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ABSTRACT OF THE DISCLOSURE

A mandrel having an out-of-plane curvature and a corresponding

in-plane change

1n mandrel geometry

substantially wrinkle-free,

an out-of-pla

I

C

curvature.

1is used to fabricate

fiber rein:

28

‘orced stiffeners having
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METHOD AND APPARATUS FOR FABRICATING HIGHLY CONTOURED

COMPOSITE STIFFENERS WITH REDUCED WRINKLING

S TECHNICAL FIELD

This disclosure generally relates to processes for

fabricating composite structures, and deals more partilicularly

wlith a method and apparatus for fabricating highly contoured,

n

fiber reinforced composite stiffeners with reduced wrinkling.

10

BACKGROUND

During the process of laying up plies of unidirectional

fiber reinforced pre-preg to form a composite laminate, such

pr—
—

as a stiffener, wrinkles may sometimes form 1n one or more of

1

15 the plies. Wrinkles are undesirable because they may result

in voids or discontinuities in the cured laminate. Wrinkling
may be due to, without limitation, a ply being deformed during

the lay-up process and/or to relatively high friction between

the unidirectional reinforcing fibers caused by the tackiness

"

20 of the uncured resin. Wrinkling may be particularly

problematic where a stack of unidirectional pre-preg plies 1is

formed over a highly contoured tool surface.

In the past, in order to avoid wrinkling 1in contoured
25 areas, pre-preg plies were cut into sections. The sections

were then spliced together and individually placed on a
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contoured forming tool in order to achieve a desired

curvature. However cutting and splicing the plies in this

manner may have an undesirable effect on the properties of the

cured part. In order to compensate for these potentially
reduced  properties, additional plies or doublers were

sometimes required which may result in an increase 1in the

thickness and weight of the stiffener. The cutting and
splicing technique described above 1s also time consuming and
labor 1intensive, results in material waste and may 1nduce

undesirable preload in the cured part. Also, when there 1is a

need to add plies to the IML (inner mold line) it is necessary

to add these plies gradually, at a specific rate, so that the

contour of the IML 1s not too severe.

Accordingly, there 1s a need for a method and apparatus

for fabricating highly contoured, fiber reinforced composite

parts, such as stiffeners which may substantially reduce or

eliminate ply wrinkling during the lay-up process, and which

avolds the need for cutting and splicing plies.

>UMMARY

According to the disclosed embodiments, a method and

P

apparatus are provided for fabricating highly contoured, fiber

A

feners, such as stringers, 1n which

reinforced composite sti:

T

the reinforcing fibers are continuous throughout areas ot

curvature in the stiffener, and ply wrinkling 1s substantially
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reduced or eliminated. Ply wrinkling 1s avoided by tailoring

gy

the geometry o a lay-up mandrel to accommodate  the

sti1ffener’s material characteristics. The material

characteristics are accommodated by selectively widening or

B

narrowing parts of the mandrel, depending upon the geometry of

the stiffener part. I'nese geometrical changes 1n the mandrel

adjust the mandrel contour without requiring a change in the

F

thickness of the stiffener part. Also, the disclosed method

may allow 1ncreasing the allowable contour 1n areas where
plies may need to be added, so that the rate at which the

plies can be increased which may reduce the parasitic weight

caused by past constraints on contour.

P

The tallored shape of the mandrel allows the (fibers,

especlally the zero degree fibers, to traverse high contoured

areas continuously and substantially without wrinkling.

I

Structural properties of the cured stiffener may not be

degraded since the higher stiffness plies, 1.e. the 2zero

degree plies of the composite, are not requilred to be cut and

spliced, but rather extend continucusly throughout the length

P ol
—

of the stiffener’s curvatures. Higher production rates may be

realized wusing the disclosed fabrication method since the

plies may not need to be altered (cut and spliced) as they are

being laid up. Also, larger wvariations 1n stiffener contour

may be accommodated, which 1iIn turn may permit more complex and

welght efficient stiffener designs to be reallzed.
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According to one disclosed embodiment, a method 1is

provided of fabricating a substantially wrinkle-free fiber
reinforced composite stiffener having an out-of-plane
curvature. The method comprises providing a tool having the

desired out-of-plane curvature and a corresponding in-plane
curvature, forming a lay-up over the tool and compacting the

layup. Forming the layup includes laying up a plurality of

fiber reinforced plies over the tocl and conforming the plies

to the out-of-plane curvature and to the corresponding 1in-

plane curvature of the tool. Conforming the plies to the out-

F

of-plane curvature 1ncludes allowing the fibers 1in each of the

plies to deform generally from a nominal linear orientation to

a deformed orientation determined Dby  the out-of-plane

curvature. Compacting the lay-up 1includes compacting each

F

of the plies to substantially eliminate any wrinkles 1in the

ply and to set the deformed fiber orientation 1nto the ply.

According to another disclcecsed embodiment, a method 1s

F

provided of fabricating a substantially wrinkle-free, fiber

reinforced composite stringer having a hat-shaped cross

sectlion and an out-of-plane curvature along 1ts length. The

method comprises assembling a layup by laying up fiber

reinforced composite plies on a forming tool and using the

forming tool to form the out-of-plane curvature in the lavyup.

The method further comprises using the tool to form a
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corresponding 1in-plane curvature 1n the layup. In one

embodiment, the hat-shaped stringer includes a cap, sides and

bottom flanges, and the out-of-plane curvature 1s formed 1n

the flanges of the stringer. The corresponding 1n—-plane

F

curvature 1s formed in the sides of the stringer.

1]

According to another embodiment, a method is provided o

making a mandrel for laying up a substantially wrinkle-free

fiber reinforced composite stiffener having an out-of-plane

curvature. The method comprises forming at least one out-of-
plane curvature in a mandrel body, and forming an 1in-plane
curvature 1in the mandrel body substantially corresponding to
the out-of-plane for compensating for the effects of the out-

grn—

of-plane curvature on composite plies laid up over the mandrel

body. The at least one out-of-plane curvature is formed 1in a

first tocl face on the mandrel body, and the 1in-plane

curvature is formed in a second tool face adjacent the first

tool face.

According to a further embodiment, apparatus 1is provided

for forming a substantially wrinkle-free fiber reinforced

composite stiffener having an out-of-plane curved section

along its length. The apparatus comprises a mandrel on which
fiber reinforced composite plies may be formed. The mandrel
has a first tool face 1including a section substantlally

matching the out-of-plane curved section of the stiffener, and
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a second tool face that includes a section having an in-plane
curved section substantially corresponding to the out-of-plane

curve sectlon 1n the first tool face. The first and second

Cool faces extend traverse and are contiguous to each other.

According to still ancther embodiment, an apparatus is
provided for fabricating a fiber reinforced, substantially
wrinkle-free composite stringer having an out-of-plane
curvature. The apparatus comprises a stringer mandrel having
an out-of-plane curvature and a corresponding in-plane change

1n mandrel geometry.

According to still another embodiment, there 1is provided
a method of fabricating a substantially wrinkle-free fiber
reinforced composite stiffener having an out-of-plane
curvature, comprising: providing a tool having the out-of-
plane curvature and a corresponding in-plane curvature;
forming a lay-up over the tool by laying up a plurality of
fiber reinforced composite plies over the tool, 1ncluding
conforming the plies to the out-of-plane curvature and to the

corresponding in-plane curvature of the tool; and compacting

the lay-up.

According to still another embodiment, there is provided
an apparatus for fabricating a fiber reinforced, substantially

wrinkle-free composite stringer having an out-ot-plane
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curvature, comprising: a stringer mandrel having an out-of-
plane curvature and a corresponding in-plane change in mandrel

geometry.

According to still another embodiment, there 1is provided
a method of fabricating a fiber reinforced composite stiffener
that 1s substantially wrinkle-free, the method comprising:
using a tool, the tool having a sidewall, the sidewall
including a first portion along a first length that is less

than a total 1length of the sidewall, the sidewall further

1ncluding a second portion along a second length that is less
than the total length and a third portion along a third length
that 1s 1less than the total length, the first portion being
between the second portion and the third portion, the first
portion having an out-of-plane curvature and an in-plane
curvature, the second portion having a second curvature
different than the 1in-plane curvature and the out-of-plane
curvature, the third portion having the second curvature, the

tool further having a bottom tool face along the sidewall and
connected to the sidewall at an angle, the bottom tool face
also having the out-of-plane curvature along the first length,

and the bottom tool face further having the second curvature

along the second length and the third length; wherein the

using 1ncludes forming a lay-up over the tool by laying up a
plurality of fiber reinforced composite plies over the tool,
including simultaneously conforming the plurality of fiber

reinforced composite plies to the first length and the second

ca
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length along both the sidewall and the bottom tool face; and

compacting the lay-up.

According to still another embodiment, there is provided
a method of fabricating a substantially wrinkle-free fiber
reinforced composite stringer having a hat-shaped cross
section, an 1in-plane curvature along a length of the composite
stringer, and an out-of-plane curvature along the length, the
method comprising: assembling a lay-up by laying up fiber
reinforced composite plies on a forming tool, the forming tool
having a sidewall, the sidewall including a first portion
along a first length that 1s less than a total length of the
sidewall, the sidewall further including a second portion
along a second length that 1is less than the total length and a
third portion along a third length that is less than the total
length, the first porticon being between the second portion and
the third portion, the first portion having the out-of-plane
curvature and the 1n-plane curvature, the second portion

having a second <curvature different than the in-plane
curvature and the out-of-plane curvature, the third portion
having the second curvature, the forming tool further having a
pbottom tool face along the sidewall and connected to the

sidewall at an angle, the bottom tool face also hnaving the

out-of-plane curvature along the first length, and the bottom
tool face further having the second curvature along the second

length and the third 1length; forming the out-of-plane

ob
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curvature 1n the lay-up along both the sidewall and the bottom
tool face using the forming tool; and while forming the out-
of-plane curvature, also forming the in-plane curvature in the

lay-up along both the sidewall and the bottom tool face usling

the forming tool, such that forming the out-of-plane curvature
and forming the 1in-plane curvature also forms the hat-shaped
Cross section 1n a manner such that different cross sections
along the length change dimensions relative to each other as a

result of the out-of-plane curvature.

According to still another embodiment, there is provided

an apparatus for forming a substantially wrinkle-free fiber
reinforced composite stiffener having an out-of-plane curved
section along 1ts length, comprising: a mandrel on which fiber
reinforced composite plies are formed, the mandrel having a
sidewall comprising a first tool face, the sidewall including
a first portion along a first length that is less than a total
length of the sidewall, the sidewall further including a

second portion along a second length that is less than the

total length and a third portion along a third length that is

less than the total length, the first portion being between

the second portion and the third portion, the first portion

having an out-of-plane curvature and an in-plane curvature,
the second portion having a second curvature different than
the 1n-plane curvature and the out-of-plane curvature, the

third portion having the second curvature, the mandrel further

oC
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having a second tool face along the sidewall and connected to
the sidewall at an angle, the second tool face also having the
out-orf-plane curvature along the first length, and the second
tool face further having the second curvature along the second

length and the third length.

According to still another embodiment, there is provided
an apparatus for fabricating a fiber reinforced, substantially
wrinkle-free composite stringer, the apparatus comprising: a
mandrel on which fiber reinforced composite plies may be
formed, the mandrel having a sidewall, the sidewall 1ncluding
a flrst portion along a first length that is less than a total
length of the sidewall, the sidewall further 1including a
second portion along a second length that 1is less than the
total length and a third portion along a third length that is
less than the total length, the first portion being between
the second portion and the third portion, the first portion
having an out-of-plane curvature and an in-plane curvature,
the second portion having a second curvature different than
the 1n-plane curvature and the out-of-plane curvature, the
third portion having the second curvature, the mandrel further
having a bottom tool face along the sidewall and connected to

the sidewall at an angle, the bottom tool face also having the
out-oif-plane curvature along the first length, and the bottom

tool face further having the second curvature along the second

length and the third length.

od
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According to still another embodiment, there is provided an
apparatus for forming & substantially wrinkle-free fiber
reinforced composite stringer having an out-of-plane curved
section along its length, comprising: a mandrel on which fiber
reinforced composite plies may be formed, the mandrel having a
sidewall comprising a first tool face, the sidewall including
a first portion along a first length that is less than a total
length of the sidewall, the sidewall further including a
second portion along a second length that is less than the
total length and a third portion along a third length that is
less than the total 1length, the first portion being between
the second portion and the third portion, the first portion
naving an out-of-plane curvature and an 1in-plane curvature,

the second portion having a second curvature different than

the 1n-plane curvature and the out-of-plane curvature, the

third portion having the second curvature, the mandrel further

having a second tool face along the sidewall and connected to

the sidewall at an angle, the second tool face also naving the
out-of-plane curvature along the first length, and the second
tool face further having the second curvature along the second
length and the third length; and a pair of compaction tools
for compacting the plies against the first and second tool

races, the compaction tools each including a curved surface

substantially matching the out-of-plane curved section of the

first tool face, and a curved surface substantially matching a
section of the second tool face having an in-plane change 1in

geometry.

ce
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BRIEEF DESCRIPTION OF THE ILLUSTRATIONS

FIG. 1 1s an 1illustration of a perspective view of a

section of an airplane fuselage.

FIG. 2 1s an 1llustration of a 1longitudinal sectional

view of a stringer used in the fuselage of FIG. 1, and having
an out-of-plane curvature conforming to a curvature in the

fuselage skin.

FIG. 3 1s an illustration of a sectional view taken along

the line 3-3 1in FIG. 2.

FIG. 4 1s an 1llustration of a plan view of the stringer

shown 1n FIGS. 2 and 3.

of
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FIG. 5 1s an 1llustration of a perspective view of a

mandrel having a stringer layup formed therecon.

FIG. 6 1is an 1llustration of an 1sometric view of the

mandrel shown in FIG. 5.

P-
—

FIG. 7 1is an illustration of a perspective view o0f a

F

portion of a single ply, showing the position of the fibers

having been laid up on, but not yet conformed to the geometry

F
—

of the mandrel shown in FIG. 6.

FIG. 8 is an illustration similar to FIG. 7, but showiling

the ply fibers having been conformed to the geometry of the

mandrel following compaction.

FIG. 9 is an illustration of a perspective view showing

b
p—

examples of stiffener shapes that may be formed using the

disclosed method and apparatus.

FIG. 10 is an illustration of a perspective view 0f a set

of tooling compacting the layup shown in FIG. J.

FIG. 11 is an illustration of a perspective view of the

—

mandrel and one of the compaction tools shown in FIG. 10.
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FIG. 12 is an 1illustration of a flow diagram of one

method of forming a stiffener Thaving an out-of-plane
curvature.
S FIG. 13 is an illustration of another method of forming a

stiffener having an out-of-plane curvature.

FIG. 14 is a flow diagram of aircraft production and

service methodology.

10

FIG. 15 is a block diagram of an aircraft.

DETAILED DESCRIPTION

Referring to FIGS. 1-4, the disclosed embodiments relate

15 +to a method and apparatus for fabricating unidirectional fiber

reinforced composite laminate stiffeners 20 having an out-of-
plane curvature 36 along one or more sections 40 along thelr
length, including stiffeners 20 having compound contours. The

stiffeners 20 may be used in a variety of applications. For

20 example, FIG. 1 illustrates an airplane fuselage 26 having an

outer skin 24 attached to spaced apart, barrel frames 22 and

0

longitudinally extending, circumferentially spaced stilffeners

20 sometimes referred to as stringers Z20. The stringers 20

are attached to and function to stiffen the skin Z24. As will

25 Dbe discussed Dbelow, the skin 24 may have one Or mMOre
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undulations or curvatures 34 (FIG. 2 and 3) to which the

stringers 20 may be required to conform.

Referring particularly to FIGS. 2, 3 and 4, 1n the

1llustrated example, the stringer 20 used to stiffen the skin

24 1s hat-shaped 1n cross section, although other <cross

sectional shapes are possible, as will be discussed 1n more

detail below. The stringer 20 comprises a generally flat cap

28 connected by sidewalls 30 to laterally extending flanges 32

that substantially conform and are secured to the 1nside

surface 35 of the skin 24 by any sultable means. In the

illustrated embodiment, the sidewalls 30 extend substantially

normal to the cap 28 and flanges 32, however, 1n other

examples the sidewalls 30 may be inclined relative to the cap

- .

28 and/or flanges 32. The

flanges 32 include an out-of-plane

curvature 36 extending along section 40 of the stringer 20,
which substantially matches the curvature 34 in the skin 24,
so that the flanges 32 substantially conform to the skin 24 1n

o

the section 40 ot curvature. As used herein, Y“Yout-of-plane

|

curvature” refers curvatures which are not substantially

within the plane of the plies in the flanges 32, or within

planes that extend parallel to the plane of plies 1n the

flanges 32.

During the ply layup and forming process, the out-oi-

plane curvature 36 in the flanges 32 causes the pliles 1in the



10

15

20

25

CA 02753251 2011-09-21

flanges 32 to place tension on plies in the sidewalls 30 along
section 40. This tension ordinarily would tend to cause the

plies 1n the sidewalls 30 to draw away from the forming tool

(not shown) resulting 1n ply wrinkles during the forming

process and prior to curing, particularly where the stringer

P

1s fabricated by forming an flat stack of plies over a

contoured tool (not shown), 1n part because friction between

the pre-preg plies make 1t more difficult for the plies to

move relatlve to each other and to conform to the contours of

the tool.

n

In order to accommodate such material characteristics of
the plies and reduce or eliminate ply wrinkling (not shown 1in
FIGS. 2 and 3), the plies are laid up and formed 1n a manner

that results in the stringer 20 having in-plane changes 1n

geometry corresponding to the out-of-plane curvature 36. In
the illustrated embodiment these in-plane changes 1in geometry

comprise an outward curvature 41 of the sidewalls 30 within

section 40, immediately adjacent the out-of-plane curvature

36. The outward curvature 41 of the sidewalls 30 has a radius

of curvature “R” (FIG. 4) substantially matching the radius or

1}

curvature “R” (FIG. 2) of the out-of-plane curvature 36, SO
that sidewall curvature 41 1is essentially a mirror 1image of
the flange curvature 36. As a result, the sidewalls 30 extend

—y

smoothly through section 40 of the stringer 20, without

substantial wrinkling.

10
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As a result of the 1in-plane sidewall curvature 41, the

cap 28 1s provided with a downward curvature 38 of radius “R”
resulting in a reduction in the height “H” of the cap 28 and a

contoured widening “W” along the section 40. This contouring

of the cap 28 reflects the 1n-plane changes in the sidewalls

30.

FIG. 5 1llustrates a tool mandrel 42 on which a multi-

ﬁ

ply, pre-preg laminate lay-up 44 may be formed as part of the

process of fabricating the stringer 20 shown 1in PFIGS. 2-4.
Unidirectional fiber reinforced plies 45 are laid up by

draping them over the mandrel 42 to form the layup 46. In one

embodiment, an ordered flat stack (not shown) of pre—-preg

plies is laid up according to a predefined ply schedule (not

shown) which may specify the number, order and fiber

orientation of the plies 1in the stack. The flat ply stack 1is
then draped over the tool mandrel 47 in the direction shown by

the arrow 60 in FIG. 6, and conformed to the contours of the

mandrel 42.

The tool mandrel 42 includes a bottom tool face 48 having

an out-of-plane curvature 46 which corresponds 1in length “L”

and radius “R” to the out-of-plane curvature 36 in the flanges

32 of the cured stringer 20. FIG. 5 also 1llustrates the

r—

correspondiling in-plane changes 1in geometry of the stringer

11
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lay-up 44, comprising the in-plane, outward curvature 41 of

the sidewalls 30. In effect, the 1nner mold line (IML)

contour of the mandrel 42 is rotated +/- 90 degrees so that

1ts contour 1is reflected in the cap 28 and sidewalls 30 of the

stringer 20 (FIGS. 2 through FIGS. 5).

Referring now to FIG. 6, the mandrel 40 comprises a
mandrel body 355 having a top tool face 58, side tool faces 56

and bottom tool faces 48 which respectively form the IML of

the cap 28, sidewalls 30 and flanges 32 of the stringer 20

(FIG. 3). Each of the bottom tool faces 48 has a curvature 46

of radius “R” and length “L”, as previously described 1n

connection with FIG. 5. The mandrel 42 also has an in—plaﬁe
change in geometry, corresponding to the out-of-plane
curvature 40 along the 1length W“L” o©¢f the out-of-plane
curvature 46. This in-plane change 1n geometry comprises an
outward curvature 49 1in the side tool faces 56 which
supstantially matches the radius “R” and length “L” of the

out-of-plane curvature 1in the bottom tool faces 48. The top

tool face 58 includes a downwardly curved section 47 which

substantially matches the radius “R” and length “L” of the

out-of-plane curvature in the bottom tool faces 48. The

curvature 49 in the side tool faces 56 results 1n an l1ncrease

1n the width 54 of the top tool face along the length “L”, as

well as a reduced height shown by the numeral 51.

12
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The in-plane change in geometry of the mandrel 42 that 1is
needed to compensate for the affects on the ply material
caused by the out-of-plane curvature 46 1s determined by the
location, geometry and dimensions of the out-of-lane curvature

g
—

40. In the 1llustrated embodiment, the out-of-plane curvature

46 has a radius "R” and extends along a 1length “L” of the

mandrel 42, consequently, an 1n-plane change 1n mandrel

geometry 1is required that also has a radius “"R” and length

“L”, formed 1n a manner that compensates for the Ypull” on the
ply material overlying the mandrel side tool face 56. This
pull on the ply material is caused by the ply material being

drawn down 1into the curvature 46 in the adjacent bottom tool

face 48 during the formling process. The side tool faces b5H6
are curved in the direction that the material i1is being pulled
as a result of being drawn down 1into the out-of-plane
curvature 46, i.e., the tool faces 56 are curved outwardly 1in

the illustrated example to generally match the outward

displacement of the ply material caused by ply material “pull”

-

generated on the bottom tool faces 48 by the out-of-plane

curvature 4o, The amount of change in the in-plane geometry

o=
—

required to compensate for the affects on ply material caused

by an out-of-plane curvature may also depend 1in part on the

angle © between two adjacent sides of a forming tool, such as

the adjacent tool faces 48 and 56 on mandrel 42.

13
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Referring now to both FIG. 7 and 8, FIG. 7 1llustrates

two portions 67, 69 of a ply 45 with unidirectional fibers 66

having a zero degree fiber orientation after being draped over

the mandrel 42 shown in FIG. 5, but before being compacted to

P

conform to the features of the mandrel 42. The zero degree

fibers 66 extend substantially parallel to each other prior to

being pressed against the mandrel 4Z2. At this point, one

p—

P

portion 67 of the ply 45 overlies one of the side tool faces

56, and the other portion 69 overlies one of the bottom tool

66

46

70

22

of

1N

all

of

faces 48. Re

..

ferring to FIG. 8, during compaction, the fibers

are deformed so as to conform to the out-of-plane curvature

(FIG. ©6) on the bottom tool face 48, resulting in a section

’

of the fibers 66 assuming the downward curvature shown at

which substantially matches the out-of-plane curvature 46

the mandrel 42 shown 1in FIG. ©. Similarly, the fibers 660

the ply portion 67 are deformed during compaction to assume

outward curvature 41 substantially matching the curvature

the side tool face 49 of the mandrel 42 shown 1n FIG. 6.

During the compaction process, the fibers 66 deform generally

de

from a nominal linear orientation shown 1in FIG. 6 to the

formed orientations 52, 41 shown in FIG. 8 which are

respectively determined by the out-of-plane curvature 46 on

the bottom tool face 48 of the mandrel 42 of FIG. © and the

corresponding change in geometry 49 in the side tool face 56

A~

OL

the mandrel 42.

14
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The hat-shaped stringer 20 described above 1s merely

P F

1llustrative of a wide range of stiffener configurations that

may be formed using the disclosed method and apparatus. For
example, as shown 1n FIG. 9, the disclosed method and

apparatus may be employed to produce at least portions of

substantially wrinkle free stiffeners that may be used as

stringers or for other purposes, which have cross sections
corresponding to a modified hat 20a having inclined sidewalls
64, an “I” 20b, a “C” 20c, a “z2” 20d, an “L” 20d and a “J”

20e.

FIGS. 10 and 11 show additional details of tooling 74

used to form and compact the stringer layup 44. A pair ot

compaction tools 76, 78 1s used to compact the layup 44
against the mandrel 4Z. Compaction may be achieved, for
example and without limitation, by using conventional vacuum
bag and/or autoclave processing. As best seen 1in FIG. 11,

*

each of the compaction tools 78 1ncludes a flange 80, sidewall

82 and bottom 84 which respectively compact and apply pressure

to the cap 28, sidewalls 30 and flanges 32 (FIG. 3) of the

lange 80 and bottom B84 each 1include

h

stringer layup 44. The

an out-of-plane curvature 46a that respectively correspond to

the curvatures 46 in the top tool face 58 and bottom tool face

18 o©of the mandrel 42. Similarly, the side 82 of the

compaction tool 78 includes a curved section 47a that

15
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substantially matches that of the side tool faces 56 of the

mandrel 42.

Attention 1s now directed to FIG. 12 which 1illustrates

S the steps of a method of fabricating a substantially wrinkle-

free, tfiber reilnforced composite stiffener, such as the

previously discussed stringer 20. Beginning at step 86, a
tool 42 1s provided having the desired out-of-plane curvature
46 and corresponding in-plane change in geometry 47. Then at

10 step 88, a layup 44 is formed over the tool 42 by laying up

successive plies 45 (FIG. 5) of unidirectional fiber
reinforced pre-preg, with fiber orientations corresponding to

a desired ply schedule (not shown). Alternatively, the layup

44 may be pre-formed as a flat stack (not shown) of ordered

15 plies 45, and the ply stack may be formed over the tool 4Z.

J—

Fach of the plies 45, or the ply stack is laid by draping the

ply 45 (or stack) over the mandrel 42 in the direction 60

shown in FIG. 5. At step 90, each of the plies 45 or the ply

stack is conformed to the tool faces on the mandrel 42,

20 including the out-of-plane curvature 46 and the corresponding

in-plane curvature 49 which represents the in-plane change 1in

geometry 47 of the mandrel 42. At step 92, the layup 44 1s
compacted which may include the use of compaction tools 76, 738
(FIGS. 10 and 11) and vacuum bag processing. Finally, at step

25 94, the layup 44 is cured.
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FIG. 13 illustrates another embodiment of a method for

fabricating a stringer having an out-of-plane curvature 40,
Beginning at 96, a layup 44 (FIG. 5) 1s assembled DYy
successively laying up plies 45 of unidirectional fiber pre-

preg on a suiltable forming tool, such as the mandrel 42, or by

laying up the plies 45 as an order flat stack of the plies.

Then at 98, the tool 42 is used to form an out-of-plane
curvature in the lavup 44, and at 100, the tool 42 1s used to
form a corresponding in-plane curvature and change in geometry
41 in the layup 44. At step 102, the layup 44 1s compacted,

and 1s cured at step 104.

Referring next to FIGS. 14 and 15, embodiments of the

F
p——

disclosure may be used 1in the context of an aircrait

manufacturing and service method 106 as shown in FIG. 14 and

an alircraft 108 as shown 1in FIG. 15. During pre-production,
exemplary method 106 may include specification and design 110

of the aircraft 108 and material procurement 112. During

production, component and subassembly manufacturing 114 and

system integration 116 ¢of the aircraft 108 takes place. The

disclosed method and apparatus may be used to fabricate highly

contoured stiffeners that are integrated into subassembliles

used 1in step 114. Thereafter, the aircraft 108 may go through
certification and delivery 118 in order to Dbe placed 1n

service 120. While in service by a customer, the aircraft 108

may be scheduled for routine maintenance and service 122

17
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(which may also include modification, reconfiguration,

refurbishment, and so on).

Bach of the processes of method 106 may be performed Or

carried out by a system integrator, a third party, and/or an

-

operator (e.g., a customer). For the purposes of this

description, a system integrator may 1nclude  without

F

limitation any number of aircraft manufacturers and major-

system subcontractors; a third party may 1nclude without

limitation any number of vendors, subcontractors, and
suppliers; and an operator may be an airline, leasing company,

military entity, service organization, and so on.

As shown 1n FIG. 15, the aircraft 108 produced by

exemplary method 106 may 1include an airframe 124 with a

plurallity of systems 126 and an interior 128. Examples of
high-level systems 126 include one or more of a propulsion
system 130, an electrical system 132, a hydraulic system 134,

and an environmental system 136. Any number of other systems

may be i1ncluded. Stiffeners and other composite components

fabricated by the disclosed method and apparatus may be used
in the airframe 124 or 1in the 1interior 124. Although an
aerospace example 1s shown, the principles of the 1nvention
may be applied to other industries, such as the automotive

industry.

18



10

15

20

CA 02753251 2011-09-21

The apparatus embodied herein may be employed during any

one or more of the stages of the production and service method
106. For example, components or subassemblies corresponding to
production process 114 may be fabricated or manufactured 1n a

manner similar to components or subassemblies produced while

the aircraft 108 1s 1n service. Also, one or more apparatus
embodiments may be utilized during the production stages 114
and 116, for example, by substantially expediting assembly of

or reducing the cost of '‘an aircraft 108. Similarly, one or

more apparatus embodiments may be utilized while the aircraft
108 1s 1n service, for example and without limitation, to

malntenance and service 12°2.

Although the embodiments of this disclosure have Dbeen
described with respect to certaln exemplary embodiments, it 1s
to be understood that the specific embodiments are for

purposes of 1llustration and not limitation, as other

variations will occur t£o those of skill 1n the art.

19
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What 1s claimed:

1. A method of tftabricating a substantially wrinkle-free
fiber reinforced composite stiffener having an out-of-plane
curvature, comprising:

providing a tool having the out-of-plane curvature and a
correspondlng 1n-plane curvature;

forming a lay-up over the tocl by laying up a plurality
of fiber reinforced composite plies over the tool, including
conforming the plies to the out-of-plane curvature and to the
corresponding in-plane curvature of the tool; and

compacting the lay-up.

2. The method of claim 1, wherein the reinforcing fibers in

cach of the plies have a substantially unidirectional fiber

orlentation.

3. The method of claim 2, wherein conforming the plies to

the out-of-plane curvature includes allowing fibers in each of
the plies to deform generally from a nominal linear
orientation to a deformed orientation determined by the out-

of-plane curvature of the tool.

q . The method of claim 3, wherein conforming the plies to
the in-plane curvature of the tool includes allowing fibers in

each of the plies to deform generally from their nominal

20
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linear orientation to a deformed orientation determined by the

in-plane curvature of the tool.

0. The method of claim 3, wherein compacting the lay-up
includes compacting the plies to substantially eliminate any
wrinkles 1n the plies and to set the deformed fiber

orientations 1nto the plies.

0. The method of c¢laim 1, wherein the filbers in at 1least
some of the plies extend substantially continucusly through a

length of the stiffener.

7. An  apparatus for fabricating a fiber reinforced,
substantially wrinkle-free composite stringer having an out-
of-plane curvature, comprilsing:

a stringer mandrel having an out-of-plane curvature and a

corresponding 1n-plane change in mandrel geometry.

g . The apparatus of claim 7, wherein the stringer 1is hat
shaped 1n cross section and the stringer mandrel includes:

a top face for forming a cap of the stringer;

side faces for respectively forming opposite sides of the
stringer; and

a palr of bottom faces for forming oppositely extending

flanges of the stringer.
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9. The apparatus of claim 8, wherein:

the top face and each of the bottom faces includes a
section having the out-of-plane curvature; and

cach of the side faces 1includes a section having the

correspondling 1n-plane change 1n mandrel geometry.

10. The apparatus of claim 7, wherein:

the mandrel 1ncludes a top, sides and a base;

the out-of-plane curvature 1s defined 1n the base of the
mandrel; and

the corresponding 1n-plane change 1n mandrel geometry 1is

defined as a wilidening of the sides of the mandrel.

11. The apparatus of claim 7, wherein the stringer mandrel

includes tool faces for forming a stringer c¢ross section

selected from the group consisting of an I, a J, a %2, an L, a

C, and a hat.

2. A method of fabricating a fiber reinforced composite
stiffener that 1s substantially wrinkle-free, the method
comprising:

using a tool, the tool having a sidewall, the sidewall
including a first portion along a first length that is less
than a total length of the sidewall, the sidewall further

including a second portion along a second length that is less

than the total length and a third portion along a third length
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that 1s less than the total length, the first portion being
petween the second portion and the third portion, the first
portion having an out-of-plane curvature and an in-plane
curvature, the second portion having a second curvature
different than the 1n-plane curvature and the out-of-plane
curvature, the third portion having the second curvature, the
tool further having a bottom tool face along the sidewall and
connected to the sidewall at an angle, the bottom tool face
also having the out-of-plane curvature along the first length,
and the bottom tool face further having the second curvature

along the second length and the third length;

whereln the using 1ncludes forming a lay-up over the tool

by laying up a plurality of fiber reinforced composite plies

over the tool, including simultaneously conforming the

plurality of filber reinforced composite plies to the first
length and the second length along both the sidewall and the

bottom tool face; and

compacting the lay-up.

13. The method of c¢laim 12, wherein reinforcing fibers in
cach of the plurality of fiber reinforced composite plies have

a substantially unidirectional fiber orientation.

14. The method of claim 13, wherein conforming the plurality
of fiber reinforced composite plies to the first length

includes allowing the reinforcing fibers in each of the
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plurality of fiber reinforced composite plies to deform
generally from a nominal linear orientation to a deformed

orientatilion determined by the out-of-plane curvature.

15. The method of claim 14, wherein conforming the plurality
of fiber reinforced composite plies to the first length
includes allowling the reinforcing fibers 1in each of the
plurality of fiber reinforced composite plies to deform
generally from theilir nominal linear orientation to the
deformed orientation as alsoc determined by the 1in-plane

curvature of the tool.

lo. The method of claim 14, wherein compacting the lay-up
1ncludes compacting the plurality of fiber reinforced
composlite plies to substantially eliminate any wrinkles in the
plurality of fiber reinforced composite plies and to set
deformed fiber orientations into the plurality of fiber

reinforced composite plies.

17. The method of claim 12, wherein fibers in at least some
of the plurality of fiber reinforced composite plies extend
substantially continuously through a Length of the
substantially wrinkle-free fiber reinforced composite

sti1ffener.
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18. The method of any one of claims 12 to 17, wherein the
first portion 1s lower 1in height relative to the second

portion, in both the sidewall and the bottom tool face.

19. A method of fabricating a substantially wrinkle-free
fiber reinforced composite stringer having a hat-shaped cross
section, an 1in-plane curvature along a length of the composite
stringer, and an out-of-plane curvature along the length, the

method comprising:

assembling a lay-up by laying up fiber reinforced

composite plies on a forming tool, the forming tool having a
sidewall, the sidewall including a first portion along a first
length that 1s less than a total length of the sidewall, the
sidewall further 1including a second portion along a second
length that 1s less than the total length and a third portion
along & third length that 1s less than the total length, the

first portion being between the second portion and the third

portion, the first portion having the out-of-plane curvature

and the 1n-plane curvature, the second portion having a second

curvature different than the in-plane curvature and the out-
of-plane curvature, the third portion having the second

curvature, the forming tool further having a bottom tool face

along the sidewall and connected to the sidewall at an angle,
Che bottom tool face also having the out-of-plane curvature

along the first 1length, and the bottom tool face further
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having the second curvature along the second length and the
third length;

forming the out-of-plane curvature in the lay-up along
poth the sidewall and the bottom tool face using the forming
tool; and

wnile forming the out-of-plane curvature, also forming
the in-plane curvature in the lay-up along both the sidewall
and the bottom tocl face using the forming tool, such that
forming the out-of-plane curvature and forming the in-plane
curvature also forms the hat-shaped cross section in a manner
such that different c¢ross sections along the length change
dimensions relative to each other as a result of the out-of-

plane curvature.

20. The method of «claim 19, wherein the substantially
wrinkle-free fiber reinforced composite stringer includes a
cap, sidewalls, and bottom flanges, and wherein the out-of-

plane curvature 1s formed 1in the bottom flanges of the

stringer.

2l. The method of claim 19 or 20, wherein the in-plane
curvature 1s formed in the sidewalls of the substantially

wrinkle-free fiber reinforced composite stringer.

22. The method of claim 19, wherein forming the out-of-plane

curvature and forming the 1in-plane curvature includes allowing
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fibers 1in each of the fiber reinforced composite plies to
deform generally from a nominal linear orientation to a
deformed orientation determined by the out-of-plane curvature

and the i1n-plane curvature.

23. The method of any one of claims 19 to 22, wherein the
first portion 1s lower 1in height relative to the second

portion, 1n both the sidewall and the bottom tool face.

24, An apparatus for forming a substantially wrinkle-free
fiber reilnforced composite stiffener having an out-of-plane
curved section along 1its length, comprising:

a mandrel on which fiber reinforced composite plies are
formed, the mandrel having a sidewall comprising a first tool
face, the sidewall 1ncluding a first portion along a first
length that 1s less than a total length of the sidewall, the

sldewall further 1including a second portion along a second

length that 1s less than the total length and a third portion
along a third length that is less than the total length, the
first portion being between the second portion and the third
portion, the first portion having an out-of-plane curvature
and an 1n-plane curvature, the second portion having a second
curvature different than the in-plane curvature and the out-
of-plane curvature, the third portion having the second

curvature, the mandrel further having a second tool face along

the sidewall and connected to the sidewall at an angle, the
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second tool face also having the out-of-plane curvature along

the first length, and the second tool face further having the

second curvature along the second length and the third length.

25. The apparatus of claim 24, wherein the first and second

tool faces extend transverse to each other.

26. The apparatus of claim 25, wherein the first and second

tool faces are contiguous to each other.

27. The apparatus of any one of claims 24 to 26, further
comprising:

tooling for compacting composite plies agalnst the first
and second tool faces, the tooling including a first curved
surface substantlally matching the out-of-plane curvature, and
a second curved surface substantially matching an in-plane

change 1n geometry.

28. An  apparatus for fabricating a fiber reinforced,
supstantlally wrinkle-free composite stringer, the apparatus
comprising:

a mandrel on which fiber reinforced composite plies may
pe formed, the mandrel having a sidewall, the sidewall
including a first portion along a first length that is less
than a total 1length of the sidewall, the sidewall further

including a second portion along a second length that is less
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than the total length and a third portion along a third length
that 1s less than the tortal length, the first portion being
petween the second portion and the third portion, the first
portion having an out-of-plane curvature and an in-plane
curvature, the second portion having a second curvature
different than the 1n-plane curvature and the out-of-plane

curvature, the third portion having the second curvature, the

mandrel further having a bottom toocl face along the sidewall

and connected to the sidewall at an angle, the bottom tool
face also having the out-of-plane curvature along the first
length, and the bottom tool face further having the second

curvature along the second length and the third length.

29. The apparatus of claim 28, wherein the stringer 1s hat
shaped 1n cross section and the mandrel includes:

a top face for forming a cap of the stringer, the top
face extending at an angle from the sidewall, opposite the
pottom tool face relative to the sidewall;

side faces for respectively forming opposite sides of the
stringer, wherein the sidewall is one of the side faces; and

a palr of bottom faces for forming oppositely extending
flanges of the stringer, wherein the bottom tool face is one

of the pair of bottom faces.

30. The apparatus of claim 29, wherein the top face and each

0L the bottom faces includes a section having the out-of-plane
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curvature, and each of the side faces 1includes a section

having a corresponding in-plane change in geometry.

31. The apparatus of claim 28, wherein the mandrel includes a
top, sides and a base, the out-of-plane curvature is defined
1n the base of the mandrel, and a corresponding in-plane
change 1n geometry 1s defined as a widening of the sides of

the mandrel.

32. The apparatus of claim 28, wherein the mandrel includes
tool faces for forming a stringer cross section selected from

the group consisting of an I, a J, a Z, an L, a C, and a hat.

33. An apparatus for forming a substantially wrinkle-free
fiber reinforced composite stringer having an out-of-plane
curved sectlon along its length, comprising:

a mandrel on which fiber reinforced composite plies may
be formed, the mandrel having a sidewall comprising a first
tool face, the sidewall including a first portion along a

first length that 1is less than a total length of the sidewall,

the sidewall further including a second portion along a second
length that 1is less than the total length and a third portion

along a third length that 1is less than the total length, the
Lirst portion being between the second portion and the third
portion, the first portion having an out-of-plane curvature

and an in-plane curvature, the second portion having a second
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curvature different than the in-plane curvature and the out-
of-plane curvature, the third portion having the second
curvature, the mandrel further having a second tool face along
the sidewall and connected to the sidewall at an angle, the
second tool face alsc having the out-of-plane curvature along
the first length, and the second tool face further having the
second curvature along the second length and the third length;
and

a palr of compaction tools for compacting the plies
against the first and second tcol faces, the compaction tools
each 1ncluding a curved surface substantially matching the
out-of-plane curved section of the first tool face, and a
curved surface substantially matching a section of the second

tool face having an in-plane change in geometry.
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