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Description

BACKGROUND INFORMATION

1. Field:

[0001] The present disclosure generally relates to fab-
rication of contoured composite laminates, especially
those having high aspect ratios, and deals more partic-
ularly with a method of reducing wrinkling of a laminate
during forming to a desired contour.

2. Background:

[0002] In one process for producing elongated com-
posite laminate parts having contoured geometries, uni-
directional prepreg plies are laid up, either by hand or
using automated layup equipment, to form a flat laminate
stack. In an initial forming operation, a pair of matched
dies punch form the flat stack into a straight part having
a desired cross-sectional shape. In a secondary forming
operation, the part is formed onto a contoured forming
tool which imparts a desired contour to the part along its
length. As a result of these two forming operations, the
part has contours along two axes.
[0003] Traditional laminate layups typically use a com-
bination of 0°, 45° and 90° plies. When using these tra-
ditional laminates in the process described above to pro-
duce contoured composite laminate parts having high
aspect ratios, such as stringers and spars used in aero-
space vehicles, ply wrinkling may occur because some
of the reinforcing fibers in the plies having 0° orientations.
The fibers in the 0° plies strain in response to being load-
ed in compression along the entire length of the part dur-
ing the secondary forming operation. The problem of ply
wrinkling can be more pronounced where the part has a
large number of plies and/or contains joggles or aggres-
sive ply ramps along its length. Ply wrinkling is undesir-
able. In some applications, parts can be reworked to re-
duce or eliminate ply wrinkling, however the rework adds
to labor costs and may reduce production rate. One so-
lution to the wrinkling problem involves cutting the 0° plies
into segments however this may decrease load carrying
ability. The reduced load carrying ability can be compen-
sated by adding additional plies to the part, however this
approach to the problem increases material costs and
part weight.

SUMMARY

[0004] The disclosure relates in general to fabrication
of composite laminate parts having contoured ge-
ometries and high aspect ratios, and more specifically to
a fabrication method that reduces ply wrinkling during
forming of the laminate to a desired contour.
[0005] According to one aspect, a method is provided
of making a composite laminate part exhibiting reduced
wrinkling which has a desired contour along a major axis

of loading. The method includes laying up a substantially
flat stack of fiber plies, each having a unidirectional fiber
orientation. At least some of the plies provide the part
with primary axial stiffness along the major axis of load-
ing. The method includes orienting the plies at off-angles
relative to the major axis of loading to reduce the com-
pressive force acting on the fibers during forming. The
method also includes forming the stack to a desired
cross-sectional shape and forming the stack desired con-
tour. During forming, strain on the plies providing the pri-
mary axial stiffness is reduced as a result of their off-
angle orientation.
[0006] According to another aspect, a method is pro-
vided of making a contoured composite laminate part
having a high aspect ratio, a major axis of loading, and
a plurality of zones along its length respectively having
desired stiffnesses. The method includes selecting a set
of fiber angles for plies of unidirectional reinforcing fibers,
and determining, for each of the fiber angles, the number
of plies in each of the zones required to provide a desired
set of in-plane laminate properties in the zone. The meth-
od also includes determining the shape and a stacking
sequence of the plies. The method further includes laying
up plies into a flat stack using the stacking sequence,
and forming the flat stack into the shape of the contoured
composite laminate part.
[0007] According to still another aspect, a method is
provided of making a composite laminate stiffener having
a major axis of loading, and contoured both longitudinally
and transversely. The method includes laying up a sub-
stantially flat stack of fiber plies each having a unidirec-
tional fiber orientation wherein at least some of the plies
provide the part with primary axial stiffness along a major
axis of loading. Laying up the plies includes orienting the
plies providing the primary axial stiffness at off-angles
relative to the major axis of loading. The method also
includes forming the stack to desired transverse and lon-
gitudinal contours, wherein during the forming, the fibers
in the plies providing the stiffener with primary axial stiff-
ness transition along their lengths to from compressive
state to a neutral state and from the neutral state to a
tensile state. During the forming, strain on the plies pro-
viding the primary axial stiffness is reduced due to their
off-angle orientation.
[0008] According to still another aspect, a method is
provided of forming a composite laminate stiffener having
a primary axis of loading. The method comprises laying
up a flat composite laminate stack of plies of reinforcing
fibers, and forming composite laminate stack such that
at least some of the plies are subjected to compression
loading. The method also includes shortening the length
over which the fibers are compressed on the plies that
are subjected to compression during forming.
[0009] According to another aspect, a method is pro-
vided of forming a composite laminate stiffener contoured
along a primary axis of loading. The method includes
laying up a flat stack of plies of reinforcing fibers, wherein
some of the plies provide the stiffener with primary axial
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stiffness, and forming the flat stack to a desired contour
along the primary axis of loading, wherein the forming
places the fibers in the plies providing primary axial stiff-
ness in compression and causes stretching of the fibers.
The method also includes reducing the compression of
the fibers in the plies providing primary axial stiffness by
reducing the length over which the fibers are compressed
during the forming. The method also includes converting
a portion of the stretching into shear deformation.
[0010] According to a further aspect, a composite lam-
inate stiffener is provided that is contoured along a major
axis of loading. The stiffener includes a plurality of lam-
inated plies of unidirectional reinforcing fibers held in a
plastic matrix, wherein all of the plies have fiber orienta-
tions at off-angles relative to the major axis of loading.
[0011] One of the advantages of the fabrication method
is the elimination of plies having 0° fiber orientations
which have a tendency to wrinkle when formed to a con-
toured geometry.
[0012] Another advantage of the fabrication method is
that the plies having fiber orientations primarily intended
to provide strength and stiffness along the longitudinal
axis of the part are shorter in length, compared to 0° fibers
which extend entire length of the laminate, and permit
increased axial strain before being subject to buckling.
The reduction in the length of these fibers reduces the
amount of friction between the plies, allowing transverse
slip to take place between them, which in turn reduces
the compression of those fibers having the highest ten-
dency to buckle.
[0013] A further advantage of the fabrication method
is that composite laminate parts with having contoured
geometries and high aspect ratios can be produced in
which the plies having fiber orientations providing
strength and stiffness along the longitudinal axis of the
part are oriented such that they transition from a com-
pressive state to a neutral and then a tensile state during
forming, permitting these plies to relax rather than buckle.
[0014] Still another advantage of the embodiments is
that a highly contoured composite laminate part, such as
a contoured stiffener, can be produced that provides ad-
equate stiffness along a major axis of loading without the
need for plies having a 0° orientation and without increas-
ing the weight of the part.
[0015] The features, functions, and advantages can be
achieved independently in various embodiments of the
present disclosure or may be combined in yet other em-
bodiments in which further details can be seen with ref-
erence to the following description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The novel features believed characteristic of the
illustrative embodiments are set forth in the appended
claims. The illustrative embodiments, however, as well
as a preferred mode of use, further objectives and ad-
vantages thereof, will best be understood by reference
to the following detailed description of an illustrative em-

bodiment of the present disclosure when read in conjunc-
tion with the accompanying drawings, wherein:

Figure 1 is an illustration of a perspective view of a
contoured composite laminate stiffener.
Figure 2 is an illustration of a perspective view of a
flat stack of composite plies used to form the stiffener
shown in Figure 1.
Figure 3 is an illustration of the area designated as
"FIG. 3" in Figure 2.
Figure 4 is an illustration of an exploded end view of
a die set used to stamp form the flat stack of Figure
2 into a straight stiffener with a desired cross-sec-
tional shape.
Figure 5 is an illustration similar to Figure 4 but show-
ing the flat stack having been stamped formed to the
desired cross-sectional shape.
Figure 6 is an illustration of an end view of a cure
tool on which the stamped formed stiffener has been
placed in preparation for forming it to a desired con-
tour.
Figure 7 is an illustration of a side view of the cure
tool shown in Figure 6, better illustrating the con-
toured tool surfaces onto which the straight stiffener
are formed to the desired contour.
Figure 8 is an illustration of an exploded view of sev-
eral of the plies of the stack shown in Figure 2.
Figure 9 is an illustration of a fragmentary, perspec-
tive view of the stiffener of Figure 1, showing the
orientation of a single fiber of one of the off-angle
plies.
Figures 9 is an illustration showing exaggerated
buckling of the off-angle fiber and slippage between
the plies.
Figure 9A is an illustration of a perspective view of
two adjacent plies of the stiffener of Figure 9, also
showing exaggerated buckling of the off-angle fiber
and slippage between the plies.
Figure 10 is an illustration similar to Figure 10 but
showing a plan view of stiffener.
Figure 11A and Figure 11B are illustrations of com-
parative tables showing ply stacking sequences that
result in substantially equivalent in-plane stiffness
properties, respectively for two laminate parts.
Figure 12 is an illustration of a perspective view of a
contoured composite laminate stiffener having stiff-
ness properties tailored within zones along the
length of the stiffener.
Figure 13 is an illustration of a side view of one of
the flanges of the stiffener shown in Figure 13,
viewed in the direction designated as "FIG. 13" in
Figure 12.
Figure 14 is an illustration of an exploded, perspec-
tive view of a ply stack and stacking sequence that
includes partial and full plies.
Figure 15 is an illustration of a table showing the
layup sequence for the ply stack shown in Figure 15.
Figure 16 is an illustration of a flow diagram of a
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method of making an existing design of a contoured
composite laminate part with reduced wrinkling.
Figure 17 is an illustration of a flow diagram of a
method of making a new design of a contoured com-
posite laminate part with reduced wrinkling.
Figure 18 is an illustration of a flow diagram of aircraft
production and service methodology.
Figure 19 is an illustration of a block diagram of an
aircraft.

DETAILED DESCRIPTION

[0017] Referring first to Figure 1, a composite laminate
part 30 is contoured along its length L and has a radius
of curvature R. In the illustrated example, the part 30 is
a stringer 30, also referred to herein as a stiffener 30,
used to transmit loads in a structure such as the airframe
of an aircraft, however principles of the disclosed em-
bodiments may be used in the fabrication of a wide range
of other types of contoured composite parts, especially
structural stiffeners, having various cross sectional
shapes. As used herein "contour" and "contoured" are
each used in its broadest sense, and includes but is not
limited to curvatures in any portion, or throughout the
length of the part 30. "Contour" and "contoured" also in-
clude curvatures or other geometric features having ei-
ther a constant or a changing radius of curvature, as well
as local changes in geometry such as, without limitation,
joggles. The stiffener 30 has a hat section 32 defined by
a cap 36 and a pair of webs 38. The webs 38 connect
the cap 36 with a pair of flanges 34 that extend outwardly.
The stiffener 30 has a length L that is significantly greater
than its width W, and thus has a high aspect ratio.
[0018] The stiffener 30 has a major axis of loading 40,
which in the illustrated example, is aligned with the X axis
in the coordinate system shown at 54. The stiffener 30
thus possesses double contour. The first contour is along
the length of the stiffener 30 in the XZ plane, and the
second contour defined by the hat section 32 is in the YZ
plane. While a hat stringer 30 is illustrated, principles of
the disclosed embodiments are also applicable to other
types of stiffeners, including but not limited to stiffeners
having other cross-sectional shapes such as a Z-shape,
a C-shape, a rounded hat shape, or a blade (an I-shape),
etc. Principles of the disclosed embodiments are likewise
applicable to other types of composite laminate structural
members such as spars and floor beams that are con-
toured in one or more planes and/or have cross-sectional
shapes that vary along the length of the member.
[0019] Referring now to Figures 2 and 3, the stiffener
30 shown in Figure 1 is fabricated by forming a flat stack
42 of composite plies 44 into a desired cross sectional
shape and longitudinal contour. The plies 44 each com-
prising unidirectional fibers 48 held in a suitable plastic
matrix 50. The fibers 48 may be any material suitable for
the application including, but not limited to carbon, glass,
aramids, ceramic or any combination thereof. The plastic
matrix 50 may be a thermoset or a thermoplastic, or a

hybrid material system that includes both a thermoset
and a thermoplastic. In the illustrated example, prepreg
plies are laid up to form the stack 42, however principles
of the embodiments are also applicable to the layup of a
stack of dry fibers which are subsequently infused with
the plastic matrix 50.
[0020] The ply 44 shown in Figure 2 is a full, continuous
ply, however the flat stack 42 may include partial, or dis-
continuous plies (not shown). The fibers 48 in each of
the plies 44 are oriented at various angles θ relative to
the major axis of loading 40, as will be discussed later in
more detail. In the illustrated example, the plies 44 com-
prising the flat stack 42 are balanced. In a stack 42 with
balanced pairs of fiber angles, the plies 44 are arranged
in pairs of equal positive and negative angular orienta-
tions. In other examples, however the plies 44 may be
unbalanced. Further, the flat stack 42 may be symmetric
or unsymmetric. In a symmetric stack 42, the sequence
of the plies on either side of a mid-plane 46 of the stack
42 are mirror images of each other. As will be discussed
below, all of the plies 44 are oriented at off-angles θ rel-
ative to the major axis of loading 40, thus, none of the
fibers 48 have 0° fiber orientations.
[0021] Attention is now directed to Figures 4 and 5
which illustrate a die set 56 used to stamp form the flat
stack 42 into a straight stiffener 30a having a desired
cross-sectional shape, which in the illustrated example
is a hat shape. The die set 56 comprises matching male
and female dies 58, 60 respectively, that are placed in a
press (not shown) or other machine which forces the dies
58, 60 together. The male die 58 includes a punch 64
and a pair of die flanges 66. The female die 60 includes
a die cavity 62 having a cross sectional shape that match-
es that of the punch 64. In preparation for forming oper-
ation, the flat stack 42 is placed on upper surfaces 60a
of the female die 60. Then, as shown in Figure 5, the die
set 56 is closed causing the punch 64 to force a portion
of the flat stack 42 into the die cavity 62, while the die
flanges 66 compress other portions of the stack 42
against the upper surfaces 60a of the female die 60.
[0022] Figures 6 and 7 illustrate a cure tool 65 that is
used to form the straight stiffener 30a to a desired contour
along its length, and maintain the shape of the fully
formed stiffener 30 during curing. The cure tool 65 is pro-
vided with contoured tool surfaces 69 that match the
shape of the contoured stiffener 30 shown in Figure 1.
In preparation for contour forming, the straight stiffener
30a is placed on the cure tool 65, and the assembly of
the stiffener 30a and cure tool 65 is then vacuum bagged
(not shown) and placed in an autoclave (not shown). The
combination of heat and pressure P applied to the stiff-
ener 30a in the autoclave, form it down onto the con-
toured tool surfaces 69 and cure the stiffener 30.
[0023] It should be noted here that while a two-stage
process for forming the part 30 has been described in
the illustrated embodiment, other processes, including a
single stage process may be employed in which all con-
tours, both longitudinal and traverse, are formed of a sin-
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gle forming operation. For example, where the plastic
matrix is a thermoplastic, the flat stack can be heated to
forming temperature and stamped formed to final shape
in a consolidation press. Moreover, while thermal curing
may be used where the plastic matrix is a thermoset,
other curing methods may be employed, depending upon
the particular material system being used, including but
not limited to curing the formed thermoset part 30 at room
temperature.
[0024] Figure 8 illustrates several unidirectional plies
44a-44e of the stiffener 30 which comprises a balanced
laminate that is devoid of 0° plies. In this example, the
plies 44a-44e have fiber angles relative to the major axis
of loading 40, of 6θ1, 6θ2 and 6θ3, where

0 < θ1 < θ2 ≤ θ3 ≤ 90°,
θ2 - θ1 ≤ 45°, and
θ3 - θ2 ≤ 45°.

[0025] Plies 44a-44e are termed "off-angle" plies be-
cause the fibers 48 in these plies form angles with respect
to the major axis of loading 40. +θ1 is within the ranges
of approximately +5° up to approximately +30°, and -θ1
is within the ranges of approximately -5° up to approxi-
mately - 30°. The fibers 48 having orientations of 6θ1
provide the laminate stiffener 30 with primary axial or
longitudinal stiffness, while the fibers 48 having 6θ2 fiber
orientations provide the laminate with a lesser amount
of axial stiffness, and some degree of transverse stiff-
ness. As used herein, "primary axial stiffness" means
that the fibers 48 in the ply 44 primarily provide the part
30 with longitudinal or axial stiffness, rather than with
traverse stiffness. In the illustrated example, the plies
having a 90° orientation (θ3 = 90°) provide the stiffener
30 with transverse stiffness.
[0026] Attention is now directed to Figures 9 and 10
which illustrate the off-angle orientation of one of the fib-
ers 48 providing the stiffener 30 with primary axial stiff-
ness. The fiber 48 may form part of the ply 44 shown in
Figure 8 that has an off-angle fiber orientation of +θ1. As
shown in Figure 10, the fiber 48 has a length L’ that is
less than the length L (Figure 1) of the stiffener 30, and
is thus shorter in length than fibers in a 0° ply (not shown)
of a conventional laminate which would otherwise extend
the entire length L of the stiffener 30. Referring now also
to Figure 9A, buckling 49 of the fiber 48 during forming
of the straight stiffener 30a to a longitudinal contour is a
function of the longitudinal strain εx on the fiber 48, the
length L’ over which the strain εx is applied and boundary
conditions affecting the fiber 48. The tendency of the fiber
48 to buckle 49 can be reduced by reducing the longitu-
dinal strain εx on the fiber 48. Reducing the length L’ of
the fiber 48, allowing the plies and thus the fiber 48, to
slip 55 in plane and placing the fiber 48 in shear 53 due
to in-plane twisting during forming, all contribute to re-
ducing the longitudinal strain εx on the fiber 48, and thus
the potential for buckling 49.
[0027] As will be discussed below, off-angle plies 44

are less likely to wrinkle than 0° plies when the straight
stiffener 30a (Figure 7) is formed to the desired longitu-
dinal contour. The use of off-angle plies 44 reduces ply
wrinkling for several reasons. First, off-angle plies 44 re-
duce the length L over which the individual fibers 48 are
compressed 57 (figures 9 and 9A) during forming, and
convert a portion of the stretching (εx) into shear defor-
mation 53 (Figure 9A). Second, the off-angle plies 44 are
allowed to relax 59 to some degree during forming be-
cause the fibers 48 having orientation angles of 6θ1 that
provide the primary axial stiffness transition from a com-
pressive state 57 at the caps 36 to a neutral state 61 at
the webs 38, and then to a tensile state 63 at the flanges
34. This relaxation 59 of a portion of the length L of the
fibers 48 reduces their tendency to buckle 49 during the
forming process. Third, because the off-angle fibers 48
are shorter in length L (than 0° fibers), some degree of
transverse slip 55 between the plies 44 (Figure 9A) takes
place during forming, and this ply slippage resulting in a
reduction of the compression 57 of the fibers 48. Fourth,
due to the lower loading on the fibers 48 in the off-angle
plies 44, the strain εfiber on the off-angle fibers 48 is re-
duced according to εfiber = εx*COS2(θ), where θ is the
angular orientation of fiber 48 relative to the major axis
of loading 40, and εx is the strain of a ply 44 in the longi-
tudinal direction 40 (Figure 1).
[0028] Using plies 44 with selected combinations of
off-angle orientations, and preselected ply sequences, a
laminate part 30 may be produced without the need for
0° plies which provides essentially the same stiffness and
performance as an equivalent laminate of comparable
weight that relies on 0° plies for axial stiffness. Thus, an
existing stiffener design uses 0° plies may be redesigned
using off-angle plies 44 in order to reduce ply wrinkling
without sacrificing laminate stiffness or increasing the
weight of the part 30.
[0029] Reference is now made to 11A and 11B which
respectively show two possible layup sequences 68, 70
for a contoured laminate part, wherein the ply orientation
angles 74 are shown for each of the plies 44 in the layup
sequence. Figure 11A shows the sequencing of a 26 ply
laminate part using a traditional combination of 0°, 645°
and 90° plies. Figure 11B shows a redesigned sequenc-
ing of the same 26 ply laminate part having the same
laminate thickness which avoids the use of 0° plies in
order to reduce ply wrinkling during forming. The layup
sequence shown in Figure 11B uses a combination of
620°, 629°, 664° and 90° plies, and results in a con-
toured laminate part that exhibits stiffness equivalent to
the laminate part produced using the ply sequence
shown in Figure 11A, and without increasing part weight.
[0030] In some applications, a contoured composite
laminate part 30 may have different stiffness require-
ments in different areas of the part. For example, referring
now to Figures 12 and 13, the contoured composite stiff-
ener 30 may have differing stiffness requirements in dif-
ferent zones 72 along its length. Different stiffness prop-
erties in the different zones 72 may be achieved by var-
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ying the ply orientations, and/or varying the number of
plies of a given orientation in each of the zones 72. For
example, referring to Figure 13, the stiffener 30 may have
a thickness T3 in zone 6 that is greater than the thickness
T2 in zone 5 but less than the thickness T1 zone 4. Ply
ramps 76 are used to transition between zones have dif-
fering thicknesses T.
[0031] Referring also now to Figures 14 and 15, a lam-
inate part 30 having differing thicknesses along its length
to provide individual zones of tailored stiffness properties
may be achieved by laying up a combination of full plies
44’ and partial plies 44" (Figure 14) of selected fiber ori-
entations in a predetermined sequence. Figure 15 illus-
trates the layup sequence for producing differing stiff-
nesses in each of zone 1-10. In this example, the laminate
part 30 has differing ply thicknesses T (Figure 13) in var-
ious ones of the zones 1-10 based on whether a full ply
44’ or partial ply 44" (Figure 14) stretches (εx) over that
zone. The laminate part 30 represented by the layup se-
quence shown in Figures 14 and 15 includes a combi-
nation of full and partial plies having angular orientations
of 620°, 654°, and 90° cross plies. In this example, the
620° off-angle plies provide the primary axial stiffness.
[0032] Figure 16 broadly illustrates the overall steps of
one method for producing a contoured composite lami-
nate part 30 having reduced wrinkling and exhibiting dif-
fering stiffnesses along its length. In this example, the
method is used to produce an existing part design that
utilizes 0° plies with a new part design that avoids the
use of 0° plies. As will be discussed below, the shapes
of the plies are selected and optimized only after the ply
orientations (fiber angles) and the number of plies per
angle are determined for each zone 72 having particular
stiffness requirements.
[0033] Beginning at 84, an existing part 30 to be re-
placed is selected which has part specifications that are
required to be met including but not limited to differing
stiffness properties along its length. At 86, information is
extracted from the existing part design such as, without
limitation, the number of plies per orientation in each
zone, material properties and zone dimensions. At 88,
continuous ply thickness values tij are determined for var-
ious ply angle combinations that match the existing part
laminate stiffness and thickness. The determination
made at 88 includes selecting the number of new fiber
orientations θ used for the part 30a, which may include,
for example, limiting the laminate to a selected number
of fiber orientations, such as three fiber orientations θ1,
θ2, θ3, between 90° and 0°, wherein 0 < θ1 < θ2 ≤ θ3 ≤
90. Limiting the number of fiber orientations to a relatively
small number, such as three fiber orientations θ1, θ2, θ3
allows a full design space to be investigated by iterating
over all possible combinations of θ1, θ2, θ3. In practice,
fiber orientations are limited to integer numbers between
0 and 90°.
[0034] From classical lamination theory (CLT), the stiff-
ness properties of a laminate may be expressed as a
function of a set of interrelated stiffness parameters. As-

suming a balanced laminate, there are two equations de-
fining the lamination parameters and one equation for
the total laminate thickness. Selecting a set of three fiber
angles therefore results in the following three equations
per layup zone 72, with the three ply thicknesses as un-
knowns, where the fiber angles are the same for all
zones: 

where tij = continuous ply thickness for angle θi in
zone j,
tply = actual material ply thickness
θ = fiber angle (ply orientation)
Vj = in-plane lamination parameters of the original
laminate design in zone j
Nj = the total number of plies in zone j

[0035] The above sets of equations for each zone are
independent from the equations for the other zones. Only
solutions with positive thickness values for all plies in all
of the zones are selected. Only those combinations of
three fiber angles that result in the desired laminate prop-
erties are selected. At this point in the process, all of
these combinations result in the same stiffness, but not
all of them can be made, as a practical matter, because
the thicknesses typically do not correspond to an integer
number. Certain combinations of the fiber angles may be
eliminated based on certain composite laminate design
rules. For example only fiber angle combinations that
meet the following constraints are considered: 

From the above description, it may be appreciated that
the process of determining the continuous ply thickness
values in step 88 comprises selecting, from multiple pos-
sible combinations of fiber angles, a set of fiber angles
and determining, for each of the zones, the thickness of
the laminate within that zone that will provide the desired
stiffness properties.
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[0036] After a continuous thickness solution is ob-
tained at 88, the continuous solution is reduced to a so-
lution with a discrete value or integer number of plies 44
that, based on the set of fiber angles selected from the
possible combinations of angles, provides the desired
stiffness within a zone. At step 90, the ply thickness val-
ues T are refined by performing discrete ply thickness
integer optimization. The discrete ply thickness integer
optimization process is a mixed integer optimization
problem with an objective of minimizing the difference
between the resulting and optimum lamination parame-
ters. The process performed at step 90 comprises cal-
culating the number of plies 44 with discrete ply thick-
nesses for layups in all of the zones 72, thereby ensuring
balance and nonzero ply counts. The completion of steps
88 and 90 results in multiple possible combinations of
sets of fiber angles and ply thicknesses that may provide
the desired stiffnesses in each zone. These possible
combinations are subsequently refined and filtered in or-
der to optimize lamination properties for each of the
zones.
[0037] Thus, at 92, the results of the ply thickness in-
teger optimization performed at step 90 are filtered. Fil-
tering the results at 92 determines the integer number of
plies that will optimize the desired in-plane laminate prop-
erties, and results in multiple possible solutions. This fil-
tering the results of step 90, i.e. the optimization process,
involves filtering a number of possible optimized solu-
tions based on an allowed deviation of effective laminate
properties from a desired set of laminate properties, and
results in multiple candidate fiber angle combinations and
ply counts for each of the angle in each of the layup zones
1-10 (Figure 12) of the part 30a. This filtering process
results in the selection of a laminate design that best
reduces wrinkles, matches given laminate stiffness, and
minimizes the number of ply sequences.
[0038] Steps 88, 90 and 92 result in multiple candidate
fiber angle combinations and ply counts for each of these
angles for each of the layup zones. At 94, layup informa-
tion is generated, which may include determining the ply
shapes and a stacking sequence that conform to a de-
sired set of stacking sequence and manufacturability
rules. Stacking sequence rules avoid undesirable lami-
nate modes. The stacking sequence is chosen, at least
in part to achieve substantially homogeneous bending
stiffness properties in the laminate. When ply spices are
required, naturally created splices are preferred which
can be achieved by overlapping the ends of medium
length plies. The use of natural splices improves layup
efficiency by avoiding the need for short plies required
to reinforce splices between long plies, while maintaining
structural integrity. Also, in determining the ply shapes,
the plies should be continuous wherever possible in order
to maximize the transfer loads from one zone to another,
as well as to optimize layup efficiency. At 96, the flat stack
of plies 44 is laid up based on the layup information gen-
erated at 94. Then, at 98, the flat stack 42 is formed, as
by stamp forming, into a straight part 30 having a desired

cross-sectional shape, such a hat or other shape. At 100,
the laminate part 30a is then formed to a desired contour
along its major axis of loading. Finally, at 102 the fully
formed laminate part 30a is cured.
[0039] Attention is now directed to Figure 17 which
broadly illustrates the steps of a method of producing a
composite laminate part 30 of a new, rather than an ex-
isting design. The process for producing a newly de-
signed laminate part 30 with reduced wrinkling is similar
to that previously described with reference to Figure 16
but without the need for matching the stiffness of an ex-
isting part. Briefly, a determination is made of how many
plies of each selected ply orientation are required to sat-
isfy specifications for the new part, followed by an opti-
mization of the ply shapes and stacking sequence.
[0040] Thus, referring particularly to Figure 17, a new
part is selected at 104, and at 106 the material, fiber
orientations and structural size of the part are chosen. In
performing step 106, the zones 72 of the part 30 are
defined, and the number of plies per orientation in each
zone is determined. Next, at 108, layup information is
generated, which comprises determining the ply shapes
and a stacking sequence that conforms to a desired set
of stacking sequence and manufacturability rules. Then,
at 110, the flat laminate stack is laid up, following which
at 112, the flat laminate stack is formed into a straight
part having a desired cross-sectional shape, as by stamp
forming or other processes previously described. At 114,
laminate part is formed to the desired longitudinal contour
and is thereafter cured at 116. As previously mentioned,
steps 112 and 114 may be simultaneously performed
where the forming is carried out in a single operation.
[0041] Embodiments of the disclosure may find use in
a variety of potential applications, particularly in the trans-
portation industry, including for example, aerospace, ma-
rine, automotive applications and other application where
contoured composite laminate structural members may
be used. Thus, referring now to Figures 18 and 19, em-
bodiments of the disclosure may be used in the context
of an aircraft manufacturing and service method 118 as
shown in Figure 18 and an aircraft 120 as shown in Figure
19. Aircraft applications of the disclosed embodiments
may include, for example, without limitation, spars, string-
ers, beams and similar structural members that are con-
toured along a major axis of loading. During pre-produc-
tion, exemplary method 118 may include specification
and design 122 of the aircraft 120 and material procure-
ment 124. During production, component and subassem-
bly manufacturing 126 and system integration 128of the
aircraft 120 takes place. Thereafter, the aircraft 120 may
go through certification and delivery 130 in order to be
placed in service 132. While in service by a customer,
the aircraft 120 is scheduled for routine maintenance and
service 134, which may also include modification, recon-
figuration, refurbishment, and so on.
[0042] Each of the processes of method 118 may be
performed or carried out by a system integrator, a third
party, and/or an operator (e.g., a customer). For the pur-
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poses of this description, a system integrator may include
without limitation any number of aircraft manufacturers
and major system subcontractors; a third party may in-
clude without limitation any number of vendors, subcon-
tractors, and suppliers; and an operator may be an airline,
leasing company, military entity, service organization,
and so on.
[0043] As shown in Figure 19, the aircraft 120 pro-
duced by exemplary method 118 may include an airframe
136 with a plurality of systems 138 and an interior 1406.
The airframe 136 may include spars, stringers, beams
and similar structural members 142 having one or more
contours. Examples of high-level systems 138 include
one or more of a propulsion system 144 an electrical
system 146 a hydraulic system 148 and an environmental
system 150. Any number of other systems may be in-
cluded. Although an aerospace example is shown, the
principles of the disclosure may be applied to other in-
dustries, such as the marine and automotive industries.
[0044] Systems and methods embodied herein may
be employed during any one or more of the stages of the
production and service method 118. For example, com-
ponents or subassemblies corresponding to production
process 126 may be fabricated or manufactured in a man-
ner similar to components or subassemblies produced
while the aircraft 120 is in service. Also, one or more
apparatus embodiments, method embodiments, or a
combination thereof may be utilized during the production
stages 126 and 128, for example, by substantially expe-
diting assembly of or reducing the cost of an aircraft 120.
Similarly, one or more of apparatus embodiments, meth-
od embodiments, or a combination thereof may be uti-
lized while the aircraft 120 is in service, for example and
without limitation, to maintenance and service 134.
[0045] As used herein, the phrase "at least one of",
when used with a list of items, means different combina-
tions of one or more of the listed items may be used and
only one of each item in the list may be needed. For
example, "at least one of item A, item B, and item C" may
include, without limitation, item A, item A and item B, or
item B. This example also may include item A, item B,
and item C or item B and item C. The item may be a
particular object, thing, or a category. In other words, at
least one of means any combination items and number
of items may be used from the list but not all of the items
in the list are required.
[0046] Thus, the present disclosure of the invention
comprises embodiments according to the following par-
agraphs or clauses:

A1. A method of making a composite laminate part
(30) exhibiting reduced wrinkling, and having a de-
sired contour (R) along a major axis of loading (40):

laying up a substantially flat stack (42) of fiber
plies (44) each having a unidirectional fiber ori-
entation, wherein at least some of the plies (44)
provide the part (30) with primary axial stiffness

along the major axis of loading (40), including
orienting the plies (44) providing the primary ax-
ial stiffness at off-angles (6θ1) relative to the
major axis of loading (40);
forming the stack (42) to a desired cross sec-
tional shape; and,
forming the stack (42) to the desired contour
along the major axis of loading (40),

wherein during the forming, strain (εx) on the plies
(44) providing the primary axial stiffness is reduced
by their off-angle orientation.

A2. There is also provided, the method of paragraph
A1, wherein the plies (44) providing primary axial
stiffness are oriented at off-angles (6θ1) within rang-
es of approximately +5° to +30°, and approximately
-5° to -30°.

A3. There is also provided, the method of paragraph
A1 or A2, wherein laying up the flat stack (42) in-
cludes orienting all of the plies (44) in the stack (42)
at angles (6θ1, 6θ2, 6θ3) greater than approximate-
ly 65° relative to the major axis of loading (40).

A4. There is also provided, the method of any of par-
agraphs A1 to A3, wherein orienting the plies (44) is
performed such that that fibers (48) in the plies (44)
providing primary axial stiffness transition along their
length (L’) during the forming of the desired contour
from a compressive state (57) to a neutral state (61),
and from a neutral state (61) to a tensile state (59).

A5. There is also provided, the method of any of par-
agraphs A1 to A4, further comprising:

calculating thickness values (tij) for the plies
(44);
performing discrete ply thickness integer optimi-
zation;
filtering the results of calculating thickness val-
ues (tij) for the plies (44) and the discrete ply
thickness integer optimization; and
optimizing the shape and stacking sequence of
the plies (44).

B1. A method of making a contoured composite lam-
inate part (30) having a high aspect ratio, a major
axis of loading (40) and a plurality of zones (72) along
its length (L) respectively having desired stiffnesses,
comprising:

selecting a set of fiber angles (6θ1, 6θ2, 6θ3)
for plies (44) of unidirectional reinforcing fibers
(48);
determining, for each of the fiber angles (6θ1,
6θ2, 6θ3), a number of plies (44) in each of the
zones (72) required to provide a desired set of
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in-plane laminate properties in the zone (72);
determining a shape and stacking sequence of
the plies (44);
laying up the plies (44) into a flat stack (42) using
the stacking sequence; and
forming the flat stack (42) into the shape of the
contoured composite laminate part (30).

B2. There is also provided, the method of paragraph
B1, wherein:

determining the fiber angles (6θ1, 6θ2, 6θ3) in-
cludes selecting a plurality of possible combina-
tions of fiber angles, and
determining a number of plies (44) in each of
the zones (72) required to provide a desired set
of in-plane laminate properties in the zone (72)
is performed for each of the possible combina-
tions of angles (6θ1, 6θ2, 6θ3).

B3. There is also provided, the method of paragraph
B1 or B2, wherein:

determining the fiber angles (6θ1, 6θ2, 6θ3) in-
cludes eliminating certain of the possible com-
binations of fiber angles (6θ1, 6θ2, 6θ3) using
a set of composite laminate design rules.

B4. There is also provided, the method of any of par-
agraphs B1 to B3, wherein the set of fiber angles
(6θ1, 6θ2, 6θ3) include fiber orientations relative to
the major axis of loading of θ1, θ2, θ3, where 0 < θ1
< θ2 ≤ θ3 ≤ 90°.

B5. There is also provided, the method of any of par-
agraphs B1 to B4, wherein: 

and 

B6. There is also provided, the method of any of par-
agraphs B1 to B5, wherein θ1 is selected to be be-
tween approximately 5° and 30°.

B7. There is also provided, the method of any of par-
agraphs B2 to B6, wherein:

determining the number of plies (44) in each of
the zones (72) includes limiting the number of
plies (44) to a discrete value by performing dis-
crete ply thickness integer optimization.

B8. There is also provided, the method of paragraph
B7, wherein determining the number of plies (44) in
each of the zones (72) includes filtering the results
of the discrete ply thickness integer optimization
based on an allowed deviation of effective laminate
properties from the desired set of in-plane laminate
properties.

C1. A method of making a composite laminate stiff-
ener (30) having a major axis of loading (40), and
contoured both longitudinally and transversely, com-
prising:

laying up a substantially flat stack (42) of fiber
plies (44) each having a unidirectional fiber ori-
entation (6θ), wherein at least some of the plies
(44) provide the stiffener (30) with primary axial
stiffness along the major axis of loading (40),
including orienting the plies (44) providing the
primary axial stiffness at off-angles (6θ) relative
to the major axis of loading (40);
forming the stack (42) to desired transverse and
longitudinal contours, wherein during the form-
ing the fibers (48) in plies (44) providing the stiff-
ener (30) with primary axial stiffness transition
along their lengths (L’) from a compression state
(57), to a neutral state (61), and from the neutral
state (61) to a tensile state (59); and
wherein during the forming, strain (εx) on the
plies (44) providing the primary axial stiffness is
reduced by their off-angle orientation.

C2. There is also provided, the method of paragraph
C1, wherein the off-angle orientations of the plies
(44) providing the primary axial stiffness reduces the
length (L’) to which the fibers (48) of the plies (44)
are compressed and causes a portion of the com-
pression is converted to shear deformation (53).

C3. There is also provided, the method of paragraph
C1 or C2, wherein the composite laminate stiffener
(30) is a stringer having a hat shape (32) in cross-
section, including a cap (36), a pair of webs (30) and
a pair of flanges (34), and wherein during forming:

the fibers (48) in the plies (44) at the cap (36)
are in the compression state (57),
the fibers (48) in the plies (44) in the webs (38)
are in the neutral state (61), and
the fibers (48) in the flanges (34) are in the ten-
sile state (59).

C4. There is also provided, the method of any of
paragraphs C1 to C3, wherein fibers (48) in the plies
(44) providing the primary axial stiffness are shorter
in length (’L) than the length (L) of the composite
laminate stiffener (30) whereby transverse slip (55)
between the plies (44) occurs during forming which
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reduces compression (57) of the fibers (48).

C5. There is also provided, the method of any of
paragraphs C1 to C4, wherein orienting the plies (44)
providing the primary axial stiffness at off-angles re-
duces the compression loading (57) on the fibers
(48) in the plies (44) during the forming.

C6. There is also provided, the method of any of
paragraphs C1 to C5, wherein composite laminate
stiffener (30) is an existing stiffener design, and the
method further comprises:

determining continuous ply thickness values (tij)
for various ply angle combinations (6θ1, 6θ2,
6θ3) that match the stiffness and thickness (T)
of the existing stiffener design;
performing discrete ply thickness integer optimi-
zation, including calculating a number of plies
(40) with discrete ply thicknesses;
filtering the results of the ply thickness integer
optimization, wherein a laminate design is se-
lected that best reduces wrinkles (49) during the
forming; and
generating layup information, including deter-
mining ply shapes and the stacking sequence
conforming to a desired set of stacking se-
quence and manufacturability rules.

C7. There is also provided, the method of para-
graphs C1 to C6, wherein the composite laminate
stiffener (30) includes a plurality of zones (72) along
its length (L) respectively having differing stiffness
requirements, and the method further comprises:

selecting orientations (6θ1, 6θ2, 6θ3) of the
plies (44) and a number of plies (44) per orien-
tation (6θ1, 6θ2, 6θ3) for each of the zones (72);
and
then, after selecting the orientations (6θ1, 6θ2,
6θ3) and the number of plies (44) per orienta-
tion, selecting shapes of the plies (44) in each
of the zones (72).

D1. A method of forming a composite laminate stiff-
ener (third) having a primary axis of loading (40),
comprising:

laying up a flat composite laminate stack (42) of
plies (44) of reinforcing fibers (48);
forming the composite laminate stack (42) such
that the fibers (48) in at least some of the plies
(44) are subjected to compression loading (57);
and
shortening a length (L’) over which the fibers (48)
are compressed (57).

D2. There is also provided, the method of paragraph

D1, wherein the compression loading (57) causes
axial strain (εx) in the fibers (48), and the method
further comprises:

reducing the axial strain (εx) in the fibers (48) on
those portions of the plies (44) subjected to com-
pression (57) during forming.

D3. There is also provided, the method paragraph
D1 or D2, wherein orienting the fibers (40) is per-
formed such that the reinforcing fibers (48) transition
from a compressive state (57) to a neutral state (51),
and from a neutral state (61) to a tensile state (59).

D4. There is also provided, the method of any of
paragraphs D1 to D3, further comprising:

orientating the fibers (48) at angles (6θ1, 6θ2,
6θ3) relative to the primary axis of loading (40)
such that friction between plies is reduced which
allows slippage (55) between the plies (44).

D5. There is also provided, the method of any of
paragraphs D1 to D4, wherein the angles (6θ1) of
the fibers in the plies subjected to compression dur-
ing forming are between approximately +5° and
+30°, and between approximately -5° and -30°.

E1. A method of forming a composite laminate stiff-
ener (30) contoured along a primary axis of loading
(40), comprising:

laying up a flat stack (42) of plies (44) of rein-
forcing fibers (48), some of the plies (44) provid-
ing the stiffener (30) with primary axial stiffness;
forming the flat stack (42) to a desired contour
along the primary axis of loading (40), wherein
the forming places the fibers (48) in the plies
(44) providing primary axial stiffness in com-
pression (57) and causes stretching (εx) of the
fibers (48);
reducing the compression (57) of the fibers (48)
in the plies (44) providing primary axial stiffness
by reducing a length (L’) over which the fibers
(48) are compressed during the forming; and
converting a portion of the stretching (εx) into
shear deformation (53).

E2. There is also provided, the method of paragraph
E1, wherein reducing the compression (57) of the
fibers (48) includes orienting the plies (44) providing
primary axial stiffness at off-angles (6θ) relative to
the primary axis of loading (40).

E3. There is also provided, the method of paragraph
E1 or E2, wherein reducing the compression (57)
includes:
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relaxing the fibers (48) in the plies (44) providing
primary axial stiffness such that a portion of the
length (L’) of the fibers (48) transitions from a
compression state (57) to a neutral state (61)
and then to a tensile state (59).

E4. There is also provided, the method of any of par-
agraphs E1 to E3, wherein reducing the compression
(57) includes:

providing for transverse slip (55) between the
plies (44) during the forming.

E5. There is also provided, the method of any of par-
agraphs E1 to E4, wherein reducing the compression
(57) includes:

reducing loading on the fibers (48) during the
forming to thereby reduce strain (εx) on the fibers
(48) in the plies (44) providing primary axial stiff-
ness.

F1. A composite laminate stiffener (30) contoured
along a major axis of loading (40), comprising:

a plurality of laminated plies (44) of unidirection-
al reinforcing fibers (48) held in a plastic matrix
(50), wherein all of the plies (44) have fiber ori-
entations at off-angles (6θ1, 6θ2, 6θ3) relative
to the major axis of loading (40).

F2. The composite laminate stiffener (30) of para-
graph F1, wherein the plies (44) have fiber orienta-
tions relative to the major axis of loading of θ1, θ2,
θ3, and 0 < θ1 < θ2 ≤ θ3 ≤ 90°.

F3. The composite laminate stiffener (30) of para-
graph F1 or F2, wherein θ1 is between approximately
5° and 30°.

F4. The composite laminate stiffener (30) of para-
graph F1 or F2, wherein the plies (44) have fiber
orientations relative to the major axis of loading (40)
of -θ1, -θ2, -θ3, and 0 < -θ1 < -θ2 ≤ -θ3 ≤ 90°.

F5. The composite laminate stiffener (30) of para-
graph F1 or F4, wherein -θ1 is between approximate-
ly -5° and -30°.

F6. The composite laminate stiffener (30) of any of
paragraphs F1 to F5, wherein the plurality of the plies
(44) vary in number along the major axis of loading
(40) and define zones (72) along the composite lam-
inate stiffener (30) respectively having different stiff-
ness properties.

F7. The composite laminate stiffener (30) of any of
paragraphs F1 to F6, wherein:

some of the plies (44) are continuous and other
of the plies are discontinuous along the major
axis of loading (40), and
the off-angles (6θ1, 6θ2, 6θ3) include balanced
pairs of + and - angles.

[0047] The description of the different illustrative em-
bodiments has been presented for purposes of illustra-
tion and description, and is not intended to be exhaustive
or limited to the embodiments in the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill in the art. Further, different illustrative em-
bodiments may provide different advantages as com-
pared to other illustrative embodiments. The embodi-
ment or embodiments selected are chosen and de-
scribed in order to best explain the principles of the em-
bodiments, the practical application, and to enable others
of ordinary skill in the art to understand the disclosure for
various embodiments with various modifications as are
suited to the particular use contemplated.

Claims

1. A method of making a contoured composite laminate
part (30) having a high aspect ratio, a major axis of
loading (40) and a plurality of zones (72) along its
length (L) respectively having desired stiffnesses,
comprising:

selecting a set of fiber angles (6θ1, 6θ2, 6θ3)
for plies (44) of unidirectional reinforcing fibers
(48);
determining, for each of the fiber angles (6θ1,
6θ2, 6θ3), a number of plies (44) in each of the
zones (72) required to provide a desired set of
in-plane laminate properties in the zone (72);
determining a shape and stacking sequence of
the plies (44) ;
laying up the plies (44) into a flat stack (42) using
the stacking sequence; and
forming the flat stack (42) into the shape of the
contoured composite laminate part (30).

2. The method of claim 1, wherein:

determining the fiber angles (6θ1, 6θ2, 6θ3) in-
cludes selecting a plurality of possible combina-
tions of fiber angles, and
determining a number of plies (44) in each of
the zones (72) required to provide a desired set
of in-plane laminate properties in the zone (72)
is performed for each of the possible combina-
tions of angles (6θ1, 6θ2, 6θ3).

3. The method of claim 1 or 2, wherein:

determining the fiber angles (6θ1, 6θ2, 6θ3) in-
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cludes eliminating certain of the possible com-
binations of fiber angles using a set of composite
laminate design rules.

4. The method of any of claims 1 to 3, wherein the set
of fiber angles include fiber orientations relative to
the major axis of loading of θ1, θ2, θ3, where 0 < θ1
< θ2 ≤ θ3 ≤ 90°.

5. The method of any of claims 1 to 5, wherein: 

and 

6. The method of any of claims 1 to 4, wherein θ1 is
selected to be between approximately 5° and 30°.

7. The method of any of claims 2 to 6, wherein:

determining the number of plies (44) in each of
the zones (72) includes limiting the number of
plies (44) to a discrete value by performing dis-
crete ply thickness integer optimization.

8. The method of claim 7, wherein determining the
number of plies (44) in each of the zones (72) in-
cludes filtering the results of the discrete ply thick-
ness integer optimization based on an allowed de-
viation of effective laminate properties from the de-
sired set of in-plane laminate properties.

9. A composite laminate stiffener (30) contoured along
a major axis of loading (40), comprising:

a plurality of laminated plies (44) of unidirection-
al reinforcing fibers (48) held in a plastic matrix
(50), wherein all of the plies (44) have fiber ori-
entations at off-angles (6θ1, 6θ2, 6θ3) relative
to the major axis of loading (40).

10. The composite laminate stiffener (30) of claim 9,
wherein the plies (44) have fiber orientations relative
to the major axis of loading of θ1, θ2, θ3, and 0 < θ1
< θ2 ≤ θ3 ≤ 90°.

11. The composite laminate stiffener (30) of claim 9 or
10, wherein θ1 is between approximately 5° and 30°.

12. The composite laminate stiffener (30) of claim 9,
wherein the plies (44) have fiber orientations relative
to the major axis of loading (40) of -θ1, -θ2, -θ3, and

0 < -θ1 < -θ2 ≤ -θ3 ≤ 90°.

13. The composite laminate stiffener of claim 12, where-
in - θ1 is between approximately -5° and -30°.

14. The composite laminate stiffener (30) of any of
claims 9 to 13, wherein the plurality of the plies (44)
vary in number along the major axis of loading (40)
and define zones (72) along the composite laminate
stiffener respectively (30) having different stiffness
properties.

15. The composite laminate stiffener (30) of any of
claims 9 to 14, wherein:

some of the plies (44) are continuous and other
of the plies are discontinuous along the major
axis of loading (40), and
the off-angles (6θ1, 6θ2, 6θ3) include balanced
pairs of + and - angles.

21 22 



EP 3 263 320 A1

13



EP 3 263 320 A1

14



EP 3 263 320 A1

15



EP 3 263 320 A1

16



EP 3 263 320 A1

17



EP 3 263 320 A1

18



EP 3 263 320 A1

19



EP 3 263 320 A1

20



EP 3 263 320 A1

21



EP 3 263 320 A1

22



EP 3 263 320 A1

23



EP 3 263 320 A1

24



EP 3 263 320 A1

25

5

10

15

20

25

30

35

40

45

50

55



EP 3 263 320 A1

26

5

10

15

20

25

30

35

40

45

50

55


	bibliography
	abstract
	description
	claims
	drawings
	search report

