.g., systems commercially available from Weber Metals, Inc., Paramount, CA), mechanical
forging systems (e.g., systems commercially available from Turbine Engine Component Technologies (TECT) Corpo-
ration, Newington, CT), and hammer forging systems (e.g., systems commercially available from Precision Components
International, Inc., Columbus, GA). Suitable commercially available hot rolling systems include systems from Oak Ridge
National Laboratory, Oak Ridge, TN; and systems from Material Sciences Corporation (Oak Ridge, TN).
[0018] In an alternative embodiment, steps 14 and 16 are repeated until a desired strength and ductility are obtained.
For example, the extruded part may be heated and upset forged to a compressive strain greater than 50%. The forged
metal part is then re-extruded or drawn to a size that fills a desired die dimension, and then close-die forged. During the
drawing process, the metal part is desirably drawn using small bites on the outer diameter. Additionally, the drawing
and upset forging may be repeated multiple times (e.g., 2-5 times), where each drawing uses small bites on the outer
diameter and each upset forging applies a compressive strain greater than 50%.
[0019] After steps 14 and 16, the resulting metal part is deformed from the extruded part dimensions due to the applied
compressive strain. However, after the secondary process, the metal part substantially retains its pre-secondary process
strengths. Examples of suitable yield strengths for the metal parts after the heating and applied compressive strains of
steps 14 and 16 include at least about 90% of the yield strength of the extruded part, with particularly suitable yield
strengths including at least about 95% the yield strength of the extruded part. The yield strengths are determined pursuant
to ASTM E8-04, entitled "Test Methods of Tension Testing of Metallic Materials".
[0020] In addition, the ductility of the resulting metal part substantially increases due to the secondary processing.
The secondary processing desirably increases the ductility of the metal part to a value of at least about 5%, where the
ductilities are determined as tensile elongations to failure, pursuant to ASTM E8-04. Examples of suitable ductility
increases for the metal part include percent increases of at least about 5%, with particularly suitable increases of at least
about 10%, where the percent increases are relative to the ductility of the extruded part. The retained yield strengths
and substantially-increased ductility allow the metal parts to be used in a variety of structural applications that require
high ductility, such as aviation and aerospace applications.
[0021] After the secondary processing of steps 14 and 16, the metal part is then incorporated into an assembled
structure (step 18). The metal part may also undergo post-processing operations (e.g., cutting, polishing, and painting)
before or after incorporation into the assembled structure. Because of the variety of metal parts that may be processed
pursuant to method 10, the metal parts maybe incorporated into a variety of assembled structures. Examples of suitable
assembled structures and assembly techniques involving friction stir welding are disclosed in US patent application No.
11/818,701 entitled "Friction Stir Welded Structures Derived from Al-RE-TM alloys"; and in US patent application No.
11/818,931 entitled "Hollow Structures Formed with Friction Stir Welding".
[0022] FIGS. 2A-2D are schematic illustrations of a suitable forging process for forming an airfoil assembly, pursuant
to steps 14 and 16 of method 10 (shown in FIG. 1). FIG. 2A is a top view of forging die 20, which retains extruded part
22 and potting block 24. Forging die 20 includes die wall 26 and cavity 28 defined by die wall 26. Extruded part 22 is a
part extruded from an Al-RE-TM alloy pursuant to step 12 of method 10 (shown in FIG. 1). Extruded part 22 is encased
in potting block 24, which is a block of potting material for protecting extruded part 22 during the forging process.
[0023] During the forging process, extruded part 22 and potting block 24 are placed within cavity 28, and are heated
pursuant to step 14 of method 10 (shown in FIG. 1). A compressive force is applied downward onto extruded part 22
and potting block 24 with a punch mechanism. This applies a compressive strain greater than 50% on extruded part 22
in a direction parallel to its extrusion axis, and causes extruded part 22 and potting block 24 to deform to the dimensions
of die wall 26.
[0024] FIG. 2B is a top view of forging die 20 after extruded part 22 and potting block 24 are compressed (referred to
as metal part 22a and potting block 24a, respectively). As shown, metal part 22a and potting block 24a are deformed
to dimensions of die wall 26. This arrangement increases the compressive strain applied to extruded part 22 in the
direction of its extrusion axis. Additionally, the resulting elongated shape of metal part 22a is readily shaped into an
airfoil assembly. After the forging process, metal part 22a is removed from potting block 24a, and is then ready for
shaping into an airfoil assembly.
[0025] FIG. 2C is a perspective view of metal part 22a disposed between die block halves 30a and 30b of a blocker
forging system. Metal part 22a is heated and die block halves 30a and 30b compress metal part 26a to form an airfoil
assembly (not shown in FIG. 2C). Die block halves 30a and 30b also desirably apply a compressive strain greater than
50% on metal part 22a to substantially retain the pre-secondary process strengths of metal part 22a. The resulting forged
airfoil assembly may also undergo bubble forging treatment.
[0026] FIG. 2D is a perspective view of airfoil assembly 32 forged from metal part 22a by die block halves 30a and
30b (shown in FIG. 2C). Due to the forging operation on extruded part 22 with forging system 20, airfoil assembly 32
retains the strengths of extruded part 22 and has an increased ductility relative to extruded part 22. As such, airfoil
assembly 32 is suitable for use in aviation and aerospace applications.
[0027] FIGS. 3A-3I are perspective views of metal part 34 encased in potting block 36, which illustrate an alternative
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embodiment to steps 14 and 16 of method 10 (shown in FIG. 1). In this embodiment, multiple compressive strains are
successively applied to metal part 34 in different directions to increase the ductility of metal part 34.
[0028] As shown in FIG. 3A, metal part 34 is an extruded part that is initially encased in potting block 36. Metal part
34 has extrusion axis 38a and lateral axes 38b and 38c, where lateral axes 38b and 38c are substantially orthogonal to
extrusion axis 38a and to each other. Metal part 34 and potting block 36 are initially oriented in a forging system (not
shown) such that extrusion axis 38a extends vertically. Metal part 34 and potting block 36 are then heated and subjected
to a first compressive strain greater than 50% in a direction parallel to extrusion axis 38a (represented by arrow 40).
This vertically compresses metal part 34 and potting block 36 along extrusion axis 38a, thereby increasing their respective
diameters.
[0029] . FIG. 3B shows metal part 34 and potting block 36 after the compressive strain is applied. Metal part 34 and
potting block 36 are then drawn in the directions of lateral axes 38b and 38c until potting block 36 forms a rectangular
prism. FIG. 3C shows metal part 34 and potting block 36 after being laterally drawn. As shown, potting block 36 is a
rectangular prism having a length along axis 38b about 2.5 times longer than its height and depth along axes 38a and
38c, respectively.
[0030] As shown in FIG. 3D, metal part 34 and potting block 36 are then reoriented in the forging system such that
axis 38b extends vertically. Metal part 34 and potting block 36 are then heated and subjected to a second compressive
strain greater than 50% in a direction parallel to axis 38b (represented by arrow 42). Accordingly, the second compressive
strain is applied in a direction that is substantially perpendicular to the first compressive strain, and to extrusion axis
38a. This vertically compresses metal part 34 and potting block 36 along axis 38b.
[0031] FIG. 3E shows metal part 34 and potting block 36 after the second compressive strain is applied. Metal part
34 and potting block 36 are then reoriented such that extrusion axis 38a extends vertically, and are drawn laterally in
the directions of axes 38b and 38c until potting block 36 forms a second rectangular prism. FIG. 3F shows metal part
34 and potting block 36 after being laterally drawn. As shown, potting block 36 is a rectangular prism having a length
along axis 38c about 2.5 times longer than its height and depth along axes 38a and 38b, respectively.
[0032] As shown in FIG. 3G, metal part 34 and potting block 36 are then reoriented in the forging system such that
axis 38c extends vertically. Metal part 34 and potting block 36 are then heated and subjected to a third compressive
strain greater than 50% in a direction parallel to axis 38c (represented by arrow 44). Accordingly, the third compressive
strain is applied in a direction that is substantially perpendicular to the first and second compressive strains, and to
extrusion axis 38a. This vertically compresses metal part 34 and potting block 36 along axis 38c.
[0033] FIG. 3H shows metal part 34 and potting block 36 after the third compressive strain is applied. After the third
compressive strain is applied, metal part 34 and potting block 36 are then reoriented such that extrusion axis 38a extends
vertically, and are drawn laterally in the directions of axes 38b and 38c until potting block 36 forms a third rectangular prism.
[0034] FIG. 3I shows metal part 34 and potting block 36 after being laterally drawn. As shown, potting block 36 has
a length along axis 38c that is substantially longer than its height and depth along axes 38a and 38b, respectively. This
provides an elongated shape for metal part 34, which is similar to the shape of metal part 24a (shown in FIG. 2B). As
such, metal part 34 is readily shaped into an airfoil assembly, as discussed above.
[0035] The Al-RE-TM alloys used to form extruded parts during the extrusion process in step 12 of method 10 (shown
in FIG. 1) are glassy, partially-devitrified, or fully devitrified alloys that at least include aluminum (Al), a rare earth metal
(RE), and a transition metal (TM). Suitable concentrations of the aluminum in the alloy include the balance between the
entire alloy weight and the sum of the concentrations of the other metals in the alloy (e.g., the sum of the concentrations
of the rare earth metal and the transition metal). Suitable concentrations of the rare earth metal in the alloy range from
about 3% by weight to about 20% by weight, with particularly suitable concentrations ranging from about 7% by weight
to about 13% by weight, based on the entire weight of the alloy. Suitable concentrations of the transition metal in the
alloy range from about 0.1% by weight to about 20% by weight, with particularly suitable concentrations ranging from
about 1% by weight to about 15% by weight, based on the entire weight of the alloy. Additional examples of suitable Al-
RE-TM alloys include those disclosed in U.S. Patent No. 6,974,510.
[0036] In one embodiment, the Al-RE-TM alloy also includes one or more additional metals, such as magnesium,
scandium, titanium, zirconium, iron, cobalt, gadolinium, and combinations thereof. Suitable concentrations of the addi-
tional metals in the alloy range from about 0.1 % by weight to about 10% by weight, with particularly suitable concentrations
ranging from about 1% by weight to about 5% by weight, based on the entire weight of the alloy. An example of a
particularly suitable Al-RE-TM alloy for use in forming extruded parts includes an alloy of aluminum-yttrium (Y)-nickel
(Ni)-cobalt (Co) (referred to herein as an "Al-Y-Ni-Co" alloy), where yttrium is referred to as a rare earth element.

EXAMPLES

[0037] The present invention is more particularly described in the following examples that are intended as illustrations
only, since numerous modifications and variations within the scope of the present invention will be apparent to those
skilled in the art. Unless otherwise noted, all parts, percentages, and ratios reported in the following examples are on a
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weight basis.

Examples 1 and 2, and Comparative Examples A and B

[0038] , Extruded rods of Examples 1 and 2 and Comparative Examples A and B were initially formed by extruding
an Al-Y-Ni-Co alloy with an extrusion system commercially available from SAPA, Inc., Portland, OR. FIG. 4A is a mac-
rograph of the extruded rod of Example 2, and is illustrative of the extruded rods of Examples 1 and 2 and Comparative
Examples A and B. The extruded rod of Example 2 had a length of 34.0 millimeters (mm) (1.34 inches) and a diameter
of 17.3 mm (0.68 inches).
[0039] The extruded rods of Examples 1 and 2 and Comparative Example B were then forged with a forging system.
The extruded rod of Comparative Example A was not subjected to the forging process. The forging system used was
commercially available from Weber Metals, Inc., Paramount, CA. The forging involved heating the extruded rods to a
temperature of 350°C (662°F) and applying a compressive strain to the heated extruded rod in a direction parallel to the
extrusion axis. This compressed the lengths of the extruded rods of Examples 1 and 2 and Comparative Example B,
thereby shortening the lengths and increasing the diameters. The compressive strain was continuously increased with
a strain rate of 0.0002 seconds-1, and until a predetermined compressive strain was reached. The predetermined com-
pressive strain for the heated extruded rods of Comparative Example B and Examples 1 and 2 were 50%, 70%, and
85%, respectively.
[0040] FIG. 4B is a macrograph of the resulting metal rod of Example 2 after the forging process. As shown, the Al-
Y-Ni-Co alloy was forgeable, and the metal rod of Example 2 exhibited only a limited amount of edge cracking. The
forged metal rod of Example 2 had a length of 4.60 mm (0.18 inches) and a diameter of 48.0 mm (1.89 inches). The
room temperature yield strengths and ductilities of the resulting metal rods of Examples 1 and 2 and Comparative
Examples A and B were then measured. The yield strengths and the ductilities (i.e., tensile elongations to failure) were
each determined pursuant to ASTM E8-04.
[0041] FIG. 5 is a graph of the yield strengths and ductilities (i.e., elongations to failure) of the metal rods of Examples
1 and 2 and Comparative Examples A and B. As shown in FIG. 5, the yields strengths were substantially unchanged by
the applied compressive strains. However, when the applied compressive strains exceed about 50%, the ductilities
substantially increased. Between compressive strains of 50% and 70%, the ductilities of the metal rods increased by
about 8%, and between compressive strains of 50% and 85%, the ductilities of the metal rods increased by more than
10%. Accordingly, the application of a compressive strain greater than about 50% in a direction that is substantially
parallel to the extrusion axis substantially increases the ductility of the Al-RE-TM alloys, thereby allowing such alloys to
be used in a variety of applications (e.g., aviation and aerospace applications).

Example 3 and Comparative Example C

[0042] Extruded rods of Example 3 and Comparative Example C were formed from an Al-Y-Ni-Co alloy in the same
manner as discussed above for Examples 1 and 2 and Comparative Examples A and B. After the extrusion process,
the extruded rod of Example 3 was then hot rolled with a hot rolling system commercially available from Material Sciences
Corporation, Oak Ridge, TN. The hot rolling system heated the metal rod to a temperature of 350°C (662°F) and applied
a compressive strain of 70% to the extruded rod in a direction perpendicular to the extrusion axis. The extruded rod of
Comparative Example C was not hot rolled.
[0043] The room temperature yield strengths, tensile strengths, and ductilities of the rods of Example 3 and Comparative
Example C were then measured. The yield strengths and the ductilities (i.e., tensile elongations to failure) were each
determined pursuant to ASTM E8-04. Table 1 provides the measured yield strengths, tensile strengths, and ductilities
for the rods of Example 3 and Comparative Example C.

[0044] The data in Table 1 shows that the hot rolling process also allows the metal rod of Example 3 to substantially
retain its pre-secondary processing yield strength (i.e., about 91% retention). Additionally, the ductility of the metal rod
of Example 3 is substantially increased compared to the ductility of the extruded rod of Comparative Example C. While
the forging process discussed above for Examples 1 and 2 provided greater strength retentions and ductility increases,

TABLE 1

Example
Yield Strength Tensile Strength

Ductility
(MPa) (MPa)

Comparative Example C 636 654 1.7%

Example 3 580 610 6.6%
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the hot rolling process also increased the ductility of the metal rod to above 5%. As such, the hot rolling process is also
suitable for providing metal parts derived from Al-RE-TM alloys that can be used in aviation and aerospace applications.
[0045] Although the present invention has been described with reference to preferred embodiments, workers skilled
in the art will recognize that changes may be made in form and detail without departing from the scope of the invention.

Claims

1. A method for processing a metal part, the method comprising:

extruding a Al-RE-TM alloy to form an extruded part having an extrusion axis;
heating the extruded part to a temperature above a crystallization temperature of the Al-RE-TM alloy; and
applying a compressive strain greater than 50% on the heated part.

2. The method of claim 1, wherein the compressive strain is applied in a direction that is substantially parallel to the
extrusion axis.

3. The method of claim 1 or 2, wherein the temperature that the extruded part is heated to ranges from 300°C to 450°C.

4. The method of claim 3, wherein the temperature that the extruded part is heated to is in a range from 350°C to 400°C.

5. The method of any preceding claim, wherein the compressive strain is applied with a strain rate ranging from 0.0001
seconds-1 to 1,000 seconds-1.

6. The method of any preceding claim, wherein the applied compressive strain ranges from 70% to 90%.

7. The method of any preceding claim, wherein the metal part has a tensile strength that is at least 90% of a tensile
strength of the extruded part, wherein the tensile strength is measured pursuant to ASTM E8-04.

8. The method of any preceding claim, wherein the Al-RE-TM alloy comprises an Al-Y-Ni-Co alloy.

9. The method of any preceding claim, further comprising:

creating a finished metal part after the heating and applying steps.

10. The method of any preceding claim, wherein

applying a compressive strain on the heated metal part provides a ductility increase of at least 5% relative to a
ductility of the extruded part, wherein the ductility is measured pursuant to ASTM E8-04.

11. The method of any preceding claim, wherein the heating and applying steps comprises:

forging the extruded part at a temperature above a crystallization temperature of the AI-RE-TM alloy, and with
a compressive strain greater than 50% in a direction that is substantially parallel to the extrusion axis.
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