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SYSTEM AND METHOD OF MANUFACTURING A STRUCTURE WITH A HIGH
PERFORMANCE METAL ALLOY

Abstract

The method of the present application includes machining complex part
features in a flat metal sheet, and subsequently forming the machined flat metal
sheet to have the desired shape and contours. Prior to the step of machining the
complex part features, the method includes calculating a scaled location of the
complex part features so that the subsequent forming step acts to transiate and
deform the complex part features into a desired location. The present application
further includes a method for machining high performance metal alloy, such as
titanium. Further, the present application includes a heated mandrel for applying

heat to a high performance metal alloy, such as titanium, during stretch forming.
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SYSTEM AND METHOD OF MANUFACTURING A STRUCTURE WITH A HIGH
PERFORMANCE METAL ALLOY

BACKGROUND

Technical Field:

The present application relates to a system and method of manufacturing a
structure. The system and method of the present application is particularly useful for
manufacturing an aerodynamic structure for a rotor blade of an aircraft. Further, the
system and method is particularly well suited for manufacturing with a high
performance metal alloy, such as titanium.

Description of Related Art:

In general, certain aircraft structures may require a high level of precision, as well as
a plurality of complex manufacturing steps configured to achieve the requisite high
level of precision. For example, if is well known that chemical milling 1S a
manufacturing process commonly used to manufacture parts having complex
contours and tapered surfaces. However, chemically milling has shortcomings, such
as surfaces pitting, tolerance variation, labor intensive masking, material limitations,

and toxic material risks, to name a few.

Further, it can be particularly desirable to use high performance metal alloys, such a
titanium alloy, in aircraft structures due their high strength to weight ratios, and other
qualities. However, the machining and forming of high performance metal alloys has

proven particularly challenging.

Hence, there is a need for an improved manufacturing system and method that
improves structure quality and accuracy, while also decreasing labor hours and part
rework. Further, there is a need for a system and method of machining and forming

a high performance metal alloy, such as titanium.

SUMMARY

In one aspect, there is provided a method of machining a feature in a metal sheet,

the method comprising: securing the metal sheet a vacuum fixture to reduce
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vibrations during machining; machining at least one feature into the metal sheet with
an end mill starting at an interior of the metal sheet. The method is preferably
configured to provide uniformity in metal movement of the metal sheet and/or

prevent stress build-up.

In another aspect, there is provided a method of stretch forming a metal sheet on a
mandrel, the method comprising: heating the mandrel by circulating a working fluid
through an interior portion of the mandrel; heating the metal sheet with the mandrel,

controlling a rate of which the metal sheet is stretched about the mandrel.

DESCRIPTION OF THE DRAWINGS

The novel features believed characteristic of the system and method of the present
application are set forth in the appended claims. However, the system and method
themselves, as well as a preferred mode of use, and further objectives and
advantages thereof, will best be understood by reference to the following detailed

description when read in conjunction with the accompanying drawings, wherein:

Figure 1 is a perspective view of an aircraft, according to an illustrative embodiment

of the present application;

Figure 2 is a cross-sectional view of a rotor blade, taken at section lines ll-ll in Figure

1, according to the illustrative embodiment of the present application;

Figure 3 is a schematic view of a method of manufacturing, according to the

llustrative embodiment of the present application:;

Figure 4 is a perspective view of a metal sheet, according to an illustrative
embodiment of the present application;

Figure 5 is a top view of a machined metal sheet, according to an illustrative

embodiment of the present application;

Figure 6 is a cross-sectional view of the machined metal sheet, taken at section lines

VI-VI in Figure 5, according to the illustrative embodiment of the present application;

Figure 7 is a cross-sectional view of a finished abrasion strip member, according to

an illustrative embodiment of the present application;

Page 2



CA 02790839 2012-09-25

Figure 8 Is a schematic block diagram of a system, according to an iliustrative

embodiment of the present application;

Figure 9 Is a schematic view of a method of machining a high performance metal

alloy, according to the illustrative embodiment of the present application;

Figure 10 1s a top view of a vacuum fixture used in the method of machining a high

performance metal alloy;

Figure 11 is a perspective view of a heated mandrel for stretch forming a high

performance metal alloy, according to an illustrative embodiment of the present

application; anad

Figure 12 Is a perspective view of a heated mandrel for stretch forming a high
performance metal alloy, according to another illustrative embodiment of the present

application.

DESCRIPTION OF THE PREFERRED EMBODIMENT

lllustrative embodiments of the system and method are described below. In the
Interest of clanty, all features of an actual implementation may not be described in
this specification. [t will of course be appreciated that in the development of any
such actual embodiment, numerous implementation-specific decisions must be
made to achieve the developer's specific goals, such as compliance with system-
related and business-related constraints, which will vary from one implementation to
another. Moreover, it will be appreciated that such a development effort might be
complex and time-consuming but would nevertheless be a routine undertaking for

those of ordinary skill in the art having the benefit of this disclosure.

In the specification, reference may be made to the spatial relationships between
various components and to the spatial orientation of various aspects of components
as the devices are depicted in the attached drawings. However, as will be
recognized by those skilled in the art after a complete reading of the present
application, the devices, members, apparatuses, efc. described herein may be
positioned in any desired orientation. Thus, the use of terms such as “above,’

“below,” “upper,” “lower,” or other like terms to describe a spatial relationship
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between various components or to describe the spatial orientation of aspects of such
components should be understood to describe a relative relationship between the
components or a spatial orientation of aspects of such components, respectively, as

the device described herein may be oriented in any desired direction.

The present application includes a system and method for efficiently manufacturing
structures having a complex surfaces and precision located features. For example,
the system and method of the present application is particularly well suited for
manufacturing a leading edge abrasion strip member of a rotor blade, the abrasion
strip member having an exterior airfoil surface and an interior portion, each having
precision located features. However, it should be fully appreciated that the system
and method may be used to manufacture any variety of structures; for example, wing
members, nose cones, tip-caps, and tail rotor blades, are examples of other
structures that may be manufactured using the method and system of the present

application.

Further, the system and method of the present application is particularly well suited
for machining and forming a thin sheet of a high performance metal alloy, such as
titanium. However, it should be appreciated that the system and method of the
present application may also be used for machining and forming a thin metal of other

materials, such as stainless steel, for example.

Referring to Figure 1, an aircraft 101 is illustrated. Aircraft 101 is a tilt-rotor aircraft
having a nacelle 103 on each of end of a wing 107. Each nacelle 103 includes a
rotor hub with a plurality of rotor blades 105. Aircraft 101 further includes a fuselage
109 and a tail member 111. Aircraft 101 is illustrated as a tilt-rotor aircraft for

exemplary purposes only. It should be appreciated that the method and system of
the present application may be used to manufacture structures on aircraft other than
a tilt-rotor aircraft. Further, the method and system of the present application may be

used to manufacture structures on non-aircraft vehicles and implementations.

Referring now also to Figure 2, each rotor blade 105 includes an abrasion strip
member 113 located on a leading edge portion of rotor blade 105. Rotor blade 105
further includes a body portion 115 and a skin member 117. As known in the ar,

body portion 115 can include any variety of structures, such as a spar, a composite
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core, a rib, to name a few. In the exemplary embodiment, abrasion strip member
113 Includes dimensions that are critical to the structural integrity and performance
of rotor blade 105. For example, the exterior airfoll shape and contour of abrasion
strip member 113 is critical to the performance of rotor blade 105. Further, the inner
shape and dimensions of abrasion strip member 113 can be critical for mating with
body portion 115. For example, a location of a lip portion 119 can be critical for the

proper structural mating with a spar in body portion 115.

Referring now to Figure 3, a method 301 of manufacturing a part is schematically
llustrated. For illustrative purposes, method 301 is illustrated with regard to
manufacturing abrasion strip member 105. Method 301 includes a step 303 which
involves machining scaled features with a size and location that compensates for
feature movement during a subsequent forming step. Method 301 further includes a

forming step 305 and a post processing step 307.

Step 303 includes a step 311 for calculating the scaled location of the machinead
features. In step 305, the part is formed through in a stretch forming and/or brake
forming procedure that deforms and moves features of the part. As such, step 311
involves calculating the scaled size and location of the features so that the features
will be in the proper location subsequent forming step 305. In the preferred
embodiment, step 311 is performed by first machining the features in the part, then
brake forming and stretch forming the part, then measuring the dimension dislocation
and distortion of the machined features. Data pertaining to the measured dimension
dislocation and distortion of the machined features is statistically evaluated to
confirm relative uniformity of feature movement within context of allowable
tolerances for both measurement capability and final part assembly. In an

alternative embodiment, the calculation of the scaled size and location of the
machined features is performed analytically, such that the scaled size and location of

the machined features is determined by analytically predicting the dislocation and

distortion of the machined features in the forming step 305.

Step 309 includes programming the machining tool with the data developed in step
311. It is well known in the art that machining tools, such as a CNC machining tool,
are typically programmable with a set of instructions for machining the part. As such,

step 309 includes programming the machining tool to machine the desired part
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features in accordance with the scaled feature size and location determined in step
311.

Referring now also to Figures 4-6, the machining of abrasion strip member 113 is
llustrated. A blank sheet 401 is illustrated in Figure 4. The size and material of
sheet 401 is implementation specific. However, method 301 Is particularly well
suited for using a high performance alloy, such as titanium. In such an embodiment,
sheet 401 can be titanium (Ti 6-Al 4-V alloy) that is approximately .070 inches thick,
16 inches wide, and 192 inches long. However, it should be fully appreciated that

other materials and sizes of sheet 401 may be used.

The preferred embodiment of step 303 is particularly well suited for the machining of
a high performance alloy, such as a titanium alloy sheet. Referring briefly to Figure
O, it is preferred that steps 901 through 909 are used when step 303 involves
machining a high performance alloy, such as a titanium alloy sheet. It should be
appreciated that steps 901 through 909 may also be employed when machining
sheet metal of other material compositions. Titanium sheet is typically difficult to
machine with the accuracy to the make it practical for production aerospace
applications. More specifically, historically it is been difficult to machine the desired
dimensional surface and feature geometry in thin flat titanium sheet. Steps 901
through 909 can be used to achieve high yield, low cost, accurate, and reproducible

machined thin sheet titanium.

Still referring to Figure 9, step 901 includes calculating and using the optimal
geometry and flute quantity of the machining end mill. An end mill having too few
flutes is slow and results in a rough finish. An end mill having too many flutes can't
throw out the metal chips fast enough. In the preferred embodiment, the end mill
geometry and flute quantity is optimized. An exemplary end mill is marketed by M.A.
Ford, which is a 5-flute end mill with a 90 mil (thousandths of an inch) radius, each
flute being approximately 0.75 inch x 0.75 inch x 1.5 inch. Step 903 includes
calculating and using the optimal feed and speed at which the end mill operates. In
an exemplary embodiment, the end mill operates at approximately 915 rpm
(revolutions per minute), 22.5 ipm (inches per minute), and a chip load of 4.9 mils. It
should be appreciated that the end mill size, as well as the speed and feed at which

the end mill is operated, is implementation specific. Steps 901 and 903 are not
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mutually exclusive, as such, end mill size and geometry should be optimized in
accordance with the speed and feed at which the end mill operates in order to

achieve the desired results.

Step 905 includes preventing chatter, flutter, and harmonic coupling of the sheet
metal during machining by using a vacuum fixture. Referring briefly to Figure 10, an
exempiary vacuum fixture 1001 is illustrated. Vacuum fixture 1001 includes a base
member 1003. Base member 1003 is preferably slightly larger than the sheet metal
specimen, such as sheet 401, which the base member 1003 is configured to support.
Base member 1003 can include an outer periphery seal 1005 that is operably
associated with a vacuum pump 1009. Periphery seal 1005 can include a resilient
seal member located in a recess. Base member 1003 further includes an inner grid
1007 of recessed seals. In the illustrative embodiment, inner grid 1007 includes a
plurality of recessed seals located at 45 degree angles from normal, the seals being
spaced apart approximately at 2 inch intervals. Vacuum fixture 1001 is configured to
first secure and seal sheet 401 to base member 1003 by drawing and maintaining a
vacuum in periphery seal 1005. Once sheet 401 is secured to base member 1003
via periphery seal 1005, a vacuum is drawn and maintained through inner grid 1107
so as to secure the inner portions of sheet 401 to base member 1003. Both the
periphery seal 1005 and inner grid 1007 are configured to secure and locate sheet
401 at the desired flat state during machining so as to prevent chatter, flutter, and

harmonic coupling of the sheet metal during machining.

Step 907 can include machining using a climbing cutting pattern starting at an
interior of the metal sheet 401. A climbing cut refers to the rotational direction of the
end mill in relation to the direction of travel of the end mill. Starting the milling

process at in the inner portion of the sheet metal further reduces the chance of
chatter, flutter, and harmonic coupling of the sheet metal. Further, the end mill is

preferably operated at an approximate 70% step-over (overlap), such that the area of
each pass of the end mill includes 30% of previously machined area.

Step 909 includes using a halide free cutting fluid during machining. An exemplary
cutting fluid is S761-B, marketed by Ecocool. However, it should be appreciated that

other cutting fluids may be used.
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Referring to Figures 5 and 6, an example machined article 501 is illustrated. The
scaled sizes and locations of the features are machined into machined article 501
while sheet 401 is in the flat state. In the illustrated embodiment, a frame 503 having
a uniform thickness T1 of approximately .070 inches is preserved in sheet 401.
Further, tooling holes 505 are located in the frame 503. Frame 503 and tooling holes
505 are configured to facilitate brake forming and stretch forming in the forming step
305, as discussed further herein. One example feature that is machined in a scaled
location is a profile feature 507 having an approximately thickness T3 of 0.059
inches. Feature 507 includes a periphery and thickness profile that is machined in a
scaled location and thickness so that the scaled features move and distort into the
desired position in the forming step 305. The periphery of feature 507 is contoured
in relation to a centerline of the part because of a built-in twist of abrasion strip
member 113. Alternative embodiments of abrasion strip member 113 may have zero
twist, such that feature 507 is approximately centered and symmetric on a
lengthwise centerline. Machined article 501 further includes a thin portion having a
thickness T2 of approximately 0.023 inches. The thin portion is machined down from
the original sheet thickness to thickness T2. It should be appreciated that the ability
to accurately machine features down to thicknesses of approximately .023 inches, as
illustrated in the exemplary embodiment, is particularly valuable In aerospace
applications, and especially where it is desirably to subsequently form the machined

article into a complex contour by a brake forming and/or a stretch forming process.

Referring again to Figure 3, method 301 further includes a forming step 305. In the
preferred embodiment, step 305 includes a brake forming step 313 and a
subsequent stretch forming step 315. However, it should be appreciated that step

305 may include any forming procedure that achieves dimension dislocation ana

distortion of the machined features. Brake forming step 313 includes using a brake
die, the leading edge of the brake die being properly aligned with the machined
article 501 with use of tooling pins inserted into tooling holes 505. The brake forming
in step 305 bends machined articie 501 around a brake die so as to establish the

radius of abrasion strip member 113.

Next, stretch forming step 315 is performed with precision to reproducibly distort the

part. The stretch forming is performed in a controlled manner so as to control the
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strain-rate applied to the metal. Lubrication can be used to prevent any sudden
slippage or jerking that might otherwise happen if the part were to bind with the
stretch forming tool. Further, tooling pins may be located in tooling holes 505 to
assure positive location of the part during stretch forming. Preferably, the jaws of the
stretch forming tool are attached to the previously braked formed machine article 501
at the frame 503 that is intentionally produced in the machining step 303. Preferably,
frame 503 has a constant thickness and sufficient width to provide grip on the entire
jaw-plate of the stretch form grips or jaws. Strain rate is controlled and consistent
during the sfretch forming so as to prevent the part from distorting in an undesired
manner. Further, the over-press part of the stretch forming tool can also be

controlled to form the part.

As further noted herein, method 301 is particularly useful for manufacturing with a
high performance metal alloy, such as a titanium alloy sheet. When using a titanium
alloy sheet, it is preferable that step 315 includes stretch forming with a heated
mandrel, as discussed further below. Cold forming (room temperature) titanium has
severe limitations due to the lack of ductility of titanium. Traditional hot forming
requires large and expensive presses that heat the entire environment, and further
require an etching process after the hot forming process. However, the method of
the present application includes the realization that the apparent ductility of titanium
can be improved if the metal is slightly heated above room temperature and the
strain rate is controlled at a low enough rate to match the imparted plasticity resulting

from the slight elevation of temperature.

Referring now also to Figures 11 and 12, heated mandrels 1101 and 1201 are
illustrated. Heated mandrel 1101 includes a solid portion 1103 having one or more

fluid channels flowing from an inlet 1109 to an outlet 1101. A pump 1105 and a heat
exchanger 1107 are configured to heat and circulate a hot working fluid, such as oil,
through the solid portion 1103. Solid portion 1103 is preferably a steel or other heat
conductive metal that is uniformly heated by the hot working fluid. The fluid channels
in solid portion 1103 can be created by a drilling process, for example. Heated

mandrel 1201 is similar in form and function to mandrel 1101, except heated mandrei

1201 is divided into sections 1103a-1103d for ease of manufacturing. Each section
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1103a-1103d can be manufactured separately, then joined together to form a

monolithic heated mandrel.

Heated mandrels 1101 and 1201 provide the ability to stretch form the metal sheet
while minimizing strain at an atomic level, while erasing metal memory and partially
stress relieving the metal sheet while it is being stretch formed. The metal sheet
parts can be formed consistently with less risk of defect despite normal variations in
material stock. The heating of the sheet metal by the heated mandrel minimizes the
risk of non-uniform movement as the atoms more readily move (or dislocate) at
elevated temperatures. The circulation of a working fiuid in heated mandrel
promotes temperature uniformity, not only in the mandrel, but also in the metal sheet
part as it comes into contact with the heated mandrel. The precise temperature of
the working fluid is implementation specific. However, in an exemplary embodiment,
an oil is used as the working fluid, the oil being heated to approximately 350-400°F.
It should be appreciated that other fluids and temperatures may be used. For
example, a highly engineered heat transfer fluid having a temperature capacity of

approximately 1300°F may be used.

During stretch forming, the metal sheet is gradually stretched using a controlled
strain rate while the heated mandrel transfers heat to the surface of the metal sheet,
thereby relaxing the material to stimulate movement of the metal during stretching,
while also improving the uniformity of metal movement, reducing metal-memory, and
at least partially stress-relieving the material by preventing stress build-up during the

stretch forming process.

It should be appreciated that heated mandrels 1101 and 1201 may be used In
stretch forming sheet metal of other material compositions, other than titanium.

Method 301 further includes a post processing step 307 for upgrading and trimming
the part. For example, step 307 includes trimming off frame 503 and touching up
any surface finish blemishes. Step 307 can also include a dye-penetrant check to
confirm the absence of cracks and pits in the part. Referring now also to Figure 7,

abrasion strip member 113 is illustrated after frame 503 is trimmed off.
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Referring now to Figure 8, a computer system 801 is schematically illustrated.
System 801 is configured for performing one or more functions with regard to
method 301, as well as other methods or processes described herein.

The system 801 can include an input/output (1/O) interface 803, an analysis engine
805, and a database 807. Alternative embodiments can combine or distribute the
input/output (I/O) interface 803, analysis engine 805, and database 807, as desireq.
Embodiments of the system 801 can include one or more computers that include one
or more processors and memories configured for performing tasks described herein.
This can include, for example, a computer having a central processing unit (CPU)
and non-volatile memory that stores software instructions for instructing the CPU to
perform at least some of the tasks described herein. This can also include, for
example, two or more computers that are in communication via a computer network,
where one or more of the computers include a CPU and non-volatile memory, and
one or more of the computer's non-volatile memory stores software instructions for
instructing any of the CPU(s) to perform any of the tasks described herein. Thus,
while the exemplary embodiment is described in terms of a discrete machine, it
should be appreciated that this description is non-limiting, and that the present
description applies equally to numerous other arrangements involving one or more
machines performing tasks distributed in any way among the one or more machines.
It should also be appreciated that such machines need not be dedicated to
performing tasks described herein, but instead can be multi-purpose machines, for

example computer workstations, that are suitable for also performing other tasks.

The 1/O interface 803 provides a communication link between external users,
systems, and data sources and components of the system 801. The I/O interface
803 can be configured for allowing one or more users to input information to the
system 801 via any known input device. Examples can include a keyboard, mouse,
touch screen, and/or any other desired input device. The |/O interface 803 can be
configured for allowing one or more users to receive information output from the
system 801 via any known output device. Examples can include a display monitor, a
printer, and/or any other desired output device. The [/O interface 803 can be
configured for allowing other systems to communicate with the system 801. For

example, the 1/O interface 803 can allow one or more remote computer(s) to access
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information, input information, and/or remotely instruct the system 801 to perform
one or more of the tasks described herein. The |/O interface 803 can be configured
for allowing communication with one or more remote data sources. For example, the
I/O interface 803 can allow one or more remote data source(s) to access information,
input information, and/or remotely instruct the system 801 to perform one or more of

the tasks described herein.

The database 807 provides persistent data storage for system 801. While the term
"database" is primarily used, a memory or other suitable data storage arrangement
may provide the functionality of the database 807. In alternative embodiments, the
database 807 can be integral to or separate from the system 801 and can operate on
one or more computers. The database 807 preferably provides non-volatile data
storage for any information suitable to support the operation of the system 801,

including various types of data discussed further herein.

The analysis engine 805 can be configured for calculating and predicting the scaled
location of machined features in step 311, programming the scaled machining
operation in step 309, as well as other concepts disclosed herein. For example, the
analysis engine 805 can be configured to analytically predict the dimension
dislocation and distortion of the machined features during the forming procedures,
thereby analytically calculating the scaled location of the features for machining. The
analysis engine 805 can include various combinations of one or more processors,

memories, and software components.

The system and method of the present application provide significant advantages,
including: 1) creating the critical and complex surface features prior to brake forming

and stretch forming; 2) calculating the scaled location of the machined features so

that a subsequent forming step translates and deforms the machined features into
the desired location; 3) providing a manufacturing method which does not require the
chemical milling; 4) providing a method for machining high performance metal alloy,
such as titanium; and 5) providing a heated mandrel for applying heat to a high

performance metal alloy, such as titanium, during stretch forming.

It is apparent that a system and method having significant advantages has been
described and illustrated. Although the system and method of the present
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application are shown in a limited number of forms, they are not limited to just these

forms, but are amenable to various changes and modifications.

The particular embodiments disclosed above are illustrative only, as the system and
method may be modified and practiced in different but equivalent manners apparent
to those skilled in the art having the benefit of the teachings herein. Modifications,
additions, or omissions may be made to the system and method described herein
without departing from the scope of the invention. The components of the system
may be integrated or separated. Moreover, the operations of the system may be

performed by more, fewer, or other components.

Furthermore, no limitations are intended to the details of construction or design
herein shown, other than as described in the claims below. It is therefore evident
that the particular embodiments disclosed above may be altered or modified and all
such variations are considered within the scope of the application. Accordingly, the

protection sought herein is as set forth in the claims below.

Page 13



CA 02790839 2014-04-03

Claims

1. A method of stretch forming a metal sheet on a mandrel, the method
comprising.

heating the mandrel by circulating a working fluid through an interior portion of
the mandrel;

heating the metal sheet with the mandrel; and

controlling a rate of which the metal sheet is stretched about the mandrel;

wherein the steps of heating the metal sheet and controlling the rate of which

the metal sheet is stretched are collectively configured to:

a) provide uniformity in metal movement of the metal sheet, or

b) prevent stress build-up, or
c) both a) and b).

2. The method according to claim 1, wherein the working fluid is oil.

3. The method according to claim 1 or 2, wherein the working fluid is heated to

approximately 350-400 degrees Fahrenheit.

4. The method according to any one of claims 1 to 3, wherein the step of
controlling the rate of which the metal sheet is stretched is configured to allow for

heat transfer from the mandrel to the metal sheet as it is conformed to the mandrel.

S. The method according to any one of claims 1 to 4, wherein the metal sheet

comprises a titanium alloy.

6. The method according to any one of claims 1 to 5, wherein the mandrel a

solid piece mandrel.

/. The method according to any one of claims 1 to 5, wherein the mandrel

Includes a plurality of assembled sections.

8. The method according to any one of claims 1 to 7, wherein the mandrel is

operably associated with a pump for circulating the working fluid.
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9. The method according to any one of claims 1 to 8, wherein the step of

controlling the rate of which the metal sheet is stretched is configured to control the

strain rate applied to the metal sheet.

10. The method according to any one of claims 1 to 9, wherein the steps of
heating the metal sheet and controlling the rate of which the metal sheet is stretched

are collectively configured to provide uniformity in metal movement of the metal

sheet.

11.  The method according to any one of claims 1 to 10, wherein the steps of
heating the metal sheet and controlling the rate of which the metal sheet is stretched

are collectively configured to prevent stress build-up.

12. A method of machining a feature in a metal sheet, the method comprising:

securing the metal sheet with a vacuum fixture to reduce vibrations during
machining;
machining at least one feature into the metal sheet with an end mill starting at

an interior of the metal sheet; and
stretch forming the metal sheet according to the method of any one of claims

1to 11.

13.  The method according to clam 12, wherein the vacuum fixture has a

periphery seal that is recessed into a base member.

14.  The method according to claim 12 or 13, wherein the vacuum fixture has a

plurality of recessed seals forming an inner grid in a base member.

15. The method according to any one of claims 12 to 14, further comprising.

calculating an optimal flute quantity and flute geometry of the end mill.

16.  The method according to claim 15, wherein the flute quantity is approximately

five.
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17.  The method according to any one of claims 12 to 16, further comprising:

calculating an optimal feed and an optimal speed at which the end mill is to

operate in the step of machining the at least one feature into the metal sheet.

18. The method according to claim 17, wherein the optimal feed is approximately

10-30 inches per minute.

19. The method according to claim 17 or 18, wherein the optimal speed is

approximately 800-1000 revolutions per minute.

20. The method according to any one of claims 12 to 19, wherein the step of
machining the at least one feature into the metal sheet with the end mill starting at

the interior of the metal sheet includes operating the end mill in a climbing pattern.
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