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CROSS-REFERENCE TO RELATED APPLICATION
Not Applicable

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT ’
Not Applicable.

BACKGROUND OF THE INVENTION

(1) Field of the Invention

The present invention relates to an apparatus
and a method which use hydroforming to shape complex
structures from materials such as sheet metal or
composites. In particular, an apparatus and a method
for shaping complex structures ué;ng composites such as
continuous-fiber -or woven fiber cbmposites with limited
wrinkling or rupture of the composite during the shaping

process.

(2) Description of Related Art

' ' Numerous' manufacturing processes have been
proposed over the years to shape composite materials,
ranging from injection molding to sheet stampin&} and
filament winding. When reinforcements are incorporated’
into the matrix, ready-to-mold sheets can be prepared,

stored, and processed later. The raw material thus

processed comes in many forms, e.g., prepregs and sheet
ﬁolding compounds (SMG) (Schwartz in Composite
Materials: Processing; Fabrication and Applications.
Prentice Hall, Upper Saddle River, New Jersey. 1997).
The matrix is typically a thermosetting polymer, but
thermoplastic-based fabrics and unidirectional sheets

are also available for further processing. Shaping
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operations with these raw materials can be performed
with sheet forming, bag molding, match die molding,
contact molding, or transfer molding (Schwartz, ibid.).
All these processes have been studied fairly extensively
and are currently used by industry to manufacture
polymer reinforced products of varying quality.

Various attempts have also been made to apply
sheet stamping techniques to composites due to its high
success with metals. A difficulty in using composite
materials in stamping, however, is the limited draping '

capability of the fabrics or sheets. Forming of

.straight, continuous-fiber or woven-fiber composites

results in wrinklihg.of the fibers and distortions.

Randomly oriented fibers have provided good formability -

" but without the advantages of the highly directional

properties often desired in composite parts. ~Formable
sheets that consist of aligned, discontinuous fibers_
appear to have been used with more success than
continuoﬁs fibers (Okine et al., J; Reinforced Plastics
Compos. 8: 70 (1990)). There is nonetheless a current .
need for forming and shaping methods that can produce
complex structures with wrinkling limited as much as
possible.

Hydroforming is a method that has been used
for forming metals. Hydroforming consists of using é
pressurized fluid to maintain the metal blank in. close
contact with the punch or die. This results, when
compared with drawing of metals, in formation of metal
components that have greater dimensional stability, in
greatly reduced wrinkling, and reduced tooling and
manufécturing costs (Hsu et al., J. Manuf. Sci. and Eng.
118: 434-438 (1996)). The following U.S. Patents relate
to methods for using hydroforming to manufacture metal
components. .

U.S. Patents 5,157,969 and 5,372,026 to Roper

discloses an apparatus and method for hydroforming sheet
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metal using a modified standard double action press.
U.S. Patent 5,557,961 to Ni et al. discloses a method
for hydroforming a tubular structural member of
generally polygonal, flat-walled cross-section in which
the various walls in the final part do not have the same
thickness. U.S. Patent 5,927,120 to Marando disclose
a hydroforming apparatus that can deform relatively
large and thick-walled workpieces. U.S. Patent
6,067,831 to Amborn et al. discloses a hydroforming
process for forming a component from an elorgate tubular
blank comprised of a deformable metal.

Since hydroforming for shaping metals has
been shown to have important advantages over other metal
shaping processes such as reduced tooling costs,
increased drawability, and formation of components with
greater dimensional stability, these same advanf.ag'es
could be realized for the manufacture of shaped
composites by hydroforming if a coherent. numerical
method were available for predicting the final component °
geometry and for optimization of the hydroforming

process for making shaped composites.

SUMMARY OF THE INVENTION

‘ The present invention provides a hydroforming
apparatus for forming a blank, the apparatus capable of
being used in ‘a conventional punch press comprising a
fluid chamber mountable to an upper shoe defining a
cavity for providing pressurized fluid to the upper
surface of the blank and having a downwardly facing
blank mating surface; a blank support mountable to a
lower shoe having an upwardly facing blank binding
surface for holding the blank with an opening therein
which defines a cavity wheréin a punch reciprocally
located therein is capable of traveling upward thfough
the opening into the fluid chamber; and the fluid
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chamber and blank support being adapted to receive and
clamp a flexible blank between the blank mating surface
and the blank binding surface, and the fluid chamber
includes a passageway means for transmitting pressurized
fluid from a pressurized fluid means to the fluid
chamber wherein the fluid contacts the blank and a

release means for removing thé fluid.

The present invention further provides a .
hydroforﬁing apparatus for forming a blank, comprising
a punch press comprising an upper shoe and a lower shoe
with an opening therein which defines a cavity with a
punch reciprocally located therein which is capable of
traveling upward through the opening; a fluid chamber
mounted on the upper shoe defining a cavity for
providing pressurized fluid to the upper surface of the
blank and having a downwardly facing blank ﬁating
surfacé} a blank éupport with an opening mounted on the
lower shoe over the opening in the lower shoe and having
an upwardly facing blank binding surface. for holding the
blank wherein the opening in the blank support enables
the punch reciprocally located within the lower éhoe to -
travel upward into the fluid chamber; and the fluid
éhamber and blank support being adapted to receive and
clamp a flexible blank between the blank mating surface
and the blank binding surface, and the fluid chamber
includes a passageway means for transmitting pressurized
fluid from a pressurized fluid means to the fluid
chamber wherein the fluid contacts the blank and a
release means for removing the fluid.

Further still, the present invention provides
a hydroforming apparatus for forming a blank, the
apparatus capable of being used in a conventional punch
preés comprising a fluid chamber mountable to a first
shoe défining a cavity for providing pressurized fluid

to an obverse surface of the blank and having a blank
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mating surface; a'blank support mountable to a second
shoe having blank bihding surface for holding a reverse
surface of the blank with an opening therein which
defines a cavity wherein a punch reciprocally locéted
therein is capable of traveling Ehrough the opening into
the fluid chamber; and the fluid chamber and blank
support being adapted to receive and clamp a flexible
blank between the blank mating surface and the blank’
binding surface, and the fluid chamber includes a
passageway means for transmitting'pressurized fluid from
a pressurized fluid means to the fluid chamber wherein
the fluid contacts the blank and a release means for
removing the fluid. Preferably, the upper shoe and the
lower shoe are mounted in a punch press. '
An further still, the present invention
provides a hydroforming apparatus for forming - a
composite blank, the apparatus capable of being used in
a conventional-punch press comprising a fluid chamber
mountable to a first shoe défining a cavity for -
providing pressurized fluid to an obverse surface of the
blank and having a blank mating surface; a blank support
mountable to- a second shoe >having' a blank binding
surface for holding a reverse surface of the blank with
an opening therein which defines a cavity wherein a

punch reciprocally located therein is capabie of

traveling through the opening into the fluid chamber; a

recycle means to introduce heated or cooled fluid into
the fluid chamber to cure the composite blank; and the
fluid chamber and blank support being adapted to receive
and clamp a flexible blank between the blank mating
surfacé and the blank binding surface, and the fluid
chamber includes a passageway meaﬁs for transmitting
pressurized fluid from a pressurized fluid means to the
fluid chamber wherein the fluid contacts the blank and

a release means for removing the fluid. -
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In a particular embodiments of the above
apparagus,,the punch is enclosed within a punch chamber
which has an opening for fhe punch to travel into the
fluid chamber, wherein the punch chamber includes a
passageway means for transmitting pressurized fluid from
a pressurized fluid means to the punch chamber wherein
the fluid contacts the blank and a release means for
removing the fluid.

It is preferable that the fluid be selected
from the group comprising silicon-based o0il, petroleum-
based oil, or a plant-based o0il and further that the
pressﬁkizéd .fluid means comprises a pressurized

reservoir wherein the pressurized fluid is provided to

" the passageway means and wherein the pressure of the

fluid is controlled by a pressure regulator.i In.
particular, wherein the ‘pressure of the pressurized
fluid is monitored by a pressure transducer.
Preferably, wherein the pressure of the pressurized
fluid is controlled by a computer. .

In a preferred embodiment, there is further
provided a heating means that heats fluid which is
pressurized by the pressurized fluid means to a
temperature between the glass transition temperature and
melting temperature of the blank. Alternatively, or in
addition to the above heating means, the p;esent
invention provides a heating means that heats the blank
support to a temperature between the glass transition
temperature and melting temperature of the blank.

In particular embodiments of the present
invention, it is further provided that the apparatus
comprise a membrane that is impervious to the
pressurized fluid and which is positioned between the
blank and the pressurized fluid to prevent the
pressurized fluid from directly contacting the surface
of the blank.
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The present invention further provides a
method for hydroforming a blank comprising (a) providing
an apparatus mounted in a conventional bress comprising
a fluid chamber mounted on a first shoe defining a
cavity for providing pressurized fluid to an obverse
surface of the blank and having a blank mating surface;
a blank support mounted to a second shoe having a blank
binding surface for holdihg a verse surface of the blank
with an opening therein which defines a cavity with a-
punch reciprocally located therein which is capable of
traveling through the opening into the fluid chamber;
and wherein the fluid chamber and blank support being
adapted to receive and clamp a flexible blank between
the blank mating surface and the blank binding surface, -
and the flﬁid chamber includes ‘a passageway means for
transmitfing pressurized fluid from a préssﬁriZed'fluid
means to the fluid chamber wherein the fluid contacts
the blank and a release means for removing the fluid;
(b) poéitioning a blank on the blank support‘between-the .
blank mating surface and the blank binding surface; (c)
forming a seal between the blank and the fluid chamber
and the punch cavity by moving the fluid chamber toward
the punch chamber until the blank is firmly clamped
between the blank mating surface and the blank binding
surface; (d) providing a fluid to the fluid chamber
under a pressure sufficient to conform the blank to the
shape of the punch és the punch moves into the cavity of
the fluid chamber; (e) moving the punch into the cavity
of the fluid chamber to form the blank to the shape of
the punch; (f) removing the fluid through the release
means; (g) withdrawing the punch into the punch cavity:
and (h) removing a formed blank from the apparatus. The
preésurized fluid is at a pressure sufficient to conform
the blank to the punch as.the punch deforms the blank.

The present invention also provides a method
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for hydroforming a composite blank comprising (a)

providing an apparatus mounted in a conventional press

comprising a fluid chamber mounted on a first shoe

defining a cavity for providing preésurized fluid to an
obverse surface of the blank and having a blank mating
surface; a blank support mounted to a second shoe having
a blank binding surface for holding a verse surface of
the blank with an opening therein which defines a cavity
with a punch reciprocally located . therein which is

capable of traveling through the opening into the fluid
chamber; and wherein the fluid chamber and blank support

being ad‘aptedAto receive and clamp a flexible blank
between the blank mating surface and the blank binding
surface, and the fluid chamber includes a passageway
means for transmitting pressurized fluid from a
pressurized fluid means to the fluid chamber wherein the

fluid contacts the blank and a release means for
removing the fluid; (b) positioning a blank on the‘blank
support between the blank mating surface. and the blank -
binding surface; (c) forming a seal between the blank
and the fluid chamber and the punch cavity by moving the
fluid chamber toward the punch chamber until the blank
is firmly clamped between the blank mating surface and
the blank bindiné_; surface; (d) providing a fluid to the
fluid chamber under a pressure sufficient to confo‘;r-m the
blank to the shape of the punch as the punch moves into
the cavity of the fluid chamber; (e) moving the punch
into the cavity of the fluid chamber to form the blank
to the .shape of the punch; (f) removing the fluid
through the release means; (g) withdrawing the - ‘punch
into the punch cavity; (h) providing heated or cooled
fluid to the fluid chamber through a recycle means to
cure the composite comprising the blank; and (i)
removing a formed blank from the apparatus. = The

pressurized fluid is at a pressure sufficient to conform
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the blank to the punch as the punch deforms the blank.
In a preferred embodiment, the punch is
enclosed within a punch chamber which has an opening for
the punch to travel upwards into the fluid chamber,
wherein the punch chamber includes a passageway means
for transmitting pressurized fluid from a pressurized
fluid means to the punch chamber wherein the fluid
contacts the blank and a release means for removing the
fluid and wherein the pressurized fluid pressure is at
a pressure sufficient to maintain equal pressuie on both
sides of the blank during the blank forming. In either
embodiment, it is preferable that the pressurized fluid
means. comprise a pressurized reservoir wherein the

pressurized fluid is provided to the passageway means -

and wherein the pressure of the fluid is controlled by

a pressure regulator. It is further preferable that the
pressure Qf.the pressurized fluid be monitored by a
pressure transducer and that the pressure of the
pressurized fluid be controlled by a computer. It is -
also preferable that the fluid is selected from thg
group consisting of silicon-based oil, petroleum-based
oil, or a plant-based oil and that the pressurized fluid
be provided at a temperature between the glass
transition temperature and the melting temperature of
the blank. ‘ -

In particular embodiments of the present
invention, a membrane, which is impervious to the
pressurized fluid, is positioned between the blank and
the pressurized fluid to prevent the pressurized fluid
from directly contacting the surface of the blank.

During the forming of the blank the fluid
pressure can be maintained at a constant pressure or the
fluid pressure is varied over time. In particular
embodiments, the blank is heated to a temperature

between its glass transition temperature and its melting
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temperature. In a preferred embodiment, an infra-red
heater is used to heat the blank. In partiéular
embodiments, the blank support is heated to a'
temperature between the glass transition temperaturé and
melting temperature of the blank.

The method of the present invention is useful.
for hydroforming blanks which comprise a metal or a
composite and is particularly useful for hydroforming
composite blanks which are brittle at or below room

temperature. -

OBJECTS

It is an object of the present invention to
provide an apparatus for hydroforming. In particular,
an apparatus to shape complex structures tsing-
composites such as continuous-fiber or woven fiber
compbsites with limited wrinkling or rupture-of'the
composite during the shaping procéss.

It is further an object of the present -
invention to provide a method for hydroforming. In
particular, a method to shape complex structures using
composites such as continuous-fiber or woven fiber
composites with limited wrinkling or rupture of the
compositg during the shaping process.

These and other objects of the ﬁ}esent
invention will become increasingly apparent with
reference to the following drawings and preferred
embodiments.

DESCRIPTION OF THE DRAWINGS
Figure 1A shows a blank placed on the draw
bead with the fluid chamber in the raised position.
Figure 1B shows the fluid chamber lowered and
filled with heated fluid at an initial pressure. The
blank is held in place by clamping mechanismn.
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Figure 1C shows the punch beginning to move
upward, deforming the blank. Fluid pressure in the
chamber is controlled to force the blank to conform to
the shape of the punch.

Figure 1D shows the formed part after the
fluid is drained, the fluid chamber raised, and the
punch lowered. '

Figure 2A shows random discontinuous . fiber
architecture used in making composite materials which
are suitable for hydroforming according to the present
invention.

Figure 2B shows oriented discontinuous fiber

architecture used in making composite materials which

-are suitable for hydroforming according to the present -

invention.

Figure 2C shows oriented continuous fiber
architecture used in making composite materials which
are suitable for hydroforming according to f:he present
invention. ’ -

.Figure 2D shows side view of woven fabric
fiber architecture used in making composite materials
which are suitable for hydroforming according to the
present invention.

Figure 2E shows orthogonal 3-D weave fiber
architecture used in making composite materialsf—-which
are suitable for hydroforming according to the present
invention.

Figure 2F shows braided structure fiber
architecture used in making composite materials which
are suitable for hydroforming according to the. present
invention. .

Figure 3 is perspective view of the die
components of the hydroforming apparatus of the present
invention. '

Figure 4 1is a perspective view of the die
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components of the hydroforming apparatus of the present
invention adapted to a punch press.

' Figure 5 is a front view of the hydroforming
appératus of the present invention adapted to a punch
press and showing particular operational elements of the
apparatus.

Figure 6 shows a stiess—strain plot for 40%
continuous strand mat glass fiber reinforced"
polyprobylene material.

Figure 7 shows a stress-strain plof for 32%
oriented, 1bng chopped fiber glass fiber reinforced
polypropylene matrix material.

Figure 8 shows a stress-strain plot for~32%
random, long chopped _ glass fiber  reinforced
bolypropylene matrix material. .

Figure 9 shows a three-~dimensional model of
the hydroforming process created using MARC.

figure 10 is an illustration of formed blank
(workpiece) regions.

Figure 11 shows ©plastic strain verses
displacement for pressure ranges of 0, 1724, 3448,'5171,
and 6550 kPa.

‘ Figure 12 shows numerical results of Von Mises
stress verses displacement for pressures of 0, 1724,
3448, 5171, and 6550 kPa. .

Figure 13 shows 'global structure and unit-
cells of a periodic reinforced composite.

Figure 14 shows a comparison of the blank
formed with an applied hydrostatic force on the left to
the blank formed without hydrostatic force.

Figure 15 is a front view of the hydroforming
apparatus of the present invention adapted to a punch
press showing the particular operational elements shown
in Figure 5 and further showing pressure equalizatién

line 84 for equalizing the fluid pressure between
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cavities 40 and- 30.

DETAILED DESCRIPTION OF THE INVENTION _ .

‘All patents, patent applications, and
literature references cited in this specification are
hereby incorporated herein by reference in their
entirety. In case of conflict, the present description,
including definitions, will control.

To pfomote a proper understanding of the
present invention, the following terms as they are used
herein are hereby defined. The term “kPa” refers to
kilo-Pascal which is the SI unit of measure for pressure
or stress. 1 kPa is equivalent to 1 PSIG x 6895.757/103.
The term “blank” refers to any material that is the
workpiecé for the present invention. Thus, “blank’
includes, but is not 1limited to, die blanks which
generally are blanks that have been pre-cut to an
appropriate size and each sepai'ately fed into the
hydroforming apparatus to produce the shaped part and -
continuous shee.ts which are continuously fed into the
hydroforming apparatus and from which multiple shaped
parts are made. 1In general, die blanks are preferred
for hydroforming. The blanks can comprise sheet metal
or composite sheets, and the blanks can be plagar or
non-planar and of any configuration. -

In hydroforming, a controllable pressurized
fluid is used to offer a supporting force on the top

(obverse) surface, bottom (reverse) surface, or both the-

obverse and reverse surfaces of a blank. Because a

pressurized fluid is used, hydroforming is a process
that is different from the conventional drawing process.
The advantages of hydroforming are numerous and as a
method for forming parts it is beginning to receive
attention from the automotive industry partly because it

is a less expensive process for manufacturing
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multipiece, stamped/welded assemblies in auto bodies and
frames. Automotive companies are interested in reducing
the average weight of their cars and trucks as a means
for meeting federally mandated Corporate Average Fuel
Efficiency (CAFE) standards. Auto. body parts made with
composite materials, instead of metal, can help them
meet these CAFE standards.

However, the challenges are to make the
composite parts inexpensively, without defects and.
without the need to extensively modify the existing
stamping tools used for making metal parts. The

hydroforming process eliminates the need for using a

-matching bottom die, .and therefore, reduces the tooling

costs that are associated with conventional methods for
stamping parts. Other advanfages of hydroforming
include improved drawability of the blank due to the
applied pressure by the fluid, low wear rate of dies and
,punch.; and reduced thinning in the final product when
compared to drawing. These same advantages apply to -
hydroforming composites. Thus, methods for hydroforming
composites would enable auto manufacturers to fabricate
compdsite parts with cost savings similar to those
currently enjoyed by hydroforming parts from metal.
Hydroforming composites would also result in similar

cost savings for other manufacturers as well.

- Figures 1A to 1D illustrate the general
hydroforming process for shaping a component from a
blank using the hydroforming apparatus of the present
invention adapted to a hemispherical die punch 102. 1In
the open position (Figure 1A), a blank 200 is placed on
draw bead 26. In the closed position, pressurized fluid
17 is introduced into the fluid chamber 16 (Figure 1B).
Preferébly', when blank 200 comprises a composite the
pressurized fluid is at a temperature between the élass .

transition temperature and melting temperature of the
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composite. As the punch 102 travels into blank 260, the
blank begins to deform into a hemispherical shape
initially, and finally deforms into a fully formed part
201 after punch 102 penetrates deeper'into the biank
(Figure 1C). While the punch is deforming the blank,
pressurized fluid 17 in the fluid chamber is at a

pressure sufficient to bend the blank through a sharp

‘radius as the punch travels into the blank. A careful

balance between the applied pressure, the temperature of
the pressurized fluid, and the punch stroke is
maintained for successful hydroforming. The temperature
of the blank is directly tied to its ductility,
especially if thermoplastics are used. Figure 1D shows
formed part 201 after draining the pressurized fluid
from the fluid chamber, withdrawing punch 102, and
opening the apparatus. '
In hydroforming of blanks comprising sheet
metals, the difficulty lies in.finding an appropriate
pressure-punch stroke path which avoids rupture of the °

blank and wrinkling instabilities. This difficulty is

also a concern when hydroforming blanks comprising
composites. However, as shown with metal blanks, the
application of a hydrostatic pressure by the fluid
significantly reduces wrinkling in the composite_ blank
and improves the. drawability of the composite.~ The
process of hydroforming, unlike conventional stamping,
generally involves supporting the bottom of the blank
with a bed of viscous fluid, foam, or soft rubber,
during the stamping process. This external support
provides a through-thickness compressive -stress that
improves the formability of the blank by delaying the
tensile instability (i.e., necking). Also, this
external support reduces the formation of wrinkles
caused by tensile frictional forces. ‘
When hydroforming is applied to blanks
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comprising composites, the hydroforming process must be
modified due to the inherent differences between
polymers and metals, in particular, composites which are
brittle at or below room temperature. Heat must be ﬁsed~

in order to allow the onset of the cure process if

thermosets are employed, or to reduce the stiffness or

brittleness of the thermoplastic matrix by increasing

- its temperature to a processing temperature which is

between the glass transition temperature and the melting
temperature, i.e., Tgas < Tﬁmmﬂnw < Tpeite Unlike
hydroforming metal blanks, hYdroforming composite blanks
requires a pressurized fluid temperature greater than.
room temperature, preferably a temperature from between
about 250° to 300° C to change the property of the
composites sufficiently to enable the composite to be
shaped. But the actual processing temperature for a
particular éomposite depends on the properties of the
composite. Since a heated fluid is used to shape the
blank, good reproducibility can be expected from -
hydroforming because of the high heat transfer
coefficient of the fluid.

A significant problem in matched-die forming
(stamping) of blanks comprising short fiber composites
or stapled fiber composites is'maintaining the blank in
place by a blank holding means such as clamps. If the
load needed to draw a blank is higher than the shear
yield stress of the composite comprising the blank, the
blank will slide from under the holding means (Hsiao et
al., J. Eng. Mater. Technol. 119: 314-318 (1997)).
Hydroforming of a metal blank, however, requires
significantly less force, if the blank is to be clamped
at all, as the hydrostatic pressure is often sufficient
to hold the blank in place. However, this last problem
is often significant with blanks comprising composites

as the polymer matrix can yield easily in the clamped
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region.

Figures 2A through 2F show particular fiber
architectures that are suitable for composites
compri§ing blanks for the hydroforming process of the
present invention. The briented continuous and oriented
discontinuous fiber composites can withstand significant
loading in tension before instabilities arise. This is
due to the fiber arrangement within the matrix. The
oriented fibers are strained along their total length so
they can sustain a larger amount of strain. The woven
fabrics and the random discontinuous fiber composites do
not exhibit the same tension loading characteristics.
In addition, a shearing action occurs between the fibers

when these types of materials are stretched during the

- manufacturing process - due to their orientation.

Therefore, when -utilizing these latter two fiber
arrangements, the blank holding pressure needs to be
increased slightly. '

Hydroforming of composite materials has -
distinct advahtages when compared to other manufacturing

processes for shaping composites. For example, in

" hydroforming no bottom die is needed, which

substantially reduces manufacturing costs, the
hydrostatic pressure enhances dimensional stability and
reduces wrinkling and rupturing tendencies, c%mplex
structural parts can be manufactured by hydroforming
(e.g., tubes with complex cross—séctions), increased
drawability of the composite material because of the
presence of hydrostatic pressure, reduced residual
stresses upon unloading and cooling, better control over
the thickness of the part to be formed, and reduced
problems of blank holding of discontinuous fiber
composites. However, because pressure-punch stroke path
and temperature must be carefully controlled for each

part formed, hydroforming composite blanks into formed
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parts is suitable for manufacturing parts at a medium
production rate.

Figure 3 shows apparatus 10 of the present
invention for producing shaped parts by hydroforming and
Figure.4 shows the apparatus 10 mounted on a punch press
100. While apparatus 10 is useful for hydroforming
hemispherical cups, apparatus 10 is not to be construed
to be limited to forming hemispherical cups. Thus, the
present invention includes embodiments not illustrated-
in the figures such as configurations for forming non-
hemispherical or angular shapes or complex ' shapes..
Apparatus 10 comprises an upper shoe 12 with fluid-.
chamber 16 mounted thereon using screws 14. Fluid
chamber 16, which is open at its downwardiy fécing end,
defines a cavity 40 which‘is for providing pressurized
fluid to the upper surface of a blank (not shown).. A
blank support adapter 18 comprising a-downwardly facing
blank mating surface 19 (Figure 4) is mounted to the
downward facing end of fluid chamber 16 uéing screws 20.
Apparatus 10 further‘comprisesia lower shoe 32 with
opening therein defining punch chamber cavity 30, which
conforms to the opening of fluid chamber 16, and further
comprising a blank support 22 defining ' the same
configuration as opening 30 with an upwardly %acing
blank binding surface 23 (Figure 4) mounted on lower
shoe 32 using screws 24. Optionally, blank binding
surface 23 can comprise a draw bead 26 and corresponding
draw bead cavity 28. As shown in Figure 4, apparatus 10
defines cavity 40 and punch chamber 30 wherein punch 102
provided by pdnch press 100 is reciprocally located
therein.

Figure 5 is a schematic diagram showing
apparatus 100, in the closed position and shéwing

particular operational elements of the present
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invention. Apparatus 100 comprises a punch press with
apparatus 10 mounted therein. Figure 5 shows a blank
200, which is clamped between blank mating surface 19 of.
blank support adapter 18 and blank binding surface 23 of
blank support by bringing the two parts togethér. The
clamping is at'a pressure sufficient to form a seal that
pr’events'pressurized fluid from leaking from cavity 40.
The figure further shows optional draw bead 26 and
corresponding draw bead cavity 28. Also, shown located
in punch chamber 30 and below blank 200 is punch 102.
Pressurized fluid is provided to cavity 40 at inlet 5'0
and removed at outlet 52. Pfessurized‘ fluid is provided
to inlet 50 through pressurized fluid line 52 which

provides pressurized fluid from pressurized reservoir

54. Pressurized: fluid line 53 further incli;des an air

escape valve 53 which enables air to be bled from
pressuriied fluid line 52 and/or cavity 40. Located on
pressure line 52 is pressure requlator 56 which is .
contro}.led by controller 58. Pressure regulator 56
enables the pressurized fiuid to be maintained at a
constant pressure during the hydroforming process or to
allow the fluid pressure to be varied during the

‘hydroforming process. In a preferred embodiment,

controller 56 is operatively connected to a co;nputer
processing unit 60 which further monitors the fluid
pressure in cavity 40 by pressure transducer 62. Thus,
the pressure of the pressurized fluid can be monitored
and regulated during the hydroforming process by a
computer program which has been designed: for
hydroforming blank 200 of a particular material into a
particular shape. Pressurized fluid is provided to
pressurized reservoir 54 from open air reservoir 66
through fluid line 64. As the fluid is transferre'd to

pressurized reservoir 54 its pressure is increased to an
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appropriate pressure by pressure intensifier 68 which
can optionally be operably connected to computer
processing unit 60. Further provided is air line 70
which runs controller 58. Air line 70 is used as part
of controller 58. It comprises a bladder that inflates
or deflates to purge or pull, respectively, the
regulator fluid (not shown). Another air 1line (not

shown) can be used to provide pressurized air to cavity

: 40 after blank 200 has been formed to flush the

pressurized fluid from cavity 40 through outlet 55. The
inlet for the pressurized air is not shown. The fluid
flushed from cavity 40 is returned to open ai£ reservoir
66, fluid storage reservoir 74, or heated fluid
reservoir 78 by a return line (not shown). The
apparatus can further include a recycle means (not
shown) for introducing and then removing heated.lor

cooled fluid from cavity 40 to cure the formed part when

blank 200 comprises a composite. In particular, heated .

fluid is needed to cure composites compriéing thermosets
and cooled fluid is needed to cure composites comprising
thermoplastics. The temperature of the fluid needed to
effect curing depends on the cure properties of the
composite, however, temperatures within the range
between about 120° C and the processing temperature of
the composite are clearly within the scope d} the
present invention. The time duration the formed part is
eprsed to the heated or cooled fluid and the
temperature of the heated or cooled fluid is at a
temperature suitable for curing the composite. .
In a preferred embodiment, the pressﬁrized
fluid is heated an appropriate processing temperature
which is between the glass transition temperature and
the melting temperature of the material comprising blank

200. For example, as shown in Figure 5, the fluid,



10

15

20

25

30

WO 02/24370 PCT/US01/41786

-21-

which is stored in fluid storage reservoir 74, is
transferred by fluid line 76 to heated fluid reservoir
78 whereéin the fluid is heated to an appropriate
temperature using heating element 80. Heating element
80 includes, but is not limited to, such heating means
as an electrical heater, heat-exchanger, hot-air heater,
hot-water heater, steam heater, infra-red heater, gas
heater, or a microwave heater. To compensate for
temperature loss during transfer of the heated fluid to
fluid chamber 16, the heated fluid can be heated to a
temperature'greater than the working temperature such
that when the fluid is in fluid chamber 16 it is at the
appropriate temperature. The heated fluid is then
transferred by heated fluid line 82 to open-air fluid
reservoir 66. The transfer of fluid from fluid storage
reservoir 74 to heated fluid reservoir 78 and from
heated fluid reservoir 78 to open air reservoir 66 is
preferably achieved by using a pumping means (not

shown) . Alternatively, or in conjuncéion. with the '
above, the heating can include heating to the
appropriate temperature the bressurized fluid,‘fluid
chamber 16, blank support 22, blank support adapter 18,
punch 102, blank 200, or any combination thereof using
any one of the aforementioned . heating means.
Optionally, the heating is controlled by computer
processing unit 60 which monitors the temperature by

thermocouple 72. Temperature monitoring can further

.include thermocouples at various positions between and

including heated fluid reservoir 80 to fluid chamber 16
(not shown).

Furthermore, in certain cases the heated
pressurized fluid will also effect curing of the
composite comprising the formed part, particularly
composites comprising thermosets. However, for other
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composites, such as those that comprise a thermoplastic,

~ to effect curing after the part is formed, the part must

be exposed to a fluid that has been cooled to a
temperature below that which was used to form the pért.
The preferred means for accomplishing curing is to
provide a recycle means, which includes a pumping means,
for introducing into apparatus 100 a fluid which is ét
the appropriate temperature for curing the particular
composite comprising the formed part. The recycle means
(not shown) enables fluid for curing to be introduced
into and subsequently removed from cavity 40 of fluid
chamber 16. The fluid for curing is introduced into
fluid chamber 16 after the pressurized fluid has been -
purged from chamber 16.

In an optional apparatus of the present

invention, punch chamber 30 also has an inlet (not

shown). for providing pressurized fluid from pressurized
fluid line 52, an air escape valve (not shown), an
outlet (not shown) for removing the fluid, and a return
line (not shown) for returning the fluid to open air
reservoir 66, fluid storage reservoir 74, or heated
fluid reservoir 78. Further included is an inlef {(not
shown) for pressurized air to flush the fluid from punch
chamber 30. The pressure of the fluid in punch chamber
30 is controlled by a regulator (not shown} and
preferably a controller (not shown) which is operably
connected to computer processing unit 60. Optionally,
the pressurized fluid, which is provided to punch
chamber 30, can be heated to an appropriate processing
temperature which is between the glass transition
temperature and the melting temperature of the material
comprising blank 200, usually the same temperature as
the pressurized fluid in cavity 40. - The pressurized

fluid in cavity 30 is particularly useful for preventing
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sagging of the .composite material comprising blank 200
during the hydroforming process, particularly when the
material .is at a temperature between its glass
transition température and its melting temperature.

Furthermore, the pressurized fluid in cavity 30, when at

- the appropriate temperature, can facilitate curing. of

composites comprising thermosets because heat is on both
sides of the formed part.

To form a blank into a shaped part using the
present invention, in the open position a blank 200 is
placed on blank binding surface 23. Apparatus 10 is
then closed such that the blank 200 is clamped between
blaﬁk binding surface 23 and blank mating surface 18 at
a pressure sufficient to form a seal which prevents the

pressurized fluid from escaping during the deforming

'process. Next, pressurized fluid is introduced into fhe

fluid chamber cavity 40 and air is released through the
air escape 53. Regulator 56 and controller 58, which
are controlled by computer processing uhit 60,
accurately control the fluid pressure within the fluid
chamber 16 as blank 200 is formed. If the pressure is
too high, based on a user-defined algorithm input into
computer 'processing unit 60, then the pressure is
reduced to the appropriate level. If the press@;e is
too low then regulator 56 pulls additional pressurized
fluid from pressurized reservoir 54.‘ Pressure
intensifier 68 is used to supply the necessary volume
and pressure to pressurized reservoir 54 prior to the
start of the hydroforming process.

Optionally, in the case of a blank comprising
a material that is brittle at room temperature or below,
blank 200, blank support 22, blank support adapter 18,
punch 102, and/or fluid are heated to an appropriate

processing temperature that is between the glass
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transition and- melting temperatures of the material
comprising blank 200. A suitable means for heating
blank 200 is by a conventional oven or an infrared oven.
A heat gun or other heating means can be used to heat
blank support 22, blank support adapter 18, and/or punch
102. While maintaining sufficient fluid pressure, punch
102 is moved into blank 200. As punch 102 deforms blank
200, - the fluid pressure deforms blank 200 to the
configuration of punch 102. 1In one embodiment of the
present invention, the fluid is maintained at a constant
pressure during the hydroforming process whereas in
another embodiment of the present invention the fluid
pfessufe is varied over time during the hydroforming
process. In either embodiment, the 'pressure is
controlled by a pressure regulator 56 and/or controller
58. After blank 200 has been formed to the appropriéte
shaped part, the fluid is .flushed from the fluid chamber
cavity 40 through outlet 55, apparatus 10 opened, and
the shaped part removed. In an option:al embodiment,
pressurized fluid is also provided to punch chamber 30
during the hydroforming process to equalize the fluid
pressure on both sides of blank 200. As shown in Figure
15, pressure equalization line 84, which has outlet 86
and inlet 88 enables the fluid pressure to be equ?glized
between cavity 40 and cavity 30. In an option further
still, the fluid pressure on both sides of blank 200 is
differentially maintained or varied during hydroforming,
i.e., the fluid pressure in cavity 40 is maintained or
varied at a fluid pressure during that is different from
the fluid pressure that is maintained or varied during
hydroforming in cavity 30. To provide the
differentially maintained or varied fluid pressures, a
portion of the fluid in open air reservoir 66 is

pressurized and transferred to cavity 30 through a
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regulator controlled by a controller (not shown).
Preferably, the controller is operatively connected to
computer processing unit 60. In any oﬁe of the above
options, it is preferable that the temperature of the
fluid in both cavities be the same.

After the part is formed, it is desirable cure
the composite comprising the formed part. For.some‘
types of composites, this can be achieved when the
temperature of the pressurized fluid during the shaping
is suitable for curing the composite, e.g;, curing
composites comprising a thermoset. For other composites
that comprise materials such as thermosets, the
pressurized fluid is removed from cavity 40 of fluid
chamber 16 and a fluid heated to a temperature
appropriate to effect curing of the composite is.
introduced into cavity 40. For composites that comprise
materials such as thermpplastics, the fluid that is
introduced into cavity 40 is cooled or chilled to the
appropriaté temperature to effect the cuting. For any
composite, the temperature of the fluid needed to effect
curing depends on the cure properties of the composite,
however, temperatures within the range between about -
120° C and the processing temperature of the composité

are clearly within the scope of the present invention.

.Preferably, curing the formed part is accomplisﬁéd by

further including in apparatus 100 a recycle means (not
shown), which includes pumping means, for introducing
and then removing-heated or cooled fluid from cavity 40
to cure the formed part. Both the time duration the
formed part is exposed to the heated or cooled fluid and

‘the temperature of the heated or cooled fluid is

Q¢pendent'on the composition of the composite. The
fluid for curing can be pressurized. Optionally,
apparatus 100 can further include a recycle means (not

shown) for introducing and removing heated or cooled
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fluid to cavity 30. The fluid for curing introduced
into cavity 30 can be at the same temperature as the
fluid for curing introduced into cavity 40 or, when
desirable, at a different temperature. Therefore, in
the optional apparatus, fluid for curihg can be
introduced into cavities 40 and 30 simultaneously or-
sequentially, into cavity 40 only, or into cavity 30
énly. ‘

. The pressurized fluid for hydroforming‘
preferably comprises an oil or other liquid that does
ﬁot chemically react with the material comprising the
blank. Furthermore, it is preferable that the fluid
have a boiling temperature thaf is higher than the
processing temperature of the composite material
comprising the blank. Examples of suitable fluids

include, but are not 1limited to, vegetable oils,
petroleum-based oils, siliéon—based oils, or other
éynthetic oils. For blanks made from particular
materials, water or particular aqueous sclutions can be
an appropriate fluid. The fluid for curing is
preferably an o0il or other 1liquid that does not
chemiéally react with the material comprising the blank.
Furthermore, it is preferable that the fluid be freely
flowing at the curing temperature. Examples of suitable
fluids include, but are not limited to, vegetable oils,
petroleum-based oils, silicon-based oils, other
synthetic oils, water, or aqueous solutions.

In particular embodiments of the present
invention, it is desirable that the pressurized fluid
not be allowed to contact blank 200. Particularly, when
the material comprising blank 200 is not compatible with
the pressurized fluid or is porous. Therefore, prior to
closing the apparatus, blank 200 is covered with a
flexible membrane which is impervious to the pressurized

fluid. The membrane conforms .to the surface of blank
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200 and prevents the pressurized fluid from contacting
blank 200. The flexible membrane allows the pressurized
fluid to maintain contact with the inner surfaces of the
fluid chamber, which is important for accurately
monitoring the fluid pressure and/or temperature.
Alternatively, a flexible bladder made from a

material that is imper#ious to the pressurized fluid is

- positioned within the fluid chamber cavity and the

pressurized fluid introduced into the bladder. The
pressurized fluid causes the. bladder to confdrm to the
surface of blank 200 and to maintain contact with the
surface of blank 200 as blank 200 is deformed by the
punch 102. However, it is preferable that a bladder not

be used because the bladder prevents the fluid from

contacting the inner ‘surfaces of the fluid chamber,
which makes it difficult to accurately determine the
fluid pressure and/or temperature. In the case of
hydroforming metal blanké, it is preferable'not to use
a bladder. -

In a further alternative that enables the
fluid to maintain contact with the inner surfaces of the
fluid chamber, a flexible diaphragm is fixed to the
opening of the fluid chamber 16 or blank support adapter
18 such that when apparatus 10 is in the .losed
position, the diaphragm conforms to the surface of blank
200 when pressurized fluid is provided to the fluid
chamber cavity 40 and maintains contact with the surface
of blank 200 as it is being deformed. A flexible
membrane or diaphragm can also be provided to p;event

fluid from punch chamber 30 from contacting blénk 200.

Numerical Analysis for Hydroforming of Composites

One of the - most important steps in. the

development of a new shaped part is determining a
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numerical method for the prediction of final part
geometry and for the optimization of the process to meet
certain product specifications. When working - with
composite materials this becomes even more critical,
since these types of materials are prone to wrinkling
and buckling during the manufacturing process. In
addition, when altering composite materials, anisotropy
may be introduced to the part by the rearranging'of the
fibers within the matrix.

One very important tool that can bé used to
aid in the optimization process is finite element
analysis (FEA). 'FEA can be used as a predictor of part
geometry as changes are made to the fluid pressure,
fluid pressure, part geometry, or a combination of all
three. When dealing with composite materials the
interaction between the fiber and matrix are very
difficult to predict accurately so typically specific
modeling codes need to be'developéd to account for these
effects. A
' Before taking the rather large step of
developing a specialized FEA code, it was imperative to .
study the process using existing commercial codes to
determine the validity/invalidity of the programs as
they apply to the hydroforming process. Commercially
available FEA codes do provide some distinct advantages
dver sbecialized codes. They are relatively easy to use
and they provide an efficient method for establishing
baseline data for comparison purposes.

For hydroforming of hemispherical cups
preliminary modeling has been . performed using the
commercial code MARC. The results of the preliminary
MARC FEA analysis are described below.

Preliminary Numerical Analysis

The first step toward creating a finite
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element model for hydroforming was to determine the
material properties that were needed to represent
composite sheets (blanks). Through a series of tensile
tests the stress plots, at different temperatures, for
different types of composite sheets were created. The
composite material used for the tests were glass mat~
fiber reinforced polypropylene sheets provided by Azdel,
Inc. (Shelby, North Carolina). These stress plots for
Azdel glass mat fiber reinforced polypropylene materials
are shown in Figures 6 through 8. Figure 6 is a stress
plot for 40% continuous strand mat, polypropylene
material, Figure 7 is a stress plot for 32% oriented,
lbng-chopped fiber polypropylene matrix material, and
Figure 8 is a stress plot for 32% random, long chopped
fiber polypropylene matrix material. These data were
used' as input into the model to provide baseline
material properties for the MARC model. Using MENTAT,
the graphical input program for MARC, a three-
dimensional graphical model of this process was created -
(Figure 9). Initially, the focus was pPlaced on only
modeling continuous fiber reinforced polypropylene
matrix composite material blank formed  into
hemispherical cups. This allowed for some simplifying
assumptions that eased the computational time and
provided a general idea of whether the m&beling
procedure was valid. The first assumption used to
simplify the model was to assume that the workpiece
could be considered isotropic. Since the modeling is
for a continuous fiber reinforced thermoplastic, this
assumptioh is valid as long as the fibers are arranged
properly during the manufacturing process.

The stresses in the z~-direction (lateral) were
assumed to be uniform, thereby allowing for the creation
of a simpler, plane stress model. The final assumption
that went into the modeling process was that the punch
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and die were treated as rigid and, therefore, not
deforming during the process.

Using these assumptions and ‘utilizing the
material properties shown in Figures 6 through 8, a
finite element model of the hydroforming of composite
material process was created using MARC (Figure 9). The

hydroforming process was modeled using a rigid-plastic,

_incremental analysis that used large displacements and

an updated Lagrangian procedure. The modeling was
conducted for a blank that was drawn to a depth of
approximately 63.5 mm while varying the fluid chamber
cavity fluid pressures between 0 and 950 (6550 kPa)
pounds per square inch (psi), in particular pressures of
0, 250 (1724 kxPa), 500 (3448 kPa), 750 (5172 kPa), and
950 (6550 kPa) psi.

The boundary conditions wutilized .included
restricting y-direction movement of the lower end of the
axisymmetric part to account for the axis symmetry
within the material. The second boundary condition -
placed on the system was the flﬁid pressure in the fluid
chamber cavity. To stimulate this pressure, an edge
load was placed on the surface. As the blank deformed,
this edge load stayed normal to the surface at all
points thereby giving a fair representation of the fluid
in the fluid chamber cavity during the hydrof;rming
operation. ’

Overall, the simplistic model showed fairly
consistent results. In an attempt to better illustrate
the observations made about the results it is important
to establish a frame of reference. For this purpose,
the final shaped part has been split into three distinct
zones as illustrated in Fiqure 10. Zone I represents
the draw bead area of the hydroformed part, zone II is
the area of the part that forms against the sidewall of

the pressure cavity entrance, and zone IIT represents
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the dome of the.hemisphefical part being formed.

When increasing the fluid pressure in the
fluid chamber cavity, the expected result was to be able
to draw the blank to a deeper depth before failﬁre.
This was confirmed through the results of the simplistic
model. With the pressure at 6550 kPa, the blank was
dréwn to a depth of 23.6 mm before failure. In the
absence of fluid pressure the draw depth was only 15.9
mm before reaching failure. This represents a 49%
increase in draw depth, which demonstrates the
advantages in deep drawing using fluid pressure.

A more significant result can be found from a
comparison of the overall total equivalent strain for
the part. Results indicated that as the pressure was
increased, the strain decreased, especiaily in zone III.
Typically, as the part is formed, some significant
thinning of the material occurs in, zone III, especially
near the pﬁnch.ﬁhole} This result was expected and

provided a great reference point for determining the -

‘advantage of changing the fluid chamber cavity fluid

pressure. The strains at this point of the material
were analyzed and compared as the fluid chamber cavity
pressure was varied. Figure 11 graphically represents
these changes showing just the strain region from 0.2 to
0.38 mm/mm. From this plot it is clear th;t the
effective plastic strain decreases as the pressure is
increased.

Quantitatively, with no fluid chamber cavity
pressure and using a strain failure criterion of about
30% (0.3 mm/mm), the blank was drawn to a depth of 27.2
mm. When the fluid pressure in the fluid chamber cavity
was raised to 6550 kPa, the draw depth, using the same
stréin failure criteria, was 31.2 mm. This represents
a 14% increasg in draw depth. The result illustrates

that by adding this fluid pressure, the blank can be
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drawn to a deeper depth before strain failure occurs.
More importantly, the strains at various locations
within the blank were lower with the increased fluid
pressure. This implies that the forming part may be
drawing with more uniformity and.  that using a fluid
pressure within the fluid chamber cavity could lead to
the development of a more accurate and uniform part.
Figure 12 shows the effect that fluid pressure -
variations have on the build up of stresses within the
blank during the hydroforming process. At hicjher fluid
pressures, the failure level was not reached until
further into the draw. This is significant because it
means that the fluid pressure allows for deeper draws
before failure. Another advantage that was found when
using the higher pressures was the ability of the
pressure to force the blank material onto the punch.
This allowed for better shaping of the final part in
addition to aiding in the decréaSé of.one of the high
stress concentration areas typically found in these -
types of parts. Traditionally, a high stress
concentration was found in 2zone II because of the
contact between the blank material and the leading edge
of the fluid chamber cavity. By utilizing the fluid

- pressure, the material in this area was forced to

conform to the punch. -

As expected, based on the nature of the
thermoplastic composite material, an increase in
temperature does have a profound effect on the stress
levels within the material. Therefore, in order to
optimize this part of the process, the téemperature
effects need to be incorporated into the model to create
an accurate prediction method, which can be used to

calculate the appropriate pressures needed to hydroform

.a compos.ite blank depending on the composition of the

composite and the configuration of the shape the
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composite is to. be f.ormed into.

. To take into account the anisotropic
properties typically associated with glass fiber
reinforced polypropylene thermoplastic material, anoi:her
FEA modeling analysis needs to be .done. This requires
additional material tests to determine the behavior of
such composites in different directions. With such
data, a phenomenological yield function is developed and'
incorporated into the finite element model to represent.
the through-thickness and planar anisotropy of the
composite sheet during thé hydroforming process. A
correlation between this FEA analys'is and experimental
results indicaté‘s that there is no need to develop a
specialized finite element code for manufacturing

process using glass fiber reinforced composites. if the

~correlation is ©poor then the development of - a -

specialized finite element code for the hydroforming of -
composite materials process is ‘warranted. One such

method would be an adaptation and expansion of the --

Homogenization method proposed by Hsiao et al., J. Eng.
Mater. Technol. 119: 314-318 (1997).

~Homogenization Method

Since composite microstructures are very

complex, the homogenization method for composite

materials simplifies the analysis. Homogenization

‘consists in replacing a complicated model with a

simpler, equivalent model. From a 'mathematical
standpoint, homogenization is a limit theory that uses
an asymptotic expansion, along with the assumption of
periodicity, to substitute the differential equations
with rapidly oscillating coefficients with differential

equations whose coefficients are constant or are slowly

.varying in such a way that the solutions are close to

the initial equations (Hassani et al., Computers and
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Structures 69: 707-717 (1998)).

_ The ﬁse of the homogenization method makes it
possible to predict both the overall and the local
properties of ©processed composiﬁes. . This is
acéomplished in two steps: (1) solve the appropriate
local problem on the unit cell (miéroscopic level), and
(2) use the solution in (1) to determine a boundary
value for a homogenized material. Figure 13 illustrates
the global structure and unit cells of a periodic.
reinforced composite. .

There are two distinct advantages to using the
homogenization method: (1) the analysis of the unit
cells at the microscopic level can be used to determine
the material properties and lnacfoscopic ~constitutive
equations, and (2) the homogenization method allowé for
a localization procedure to be used in the evaluation of

the microscopic filed of deformation mechanics.

Governing Eggations.aﬁd Finite Element Implementation
To- use the homogenlzatlon. method to model
hydroformlng of comp051te materials, the method is
divided into two distinct stages: (1) thermoforming and
(2) cooling. The governing equation for the
thermoforming stage is derived from the balance of the
external and internal energy of the structure (Hsiao et
al., J. Eng. Mater. Technol. 119: 314-318 (1997)).
Since the deep drawing process is not isothermal, the
heat transfer between the cold tool and the heated
sheet, as well as the viscous energy dissipated by the
resins is accounted for with the aid of equation (1),

the Governing Equation for Thermoforming Stage:

of _ 9 (1)
— —3Y+R
Py T, ("a )+
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wherein T is the temperature,'p is the density, Cp, is the
specific heat, K;; is the conductivity tensor, and R is
the heat generation rate (Hsiao et al., J. Eng. Mater.
and Technol. 119: 314-318 (1997)).

The governing equation for the cooling stage
of the deep drawing process ‘was based on an elasticity
analysis, which attempts to account for the springback
of the material once the shaped blank is removed from
the mold. This relationship is described in equation
(2), Governing Equation for the Cooling Stageﬁ

a—x_E'u'kl(eu ~£&4)=0 ‘ (2)

J

wherein E;jq is the elasticity tensor, e, is the elastic
strain and e%,; is the thermal strain due to volume
shrinkage.

The homogenization method was utilized to make -
these equations adaptable to the finite element analysis
(FEA) environment by de-coupling the governing equations

into a set of microscopic and macroscopic equations for

both the thermoﬂnmdng stage and the cooling stage.

Equations (3) through (8) illustrate the de-coupling.

Microscopic Equations for the Thermoforming Stage
consist of equation (3) for flow analysis and equation

(4) for thermal analysis are:

15 Sar = [,
J

3g* ot ‘ (4)
iK; oy; ay! JEQkay'dY
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wherein Y is the unit cell domain with the subscript f
denoting the fluid phase, W and T are virtual
variations, x and ¢ are the characteristic responses in
the microscale y, .and K is the thermal conductivity

tensor.

Macroscopic. Equations for the Thermoforming Stage

‘consist of equation (5) for flow analysis and equation

(6) for thermal analysis are:

J#D,,ueu gw'dﬂ J‘f,wdQ+J‘-——-wid.Q+thdI‘ (5)
Jpcp aT1zi.Q+ij aaxjgj dQ—jRTdQ Jq,. _('.6) .

wherein & is the strain rate in the macroscale x, t, and -
d, are the traction and heat flux acrpss-the bounda;y r
of the global domain Q, and D¥ and K¥ are the homogenized
flow tensor and conductivity tensor, respectively.

Microscopic Equation for the Cooling Stage is:

-idY=fE»-JidY (7)
Y

wherein E is the elasticity tensor, ¥ .is the
characteristic response in the microscale, and Y is

unit cell domain.

Macroscopic Equation for the Cooling Stage is:
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d v, (8)
jE,,k, au" . j p a —LdQ*AT

wherein E! and B¥ are the homogenized elasticity matrix
and the thermal stress tensor, respectively, and AT is
the temperature difference. .

The microscopic equations account for the
characteristics deformation within the mlcrostructures
while the macroscopic equations account for the average
deformation of the composite structure. The microscopic
equations are solved and used as input .information for
solving the macroscopic equations within the FEA
analysis. ’

It is recognized that the.description of the
various composite materials, €.d., dglass-reinforced
polypropyléne, epoxXy prepregq, PEEK staple fiber sheet

and SMC, is not trivial and, therefore, different unit.-

cells may be needed for different materials. Initially,
the finite element modeling with the homogenization
method will make use of the simple unit cell shown in
Figure 13. Based on the results of the initial modeling

and comparing to the experimental results, new unit-

cells may be adopted in order to produce more acéurate

predictions.

Composite materials do not necessarily unload
elastically as equation (8) assumes. This simplifying
assumption will be modified as more experimental work is
conducted. The actual shape of the unloading curve is
determined from the experiments and incorporated into
the finalvelement model for hydroforming. It is then
expécted that the residual stress, springback, and the

final éhape of the part can be calculated accurately.
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Hydroforming Fluid Pressure in the Fluid Chamber Cavity

The hydroforming process differs from the
conventional stamping process because of the bPresence of
the pressurized fluid during the forming operation. Two

5 types of material failure are typically associated with
the improper management of the fluid pressure. Fluid
pressures ‘that are too low result in wrinkling around
the punch entrance area whereas rupture instabilities
occur when the fluid pressure being used for the

10 hydroforming process is too high. The role of the
pressurized fluid is to constrain the motion of the
blank and allow the punch to deform the blank. 1In order
to curtail these instabilities, the fluid pressure must
be determined a priori and then controlled as a function

15 of the punch stroke for fhe duration of the hydroforming
process. ‘

A few researchers have studled this pressure
requlrement in the fluid chamber cavity during
hydroformlng. Baida et al. (Proc. Seventh -

20 International. Symp. on Plasticity and Its Curr. Appl.
(PLASTICITY 1‘'99), January 5-13, Cancun, Mexico. Khan
(ed.). pp. 293-296) modeled this hydrofofming pressure
for making thin metallic hemispherical components based
on the presence of a hydrodynamlc flow from the die

25 entry radius to the extremlty of the part being clamped.
Their modeling work resulted in the following
relationship for  the pressure in the fluid chamber
cavity:

30
AV L o8
Pus =P, +k_-——V“- (9)

4

35 wherein k is the compressibility of the fluid chamber
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cavity fluid, V is the volume of the fluid chamber
cavity, AV is the volume displaced during the punch
displacement and Q is the outflow under the blank
holder. The subscript t and t+3t represent the time
stepping control of the analysis.

Yossifon et al. (J. Eng. for Industry, 110:
146-152 (1988)) determined the hydroforming pressure
within the fluid chamber cavity for making hemispherical
components by relating the necessary pressure to the
limit theorem of plasticity. This non-dimensional
pressure relationship is illustrated. in Equation 10:

| lnF i (lncr)’l | o)
(a+p)cosa — b - oo
R™? J‘ r dr+ J' r +2/1P,a é-ﬁcosa-—cosa '
‘ acosa r (atp)cosa r . : a"t a a. .

Il

B

wherein a, b, F, and G are the punch radius, the
instantaneous outer radius of the flange, the initial
radius of a material point,' and a different initial
radius of a material point, . respectively; P and —-P1 are
the normalized pressure and the blank holding pressure,
respectively; p 1is the curvature radius of the
flange/cup transition; R is the ratio of the natural
width strain to natural strain in uniaxial tension; u is
the coulomb friction coefficient, O, is a material
constant, n is the strain hardening coefficient, and r
represents polar coordinates. ‘

Lo et al. (J. Materials Process:mg Technol.
37: 225- 239 (1993)) and Hsu et al. (J. Manufact. Sci.
Eng. 118: 434-438 (1996)) expanded upon the above by
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changing the shape of the components being formed,
however, these studies were conducted only on metal
blanks. _

The above eqpations enable the pressure
relationship for the hydroforming of composite materials
using the appropriate composite material properties and
assumptions. Due to the varying properties of the
composite materials, especially during and . after
hydroforming, a new pressure relationship is determined
for various stages of the hydroforming process. Each
time a pressure relationship is determined, it is used
in the overall modeling process to provide an accurate
finite element modeling of the composite hydroforming
process. The above numerical analysis can be adapted to
complex geometrical shapes.

The apparatus and method of the present
invention can be used to manufacture shaped parts from
sheet metal and composite blanké. In particular, the
present invention provides for hydroforming of blanks -
comprising composite materials that include, but are not
limited to, thermoplastics such as polyethylene,
polystyrene, or nylon matrices with various types of
reinforcement such as synthetic, cellulose, or carbon
fibers; fiber-reinforced composites; epoxy prepegs; PEEK
staple fiber sheets (DuPont); SsMC (polyeéter or:vinyl
ester based materials); and glass reinforced
polypropylene thermoplastics. .

The following examples are intended to promote

a further understanding of the present invention.

EXAMPLE 1
A working model of the apparatus of the
present invention was built around an Interlaken
ServoPress 75 (Interlaken, Inc. Minneapolis, Minnesdta) .

The Interlaken ServoPress 75 is a double-action press
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that allows the boundaries of the composite sheet to be
clamped while the punch.pushes the composite sheet into
the fluid chamber cavity filled with supporting fluid.
The press, which is powered with a hydraulic pbwer
supply, has a travel distance of 12 inches (30.48 cm)
and can accommodate parts that are up to 16 inches
(40.64 cm) in width. With a maximum clamping force of
333,600 Newton (N)- and a maximum force of 257,984 N
(75,000 pounds (34,000 kg) and 58,000 pounds (26,308
kg), respectively), the Interlaken ServoPress is very
versatile and can .be used for a plurality of
experimental setups, e.g., punches of various particular
configurations;

The Interlaken press was modified to include
the apparatus of the present invention (Figures ‘4 and
5), which in this particular embodiment can.be used for
studying the hydroforming process on blanks comprising
composite materials. The die was retrofitted with 4
ports, a first port for measuring the pressure within .
the fluid chamber, a second port for injectind fluid

' into the fluid chamber, a third port for measuring the

temperature within the fluid chamber, and a fourth used
for draining the fluid from the flqid chamber after the
blank has been hydroformed. ' Attached to the fluid line
was a regulator and controller, which were controfled.by
a computer, was used to accurately control the fluid
pressure within the fluid chamber as the composite
material was formed. If the pressure was too high,
based on a user-defined algorithm, then the pressure in
the system was reduced to the appropriate level. If the
pressure was too low then the regulator pulled
additional ©pressurized fluid from a pressurized
reservoir that was in line with the rest of the system.
A pressure intensifier was used to éupply the necessary

volume and pressure to the pressurized reservoir prior



10

15

20

25

30

35

WO 02/24370 PCT/US01/41786

_42_

to the start of. the hydroforming process.

In addition to the pressure controlling
modifications, the system was also designed to take
advantage of the heating that is réquired to form.blénks
comprising thermoplastic materials. Prior to entering
the fluid chamber, the fluid was heated to a temperature
of about 100° C using a hot plate. Through injection of-
heated fluid, the natural cooling that typically occurs
during this operation was eliminated, leading to a
bettep formed blank. A second type of heating source
that was used involved the use of a convection oven to
bring the thermoplastic blank to the appropriate forming
temperature, which in this case was about 100° C. The
third and final heating source used for this
manufacturing process involved heating the dies and tool
prior to placing the blank in the experimental
apparatus. This ensured that .the blank was not
premafurely cooled prior te the closing of the draw bead
and injection of the heated fluid. ‘

Using the above hydroforming apparatus, metal
and composite sheets were formed.

EXAMPLE 2

To demonstrate operation of the present
invention, an experimental set-up using the apparéius in
Example 1 was designed to fabricate four-inch diameter
hemispherical cups using blanks comprising a glass
reinforced polypropylene thermoplastic material. The
choice of this punch geometry was based upon its
popularity in current metal and composite research (Lo
et al., (1993); Gelin et al., (1994); Hsu et al.,
(1996) ; Hou (1997). By performing experiments using the
hemispherical punch, the data collected can be readily
compared against data that exists for operations such as

composite sheet stamping, thermoforming, and even sheet
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metal hydroforming operations.

) One of the unique opportunities associated
with the choice of the hemispherical punch was that it
allowed for the study of material tearing without
wrinkling during this process. This allows for the
optimization of the fluid pressure and heating schemes
that can be maximized to allow for deeper drawing of the
parts before rupturing.

Figure 14 compares the parts that were formed
from a blank comprising glass reinforced polypropylene
thermoplastic material provided by Azdel, Inc. without

a counteracting hydrostatic pressure and a part that was

forméd utilizing the applied hydrostatic pressure

according to the present invention. The use of the
hydrostatic preséure demonstrated appi‘eciable increases
in draw d:epth for the hemispherical part compared to the
part formed without application of hydrostatic force.
Stress and strain measurements were also taken during
the hydroforming process. Figures 6 through 8 show -
stress strain data for particular composites that were
hydroformed in the apparatus of the present ihvention.
Figure 11 shows that as the pressure is increased the
amount of displacement achievable at a particular level
of strain increases. Figure 12 shows that increasing
préssure enables greater displacement to be achie;:zed at
a particular Von Mises stress.

The setup required use of a draw bead to fix
the borders of the blank material during the forming
process. This forced the part to be formed from the
blank through stretching of the blank only. In.other
setups, the draw bead is not used in which case the
composite material is drawn in as it is formed. The
fluid pressure within the fluid chamber is then used as
a means of forcing the blank to conform to the surface

of the punch. This allows for a deeper draw while still
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maintaining a uniform part thickness.

While the present invention is described
herein with reference to illustrated embodiments, it
should be understood that the invention is not limited
hereto. Those having ordinary skill in the art and
access to the teachings herein will recognize additional
modifications and embodiments within the scope thereof.

Therefore, the present invention is limited only by the

"Claims attached herein.
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WE CLAIM:

_.1_

A hydroforming apparatus for forming a blank,
the apparatus capable of being used in a conventional
punch press comprising: '

a fluid chamber mountable to an upper shoe
defining a cavity for providing pressurized fluid to the
upper surface of the blank and having a downwardly'
facing blank mating surface,

a blank support mountable to a lower .shoe
having 'an upwardly facing blank binding surface for
holding the blank with an opening therein which defines
a cavity wherein a punch reciprocally located therein is

- capable of traveling upward through the opening into the

fluid chamber; and

~ the fluid chamber and blank support being
adapted to receive and clamp a flekible blank between
the blank mating surface and the blank binding -surface,
and the fluid chamber includes a passageway means for

transmitting pressurized fluid from a pressurized fluid

Ameans to the fluid chamber wherein the fluid éontacts

the blank and a release means for removing the fluid.

...2;..

The apparatus of Claim 1 wherein the punch is

‘enclosed within a punch chamber which has an opening for

the punch to travel upwards into the fluid chamber,
wherein the punch chamber includes a passageway means
for transmitting pressurized fluid from a pressurized
fluid means to the punch chamber wherein the fluid
contacts the blank and a release means for removing the
fluid.
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-3~
The apparatus of Claim 1 or 2 wherein the
pressurized fluid means comprises a pressurized
reservoir wherein the pressurized fluid is provided to
the passageway means and wherein -the pressure of the

fluid is controlled by a pressure~regulator.

._4_
The apparatus of Claim 3 wherein the pressure’
of the pressurized fluid is monitored by a pressure

transducer.

-5-~
The apparatus of Claim 3 wherein the pressure

of the pressurized fluid is controlled by a'computer.

_6_.
The apparatus of Claim 1 or 2 wherein a
heating means heats fluid which is pressurized by the -
pressurized fluid means to the glaés transition

temperature and melting temperature of the blank.

...7..
The apparatus of Claim 1 or 2 wherein the
fluid is selected from the group consisting of silicon-
based 0il, petroleum-based 0il, or a plant-based oil.

-8_

The apparatus of Claim 1 or 2 wherein a
membrane which is impervious to the pressurized fluid is
positioned between the blank and the pressurized fluid
to prevent the pressurized fluid from - directly
contacting the surface of the blank.
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_9_
The apparatus of Claim 1 or 2 wherein a
heating means heats the blank support to a'temperature
between the glass transition temperature and melting

temperature of the blank.

_10_

A hydroforming apparatus for forming a blank, -
comprising: ,

a punch press comprising an upper shoe and a
lower shoe with an opening therein which defines a
cavity with a punch reciprocally located therein which
is capable of traveling upward through the opening;

a fluid chamber mounted on the upper -shoe
defining a cavity for providing pressurized fluid to the

-upper surface of the blank and having a downwardly

facing blank mating surface; .

a blank support with an opening mounted on the
lower shoe over the 6pening in the lower shoe and having -
an upwardly fac¢ing blank binding surface for holding the
blank wherein the opening in the blank supportAenables
the punch reciprocally located within the lower shoe to
travel upward into the fluid chamber; and

the fluid chamber and blank support being
adapted to receive and clamp a flexible blank ﬂ%tween
the blank mating surface and the blank binding surface,
and the fluid chamber includes a pPassageway means for
transmitting pressurized fluid from a pressurized fluid
means to the fluid chamber wherein the fluid contacts

the blank and a release means for removing the fluid.
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_11_

The apparatus of Claim 10 wherein the punch is
enclosed within a punch chamber which has an opening for
the punch to travel upwards into the fluid chamber,
wherein the punch chamber includes a passageway means
for transmitting pressurized fluid from a pressurized
fluid means to the punch chamber wherein the fluid
contacts the blank and a release means for removing the
fluid.

-12-

The apparatus of Claim 10 or 11 wherein the
pressurized fluid means comprises a pressurized
reservoir wherein the pressufized fluid is provided to
the passageway means and wherein the pressure of the
fluid is controlled by a pressure regulator.

-13-
The apparatus of Claim 12 wherein the pressure -
of the pressurized fluid is monitored by a pressure

transducer.

_14_
The apparatus of Claim 12 wheréin the pressure
"of the pressurized fluid is controlled by a computer.

_15_
The apparatus of Claim 10 or 11 wherein a
heating means heats fluid which is pressurized by the
pressurized fluid means to the glass transition

temperature and melting temperature of the blank.
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_16_
The apparatus of Claim 10 or 11 wherein the
fluid is selected from the group consisting of silicon-
based o0il, petroleum-based o0il, or a plant-based oil.

_17_
The apparatus of Claim 10 or 11 wherein a
‘membrahe which is impervious to the pressurized fluid is
positioned between the blank and the pressurized fluid
to prevent the pressurized fluid from b directly
contacting the surface of the blank.

_18_

The apparatus of Claim 10 or 11 wherein a
heating means heats the blank support  to a temperature
between the _glass, transition temperature and melting -
temperature of the blank. '
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.-.19..
A hydroforming apparatus for forming a blank,

the apparatus capable of being used in‘a conventional

"~ punch press comprising:

a fluid chamber mountable to a first shoe
defining a cavity for providing pressurized fluid to an
obverse surface of the blank and having a blank mating
surface;

' a blank support mounted to a second shoe
having a blank binding surface for holdlng a reverse
surface of the blank with an opening therein which
defines a cavity wherein a punch reciprocally located
therein is capable of traveling through the opening into
the fluid chamber; and

the fluid chamber and blank support belng
adapted to receive and clamp a flexible blank between
the blank mating surface and the blank binding surface,
and theffluid chamber includes~a'passageway means for
transmitting pressurized fluid from a pressurized fluid -
meéns to the fluid chamber wherein the fluid contacts
the blank and a release means for removing the fluid.

...20_
The apparatus of Claim 19 wherein the first

shoe and the second shoe are mounted in a punch ﬁiess.
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._21_

The apparatus of Claim 19 or 20 wherein the
punch is enclosed within a punch chamber which has an
opening for the punch to travel into the fluid chamber,
wherein the punch chamber includes a passageway means’
for trénsmitting pressurized fluid from a pressurized
fluid means to the punch chamber wherein the fluid
contacts the blank and a release means for removing the
fluid. A

_22..

The apparatus of Claim 19 or 20 wherein the
pressurized fluid means comprises a pressurized
reservoir wherein. the pressurized fluid is provided to
the passageway means and wherein the pressure of the
fluid is controlled by a pbressure regulator.

-23-

The apparatus of Claim 22 wherein the pressure -

of the pressurized fluid is monitored by a pressure
transducer.

~-24- )
The apparatus of Claim 22 wherein the pressure
of the pressurized fluid is controlled by a compﬁier.

-25-
The apparatus of Claim 19 or 20 wherein a
heating means heats fluid which is. pressurized by the
pressurized fluid means to the glass transition

temperature and melting temperature of the blank.
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-26~—
The apparatus of Claim 19 or 20 wherein the
fluid is selected from the group consisting of silicon-
based o0il, petroleum-based o0il, or a plant-based oil.

_2‘7_

The apparatds of Claim 19 or 20 wherein a
membrane which is impervious to the pressurized fluid is
positioned between the blank and the pressurized fluid
to prevent the pressurized fluid from directly
contacting the surface of the blank.

_28_
The apparatus of Claim 19 or 20 wherein a
heating means heats the blank support to a temperature
between the glass transition temperature and nelting

temperature of the blank.
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...29._

A method for hydroforming a blank comprising:

(a) providing an apparatus mounted in a
conventional press comprising

a fluid chamber mounted on a first shoe
defining a cavity for providing pressurized fluid to an -
obverse surface of the blank and having a blank mating
surface;

a blank support mounted to a second shoe
having a blank binding surface for holdind a verse
surface 10f the blank with an opening therein which
defines a cavity with a punch reciprocally located
therein which is capable of traveling through the
opening into the fluid chamber; and

wherein the fluid chamber and blank support
being adapted to receive and clamp a flexible blank -
between the blank mating surface and the blank binding
surface, and the fluid chamber includes a bassageway
means for transmitting pressurized fluid from a -
pressurized fluid means to the fluid chamber wherein the

fluid contacts the blank and a release means for

.removing the fluid;

(b) positioning a blank on the blank support
between the blank mating surface and the blank binding

el

surface;

(c) forming a seal between the blank and the
fluid chamber and the punch cavity by moving the fluid
chamber toward the punch chamber until the blank is
firmly clamped between the blank mating surface and the
blank binding surface;

(d) providing a fluid to the fluid chamber
undgr a pressure sufficient to conform the blank to the
shape of the punch as the punch moves into the cavity of
the fluid chamber; '

(e) moving the punch into the cavity of the
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fluid chamber to form the blank to the shape of the
punch;

(f) removing the fluid through the release
means; |

(9) withdrawing the punch into the punch
cavity; and . ‘

(h) removing a formed blank from the

apparatus.

_30._
The method of Claim 29 wherein the punch is
enclosed within a punch chamber which has an opening for
the punch to travel into the fluid chamber, .wherein the

punch chamber includes ~a passageway nmeans for

_ transmitting pressurized fluid from a pressurized fluid

means to the punch chamber wherein the fluid contacts
the blank and a release means for removing the fluid and
wherein the pressurized fluid pressure is at a pressure
sufficient to maintain equal pressure on both sides of -
the blank during the blank forming.

..31_

The method of Claim 29 or 30 wherein the
pressurized fluid means comprises a pressurized
reservoir wherein the pressurized fluid is prov£ded to
the passageway means and wherein the pressure of the
fluid is controlled by a pressure regulator.

....32._.
The method of Claim 31 wherein the pressure of
the pressurized fluid is monitored by a pressure

transducer.
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_33_
The method of Claim 31 wherein the pressure of
the pressurized fluid is controlled by a computer.

_34_

The method of Claim 29 wherein the pressurized

fluid is provided at a temperature above the glass
transition temperature of the blank.

-35-
The method of Claim 39 wherein the fluid is
selected from the group consisting of silicon-based oil,
petroleum-based 0il, or a plant-based oil.

" -36-

The' method of Claim 29 or 30 wherein: a .

membrane which is impervious to the pressurized fluid is
positioned between the blank and the pressurized fluid
to prevent the pressurized fluid from directly .
contacting the surface of the blank.

_37_
The method of Claim 29 or 30 wherein during
the forming of the blank the fluid pressure is

maintained at a constant pressure.

_38_
The method of Claim 29 or 30 wherein during
the forming of the blank the fluid pressure is varied
over time.

~30-
The method of Claim 29 or 30 wherein the blank
is heated to a temperature between its glass transition

temperature and its melting temberature.
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_40...
The method of claim 39 wherein an infra-red
heater is used to heat the blank.

_41..

The method of Claim 29 or 30 wherein the blank
support is heated to a temperature between the. glass
transition temperature and melting temperature -of the
blank. '

The method of Claim 29 or 30 wherein the blank
is a metal or a composite.

-43-
The method of Claim 42 wherein the blank is a

composite which is brittle at or bélow room temperature.

—-44~
The method of Claim 29 wherein the pressurized
fluid is at a pressure sufficient to conform the blank
to the punch as the punch deforms the blank.
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A hydroforming apparatus for forming a
composite blank, the apparatus capable of being used in
a conventional punch preés comprising: ‘ '

a fluid chamber mountable to a first shoe
defining a cavity for providing pressurized £luid to an
obverse surface of the blank and ha&ing a blank mating
surface; ‘

a blank support mounted to a second shoe
having a blank binding surface for holding a reverse
surface of the blank with an opening therein which
defines a cavity wherein a punch reciprocally located
therein is capable of traveling through the opening intq
the fluid chamber; ‘

a recycle means to introduce heated or c@oled
fluid into the fluid chamber to cure the composite
blank; and , -
A the fluid chamber and blank support being
adapted to receive and clamp a ﬁlexible-bldnk between
the blank mating surface and the blank binding surface,
and the fluid chamber includes a passageway means for
transmitting pressurized fluid from a pressurized fluid
means to the fluid chamber wherein the fluid contacts

the blank and a release means for removing the fluid.

~46—
The apparatus of Claim 45 wherein the punch is
encloged within a punch chamber which has an opening for

the punch to travel into the fluid chamber, wherein the

punch chamber includes a passageway means- for

transmitting pressurized fluid from a pressurized fluid
means to the punch chamber wherein the fluid contacts

the blank and a release means for removing the fluid.
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-4~
The apparatus of Claim 45 or 46 wherein the
pressurized. fluid means comprises a pressurized
reservoir wherein the pressurized fluid is provided to
the passageway means and wheréin the pressure of the
fluid is controlled by a pressure regulator.
_48#
The appératus of Claim 47 wherein the pressure
of the pressurized fluid is monitored by a pressure

transducer.

_49_
The apparatus of Claim 48 wherein the pressure

of the pressurized fluid is controlled by a computer.

_50_

The apparatus of Claim 45 or 46 wherein a
heating means heats fluid which is pressurized by the -
pressurized fluid means to a temperature betweeh the
glass transition temperature and melting temperature of
the blank.

-51-
The apparatus of Claim 45 or 46 wherein the
fluid is selected from the group consisting of silicon-

based o0il, petroleum-based o0il, or a plant-based oil.

_52_

The apparatus of Claim 45 or 46 wherein a
membrane which is impervious to the pressurized fluid is
positioned between the blank and the pressurized fluid
to prevent the pressurized fluid from directly
contacting the surface of the blank. '
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_ ~-53-
The apparatus of Claim 45 or 46 wherein a
heating means heats the blank support to a temperature
between the gléss transition temperature and melting

temperature of the blank.

~-54-
A method for hydroforming a composite.blank
comprising: '
(a) .providing an apparatus mounted in a
conventional press comprisiﬁg

a fluid chamber mounted on a first shoe

defining a cavity for providing pressurized fluid to an

obverse surface of the blank and having a blank mating
surface;

a blank support mounted to a sécond shoe
having a blank binding surface for holding a verse
surface of the blank with an opening therein which
défines a cavity with a punch reciprocally located
therein which is capable of traveling through the
opening into the fluid chamber; and

wherein the fluid chamber and blank support
being adapted to receive and clamp a flexible blank
between the blank mating surface and the blank b::Lnding
surface, 'and the fluid chamber includes a passc*;geway
means for transmitting pressurized fluid from a
pressurized fluid means to the fluid chamber wherein the
fluid contacts the blank and a release means for
removing the fluid;

(b) positioning a blank on the blank support
between the blank.mating surface and the blank binding
surface;

. (c) forming a seal between the blank and the
fluid chamber and the punch cavity by moving the fluid
chamber toward the punch chamber until the blank is
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firmly clamped between the blank mating surface and the
blank binding surface;

(d) providing a fluid to the fluid chamber
under a pressure sufficient to conform the blank'to the
shape of the punch as the punch moves into the cavity of
the fluid chamber;

(e) moving the punch into the cavity of the
fluid chamber to form the blank to the shape of the

punch;

(£) removing the £fluid through the release
means; '
‘ (g) withdrawing the punch into the punch
cavity; ’ ‘

(h) providing heated or cooled fluid to the
fluid chamber through a recycle means to cure the
composiﬁe comprising the blank; and

(1) removing a formed Dblank from the

apparatus.

~55-

The method of Claim 54 wherein the punch is
enclosed within a punch chamber which has an opening for
the punch to travel into the fluid chamber, wherein the
punch chamber includes a ©passageway means for
transmitting pressurized fluid from a pressurized;fluid
means to the punch chamber wherein the fluid contacts
the blank and a release means for removing the fluid and
wherein- the pressurized fluid pressure is at a pressure
sufficient to maintain equal pressure on both sides of

the blank during the blank forming.
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_56_

The method of Claim 54 or 55 wherein the
pressurized flﬁid means comprises a pressurized
reservoir wherein the pressurized fluid is provided to
the passageway means and wherein the pressure of. the

fluid is controlled by a pressure regulator.

~-57-
The method of Claim 56 wherein the pPressure of
the pressurized fluid is monitored by a pressure

transducer.

_58-
The method of Claim 56 wherein the Pressure of
the pressurized fluid is controlled by a computer.

_59_
The method of Claim 54 wherein the pressurized
fluid is provided at a temperature above the glass -
transition temperature of the blank.

_60_
The method of Claim 54 wherein the fluid is
selected from the group consisting of silicon—basgd oil,

petroleum-based 0il, or a plant-based oil.

_61_

The method of Claim 54 or 55 wherein  a
membrane which is impervious to the pressurized fluid is
positioned between the blank and the pressurized fluid
to prevent the pressurized fluid from directly
contacting the surface of the blank.
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-62-~-
-62-
The method of Claim 54 or 55 wherein during

the forming of the blank the fluid pressure is
maintained at a constant pressure.

_63'._
The method of Claim 54 or 55 wherein during
the forming of the blank the fluid pressure is waried

over time.

-64—
The method of Claim 54 or 55 wherein the blank
is heated to a temperature between its glass transition

temperature and its melting temperature.

-65-
The method of claim 64 wherein an infra-red
heater is used to heat the blank.'

-66—

The method of Claim 54 or 55 wherein the blank
support is heated to a temperature between the glass
transition temperature and melting temperature of the

" blank.

....6'7_
The method of Claim 54 or 55 wherein the blank
is a metal or a composite.

~68~-
The method of Claim 67 wherein the blank is a

composite which is brittle at or below room temperature.
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_69_
The method of Claim 54 wherein the pressurized

fluid is at a pressure sufficient to conform the blank
to the punch as the punch deforms the blank.
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