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METHODS FOR PRODUCING FORGED PRODUCTS
AND OTHER WORKED PRODUCTS

CROSS-REFERENCE TO RELATED APPLICATIONS

[001] This patent application is a non-provisional of and claims priority to U.S. Provisional

Patent Application No. 62/278,753 filed January 14, 2016.

FIELD OF THE INVENTION

[002] Generally, the present disclosure is directed towards methods of additively
manufacturing metal components. More specifically, the present disclosure is directed towards
different embodiments of additively manufacturing and smoothing an AM preform to configure

an AM preform for downstream processing (working, forging, and the like).

BACKGROUND

[003] Metal products may be formed into shapes via forging operations. To forge metal
products, several successive dies (flat dies and/or differently shaped dies) may be used for each
part, with the flat die or the die cavity in a first of the dies being designed to deform the forging
stock to a first shape defined by the configuration of that particular die, and with the next die
being shaped to perform a next successive step in the forging deformation of the stock, and so
on, until the final die ultimately gives the forged part a fully deformed shape. See, U.S. Patent

No. 4,055,975.
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SUMMARY

[004] Broadly, the present patent application relates to improved methods for producing
worked metal products (e.g., forged metal products; other types of hot worked and/or cold

worked metal products).

[005] In one embodiment, a method includes using additive manufacturing to produce a
metal shaped-preform. After the using step (e.g. producing a metal shaped-preform using/via
additive manufacturing), the metal shaped-preform may be forged into a final forged product.
In one embodiment, the forging step comprises a single die forging step. In some
embodiments, a single forging step is represented by a single heat and forge cycle. In some
embodiments, the forge cycle includes multiple deformations without a heating cycle
between the deformations. In some embodiments, a heat cycle represents heating the material
to the specified temperature prior to the forging deformation step. (As a non-limiting
example, a hammer press many times has multiple deformations within a single heat cycle).
In one embodiment, the metal preform comprises at least one of titanium, aluminum, nickel,
steel, stainless steel, and titanium aluminide. In one embodiment, the metal shaped-preform
may be a titanium alloy. For example, the metal shaped-preform may comprise a Ti-6A1-4V
alloy. In another embodiment, the metal shaped-preform may be an aluminum alloy. In yet
another embodiment, the metal shaped-preform may be a nickel alloy. In yet another
embodiment, the metal shaped-preform may be one of a steel and a stainless steel. In another
embodiment, the metal shaped-preform may be a metal matrix composite. In yct another
embodiment, the metal shaped-preform may comprise titanium aluminide. For example, in
one embodiment, the titanium alloy may include at least 48 wt. % Ti and at least one titanium
aluminide phase, wherein the at least one titanium aluminide phase is selected from the group

consisting of Ti3Al, TiAl and combinations thereof. In another embodiment, the titanium
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alloy includes at lcast 49 wt. % Ti. In yet another embodiment, the titanium alloy includes at
least 50 wt. % Ti. In another embodiment, the titanium alloy includes 5-49 wt. % aluminum.
In yet another embodiment, the titanium alloy includes 30-49 wt. % aluminum, and the
titanium alloy comprises at least some TiAl. In yet another embodiment, the titanium alloy

inctudes 5-30 wt. % aluminum, and the titanium alloy comprises at least some TizAl

[006] The forging step may comprise heating the metal shaped-preform to a stock
temperature, and bringing the metal shaped-preform to the forging die which has been heated
separately to the desired temperature, and contacting the metal shaped-preform with a forging
die. In one embodiment, the die may be at a temperature that is nominally equal to the metal
shaped-preform temperature (e.g. isothermal forging). In another embodiment, when the
contacting step is initiated, the forging die may be a temperature that is at least 10°F lower
than the stock temperature. In another embodiment, when the contacting step is initiated, the
forging die is a temperature that is at least 25°F lower than the stock temperature. In yet
another embodiment, when the contacting step is initiated, the forging die is a temperature
that is at least 50°F lower than the stock temperature. In another embodiment, when the
contacting step is initiated, the forging die is a temperature that is at least 100°F lower than
the stock temperature. In yet another embodiment, when the contacting step is initiated, the
forging die is a temperature that is at least 200°F lower than the stock temperature.

[007] In one aspect, the final forged product is a component for an engine. In one
embodiment, the final forged product is a blade for a jet engine. In one embodiment, the final
forged product is a component for a vehicle (e.g. land, water, air, and combinations thereof).
In one embodiment, the final forged product is a structural component of a vehicle. In another
embodiment, the final forged product is a structural aerospace component (e.g. spar, rib,
attachment fitting, window frame, landing gear, etc.). In another embodiment, the final forged

product is a structural component for a land-based turbine application. In another
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embodiment, the final forged product 1s a component for a land-based and/or water-based
vehicle. In another embodiment, as described below, the final forged product is an engine

containment ring.

[008] In another aspect, a method comprises using additive manufacturing to produce a
metal shaped-preform, and concomitant to, or after the using step, working the metal shaped-
preform into a final worked product via at least one of: (i) rolling, (ii) ring rolling, (iii) ring
forging, (1v) shape rolling, (v) extruding, and (vi) combinations thereof. In one embodiment,
the working is rolling. In another embodiment, the working is ring rolling. In yet another
embodiment, the working is ring forging. In another embodiment, the working is shaped
rolling. In yet another embodiment, the working is extruding. Without being bound by a
particular mechanism or theory, it is believed that one such reason for producing an
additively manufactured billet for these processes is to enable (e.g. configure) bi-alloy or
multi-alloy starting stock for rolling, forging, or extrusion operations. In some embodiments,
the bi-alloy or multi-alloy starting stock is unachievable using conventional billet and starting

stock methods.

[009] In some embodiments, when the metal shaped-preform comprises a Ti-6Al-4V
alloy, the forging step comprises heating the metal shaped-preform to a stock temperature,
and contacting the metal shaped-preform with a forging die. In this regard, the contacting
step comprises deforming the metal shaped-preform via the forging die. In one embodiment,
the contacting step comprises deforming the metal shaped-preform via the forging die to
realize a true strain of from 0.05 to 1.10 in the metal shaped-preform. In another
embodiment, the contacting step comprises deforming the metal shaped-preform via the
forging die to realize a true strain of at least 0.10 in the metal shaped-preform. In yet another
embodiment, the contacting step comprises deforming the metal shaped-preform via the

forging die to realize a true strain of at least 0.20 in the metal shaped-preform. In another
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embodiment, the contacting step comprises deforming the metal shaped-preform via the
forging die to realize a true strain of at least 0.25 in the metal shaped-preform. In yet another
embodiment, the contacting step comprises deforming the metal shaped-preform via the
forging die to realize a true strain of at least 0.30 in the metal shaped-preform. In another
embodiment, the contacting step comprises deforming the metal shaped-preform via the
forging die to realize a true strain of at least 0.35 in the metal shaped-preform. In another
embodiment, the contacting step comprises deforming the metal shaped-preform via the
forging die to realize a true strain of not greater than 1.00 in the metal shaped-preform. In yet
another embodiment, the contacting step comprises deforming the metal shaped-preform via
the forging die to realize a true strain of not greater than 0.90 in the metal shaped-preform. In
another embodiment, the contacting step comprises deforming the metal shaped-preform via
the forging die to realize a true strain of not greater than 0.80 in the metal shaped-preform. In
yet another embodiment, the contacting step comprises deforming the metal shaped-preform
via the forging die to realize a true strain of not greater than 0.70 in the metal shaped-
preform. In another embodiment, the contacting step comprises deforming the metal shaped-
preform via the forging die to realize a true strain of not greater than 0.60 in the metal
shaped-preform. In yet another embodiment, the contacting step comprises deforming the
metal shaped-preform via the forging die to realize a true strain of not greater than 0.50 in the
metal shaped-preform. In another embodiment, the contacting step comprises deforming the
metal shaped-preform via the forging die to realize a true strain of not greater than 0.45 in the
metal shaped-preform. As mentioned above, the forging step may comprise heating the metal

shaped-preform to a stock temperature.

[0010] In one aspect, the forging step comprises heating the metal-shaped preform to a
stock temperature. In one approach, the metal shaped preform is heated to a stock

temperature of from 850°C to 978°C. In one embodiment, the metal shaped preform is
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heated to a stock temperature of at least 900°C. In another embodiment, the metal shaped
preform is heated to a stock temperature of at least 950°C. In yet another embodiment, the
metal shaped preform is heated to a stock temperature of at least 960°C. In another
embodiment, the metal shaped preform is heated to a stock temperature of not greater than
975°C. In yet another embodiment, the metal shaped preform is heated to a stock

temperature of not greater than 973°C.

[0011] In one aspect, the step of using additive manufacturing to produce a metal shaped-
preform comprises adding material, via additive manufacturing, to a building substrate
thereby producing the metal shaped-preform. In some embodiments, a substrate is utilized in
additive manufacturing onto which layers are built and/or deposited in order to produce the
desired geometry of an additive manufacturing form/product. In one embodiment, the
additively manufactured deposit or build is removed from the substrate and comprises the
metal shaped-preform. In another embodiment, the substrate or portions of the substrate
remains a part of the metal-shaped preform. In one embodiment, the material is a first
material having a first strength and wherein the building substrate is comprised of a second
material having a second strength. In some embodiments, the first material has a first fatigue
property and the second material has a second fatigue property. As a non-limiting example, a
layer of a first material having low strength and high toughness could be added, via additive
manufacturing, to a building substrate comprised of a second material having high strength
and low toughness, thereby producing a metal-shaped preform useful, for example, in
ballistic applications. In some embodiments, substrates are selected/tailored/chosen for
reasons including (but not limited to): geometry, microstructure, material properties and
characteristics, chemistry, cost, amongst others based on (e.g. in order to promote) the design
specifications of the finished product. For example, the use of a rolled plate or other wrought

substrate allows for reduced and/or minimal work to be utilized in those areas of the metal
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shaped-preform where the substrate resides due to the substrate already exhibiting forged or
wrought properties. In some embodiments, the material and substrate are chosen to be the

same.

[0012] In one embodiment, the building substrate comprises a first ring of a first material,
and the using step comprises adding a second material, via additive manufacturing, to the first
ring thereby forming a second ring, wherein the second ring is integral with the first ring. In

this regard, rings consisting of multi-materials are produced.

[0013] In another aspect, the method includes, after the forging step, annealing the final
forged product. In one embodiment, when the metal shaped-preform comprises a Ti-6Al-4V
alloy, the annealing step comprises heating the final forged product to a temperature of from
about 640°C to about 816°C. In another embodiment, when the metal shaped-preform
comprises a Ti-6Al-4V alloy, the annealing step comprises heating the final forged product to
a temperature of from about 670°C to about 750°C. In yet another embodiment, when the
metal shaped-preform comprises a Ti-6Al-4V alloy, the annealing step comprises heating the
final forged product to a temperature of from about 700°C to about 740°C. In another
embodiment, when the metal shaped-preform comprises a Ti-6Al-4V alloy, the annealing

step comprises heating the final forged product to a temperature of about 732°C.

BRIEF DESCRIPTION OF THE DRAWINGS
[0014] FIG. 1 is a schematic illustration of one embodiment of a method of producing a

final forged product, in accordance with the instant disclosure.

[0015] FIG. 2 is a schematic illustration of one embodiment of a method of producing a
final forged product, wherein the method includes an optional annealing step, in accordance
with the instant disclosure.

[0016] FIGS. 3-4 are charts illustrating data of Example 1, in accordance with the instant

disclosure.
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[0017] FIG. 5 is a schematic illustration of one embodiment of a method of producing a
final forged product, wherein the final forged product includes an integral building substrate,
in accordance with the instant disclosure.

[0018] FIG. 6 is a schematic illustration of another embodiment of a method of producing
a final forged product, wherein the final forged product includes an integral building
substrate, in accordance with the instant disclosure.

[0019] FIG. 7 is an illustration showing the transverse orientation and longitudinal
orientations of a cylindrical preform, in accordance with the instant disclosure.

[0020]  FIG. 8 is a micrograph of one embodiment of an as-built Ti-6Al-4V metal shaped-
preform, taken in the transverse direction, in accordance with the instant disclosure.

[0021] FIG. 9 is a micrograph of one embodiment of a preheated Ti-6Al-4V metal
shaped-preform, taken in the transverse direction, in accordance with the instant disclosure.
[0022]  FIG. 10 is a micrograph of one embodiment of a Ti-6Al-4V final forged product,
taken in the transverse direction, in accordance with the instant disclosure.

[0023] FIG. 11 is a micrograph of one embodiment of an annealed Ti-6Al-4V final
forged product, taken in the transverse direction, in accordance with the instant disclosure.
[0024] Figure 12 is a flow chart depicting an embodiment of a method in accordance with
the instant disclosure, in accordance with the instant disclosure.

[0025] Figure 13 depicts a flow chart depicting another embodiment of a method in
accordance with the instant disclosure, in accordance with the instant disclosure.

[0026]  Figure 14 depicts a flow chart depicting another embodiment of a method in
accordance with the instant disclosure, in accordance with the instant disclosure.

[0027]  Figure 15 depicts variations on surface topography, illustrating in 15A: a cut away

side view of an as-made metal shaped preform (no smoothing); 15B: a smoothed surface
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providing for reduced surface roughness and/or reduced ratio of valley depth to valley height;
15C: a smoothed surface providing for a greater reduction in surface roughness and ratio of
depth to height as compared to 15A or 15B (smoothed) and 15D: an even greater smoothed
surface, providing an improved surface roughness and/or ratio of valley depth to height as
compared to any of the other iterations (as-made or smoothed) in Figure 15 in accordance

with one or more embodiments of the instant disclosure.

[0028] Figure 16 depicts variations on surface topography, illustrating in 16A: a cut away
side view of an as-made metal shaped preform (no smoothing); 16B: a smoothed surface
providing for reduced surface roughness and/or reduced ratio of valley depth to valley height;
16C: a smoothed surface providing for a greater reduction in surface roughness and ratio of
depth to height as compared to 16A or 16B (smoothed) and 16D: an even greater smoothed
surface, providing an improved surface roughness and/or ratio of valley depth to height as
compared to any of the other iterations (as-made or smoothed) in Figure 16, in accordance
with one or more embodiments of the instant disclosure.

[0029] Figure 17-19 depict photographs and a graph depicting surface roughness for a
corresponding Example in the Examples section, in accordance with one or more
embodiments of the instant disclosure.

[0030] Figure 20 depicts a side-by-side comparison of an as-made preform compared to
an embodiment of a smoothed preform, smoothed in accordance with one or more methods of
the instant disclosure.

DETAILED DESCRIPTION

[0031] Reference will now be made in detail to the accompanying drawings, which at
least assist in illustrating various pertinent embodiments of the new technology provided for

by the present disclosure.
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[0032] One embodiment of the new method for producing forged metal products is
illustrated in FIG. 1. In the illustrated embodiment, the method includes a step of preparing
(100) a metal shaped-preform via additive manufacturing, followed by forging (200) the
metal shaped-preform into a final forged product (e.g., a net-shape product or near net-shape
product). After the forging step (200), the final forged product may require no additional
machining or other processing steps, thus facilitating a lower total cost of manufacturing.
Furthermore, the final forged product may realize improved properties (e.g., relative to a pure
additively manufactured component). Some non-limiting examples of some properties that
may be improved in the final forged product (as compared to an AM component with no
forging) include: fatigue performance, ability to perform non-destructive evaluation including

ultrasonic and radiographic inspection, static strength, ductility, and combinations thereof.

{0033] In some embodiments, the additive manufacturing step (100) prepares the metal
shaped-preform. As used herein, “additive manufacturing” means a process of joining
materials to make objects from 3D model data, usually layer upon layer, as opposed to
subtractive manufacturing methodologies, as defined in ASTM F2792-12a for Standard
Terminology for Additively Manufacturing Technologies. The metal shaped preform may be
manufactured via any appropriate additive manufacturing technique described in this ASTM
standard, such as binder jetting, directed energy deposition, material extrusion, material
jetting, powder bed fusion, digital printing techniques, or sheet lamination, among others. In
some embodiments, precisely designed and/or tailored products can be produced.

[0034] In some embodiments, the metal shaped-preform produced by the additive
manufacturing step (100) is made from any metal suited for both additive manufacturing and
forging, including, for example metals or alloys of titanium, aluminum, nickel (e.g.,
INCONEL), steel, and stainless steel, among others. An alloy of titanium is an alloy having

titanium as the predominant alloying element. An alloy of aluminum is an alloy having

10
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aluminum as the predominant alloying element. An alloy of nickel is an alloy having nickel
as the predominant alloying element. An alloy of steel is an alloy having iron as the
predominant alloying element, and at least some carbon. An alloy of stainless steel is an
alloy having iron as the predominant alloying element, at least some carbon, and at least
some chromium. In one embodiment, the metal shaped-preform is an intermediate product in

the form of a precursor to a blade for a jet engine.

[0035] Still referring to FIG. 1, once the metal shaped-preform is formed, the metal
shaped-preform is forged (200). In one embodiment, the forging step (200) uses a single
forging step to die forge the metal shaped-preform into the final forged product. In one
embodiment, the forging step (200) uses a single blocker (or metal shaped-preform) to die
forge the metal shaped-preform into the final forged product. In some embodiments, forging
(200) the metal shaped-preform, configures the final forged product into realizing improved
properties, such as improved porosity (e.g., less porosity), improved surface roughness (e.g.,
less surface roughness, i.e., a smoother surface), and/or better mechanical properties (e.g.,

improved surface hardness), among others.

[0036] Referring now to FIG. 2, in one embodiment, during the forging step (200), the
dies and/or tooling of the forging process is at a lower temperature than the metal-shaped
preform. In this regard, the forging step includes heating the metal shaped-preform to a stock
temperature (the target temperature of the preform prior to the forging) (210), and contacting
the metal shaped-preform with a forging die (220). In one embodiment, when the contacting
step (220) is initiated, the forging die is a temperature that is at least 10°F lower than the
stock temperature. In another embodiment, when the contacting step (220) is initiated, the
forging die is a temperature that is at least 25°F lower than the stock temperature. In yet
another embodiment, when the contacting step (220) is initiated, the forging die is a

temperature that is at least S0°F lower than the stock temperature. In another embodiment,

11
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when the contacting step (220) is initiated, the forging die is a temperature that is at least
100°F lower than the stock temperature. In yet another embodiment, when the contacting
step (220) is initiated, the forging die is a temperature that is at least 200°F lower than the
stock temperature. In another embodiment, when the contacting step (220) is initiated, the
forging die is a temperature that is at least 300°F lower than the stock temperature. In yet
another embodiment, when the contacting step (220) is initiated, the forging die is a
temperature that is at least 400°F lower than the stock temperature. In another embodiment,
when the contacting step (220) is initiated, the forging die is a temperature that is at least
500°F lower than the stock temperature. In some embodiments, when the contacting step is
initiated, the forging die completes an isothermal forging. In one aspect, after the forging step
(200) the final forged product is annealed (300). In some embodiments, the annealing step is
configured to achieve desired properties in the final forged product. In some embodiments,
the annealing step (300) facilitates the relieving of residual stress in the metal-shaped preform
due to the forging step (200). In one approach, the metal-shaped preform comprises a Ti-6Al-
4V alloy and the annealing step (300) comprises heating the final forged product to a
temperature of from about 640°C (1184°F) to about 816°C (1500°F) and for a time of from
about 0.5 hour to about 5 hours. In one embodiment, the annealing step (300) comprises
heating the final forged product to a temperature of at least about 640°C (1184°F). In another
embodiment, the annealing step (300) comprises heating the final forged product to a
temperature of at least about 670°C (1238°F). In yet another cmbodiment, the annealing step
(300) comprises heating the final forged product to a temperature of at least about 700°C
(1292°F). In another embodiment, the annealing step (300) comprises heating the final
forged product to a temperature of not greater than about 760°C (1400°F). In yet another
embodiment, the annealing step (300) comprises heating the final forged product to a

temperature of not greater than about 750°C (1382°F). In another embodiment, the annealing

12
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step (300) comprises heating the final forged product to a temperature of not greater than
about 740°C (1364°F). In yet another embodiment, the time is at least about 1 hour. In
another embodiment, the time is at least about 2 hours. In yet another embodiment, the time
is not greater than about 4 hours. In another embodiment, the time is not greater than about 3
hours. In yet another embodiment, the annealing step (300) comprises heating the final

forged product to a temperature of about 732°C (1350°F) and for a time of about 2 hours.

[0037] In some embodiments, the contacting step (220) comprises applying a sufficient
force to the metal shaped-preform via the forging die to realize a pre-selected amount of true
strain in the metal shaped-preform. In some embodiments, the pre-selected amount of strain
is varied throughout the finished forging to accommodate, for example, the use of a wrought
substrate plate, etc. In one embodiment, the applying a sufficient force step comprises
deforming the metal shaped-preform via the forging die. As used herein “true strain” (€uue) 18
given by the formula:
€irue = In(L/Lo)

Where 1 is initial length of the material and L is the final length of the material. In one
embodiment, the contacting step (220) comprises applying sufficient force to the metal
shaped-preform via the forging die to realize a truc strain of from about 0.05 to about 1.10 in
the metal shaped-preform. In another embodiment, the contacting step (220) comprises
applying sufficient force to the metal shaped-preform via the forging die to realize a true
strain of at least 0.10 in the metal shaped-preform. In another embodiment, the contacting
step (220) comprises applying sufficient force to the metal shaped-preform via the forging die
to realize a true strain of at least 0.20 in the metal shaped-preform. In yet another
embodiment, the contacting step (220) comprises applying a sufficient force to the metal
shaped-preform via the forging die to realize a true strain of at least 0.25 in the metal shaped-

preform. In another embodiment, the contacting step (220) comprises applying sufficient
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force to the metal shaped-preform via the forging die to realize a true strain of at least 0.30 in
the metal shaped-preform. In vet another embodiment, the contacting step (220) comprises
applying sufficient force to the metal shaped-preform via the forging die to realize a true
strain of at least 0.35 in the metal shaped-preform. In another embodiment, the contacting
step (220) comprises applying sufficient force to the metal shaped-preform via the forging die
to realize a true strain of not greater than 1.00 in the metal shaped-preform. In yet another
embodiment, the contacting step (220) comprises applying sufficient force to the metal
shaped-preform via the forging die to realize a true strain of not greater than 0.90 in the metal
shaped-preform. In another embodiment, the contacting step (220) comprises applying
sufficient force to the metal shaped-preform via the forging die to realize a true strain of not
greater than 0.80 in the metal shaped-preform. In yet another embodiment, the contacting
step (220) comprises applying sufficient force to the metal shaped-preform via the forging die
to realize a true strain of not greater than 0.70 in the metal shaped-preform. In another
embodiment, the contacting step (220) comprises applying sufficient force to the metal
shaped-preform via the forging die to realize a true strain of not greater than 0.60 in the metal
shaped-preform. In yet another embodiment, the contacting step (220) comprises applying
sufficient force to the metal shaped-preform via the forging die to realize a true strain of not
greater than 0.50 in the metal shaped-preform. In another embodiment, the contacting step
(220) comprises applying sufficient force to the metal shaped-preform via the forging die to
realize a true strain of not greater than 0.45 in the metal shaped-preform. In yet another
embodiment, the contacting step (220) comprises applying sufficient force to the metal
shaped-preform via the forging die to realize a true strain of about 0.40 in the metal shaped-

preform.
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[0038] In one embodiment, the metal shaped-preform is a low ductility material, such as
a metal matrix composite or an intermetallic material. In one embodiment, the metal shaped-
preform is titanium aluminide.

{0039] Without being bound by a particular mechanism or theory, it is believed that using
the new processes disclosed herein facilitates more economical production of final forged
products from such low ductility materials. As a non-limiting example, with the various
embodiments of the foregoing methods, low ductility material(s) are forged using dies and/or
tooling that are at a lower temperature than the low ductility material. Thus, in one
embodiment, the forging is absent of isothermal forging (i.e., the forging process does not
include isothermal forging), and thus can include any of the stock temperature versus die

temperature differentials noted previously.

[0040] In one aspect, the metal shaped preform is a titanium (T1) alloy, and thus includes
titanium as the predominant alloying element. In one embodiment, a titanium alloy includes
at least 48 wt. % Ti. In another embodiment, a titanium alloy includes at least 49 wt. % Ti.
In yet another embodiment, a titanium alloy includes at least 50 wt. % Ti. In one
embodiment, the titanium alloy comprises one or more titanium aluminide phases. In one
embodiment, the titanium aluminide phase(s) is/are one or more of TisAl and TiAl. In some
embodiments, when titanium aluminides are present, the titanium alloy may include 5-49 wt.
% aluminum. In one embodiment, the titanium aluminide phase(s) comprise TiAl. In one
embodiment, the titanium alloy includes 30-49 wt. % aluminum, and the titanium alloy
comprises at least some TiAl. In one embodiment, the titanium aluminide phase(s) comprises
TizAl. In one embodiment, the titantum alloy includes 5-30 wt. % aluminum, and the
titanium alloy comprises at least some TizAl. In one embodiment, the titanium alloy

comprises aluminum and vanadium.
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[0041] In one embodiment, the metal shaped preform comprises a Ti-6Al-4V alloy (a
titanium alloy having about 6 wt. % aluminum and about 4 wt. % vanadium). In this regard,
the Ti-6Al1-4V preforms are heated to a stock temperature of from about 850°C (1562°F) to
about 978°C (1792°F). In one embodiment, the Ti-6Al-4V preforms are heated to a stock
temperature of at least 900°C (1652°F). In another embodiment, the Ti-6Al-4V preforms are
heated to a stock temperature of at least 925°C (1697°F). In another embodiment, the Ti-
6Al1-4V preforms are heated to a stock temperature of at least 950°C (1742°F). In yet another
embodiment, the Ti-6Al-4V preforms are heated to a stock temperature of at least 960°C
(1760°F). In another embodiment, the Ti-6Al-4V preforms are heated to a stock temperature
of not greater than 975°C (1787°F). In yet another embodiment, the Ti-6Al-4V preforms are

heated to a stock temperature of not greater than 973°C (1783°F).

[0042] In some embodiments, the final forged product is used in the aerospace, aviation,
and/or medical industries. In some embodiments, the final forged product is, for example, a

turbine or blade. In one embodiment, the final forged product is a blade for a jet engine.

[0043] In some embodiments, after the additive manufacturing step (100), the metal
shaped-preform is forged (200) to create a final forged product. In other embodiments, after
the additive manufacturing step (100), the metal shaped-preform is processed via other forms
of working (e.g., hot working) to create a final worked product 710.

[0044] In some embodiments, the working of the metal shaped-preform includes at least
one of: rolling 710, ring rolling 720, ring forging 730, shaped rolling 740, and/or extruding
750 to create the final worked product. In some embodiments, the final worked product
realizes improved properties, such as improved porosity (e.g., less porosity), improved
surface roughness (e.g., less surface roughness, ie., a smoother surface), and/or better
mechanical properties (e.g., improved surface hardness), among others. In some

embodiments, the final worked product realizes a predetermined shape. In some
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embodiments, the metal shaped-preform is ring rolled, ring forged and/or extruded (e.g.,
forced through a die) to create a hollow final worked product. In some embodiments, the
metal shaped-preform is rolled to produce a final worked product that realizes improved
porosity. In some embodiments, the metal shaped-preform is shape rolled to produce a final

worked product that realizes a predetermined shape (e.g., a curve having a specified radius).

[0045] As used herein, “ring rolling” means the process of rolling a ring of smaller
diameter (e.g., a first ring having a first diameter) into a ring of larger diameter (e.g., a second
ring having a second diameter, wherein the second diameter is larger than the first diameter),
optionally with a modified cross section (e.g., a cross sectional area of the second ring is
different than a cross sectional area of the first ring) by the use of two rotating rollers, one
placed in the inside diameter of the ring and the second directly opposite the first on the

outside diameter of the ring.

[0046] As used herein, “ring forging” means the process of forging a ring of smaller
diameter (c.g., a first ring having a first diameter) into a ring of larger diameter (e.g., a second
ring having a second diameter, wherein the second diameter is larger than the first diameter),
optionally with a modified cross section (e.g., a cross sectional area of the second ring is
different than a cross sectional area of the first ring) by squeezing the ring between two tools
or dies, one on the inside diameter and one directly opposite on the outside diameter of the
ring.

[0047] As used herein, “shaped rolling” means the process of shaping or forming by
working the piece (i.e., the metal shaped-preform) between two or more rollers, which may or
may not be profiled, to impart a curvature or shape to the work piece (i.e., the metal shaped-

preform).

[0048] In some embodiments, the step of preparing the metal shaped-preform via additive

manufacturing (100) includes incorporating a building substrate into the metal shaped-
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preform. Referring now to FIG. 5, one embodiment of incorporating a building substrate
(400) into the metal shaped-preform (500) is shown. In the illustrated embodiment, material
(450) is added to a building substrate (400) via additive manufacturing (100) to produce the

metal shaped-preform (500).

[0049]  As used herein, “building substrate” and the like means a solid material (substrate)
that is incorporated into a metal shaped—breform. In some embodiments, the metal shaped-
preform (500), which includes the building substrate (400), is forged (200) into a final forged
product (600). Thus, in some embodiments, the final forged product (600) includes the
building substrate (400) as an integral piece. In some embodiments, the substrate does not
need to be shaped such that it resembles and/or mimics the geometry of the desired deposit or
metal shaped-preform. In some embodiments, the substrate is a rectangular plate on which
the additive manufacturing is performed and is machined or otherwise shaped to the desired
geometry after additive manufacturing has been performed. In some embodiments, the
substrate is a forging, extrusion, and/or any other material upon which additive
manufacturing can be performed. In some embodiments, additional processing of the metal

shaped-preform is performed.

[0050] In some embodiments, additional processing includes machining prior to or

subsequent to the forging step.

[0051] In some embodiments, additional processing includes wire electrical discharge

machining (wire EDM) prior to or subsequent to the forging step.

[0052] In some embodiments, additional processing includes surface finishing prior to or

subsequent to the forging step.

[0053] In some embodiments, additional processing includes water jet cutting prior to or

subsequent to the forging step.
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[0054] Without being bound by a particular mechanism or theory, it is believed that
certain methods of additive manufacturing result in a characteristic topography in the metal

shaped-preform (e.g. surface undulations and/or ridges).

[0055] As non-limiting examples, material extrusion and directed energy deposition are
two such classes of additive manufacturing that include start, stop, and bead topography
characteristics in the final formed additive part. As used herein, “bead” means a continuous
deposit of fused metal (¢.g. in an additive manufacturing process).

[0056] As used herein, “directed energy deposition” refers to an additive manufacturing
process in which a focused thermal energy is used to fuse materials by melting as they are
being deposited. Non-limiting examples of directed energy deposition include Sciaky, plasma
arc, and other wire feed methods.

[0057] As used herein, “material extrusion” refers to an additive manufacturing process
in which material is selectively dispensed through a nozzle or orifice.

[0058] As used herein, a “workable preform” means a preform made via additive
manufacturing that has suitable characteristics (e.g. acceptable surface finish and/or
geometric features) sufficient to undergo working (e.g. hot working).

[0059] As used herein, a “forgeable preform” means a preform made via additive
manufacturing that has suitable characteristics (e.g. acceptable surface finish and/or
geometric features) sufficient to undergo forging.

[0060] In some embodiments, the specifications for a workable preform and/or forgeable
preform with an acceptable surface finish and/or geometric features are dependent on the
final part geometry (among other variables). In some embodiments, the preform is
configured to be free of features that would restrict the flow of metal. In some embodiments,
corners on the preforms are configured with appropriate radii (e.g. rounded corners) sufficient

for subsequent working to form a worked product (e.g. final forged product).
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[0061] In some embodiments, the workable preform is configured via one or more
embodiments of the instant disclosure, to be substantially free from defects and/or other
features (e.g. cracks, gaps, nicks, gouges, sawing serrations, rough portions, ridges, and/or
uneven surfaces and other features along at least a portion of the surface) that interrupt a
smooth working and/or forging surface. In some embodiments, the workable preform is
configured via one or more embodiments of the instant disclosure, to be substantially free
from defects and/or other features such that, when worked (or forged) the resulting final
worked product (or final forged product) is substantially free from defects (e.g. folds, laps,

cavities, non-fill, underfill, and/or other defects).

[0062] Some non-limiting examples of defects in the worked final product and/or forged
final product include: folds, laps, and/or shuts (e.g. cold shuts). As used herein, “fold” means
a forging defect caused by folding the metal back on its own surface during its flow in the die
cavity. As used herein, “lap” means a surface irregularity appearing as a fissure or opening,
caused by the folding over of hot metal, fins or sharp comers and by subsequent rolling or
forging (but not welding) of these into the surface. As used herein, “shuts” are faults
produced in a forging by incorrect tool design or incorrect flow of metal that results in the
formation of a crack in the forging surface. As used herein, “cold lap” means a flaw that
results when a workpiece fails to fill the die cavity during the first forging. As used herein,
“seam” means a formation caused as subsequent dies force metal over a gap to leave a seam
on the workpiece surface. As used herein, a “cold shut” is a defect (such as lap) that forms
whenever metal folds over itself during forging. As a non-limiting example, cold shuts can

occur where vertical and horizontal surfaces intersect.

[0063] Without being bound by a particular mechanism or theory, these defects can be
attributed to surface discontinuities, sharp corners and/or internal features restricting metal

flow or otherwise resulting in improper distribution of the metal during a working operation
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{e.g. forging). Thus, in accordance with one or more of the embodiments of the instant
disclosure, prior to forging, if defects are observed in the metal-shaped preform they are
addressed to provide a suitable workable preform configured for further working (e.g.
forging). This can be done by mechanically smoothing the surface or removing the defect.
Mechanical grinding is a typical operation that is used to prepare preforms and blockers for
the forging operation.

[0064] In one embodiment, the workable preform (¢.g. forgeable preform) is quantified

via profilometry techniques (e.g. including contact and/or non-contact analytical methods).

[0065] In one embodiment, the workable preform (e.g. forgeable preform) is quantified
by measuring the depth to width ratio of the valleys along a portion of the surface of the

metal shaped preform.

[0066] In one embodiment, the workable preform (e.g. forgeable preform) is quantified
by measuring the surface roughness (Ra) along at least a portion of the surface of the metal
shaped preform.

[0067] In some embodiments, the surface roughness is measured via analytical
techniques that are contact methods. In some embodiments, the surface roughness is
measured via analytical techniques that are non-contact methods (e.g. blue light scans or
white light scans, to name a few).

[0068] In some embodiments, via the additive manufacturing step, the surface of
additively manufactured components can be rough (e.g. a plurality of raised ridges indicative
of the bead deposition path), or have a periodic or random surface texture, roughness, or
morphology, due to the layer-by-layer and bead-by-bead deposition technique used by many

of the additive manufacturing technologies.

[0069] In one embodiment, a method is provided, comprising: (a) using additive

manufacturing to produce a metal shaped-preform, the metal-shaped preform configured with
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a plurality of undulations in the surface indicative of an additive manufacturing build;(b)
smoothing the plurality of undulations on the surface of the metal shaped-preform via an
energy source sufficient to provide a workable preform (or forgeable preform) configured for
a further working operation; and (c) working the metal shaped-preform into a final forged
product.

[0070] In some embodiments, preparation of the metal shaped-preform includes
smoothing operations to remove undulations in the surface of the part due to the layered
structure of the deposit produced using additive manufacturing processes. In some additive
manufacturing processes, each layer may consist of a pattern of individual deposits, which
may introduce undulations in the surface of the part due to the geometry of the individual
deposits.

[0071] In some embodiments, the method comprises a smoothing step sufficient to
provide surfaces appropriate for working and/or forging (e.g. to avoid defects such as folds
and voids).

[0072] Some non-limiting examples of surface smoothing techniques include: electron
beam smoothing, flash lamp melting, laser melting, arc melting, sanding, blasting, machining,
grinding, laser ablation, amongst others.

[0073] In some embodiments, the metal shaped-preforms include smooth edges (e.g. such
that the metal-shaped preform is configured for forging). In some embodiments, the metal
shaped-preforms are configured with little to no discontinuous features

[0074] In some embodiments, with a smoothing step, sufficient smoothing to the AM
preform results in smooth surfaces and appropriately filled comers and edges such that the

mechanical grinding and chipping operations are avoided.
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[0075] In some embodiments, with an additive path smoothing step, sufficient smoothing
to the AM preform results in smooth surfaces and appropriately filled corners and edges such

that the mechanical grinding and chipping operations are avoided.

[0076] In some embodiments, the using additive manufacturing to build a metal shaped
preform includes using a non-powder based additive manufacturing process to build a metal
shaped preform. In some embodiments, the smoothing step comprises using first set of beam
parameters to additively manufacture a metal shaped preform (e.g. first beam size, first beam
current, first travel speed, first wire feed rate, first beam pattern, and first scan path), followed
by adjusting and/or changing to a second set of beam parameters configured for smoothing.

In some embodiments, wire feed is left off for beam smoothing.

[0077] In some embodiments, the beam is utilized for removal (burn off) of undesirable
material that has collccted on the substrate. In some embodiments, the beam 1s utilized for

preheating the substrate (prior to the using step).

[0078] In some embodiments, the using additive manufacturing step comprises additively
manufacturing a metal shaped preform via a continuous exterior build plan sufficient to
realize a metal shaped-preform capable of further working (e.g. forging) to yield a forged
final product. In some embodiments, depositing the bead (deposited via a continuous exterior
build plan) is configured to promote metal shaped-preform with smooth surface. In some
embodiments, depositing the bead is configured to promote smooth edges in the metal
shaped-preform.

[0079] In some embodiments, after the additive manufacturing step, the energy source is
the same energy source as the additive manufacturing machine. In some embodiments, the
energy source is an add-on component to the additive manufacturing machine (and not

utilized to perform the additive manufacturing step). In some embodiments, the energy source
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is a separate piece of equipment from the energy source utilized with the additive
manufacturing machine to create the build/deposit of additive feed material.

[0080] In some embodiments, the energy source comprises: a laser beam, an electron
beam, an arc torch, a plasma torch, flash lamp, a torch, a burner, amongst others, which is
used to smooth the surface of an additively manufactured deposit.

[0081] In some embodiments, the smoothing step comprises, reducing the surface

roughness of a measured portion of the surface of the metal shaped preform.

[0082] In some embodiments, the smoothing step comprises reducing the depth to width
ratio of the valleys along a measured portion of the surface of the metal shaped-preform.
[0083] In some embodiments, the smoothing step comprises reducing the roughness
along a measured portion of the metal shaped-preform, as detected with a blue light scan.

[0084] In some embodiments, the smoothing step comprises: increasing the temperature
of a surface portion of the part in order to promote melting of the uneven surface portion.
[0085] In some embodiments, smoothing includes melting, softening, and/or otherwise
consolidating at least a portion of the deposited AM path geometry in order to smooth the
surface of the metal shaped-preform.

[0086]  In some embodiments, smoothing comprises heating at least a portion of an
exterior surface of an AM deposit with an energy source (e.g. to melt, soften, and/or
consolidate non-planar surfaces/raised ridges on the metal shaped-preform).

[0087]  In some embodiments, smoothing comprises heating (e.g. melting, softening,
and/or consolidating) at least a portion (fraction) of a single bead depth.

[0088] In some embodiments, smoothing comprises heating (e.g. melting, softening,

and/or consolidating) at least two or more bead depths into the metal shaped-preform.
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[0089] Without being bound by a particular mechanism or theory, it is believed that the
surface tension of the melted and/or softened material and/or potential gravitational effects
thereof causes any undulations, ripples, and/or dips in the surface of the bead deposit
attributable/characteristic of additive manufacturing to decrease in magnitude. The objective
of this technique is to melt or soften only the surface of the deposit such that it does not
significantly alter the overall shape/geometry of the deposit but removes or reduces localized

irregularities in the surface.

[0090] In some embodiments, the smoothing step includes (in the case of a deposition of
AM material via non-powder bed and/or wire based feeds): defocusing the energy source
(e.g. the electron beam of the wire fed AM machine) from a first beam size (e.g. indicative of
additive manufacturing) to a second beam size (c.g. indicative of smoothing); rastering the
beam into a pattern; and moving over the surface and/or profile of the preform/part to affect
smoothing of the surface.

[0091] In some embodiments, the size of the rastered beam is maintained over the surface
of the part by maintaining the energy source at a set distance from the surface of the part
and/or adjusting the amount of defocusing and/or pattern size as a function of the part
geometry.

[0092] In other embodiments, energy sources include: lasers, arcs, and other energy
sources are utilized (in lieu of the electron beam) in order to smooth the surface and/or profile
of the preform.

[0093] As used herein, “rastering” (e.g. of a beam) means: moving and/or oscillating the
beam in a pattern such that the effective “size” of the beam appears larger in a scan pattern
(e.g. of the electron beam in an EBAM machine) in which an area is scanned (e.g. from side-

to-side in lines, from top-to-bottom). As a non-limiting example, the rastered beam may look
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like a half inch in diameter whereas the non-rastered beam may be on the order of hundredths
of an inch in diameter.

[0094] In some embodiments, the path that the rastered beam follows around the part is
called the scan path. For additive manufacturing processes utilizing a wire-based feed, the
scan path results in the characteristic raised ridges, undulations, and/or surface features
perceived/visually observable in the metal shaped preform (e.g. the as built, non-smoothed

part).

[0095] In some embodiments, the smoothing step is sufficient to provide a surface with a
smoothness configured to undergo further working/processing (e.g. forging, ring rolling,

extrusion, etc).

[0096] In some embodiments, the smoothing step is sufficient to provide a surface with a
smoothness configured to undergo further working/processing (e.g. forging, ring rolling,
extrusion, etc) without undue machining of the final worked (e.g. forged) product.

[0097] In some embodiments, the smoothing step is sufficient to provide a surface with a
smoothness configured to undergo further working/processing (e.g. forging, ring rolling,
extrusion, etc) without undue machining of the metal shaped-preform prior to further
working/processing.

[0098] In some embodiments, the smoothing step is sufficient to provide a surface with a
smoothness configured to undergo further working/processing (e.g. forging, ring rolling,
extrusion, etc) without an undue rejection rate due to defects attributable to additive

manufacturing deposition layers.

[0099] In some embodiments, the smoothing step is sufficient to reduce the surface

roughness of the metal shaped-preform.
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[00100] In some embodiments, the smoothing step is sufficient to reduce the oscillating
surface morphology of an additively manufactured preform via the characteristic ridges
interspaced with valleys (e.g. indicative of the pattern of bead deposition/feed path) of a wire-

based additive manufacturing technology.

[00101] In some embodiments, the smoothing step is configured to prevent, reduce, and/or
eliminate defects (e.g. non-smooth features on the deposits) from the final worked (e.g.
forged) product. In some embodiments, the workable preform has a surface and/or profile
that is sufficient to prevent, reduce, and/or eliminate folds, cavities, and/or other undesirable

features in the final forged product/final worked product.

[00102] In some embodiments, the smoothing step is attributed to an improved

manufacturing yield.

[00103] In some embodiments, the smoothing step is attributed to improved mechanical
properties in the final worked products. In some embodiments, the smoothing step is
attributed to reducing undulations in the surface of the deposit, e.g. which can have an
improved/enhanced uniformity of the strain achieved in the worked (forged) component.
[00104] In some embodiments, after the smoothing step, the method comprises
ultrasonically inspecting the smoothed additive manufacturing preform prior to forging (e.g.
and if rejected, remove the part from the production/manufacturing pathway).

[00105] In some embodiments, after the smoothing step, the surface is configured for
ultrasonic inspection, enabling identification of defects to be reworked. In this embodiment,
the smoothing step is followed by an ultrasonically inspecting/detecting step to identify any
defects in the metal shaped-preform. If, in this embodiment, onc or more defects are
identified via ultrasonic inspection, the method further comprises a reworking and/or second
smoothing step (e.g. configured to penetrate to a sufficient level to address and ameliorate the

detected defect).
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[00106] In some embodiments, the smoothing step is sufficient to provide a surface

capable of ultrasonic inspection without prior machining.

[00107] In some embodiments, after the smoothing step, the preform has an improved
configuration for x-ray inspection, enabling identification of defects to be reworked. In this
embodiment, the smoothing step is followed by an x-ray inspecting/detecting step, configured
to identify any defects in the metal shaped-preform. If, in this embodiment, one or more
defects are identified via x-ray inspection, the method further comprises a reworking and/or
second smoothing step (e.g. configured to penetrate to a sufficient level to address and
ameliorate the detected defect).

[00108] In some embodiments, the smoothing step is sufficient to reduce stress
concentrations in the final part (e.g. in instances where the entire surface of the final worked
product 1s not machined).

[00109] Without being bound by a particular mechanism or theory, it is believed that the
smoothing step melts an upper portion of the part such that the raised ridges on the surface
(indicative of an additively manufactured part) are reduced in overall height to provide for a
smoothed surface.

Example— Making a Workable Preform 1

[00110] Five cylinders were additively manufactured from Ti-6Al-4V using electron beam
additive manufacturing (Sciaky). Build parameters were varied and one of the cylinders was
surface smoothed using ebeam smoothing. The build parameters are outlined in Table 1,
while the final part dimensions are outlined in Table 2 (below). The experimental results are
provided in Figure 17-19, which include photographs of the cylinders and a chart depicting

surface roughness.
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Table 1: Build Parameters for Each Cylinder

Cyfinder Wire Diamet_er DepositionRate  Accelerating  NominalBeam  Surface Travel Wire Feedrate Target qul
{in) {bspertr) Voltage(kV)  Current(mA)  Speed (IPM) {PM)  Width {in)

1 0125 15 40 215 .30 1213 047

2 0125 135 40 108 15 637 047

3 0.045 1 25 85 30 60 02

4 0125 15 40 108 15 637 047

5 0.045 1 25 85 30 60 02

Table 2: Dimensions of the Cylinders

Cylinder Wallthickness, Helght,
No. D,in. OD,in. in. in.

1 4.85 5.9 0.525 5.8

2 50 5.8 0.4 8.2

3 55 59 0.2 75

4 50 5.8 0.4 7.1

5 49 5.3 0.2 7.5

[00111] Cylinders 3 and 5 used the same build parameters, with a wire diameter of 0.045”.
Cylinder 5 was utilized to demonstrate steps in thickness. While Cylinders 2 and 4 had the
same build parameters, it is noted that after building, Cylinder 4 was smoothed with the

electron beam according to the following process.

[00112] Figure 17 provides a series of perspective side view photographs of the 5
cylinders. It is visually apparent that there are surface ridges in the as-manufactured metal
shaped preforms (without smoothing), 1.e. Cylinders 1-3 and 5. Moreover, there are visually
observable differences in the surface/profile of cylinders having different diameters of wire
feedstock (e.g. depth of ridges, distance of ridges, indicative of the feedstock, deposition rate,

and/or other AM parameters.

[00113] Figure 18B depicts the measured surface roughness for each of the cylinders
(where 18A depicts the relative positioning for each of the measurements along the
cylinders). For each of the 5 cylinders, surface roughness was characterized along three

different areas/portions of the component (i.e. top, middle, and bottom along the inner
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diameter and outer diameter of the cylinder, where the bottom was configured adjacent to the
build substrate). Referring to the graph of Figure 18B, Cylinder 4 had the lowest surface
roughness for each measured parameter, even though Cylinder 4 was constructed of a larger
diameter wire feedstock than Cylinders 3 and 5. Also, in comparing the three positions along
the cylinders that were measured (top, middle, bottom), generally the lowest RA values were
located along the lip (e.g. top) of the cylinders, as compared to the middle and bottom of the
cylinders. Further, it is noted that Cylinders 3 and 5 had a generally lower surface roughness

than Cylinders 1 and 2, as 3 and 5 had a smaller diameter wire feed stock.

[00114] Figure 19 depicts a cut away side view contrasting the characteristic ridges via the
metal shaped-preform of Cylinder 2 (as-made) vs. Cylinder 4, the smoothed surface of a
forgeable preform (e.g. workable preform) in accordance with the instant disclosure.
Although both cylinders had the same build parameters, the smoothing step reduced the

surface roughness of Cylinder 4, to promote a workable preform (e.g. forgeable preform).

Example - Making a Workable Preform 2

[00115] A part was additively manufactured utilizing an Electron Beam Additive
Manufacturing (EBAM) system (Sciaky). The feedstock was a wire of Ti-6Al-4V. Wire was
deposited in a layer-by-layer additive method on the substrate plate to create a metal shaped
preform. The substrate plate dimensions were approximately 127 x 127 x 3/4”.

[00116] Once the metal shaped preform was built, the electron beam of the additive
machine was changed from a deposit mode to a smoothing mode. (No additional
feedstock/wire was added to the molten pool and thus no additional material is deposited on
the part.) During smoothing, the electron beam was defocused, rastered, and moved quickly
over the surface of the part at a decreased beam current (e.g., as compared to that used in a

standard deposit) to affect smoothing of the surface.
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[00117] During smoothing, a low power, defocused electron beam was rastered
over/moved across the surface of the deposited material in a concentric bulls-eye ring pattern
of varying sizes. In some embodiments, the resulting rastered beam spanned multiple (at least
two) deposition paths (e.g. defined by a bead size). In some embodiments, the resulting
rastered beam is the same size as the “build”/deposition beam. In some embodiments, the
resulting rastered beam is smaller than the build/deposition beam. The beam in turn caused
localized surface heating (e.g. melting and/or softening) which allowed the ridged material
(indicative of the various paths of bead deposition) to flow towards the valleys and reduce the
overall surface waviness/characteristics of at least a portion (e.g. treated portion) of the

preform.

[00118] More specifically, in comparing the beam parameters for the building step vs. the
smoothing step, for the smoothing step, the beam current (mA) was reduced by
approximately half of that in build mode; the travel speed (inches/min) was increased by a
little over three times that of the build mode; and the pattern “size™ (unitless) was increased

from the build mode by a little over 1.5 times.

[00119] It is noted that the same beam pattern was utilized in both the AM building step
and the smoothing step. The scan path (i.e. the path that the energy source travels along) for
the standard deposit (building) was completed in a series of parallel lines, while the
smoothing pass roughly followed the profile of the part, starting from the center of the part
and generally circling outwards (e.g. where the last circle effectively traces the outside of the
deposit). The “Pattern Size” variable is simply a scaling factor that allows the increase or
decrease of the size of the pattern that 1s projected on the part. The size of the pattern 1s
variable, based on the initial roughness/waviness of the part, etc. The parameters of the
energy source (electron beam) are generally interdependent, such that if one variable is

modified, the others are also modified accordingly.
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[00120] Figure 20 provides a comparison of two different components, contrasting the as
built (before smoothing) and the workable preform (after smoothing). More specifically, the
photograph on the right is of an as built AM preform that has not undergone EBAM
smoothing, while in contrast the photograph on the left is of an AM preform that has
undergone EBAM smoothing (e.g. to smooth the ridges characteristic of the deposition

pathways along the profile of the preform).

Example: Forging a Forgeable Preform

[00121] A metal preform (titanium or otherwise) is produced using the selected additive
manufacturing method (e.g. electron beam additive manufacturing (EBAM), wire arc additive

manufacturing (WAAM), or other metal deposition or extrusion additive process).

[00122] With the proper smoothing (e.g. via a energy source), the metal shaped preform is
configured with a surface (e.g. reduced ridges, and/or lower surface roughness as compared
to a non-smoothed AM surface with the same build parameters) and/or profile (e.g.
appropriately filled corners and edges) sufficient to perform a forging operation. With the
metal shaped-preform configured as a forgeable preform, additional processing steps
(including but not limited to) mechanical grinding and/or chipping operations are reduced,
prevented, and/or eliminated.

[00123] This AM produced preform will be the starting stock or blocker for the forging
operation. The preform is configured to be placed into the forging die (and forged) without
further rework. Once prepared, the forgeable preform is placed in a furnace to heat it to the
appropriate forging temperature. The forging dies will also be heated to the appropriate
temperature for forging. The temperature for both of metal preform (forgeable metal
preform) and the forging die are dependent on the type of metal and the geometry (e.g.

determined prior to the forging operation).

32



CA 03011463 2018-07-13

[00124] With the dies at the appropriate temperature and the preforms at the appropriate
temperature, the preforms will be removed from the furnace and placed within the forging
die. The forging dies are then compressed together forcing the metal in the preform to
redistribute and fill the die cavity. This forging action can occur in a single pressing
operation. It may also be accomplished through multiple pressing operations (or blows) until

the die impression is filled.

[00125] The process includes heating a prepared preform, forging in the dies, and then the
part is then removed from the die and (in some embodiments) is set aside for subsequent
operations required for the specific part. These subsequent operations could include (as non-
limiting examples): placing back into the furnace for a subsequent forging operation or
allowing the part to cool for preparation for other forging steps or thermal operations like
heat treating, annecaling, and/or aging. In some embodiments, the subsequent operations
include rework operations. The cycle of placing a preform in the furnace, heating to the
desired temperature, placing in the die for forging, forging to the desired geometry for that
step and then removing from the die is considered a forging step. A single step forging
would be defined as heating and forging the material in a single press with multiple blows. A
multiple step forging would be defined as repeating the forging step multiple times.

[00126] In some embodiments, the final forged product is configured with an amount (e.g.,
a pre-selected amount) of true strain due to the contacting step 220. In some embodiments,
the strain realized by the final forged product may be non-uniform throughout the final forged
product due to, for example, the shape of the forging dies and/or the shape of the metal
shaped-preform. Thus, the final forged product may realize areas of low and/or high strain.
Accordingly, the building substrate may be located in a predetermined area of the metal
shaped-preform such that after the forging, the building substrate is located in a

predetermined area of low strain of the final forged product. In some embodiments (e.g. when
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the substrates are wrought), the substrates are configured to achieve the desired properties
without additional strain. In some embodiments, an area of low strain is predetermined based
on predictive modeling and/or empirical testing. In some embodiments, based on modeling,
the strain distribution within the final forging is predicted. In some embodiments, through
design and analysis of the metal shaped-preform, the desired amount of strain in the final
forging is pre-determined. In some embodiments, the pre-determined amount of strain is
utilized/configured such that the final forged component achieves the desired properties. As
such, the substrate is configured/located in an area outside of the final component in the

forging such that work is not required in that region.

[00127] Referring now to FIG. 6, another embodiment of incorporating a building
substrate (410) into a metal shaped-preform (510) is shown. In the illustrated embodiment,
material is added to the building substrate (410) via additive manufacturing (100) to produce
the metal shaped-preform (510). In this embodiment, the metal shaped-preform (510) is
forged (200) into a final forged product (610). In this embodiment, the final forged product
(610) includes the building substrate (410) as an integral piece. In another embodiment, the

metal shaped-preform is removed from the building substrate prior to the forging step.

[00128] In some embodiments, the building substrate is configured with a predetermined
shape and/or predetermined mechanical properties (e.g., strength, toughness to name a few).
In one embodiment, the building substrate is a pre-wrought base plate. In one embodiment,
the shape of the building substrate is predetermined based on the shape of the area of low
strain. In one embodiment, the mechanical properties of the building substrate are
predetermined based on the average true strain realized by the metal shaped-preform and/or
the true strain realized within the area of low strain. In one embodiment, two or more
building substrates are incorporated into a metal-shaped preform. In one embodiment, the

building substrate comprises a pre-wrought base plate. In one embodiment, the building
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substrate was produced using an additive manufacturing process. In one embodiment,
multiple metal shaped-preforms are built upon the same build substrate and separated after

the additive manufacturing step and prior to the forging step.

[00129] In some embodiments, the building substrate is configured/made from any metal
suited for both additive manufacturing and forging, including, for example metals or alloys of
titanium, aluminum, nickel (e.g., INCONEL), steel, titanium aluminide, and stainless steel,
among others. In one embodiment, the building substrate is made of the same material(s) as
the rest of the metal-shaped preform. In one embodiment, the material added to the metal
shaped preform is a first material, whereas the building substrate is made of a second material
(where the second material is different from the first material). In one embodiment, the first
material is configured with a first strength and the second material is configured with a
second strength. In one embodiment, the first material has a first fatigue property and the
second material has a second fatigue property. In some embodiments, the first material is
different form than the second material (e.g. powder on plate, wire on plate, etc.)

[00130] In one example, the building substrate is a first ring of a first material. A second
material is added, via additive manufacturing, to the ring thereby forming a second ring of the
second material, integral with the first ring. Thus, a ring-shaped metal shaped-preform
comprising two different materials is produced. In this example, the ring-shaped metal
shaped-preform is then forged into a ring-shaped final forged product comprising two
different materials.

[00131] In one embodiment, one or more engine containment rings (e.g., one or more
aerospace engine containment rings) is formed by the method described above. For example,
the building substrate includes a first ring of a material which realizes high toughness. Then,
a second ring of a second material which realizes high strength is added, via additive

manufacturing, to the first ring thereby forming a metal shaped-preform. In this embodiment,
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the metal shaped-preform is then forged into an engine containment ring having an inner ring

of high toughness and outer ring of high strength.

[00132] In some embodiments, additive manufacturing is utilized to produce gradient
materials. In this embodiment, the resultant metal shaped-preform comprises a gradient
structure achieved through the additive manufacturing process by varying the composition of
the additive feedstock and/or the process parameters during deposition of the metal shaped-
preform.
Example 1 - Ti-6Al-4V

[00133] Several Ti-6Al-4V preforms are produced via additive manufacturing.
Specifically cylindrical Ti-6Al-4V preforms were produced via an EOSINT M 280 Direct
Metal Laser Sintering (DMLS) additive manufacturing system, available from EOS GmbH
(Robert-Stirling-Ring 1, 82152 Krailling/Munich, Germany). The Ti-6Al-4V preforms were
produced in accordance with the manufacturer’s standard recommended operating conditions
for titanium. The preforms were then heated to a stock temperature of about 958°C (1756°F)
or about 972°C (1782°F). Next, some of the cylindrical preforms were forged under various
amounts of true strain and using a die temperature of about 390°C - 400°C (734°F — 752°F)
to produce cylindrical final forged products. The true strain was applied to the cylindrical
preforms in a direction parallel to the axis of the cylinders. The remaining preforms were left
unforged. Some of the final forged products were then annealed at a temperature of about
732°C (1350°F) for approximately two hours to produce annealed final forged products.
Mechanical properties of the unforged preforms, the final forged products, and the annealed
final forged products were then tested, including tensile yield strength (TYS), ultimate tensile
strength (UTS) and elongation, all in the L direction, the results of which are shown in FIGS

3-4. For cach level of strain, several samples were tested and the results were averaged.
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Mechanical properties, including TY'S, UTS, and elongation were tested in accordance with

ASTM E8.

[00134]  As shown, the forged Ti-6A1-4V products achieved improved properties over the
unforged Ti-6Al1-4V preforms. Specifically, and with reference to FIG. 3, the forged Ti-6Al-
4V products achieved improved ultimate tensile strength (UTS) over the unforged Ti-6Al-4V
preforms. For example, the unforged Ti-6Al-4V preforms achieved a UTS of about 140 ksi.
In contrast, the forged Ti-6Al-4V products achieved improved ultimate tensile strength,
realizing a UTS of about 149 ksi after being forged to a true strain of about 0.4.
Furthermore, and as shown in FIG. 3, the forged Ti-6Al-4V products achieved improved
tensile yield strength (TYS) over the unforged Ti-6Al-4V preforms. For example, the
unforged Ti-6Al-4V preforms achieved a TYS of about 118 ksi. In contrast, the forged Ti-
6A1-4V products achieved improved tensile yield strength, realizing a TY'S of about 123 ksi
after being forged to a true strain of about 0.4. As shown in FIG. 4, the forged Ti-6Al-4V
products achieved good elongation, all achieving an elongation of above 12% after being

forged.

[00135] Furthermore, the annealed final forged products achieved improved properties
over the final forged products which were not annealed. Specifically, and with reference to
FIG. 3, the annealed final forged products achieved improved tensile yield strength (TYS)
over the non-annealed final forged products. For example the annealed final forged products
which were forged to a true strain of about 0.2 achieved a TYS approximately 10% higher
than the final forged products which were not annealed. Furthermore, and as shown in FIG.
3, the annealed final forged products achieved similar ultimate tensile strength (UTS) to the
non-annealed final forged products. Thus, annealing the final forged products increased TY'S
without sacrificing UTS. As shown in FIG. 4, the anncaled final forged products achieved

improved elongation compared to the non-annealed final forged products.
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[00136] FIGS. 8-11 are micrographs showing the microstructures of the cylindrical
preforms and cylindrical final forged products of Example 1. All of the micrographs were
taken in the transverse orientation and at the midpoint of the cylinder. Referring now to FIG.
7, one embodiment of a cylindrical final forged product is illustrated. In the illustrated
embodiment, the final forged product has been forged in the Z direction. The X-Y plane
shown in FIG. 7 is the transverse orientation and the X-Z plane is the longitudinal orientation.
Referring back to FIG. 8, a micrograph of a Ti-6Al-4V preform produced via additive
manufacturing is shown. As can be seen in FIG. 8, the microstructure consists of transformed
beta phase material with evidence of the prior beta phase grains. FIG. 9 is a micrograph of a
additively manufactured Ti-6A1-4V preform that has been preheated to a temperature of
about 1750°F. As can be seen in FIG. 9, the microstructure after heating is transformed beta
phase material with the formation and growth of acicular alpha phase material. No primary
alpha phase material is observed. FIG. 10 is a micrograph of an additively manufactured Ti-
6A1-4V preform that has been preheated to a temperature of about 1750°F and then forged to
true strain of about 0.7 (e.g., a final forged product). As can be seen in FIG. 10 the
preheating and forging steps result in a more refined grain structure, punctuated by the
nucleation of primary alpha phase grains interspersed in the matrix. These interspersed
primary alpha phase grains are observed as the small, white, circular dots. FIG. 11 is a
micrograph of an additively manufactured Ti-6Al-4V preform that has been preheated to a
temperature of about 1750°F, then forged to true strain of about 0.7, and then annealed at a
temperature of about 1350°F (e.g., an annealed final forged product). As can be seen in FIG.
11, in addition to the small, circular grains of primary alpha phase material interspersed in the

matrix, primary grains of alpha phase material have formed as well.

[00137] While various embodiments of the present disclosure have been described in

detail, it is apparent that modification and adaptations of those embodiments will occur to
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those skilled in the art. However, it is to be expressly understood that such modifications and

adaptations are within the spirit and scope of the present disclosure.
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What is claimed is:

1. A method, comprising:

a. using additive manufacturing to produce a metal shaped-preform, wherein the
metal-shaped preform comprises a plurality of undulations on a surface of the metal shaped
preform indicative of an additive manufacturing build;

b. smoothing the plurality of undulations on the surface of the metal shaped-preform
via an energy source sufficient to provide a workable preform configured for a further working
operation, wherein the smoothing comprises: electron beam smoothing, flash lamp melting, laser
melting, arc melting, laser ablation, and combinations thereof, and wherein the smoothing
comprises heating at least a portion of a single bead depth; and

C. working the metal shaped-preform to form a final worked product.

2. The method of claim 1, wherein, due to the smoothing step, the final worked product is

free from defects including folds and voids.

3. The method of claim 1 or 2, wherein the metal shaped-preform comprises smooth outer
edges.
4. The method of any one of claims 1 to 3, wherein the using additive manufacturing step

includes using a non-powder based additive manufacturing process to build the metal shaped

preform.
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5. The method of any one of claims 1 to 4, comprising using a first set of beam parameters
to additively manufacture the metal shaped preform during the additive manufacturing step,
followed by changing to a second set of beam parameters configured for smoothing, wherein a

set of beam parameters comprises a plurality of beam variables.

6. The method of claim 5, wherein the beam variables include: beam size, beam current,

travel speed, wire feed rate, beam pattern, scan path, and combinations thereof.

7. The method of claim 6, wherein the first set of beam parameters differs from the second

set of beam parameters by a difference in at least one beam variable.

8. The method of claim 7, wherein the wire feed rate is 0 during the smoothing step.

9. The method of any one of claims 1 to 8, comprising preheating a substrate with the

energy source before the using step.

10.  The method of any one of claims 1 to 9, wherein the using additive manufacturing step

comprises additively manufacturing the metal shaped preform via a continuous build plan.

11.  The method of any one of claims 1 to 9, wherein the using additive manufacturing step
comprises additively manufacturing the metal shaped preform via a continuous exterior build

plan.
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12.  The method of any one of claims 1 to 11, wherein the energy source for the using step is

the same as the energy source for the smoothing step.

13.  The method of any one of claims 1 to 12, wherein the smoothing step comprises reducing

a surface roughness of a measured portion of the surface of the metal shaped preform.

14,  The method of any one of claims 1 to 12, wherein the smoothing step comprises reducing
a depth to width ratio of valleys along a measured portion of the surface of the metal shaped-

preform.

15.  The method of any one of claims 1 to 12, wherein the smoothing step comprises reducing
a roughness along a measured portion of the metal shaped-preform, as detected with a blue light

scan.

16.  The method of any one of claims 1 to 12, wherein the smoothing step comprises
increasing the temperature of a surface portion of the metal shaped preform in order to promote

melting of the surface portion.

17.  The method of any one of claims 1 to 12, wherein the smoothing step includes at least
one of: melting, softening, and consolidating at least a portion of a deposited AM path geometry

in order to smooth the surface of the metal shaped-preform.
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18. The method of any one of claims 1 to 12, wherein the smoothing step comprises heating

at least a portion of an exterior surface of an AM deposit with the energy source.

19.  The method of any one of claims 1 to 12, wherein the smoothing step comprises heating

at least two or more bead depths into the metal shaped-preform.

20.  The method of any one of claims 1 to 12, wherein the smoothing step comprises:

(i) defocusing the energy source from a first beam size of the energy source deployed
during the using step to a second beam size for the smoothing step;

(i1) rastering the beam into a pattern; and

(i11))moving over the surface of the metal shaped preform to affect smoothing of the

surface.

21.  The method of any one of claims 1 to 20, wherein the working step is selected from the

group consisting of:

a. forging,

b. rolling,

c. ring rolling,

d. extruding, and

€. combinations thereof.

43
CA 3011463 2019-09-13



WO 2017/123995

CA 03011463 2018-07-13

1/18

Prepare preform via
additive
manufacturing

100

v

Forge preform into
final forged preduct

200

FI1G. 1

PCT/US2017/013504



CA 03011463 2018-07-13

WO 2017/123995 PCT/US2017/013504
2/18

Prepare preform via
additive
manufacturing

100

L 4

Forge preform into Heat preform to Contact
final stock preform with
forged product »  temperature =g forging die

200 210 220

i

Anneal final forged
product

300

FI1G. 2



CA 03011463 2018-07-13

PCT/US2017/013504

WO 2017/123995

3/18

T INET T
L0 90 S0 Yo £0 20 10 {
H L w TTTYTTTTY M T 13 W 13 ] ¥ T w L T T w t 1 T T w T m 11 7 Y m.ﬂ‘w‘.
9811 ¥ 0811 V/
07t
: T4 4 T
6571
v §C1
(7 4]
= &P
s
- QET =
. 6'6C1 per T+ ]
91¢T 4+ =
{SAL) jesuuy+padiod+NY + . m
(SAL) aseg Wy padiojun ¥ atl —
{SAL) peBiod+HAY ¥ T 2.
H o (s1n) [eauuy+paBio+NY X p— <> OVl
{sLn) aseq Wy padiojun & o
a38.i0 ry
{SLN) padiod+Ny ST e T
§GpT Vm ¥ s VA VA
o & LIV +
®ivT apy @
: 061

AP-IV9-1L pa4njoeinueln sAlRIppY

JO rﬁ@ﬁ@hwm Ug uiess mﬁm@h@& $0 339l - £ "Oid



CA 03011463 2018-07-13

PCT/US2017/013504

WO 2017/123995

4/18

UIRSIS BNl

8°0 L0 90 50 o 20 <0 T0 O
] H L) ] “ L H i ¥ w ¥ H L] L " H i Ll ] ” T T T T “ L] ) L] 4 __ m ¥ H

-t 1EBUUY+PRBI0JHANY X
aseq) NY pediojun & 4

B padiod+NY €

@,ﬁm&
81 @ A 1
Mt
0bT ¢ ovT EYL Y
3

{91 1

AV-IV9-LL Panjaeinueip] SAlIPPY JO
uonieduo|z uo ulesls Suldiod Jo 184 - ¥ DI

01

Zt

14!

9t

81

4

(95} (1) uonesuo3z



CA 03011463 2018-07-13

WO 2017/123995 PCT/US2017/013504
5/18

&00




CA 03011463 2018-07-13

WO 2017/123995 PCT/US2017/013504
6/18

510

410

610

.



CA 03011463 2018-07-13

000000000000




CA 03011463 2018-07-13

WO 2017/123995 PCT/US2017/013504
8/18

FIG. 8

R ¥

AN ‘@h@“-‘ 3
R
N \\,\\\\\ TR




CA 03011463 2018-07-13

PCT/US2017/013504

WO 2017/123995

9/18

FIG. 11



CA 03011463 2018-07-13

WO 2017/123995 PCT/US2017/013504
10/18

Prepare preform via
additive manufacturing
100 *Forge to provide a final

forged product 200

Smooth preform *Roll to create a final

sufficient to provide rolled product 710

workable preform

800 *Ring Roll to provide a
final ring rolled product
720

*Ring forge to provide a
final ring forged product
730

Work to provide a final

worked product 700

*Shaped roll to provide a
final shape rolled product
o LCEECEEEEE 740

+ Anneal final f

: forged product : -Extrude to provide a final

EBGG extruded product 750,
and/or

scombinations thereof.

Figure 12



WO 2017/123995

Prepare preform via
additive manufacturing
100

Smooth preform
sufficient to provide
workable preform
800

CA 03011463 2018-07-13

11/18

Smooth with

4

Working o provide a
final worked product
700

L
i
H

i Anneal final i
 forged product 3
+ 300 ;

energy source
810

Figure 13

PCT/US2017/013504

+ |f softened via energy
source, roll sufficient {o
i smooth



CA 03011463 2018-07-13

WO 2017/123995 PCT/US2017/013504
12/18

Prepare preform via
additive manufacturing
100

Smooth preform
sufficient to provide
forgeable preform
800

Forge to provide
a final forged product
200

+ Anneal final :
forged product :
300 ;

Figure 14



CA 03011463 2018-07-13

WO 2017/123995 PCT/US2017/013504
13/18

Figure 15A

~ \\ \\
; §
Figure 15B
e T e T T BN T
4 // f/ /)/ \\\
Figure 15C

S e

Figure 15D

Smoothing of beads with a rastered beam that is
roughly the same size as that used for building



CA 03011463 2018-07-13

WO 2017/123995 PCT/US2017/013504
14/18

""""""""
.....

PN
S

Figure 16A

\\\\\\\\\\\

Figure 16D

Smoothing of beads with a rastered beam that is
larger in size than that used for building



CA 03011463 2018-07-13

WO 2017/123995 PCT/US2017/013504
15/18

A

ss\,\\\\\;\\\‘:\’\\\\
Ry
NN

A s \
%;&w\
N

Cylinder 1 « Cylinder 2 :
{0.125" wire) (0.125” wire) Cylinder 3
(0.045” wire)

Cylinder 4 Cylinder §
{0.125" wire} {0.045” wire)

Figure 17



CA 03011463 2018-07-13

PCT/US2017/013504

WO 2017/123995

16/18

- Top

&

| — Middle

«—t— Bottom

Figure 18A

L] o~ Y =t L83
\\\\\M\m @ 5 § e
#
Bt el
s Re
§§§\ \\\\\\\\\\\ ) S
e \\k\%\w i -
.
£
e
Y m\ ~ w\ \ H m
1 1 )
[ o] (o) o] o [an} C & <
[on} <o ) (] oo} o €3
[t %e Ly <¥ o [a] e

Y Ssau ﬁmﬁem S2RLING

Note: measuremaents for cylinders 1-5 are depicted
in numeric order for each lecation identified above

Figure 18B



CA 03011463 2018-07-13

WO 2017/123995 PCT/US2017/013504
17/18

Cylinder 2 Cylinder 4

-

%
-o-

Cut away perspective side views contrasting the different surfaces visually observable
in two cylinders with the same build parameters, wherein
cylinder 2 (as made) vs. cylinder 4 (smoothed via ebeam)

Figure 19



CA 03011463 2018-07-13

PCT/US2017/013504

WO 2017/123995

18/18

.

_

.
.

2
%

Figure 20



Prepare preform via
additive manufacturing
100

Smooth preform
sufficient to provide
workable preform
800

Work to provide a final

worked product 700

+ Anneal final f
 forged product i
. 300 |

Figure 12

*Forge to provide a final
forged product 200

*Roll to create a final
rolied product 710

*Ring Roll to provide a
final ring rolled product
720

*Ring forge to provide a
final ring forged product
730

*Shaped roll to provide a
final shape rolled product
740

sExtrude to provide a final
extruded product 750,
and/or

scombinations thereof.




	Page 1 - COVER_PAGE
	Page 2 - ABSTRACT
	Page 3 - DESCRIPTION
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - DESCRIPTION
	Page 19 - DESCRIPTION
	Page 20 - DESCRIPTION
	Page 21 - DESCRIPTION
	Page 22 - DESCRIPTION
	Page 23 - DESCRIPTION
	Page 24 - DESCRIPTION
	Page 25 - DESCRIPTION
	Page 26 - DESCRIPTION
	Page 27 - DESCRIPTION
	Page 28 - DESCRIPTION
	Page 29 - DESCRIPTION
	Page 30 - DESCRIPTION
	Page 31 - DESCRIPTION
	Page 32 - DESCRIPTION
	Page 33 - DESCRIPTION
	Page 34 - DESCRIPTION
	Page 35 - DESCRIPTION
	Page 36 - DESCRIPTION
	Page 37 - DESCRIPTION
	Page 38 - DESCRIPTION
	Page 39 - DESCRIPTION
	Page 40 - DESCRIPTION
	Page 41 - DESCRIPTION
	Page 42 - CLAIMS
	Page 43 - CLAIMS
	Page 44 - CLAIMS
	Page 45 - CLAIMS
	Page 46 - DRAWINGS
	Page 47 - DRAWINGS
	Page 48 - DRAWINGS
	Page 49 - DRAWINGS
	Page 50 - DRAWINGS
	Page 51 - DRAWINGS
	Page 52 - DRAWINGS
	Page 53 - DRAWINGS
	Page 54 - DRAWINGS
	Page 55 - DRAWINGS
	Page 56 - DRAWINGS
	Page 57 - DRAWINGS
	Page 58 - DRAWINGS
	Page 59 - DRAWINGS
	Page 60 - DRAWINGS
	Page 61 - DRAWINGS
	Page 62 - DRAWINGS
	Page 63 - DRAWINGS
	Page 64 - REPRESENTATIVE_DRAWING

