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COMPOSITE LAMINATED STRUCTURES AND
METHODS FOR MANUFACTURING AND USING THE SAME

BACKGROUND

Field of Invention

The present invention relates generally to composite laminated structures,
in particular those containing angled ply orientations to achieve desirable improved
physical properties, together with methods of manufacturing and using such

Sstructures.

Description of Related Art

Conventional composite laminated structures are gencrally designed to
emulate the strength characteristics of conventional metal-based laminate materials
and as such are constrained to designs having layers of plies that are both
symmetrical and balanced. Such conventional structures when so constrained and
containing at Icast three ply layers formed from black carbon fibers, are commonly
referred to 1n the art as “black aluminum” due to their combined carbon makeup
and mctal-emulating charactcristics.

Symmetric laminates involve a reflective or mirror-image equivalcnce of
ply orientation about their mid-plane, while balanced laminates involve an equal
number of positively (+) and negatively (-) oriented plies across their entirety.
Such constraints have traditionally remained unchallenged due to concerns that
conventional composite laminated structures will undesirably warp upon cool
down from a curing temperature or increased residual stress when the operating

tempcrature changes.

Symmetric laminates have been traditionally formed by stacking the
multiple layers of various unidirectional and woven fabric plies in such a manner
that the composite laminate exhibits a mirror-image of itself about a mid-plane of
the structure. Such lamination processes are generally time and labor intensive as
well as being prone to error, requiring precision ordering of the respective
composite layers and may result in an unnecessary number of plies, which may
contribute to excessive process waste and cost. Still further symmetric laminates
have historically proven cumbersome when seeking to taper the exterior surface of
a structure, due at least in part to the desire to maintain symmetry throughout, even

when dropping ply layers to form the taper. In addition, as the individual or a pair
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of symmetric plies with substantially the same orientation 1s dropped to form a
taper, the laminatc stacking scquence and thus the material’s strength
characteristics, are altered.

Balanced laminates, like symmetric ones described above, have been
traditionally formed by stacking multiple layers of varnious unidirectional plies at a
plurality of precise orientations with relatively large angles between them. For
example, each off-axis ply, such as a +45° ply 1s typically matched and mirrored
by a -45° ply. In addition, a common practice was to have four-ply orientations

incorporating angles of -45°, 0°, +45°, and 90°. Alternative, three-ply orientations

were also common, such as 0°, £45° configurations. Critical was that the number
of positive (+) and negative (-) oriented plies remain equal.

Balanced and symmetric laminates of this nature have historically created
difficulty when trying to minimize laminate thickness, requiring ever thinner plies
as the only option. Tapering complexities have existed in these structures as well,
given that dropping of particular plies or groups thercof must not disturb the
desired symmetry and balance. Further, balanced laminates are orthotropic, where
deflection and rotation resulting from bending and twisting moments are
uncoupled. This structural response 1s analogous to that of isotropic materials like
metal.

Although not customary 1n the art, coupled bending and twisting moments
may provide desirable deformation characteristics, in particular, permitting
designers to reliably predict bending from twisting and cause the two to work
against each other, leading to a reduced degree of deflection and/or rotation not

possible with orthotropic and 1sotropic materials. This can be advantageous for

long and thin structures, such as for example wind turbine blades, helicopter rotor
blades, aircraft wings and tails, and the like, where tip deflection can be reduced in
one direction by use of this bend-twist coupling of an unbalanced laminate, but can
also provide advantages in many other applications.

Conventional compositc laminated structures historically exhibit static and
fatigue characteristics that may permit a certain degree of micro-cracking of the
structure to form and exist prior to ultimate failure of the structure. Such is due, at
least 1n part, to the stress differential between first ply failure (FPF) and last ply
failure (LPF), as commonly known and referred to in the art and as will be

described m further detail below. In many applications such micro-cracking is

2
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tolerable, making conventional composite laminated structures suitable, at least in
this regard. Cecrtain applications, howcvcr, cannot toleratc micro-cracking,
requiring alternatively designed structures that minmimize the stress difterential
between FPF and LPF. Of course, with at least the previously described symmetry
and balance constraints, conventional composite laminated structures with four or
more ply angles are generally not suitable tor such applications.

Accordingly, a need exists to provide laminate structures and methods of
manufacturing and using the same, which minimize the various above-mentioned
inefficiencies and limitations of balanced and symmetrical laminate structures,

minimize micro-cracking, and expand the first ply failure envelope, all without

sacrificing physical properties.

BRIEF SUMMARY

Briefly, various embodiments of the present invention address the above
needs and achieve other advantages by providing laminated structures comprising
innovatively angled ply orientations to achieve desirable mmproved physical
properties and facilitate manufacturing processes.

In accordance with the purposes of the various embodiments as described
heréin, a sub-laminate module for use in forming a composite laminate is provided.
The sub-laminate module comprises: a first ply comprising fibers extending in a
first orientation; a second ply comprising fibers extending in a second orientation,
the second orientation being offset relative to the first orientation; and an acute
angle dcfincd by the relative offset betwceen the first orientation and the sccond

orientation, the acute angle being less than 90° and defining an unbalanced

structure of the sub-laminate module, wherein the first ply and the second ply are
secured relative to one another in a non-crimped configuration.

In accordance with the purposes of the various embodiments as described
herein, yet another sub-laminate module for use in forming a composite laminate is
provided. Thec sub-laminatc modulc comprises: a first ply comprising fibers
extending 1n a first orientation, the fibers of the first ply comprising a plurality of
spread tows lying adjacent to each other; a second ply comprising fibers extending
in a second orientation, the fibers of the second ply comprising a plurality of
spread tows lying adjacent to each other; and an acute angle defined by the relative

offset between the first and the second orientations, the acute angle being less than

3
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90° and defining an unbalanced structure of the sub-laminate layer.

In accordance with the purposcs of the various cmbodiments as described
herein, a composite laminated structure 1s provided. The composite laminated
structure comprises a plurality of sub-laminate modules. Each sub-laminate
module comprises:  a first ply comprising fibers extending in a first orientation; a
second ply comprising fibers extending 1n a second orientation; and an acute angle
defined by the relative offset between the first orientation and the second
orientation, the acute angle being less than 90° and defining an unbalanced
structure of the sub-laminate module, wherein the first ply and the second ply are
secured relative to one another 1n a non-crimped configuration.

In accordancc with the purposes of thc various embodiments as described
hercin, a compositc laminate structure is provided. The compositc laminate
structure comprises a plurality of sub-laminate modules. FEach sub-laminate
module comprises: a first ply comprising fibers extending in a first orientation,
the fibers of the first ply comprising a plurality of spread tows lying adjacent to
cach other; a second ply comprising fibers extending in a second orientation, the
fibers of the second ply comprising a plurality of spread tows lying adjacent to
cach other; and an acute angle defined by the relative offset between the first and
the second orientations, the acute angle being less than 90° and defining an
unbalanced structure of the sub-laminate layer.

In accordance with the purposes of the various embodiments as described
herein, a method of manufacturing a sub-laminate module for use in forming a
compositc laminate 1s provided. The method compriscs the steps of: positioning a
first ply in a first orientation; positioning a second ply in a second orientation, the
second orientation being offset relative to the first orientation such that an acute
angle less than 90° 1s defined; stacking the second ply adjacent the first ply such
that an unbalanced structure is formed; and stitching the first ply and the second
ply relative to one another in a substantially non-crimped configuration.

In accordancc with the purposes of the various embodiments as described
herein, a yet another method of manufacturing a sub-laminate module for use in
forming a composite laminate is provided. The method comprises the steps of:
spreading a first tow comprising a plurality of fibers to form a first ply layer;
spreading a second tow comprising a plurality of fibers to form a second ply layer;

positioning the plurality of fibers of the first tow in a first orientation; positioning

4
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the plurality of fibers of the second tow in a second orientation, the first and the
sccond orientations defining an acutc angle therc between, the acute angle being
less than 90° and defining an unbalanced structure of the sub-laminate layer;
stacking the second ply layer and the first ply layer adjacent one another; and
stitching the first ply layer and the second ply layer relative to one another in a
non-crimped configuration.

In accordance with the purposes of the various embodiments as described
herein, a method of manufacturing a composite laminate structure is provided. The
method comprises the steps of: forming a plurality of sub-laminate modules, each
module comprising: a first ply comprising fibers extending in a first orientation; a
sccond ply comprising fibers extending in a sccond oricntation; and an acutc angle
defined by the relative offsct between the first orientation and the sccond
orientation, the acute angle being less than 90° and defining an unbalanced
structure of the sub-laminate module; stacking the plurality of sub-laminate
modules adjacent one another; securing respective ones of the plurality of sub-
laminate layers relative to one another in a substantially non-crimped
configuration; and sequentially laying up the respectively secured plurality of sub-
laminate layers so as to form the composite laminated structure.

In accordance with the purposes of the various embodiments as described
herein, yet another sub-laminate module for use in forming a composite laminate is
provided. The sub-laminate module comprises: a first ply comprising fibers
extending 1n a first orientation; a second ply comprising fibers extending in a
second orientation, the second oricntation being offset rclative to the first

orientation, and an acute angle defined by the relative offset between the first

orientation and the second orientation, the acute angle being less than 30°, wherein
the first ply and the second ply are secured relative to one another in a non-crimped

configuration.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S

Having thus described various embodiments of the invention in general
terms, reference will now be made to the accompanying drawings, which are not
necessartly drawn to scale, and wherein:

Figure 1 illustrates a symmetric laminated structure according to the prior

art;
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Figure 2 1llustrates an asymmetric, unbalanced laminated structure 10
according to various cmbodiments;

Figure 3 illustrates an exemplary formation of the laminated structure of
Figure 2 from at least two sub-laminate modules 15.

Figure 4 1llustrates a degree of homogenization achievable by laminated

structures configured similar to those of Figure 2;

Figure 5 1s a graph illustrating a reduced degree of warping between the
laminate 1 of Figure 1 and the laminated structure 10 of Figure 2;

Figure 6A 1llustrates an wunbalanced laminate according to various
embodiments encountering a bending and a twisting force;

Figurc 6B 1s a graph 1llustrating a varicty of bend-twist coupling values,
rclative to an unbalanced angle of at lcast one ply of the asymmctric laminated
structure of Figure 1;

Figure 7 1s a graph illustrating an exemplary cantilevered unbalanced panel
that would result in minimal, even zero, deflection values with various ratios of
applied combined twisting and bending movements;

Figure & 1s a pair of graphs tllustrating an exemplary micro-cracking zone
in a symmetric laminated structure according to the prior art, together with an
exemplary micro-cracking-free zone in the asymmetric, unbalanced laminated
structure 10 of Figure 2 according to various embodiments of the invention;

Figure 9 1llustrates a process of stitching a non-crimp fabric layer of the
asymmetric sub-laminated structure according to various embodiments; and

Figurc 10 illustrates a modified machine for manufacturing the asymmectric

laminated structure of Figure 1.

DETAILED DESCRIPTION OF VARIOUS EMBODIMENTS

Various embodiments of the present invention now will be described more
fully heremafter with reference to the accompanying drawings, in which some, but
not all cmbodiments of the invention are shown. Indced, embodiments of the

invention may be embodied in many different forms and should not be construed

as limited to the embodiments set forth herein. Rather, these embodiments are

provided so that this disclosure will satisfy applicable legal requirements. The

term “or” is used herein in both the alternative and conjunctive sense, unless

otherwise indicated. Like numbers refer to like elements throughout.

0
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Overview

In general, various embodiments of the present invention dispense with onc
or more of the vanous traditionally accepted constraints that govern laminate
structure and the methods of making the same. Such constraints, as will be shown,
often compromise the integrity and benefits of composite materials, while also
rendering prediction of laminate strength extremely difficult, at best.  Typical
constraints include, but are not limited to: symmetry, balance, ply number,
relatively large angles between plies, and the ten percent (10%) rule, as will be
further described below.

Generally speaking “symmetry” requires that the layered composition of a
laminated structure appear cxactly the same when flipped or turncd upon a mid-
planc axis of thc laminated structurc. In this manncr, symmetric laminated
structures appear as a reflection, or mirror-image, of themselves, relative to their
mid-plane axis. “Balance,” while at least tangentially related to symmetry, further
requires that for any number of individual layer orientations within the laminated
structure, the orientations must always occur in pairs of positively (+) and
negatively (-) oriented layers. In other words, for balance to exist, the number of
positively oriented layers must always remain equal with the number of negatively
oriented layers.

Still further, the requirement for balance within laminated structures, while
desirable in the prior art, is valid only for a uniquely pre-defined set of reference
axes; not for any other axes (e.g., it 1s not invariant). Balanced laminated
structures may nevertheless remain beneficial for ccrtain applications, such as

those that will experience fully reversible loading (e.g. aircraft fuselages, because,

for example, aircraft must be equally capable to make left and right turns), desiring
to have uniform deflection and/or rotation in at least two opposing directions.
Indeed, because balance is inherently required for fully reversible twisting moment
and shear loading, the ply orientations may be manipulated and so selected in a
manner to satisfy particular design criteria in this rcgard. Howecever, in other
various applications, one may only want to minimize deflection and/or rotation in
one particular direction so as to not eliminate other potentially desirable (e.g., lift
and the like) characteristics. In such alternative applications, unbalanced

laminated structures may be preferable.
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The “ply number” constraint arose as a result of the above-described
concerns with symmcetry and balance, as achicvement of both requircs a greater
number of plies than could otherwise be used. Consider, for example, where four
ply orientations are utilized when constructing a composite laminated structure, at

5  least four ply layers would be so chosen to maintain balance, while at least eight
ply layers would be necessary to achieve symmetry. In conjunction with such ply
number constraints, conventional laminated structures are still further constrained
by a ten percent (10%) rule. As such 1s commonly defined and referred to in the

art, this rule requires that each ply orientation must comprise at least ten percent of

10  the total laminated structure. As a non-limiting example, a [0°/+45°/90°]

laminated structure so constrained may comprise twenty (20) plies, sixteen (16) of

which are oricnted at +45°. For such this laminatc structure to comply with the
10% rule, precisely two of the remaining four plies must be oriented at 0°, with the
still remaming two oriented at 90°. Thus, such a laminate would be 10% at 0°,

15  80% at £45°, and 10% at 90°. As may be seen, the 10% rule alone significantly

impacts the minimum thicknesses or gauge of such laminated structures, along
with their minimum ply number necessary to achieve balance and/or symmetry.
Such minimum gage may be often dictated not only by the anticipated load-
carrylng requirement, but also by considerations of handling, effective stiffness, or
20 other nonstructural requirements, as may be suitable for a particular application.

In a variety of applications, and in particular for highly loaded structural
applications, where the weight, thickness, and integrity of laminated structures are
invariably critical design factors, conventional constraints such as those identified

and described above oftentimes prove burdensome. In response, various

25 embodiments of the present invention dispense with one or more of these
constraints, comprising instead asymmetric and unbalanced structural
characteristics that may result in a degree of bend-twist coupling, at least with
regards to individual sub-laminate modules, as will be further defined below. The
bend-twist coupling provides a reliable and predictable mechanism for controlling

30  the deflection exhibited by a structure in response to combined bending and

twisting forces.
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Due to their aforementioned asymmetric and unbalanced nature, certain
cmbodiments further result in improved homogcenization with fewer plics, often
critical when seeking to minimize weight and thickness without sacrificing
structural integrity. Improved homogenization, as will be described i further
detail below, facilitates convenient calculation of combined effect strength of the
laminated structure and maintaining constant material properties when tapering.
In these and still other various embodiments, the number of ply orientations is
minimized within the laminated structure by disposing with conventional
requirements such as the four ply angles and the ten percent (10%) rule. As a
result, these and other embodiments provide a faster, more efficient, and less error
pronc laminate formation process, oftentimes utilizing sub-laminatc modulcs,
which in turn still further improve the design and stacking processcs for tapered
structures.

Such sub-laminate modules, as will be described in further detail below,
generally comprise a pre-defined set or group of individual ply layers having
multiple ply-orientations. The sub-laminate modules may be supplied in dry form,
or alternative, in pre-preg form, as will be described further below. Each sub-
laminate module, though 1nvolving multiple single ply-orientations, is treated as a
single unit for purposes of assembly of finished laminate product. In this manner,
as will be described in further detail below, the sub-laminate modules function as
basic building blocks for assembly of finished laminated products. The sub-
laminate modules may comprise any of a variety of desired number of ply layers,
provided thcy contain multiple ply orientations. Howecever, 1t 18 desirable to
minimize the number of ply layers within respective sub-laminate modules, as will
be described in further detail below.

Various embodiments of the present invention may also comprise
unbalanced structural characteristics. In these and other embodiments, which may
or may not incorporate certain features as described above, the selection of
particular ply angle orientations aids with structural stiffncss and strength.
Predictability of such parameters 1s improved, as at least certain embodiments
select ply orientation in which the resulting deformations from imposed combined
bending and twisting moments are controllable, a feature not present in balanced

(e.g., orthotropic and/or 1sotropic) structures.
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Each of these features, along with their respective benefits, will be
described in further detail beclow, with rcference to representative figures, as

necessary.

Asvmmetrical Structural Characteristics

Turning imitially to Figure 1, a symmetric laminated structure 1 according
to the prior art is illustrated. As may be best understood from this figure, the
symmetric laminated structure 1 is generally constructed with at least a four-ply
orientation, incorporating orientations of -45°, 0°, +45°, and 90°. The four-ply
orientation of the illustrated structure 1 1s realized by the relative orientations of
sequential ply layers 2a, 2b, 2¢, and 2d. This scquence of plics, in at Icast the
tllustrated exemplary embodiment, 1s repeated three timcs above and below the
mid-plane 6, as will be described in further detail below. Alternative, three-ply

orientations are also commonplace, and such generally dispensed with the 90°

orientations 1n favor of a 0°, +45°, -45° oriented configuration. Notably though,
such configurations always maintain balance with an equal number of positively
(+) and negatively (-) oriented layers, and such remains a common industry
practice. Such configurations further maintain symmetry by stacking the ply layers
2a, 2b, 2¢, and 2d in two ply group orientations 7a, 7b, each centered about a mid-
plane axis 6 of the formed structure 1. In this manner, when fully formed, the ply
layers appear as mirror images of one another, relative to the mid-plane axis 6,
thereby maintaining symmetry, as previously described. For certain applications,
sub-laminate modulcs 5, of the type prcviously described here, may be

incorporated within the symmetric laminated structure 1, each generally including

at least four ply layers, namely 2a, 2b, 2¢, and 2d. Of course, it should be
understood that other prior art configurations (not shown) oftentimes include sub-
laminate modules having eight (8) to ten (10), or more, ply layers, as may be
necessary to achieve not only balance, but also symmetry. Such constraints, as
may bc expected, often result in rclatively thick laminated structurcs at an
unnecessarily higher thickness to carry the load.

Tuming now to Figure 2, an asymmetric, unbalanced laminated structure
10 according to various embodiments is illustrated. As may be best understood
from this figure, the laminated structure 10 may, in certain embodiments, comprise

a plurality of first ply layers 12a, a plurality of second ply layers 12b, a first

10
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orientation 13 (see also Figure 3), and a second orientation 14 (see also Figure 3).
The plurality of first ply layers 12a are, according to ccrtain embodiments,
separated by respective ones of the plurality of second ply layers 12b. Each of the
plurality of second ply layers 12b are indicated in Figure 1 without any marks, so
as to distinguish them from the diagonally-oriented marks on each of the plurality
of first ply layers 12a.

Each of the plurality of first ply layers 12a of Figure 2 may be, according to
various embodiments, oriented in the first orientation 13 (see also Figure 3)
relative to each of the plurality of second ply layers 12b. Each of the plurality of
second ply layers 12b may be, in turn, oriented in the second orientation 14, as will
be described in further dcetail below with reference to at lcast Figurc 3. In this
manner, a ply angle 19 (see Figurc 3) may be formed between the respective
orientations of the first and second ply layers, such that the ply angle corresponds
to an angular shift there-between. In at least the illustrated embodiments, the ply
angle 19 1s 25°, while in other embodiments the ply angle 19 may be in a range of
from about 10° to 40°, as may be desirable for a particular application. In other
embodiments, the range may be from about 15° to 30°, depending upon a desired
result for of the bend-twist coupling, as will be described in further detail below.
The shear coupling component of the bend-twist coupling generally reaches a
maximum value around a 30° ply angle. In still other embodiments, it should be
understood that the ply angle 19 may be any of a variety of acute angles (e.g., less
than 90°), as will be described in further detail below with regard to various
unbalancced and unbalanced structural characteristics of the laminated structure 10.

Still further, according to various embodiments, the ply angle 19 may be a

continuous variable, meaning that ply angle values are not limited to being discrete
integer values.

The laminated structure 10, like laminated structures 1 of the prior art, may
according to various embodiments further comprise a mid-plane axis 16. In certain
cmbodiments, as illustrated in at least Figure 2, the stacked first and second ply
layers 12a, 12b, need not be symmetrical about the mid-plane axis 16. In other
words, as previously noted, the plurality of first ply layers 12a are each separated
by respective ones of the plurality of second ply layers 12b, throughout the entirety
ot the laminated structure 10. In contrast, as best understood from comparing

Figures 1 and 2, at least two of the plurality of ply layers 2d are positioned directly

11
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adjacent one another (¢.g., not separated by any of the remaining ply layers 2a, 2b,
and/or 2¢). In this manncr, thc stacked first and second ply layers 12, 12b arc
generally configured according to various embodiments 1n an asymmetrical

configuration.

Returning to Figure 2, the laminated structure 10 according to various
embodiments may be stacked 1n a single orientation 17. In comparison to the
heterogencous prior art laminated structure 1 of at least Figure 1, in which the ply
layers must be stacked in two orientations 7a, 7b such that it remains centered
about a mid-plane axis 6, the ply layers 12a, 12b of the laminated structure 10 may
be stacked 1n sequential order without regard to their orientation or their relative
positioning of thc mid-plane axis 16. In certain embodiments, as will be described
in further detail below, while the ply layers may not be individually sequentially
stacked, sub-laminate modules (see Figure 2 and later description herein), each
comprising two or more ply layers are themselves sequentially stacked. Because
individual sub-laminate modules may be stacked sequentially in this regard, such a
configuration provides a significant cost advantage, as compared to the labor and
time intensive process required by the symmetrical configuration of the prior art,
and creates a homogenized structure. The ability to sequentially stack the ply
layers (or sub-laminate modules, as described further below) likewise minimizes
the risk of errors when laying the plies themselves, while also facilitating much
casier tapering and ply dropping procedures, as will also be described further
below.

Contributing furthcr to cost advantages, the laminated structure 10
according to various embodiments may further comprise a plurality of sub-
laminate modules 15, as previously defined and described herein. Each of the sub-
laminate modules 15, as depicted in at least Figure 2, may generally comprise at
least one first ply layer 12a and one second ply layer 12b, each generally having a
different orientation, as described elsewhere herein. In certain embodiments, the
sub-laminate modules 1§ form the basic building blocks for forming the laminated
structure 10 and are, 1n this manner, generally treated as singular units during the
manufacturing process. In other words, as the building blocks, the sub-laminate
modules 15 according to various embodiments may be pre-assembled, permitting
them to be stacked directly atop one another via a “one-axis layup” process that

may substantially minimize reconfigurations.

12
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In at least those embodiments comprising sub-laminate modules 15 as
depicted in Figure 2, the “onc-axis layup” may be up to scven (7) times faster than
the conventional four-axis layup employed with prior art laminated structures 1,
although it should be understood that varying degrees of improved efficiency may
be realized, as may be desired for a particular application. Alternative
embodiments, as will be described 1n further detail below, may involve rotating

(e.g., flipping or folding) every other sub-laminate module 15 to form a balanced

laminate (e.g., a [0°/&ply angle 19/0°] configuration), which achieves a fully
reversible twisting moment or sheer loading (e.g., having magnitudes from -1 to
+1), as may be desirable for a particular application. In this manner the basic
building block, namcly cach sub-laminatc module 15 may bc used according to
certain cmbodiments not only to form unbalanced laminated structurcs as shown 1n
Figure 2, but also balanced laminated structures, both via a one-axis layup process.
In still additional embodiments, when the ply angle 19 is 45°, as in the sub-
laminate module [0/45], the sub-laminate module § may be flipped and rotated into
a [-45/90] configuration. By stacking these two sub-laminates (one rotated and the

other not) according to various embodiments, a quasi-isotropic laminated structure

of [0°/345/90°] may be obtained. Such a configuration may be formed, according
to certain embodiments via a “two-axis layup” since at least one of the sub-
laminate modules 1s rotated by 90 degrees. It should be understood, however, that
in either of these and still other embodiments, such layup processes generally
achieve relatively comparable and desirable efficiencies at least in part by avoiding
“off-axis layups” (e.g., layups at +ply angle 19 or —ply angle 19 oricntations).

With particular reference to Figure 3, the formation, according to various
embodiments, of an exemplary laminated structure 10 from at least two sub-
laminate modules 15, 1s illustrated. Upon the left of Figure 3, a first module 15,
comprising a single first ply layer 12a and a single second ply layer 12b, are
tllustrated. A machine 1000, as generally understood from at least Figure 10 to
have a machine direction 17, may bc aligned with an ovcrall axis of the sub-
laminate module 15. In certain embodiments, the machine direction 17 may be
along a 0° axis corresponding to an axis of at least one ply layer (e.g., the second
ply layer 12b of Figure 3), which further improves the cost and efficiency
advantages of such modules 15. Such a machine direction 17 would typically

result in a [0/25] machine configuration for those embodiments having a ply angle
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19 of 25°. It should be understood, however, that in other embodiments, the
machinc dircction 17 need not be oriented along a 0° axis, as may be desirablc for
a particular application. As a non-limiting example, the machine direction 17 may
be configured along a 60° axis, resulting 1n a [60/85] machine configuration for at
those embodiments having a ply angle of 25°. Most notably, 1t should be
understood that the difference between the configuration angles, regardless of their
respective values, will according to various embodiments substantially correlate to
the desired ply angle 19.

As may also be understood from Figure 3, the first module 15 may be
combined with a second module 15, likewise comprising single first and second
ply layers 12a, 12b. The rcsulting laminated structure 10 may be thus formed,
according to certain cmbodiments, by sequentially stacking respective modules 15,
each having at least one common axis aligned with the run direction 17. Although
at least the illustrated modules 15 comprise two distinct ply layers, in other
embodiments, it could be envisioned that the modules may comprise two or more
layers of each respective ply layer 12a, 12b. However, it should be understood
that the thickness of modules 15 should generally be minimized, and those
comprising two distinct ply layers 12a, 12b provide the highest degree of
flexibility and efficiency throughout the layup (e.g., stacking) process, as will be
described in further detail below.

Various embodiments of the sub-laminate modules 15 may, as has been
previously discussed be pre-formed (e.g., stitched) and comprise at least one first
and onc sccond ply layer 12a, 12b. As may be further understood from at Icast

Figure 3, a further advantage of such modules 15 1s their ability to be rotated (e.g.,

flipped and/or folded) about their at lcast one common axis aligned with the run
direction 17 (as 1llustrated, the axis of second ply layer 12b, which 1s, as a non-
limiting example, a 0° axis). In this manner, for those embodiments seeking to
maintain balance, as will be described in further detail below, sub-laminate
modules 15 may be flipped, or alternatively, mercly folded rclative to this axis
such that the axes of the respective first ply layers 12a are positively (+) and
negatively (-) oriented, respectively. As a non-limiting example in which the first
ply layers 12a are oriented at a 25° angle, folding or rotating a sheet of sub-
laminate onto itself would result in a first ply layer oriented at a -25° angle, thereby

preserving the overall balance of an ultimately formed laminated structure 10 with
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a [0/+25°/-25°/0] configuration, as may be desirable for a particular application.

It should be undcrstood that in certain of these embodiments having rotated
modules, any stitching of ply layers within the modules (as will be further
described below) may occur prior to any such flipping or folding of a sheet, with
any necessary stitching of the two rotated modules occurring thereafter. Of course,
it should also be understood that certain embodiments may not require balance, in
which case only positively (+) (or, alternatively, only negatively (-)) oriented ply
layers 12a may be utilized. As such, rotation (e.g., flipping or folding) of the sub-
laminate modules 15 may, in at least these embodiments, be unnecessary or even
undesirable. Still further, ;n yet other embodiments, it may be desirable for a
majority of thc sub-laminate modulcs 15 to remain unbalanced, while the ovcerall
laminatcd structurc formed thereby 1s, as a wholc, balanced, by rotating (c.g.,
folding or flipping) a certain percentage of the modules, as previously described
herein.

It should be noted that according to those various embodiments comprising
the sub-laminate modules 15, the above-described layup (e.g., stacking) benefits
similarly apply when seeking to create tapered surfaces upon an ultimately formed
laminated structure 10. With reference to Figure 1, it may be seen that creating a
tapered surface on the laminated structure 1 of the prior art, having its multiple ply
layers, multiple layer orientations, and mid-plane symmetry, would be not only
time and labor intensive, but also extremely error-prone. In particular, if a “top”
layer ply were dropped, a “bottom™ layer ply would also need to be dropped to
maintain symmctry; yet dropping nothing further would result in an unbalanced

structure.  Still further, dropping nothing further would inherently alter the

structural composition of the laminated structure 1, potentially adversely impacting
strength characteristics associated therewith. As such, additional ply layers would
need to be dropped, oftentimes limiting the length and degree of taper achievable.
Further considerations were also necessary when tapering conventional
structures, particularly with rcgard to the relative order in which respective plies
are dropped, together with the distance that must be maintained between
successive drops. In contrast, tapered surfaces may be formed in certain
embodiments of the laminated structure 10 by merely dropping successive sub-
laminate modules 15, individually or in multiples, as may be desirable for a

particular application. Being homogenized, as will be described further below,
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sub-laminate module 15 drops may be located at the outside, the tool side, or the
inside of the laminate, without regard to symmctry. For thosc structures having at
least sixteen (16) sub-laminate modules 15 (as describe further below), each
module may be dropped in 0.125 millimeter steps, with the total distance between
successive drops being 1.0 millimeter.  Taper :drops in these and other
embodiments may further be linear, non-linear, one or two dimensional, and/or
square-cornered, each of which at least in part contributing to a reduction in the
degree of ply waste otherwise conventionally encountered with angular-oriented
ply drops.

Still further, regardless of the location or number of sub-laminate modules
15 dropped, the structural composition of the laminated structurc 10 remains the
same throughout the process. For a hetcrogencous laminate like that in Figure 1,
as opposed to a homogeneous (as will be described further below) laminate like
that in Figure 2, every ply drop, for example , the removal of the outermost ply of -
45°, will change the inherent composition of overall laminated structure. As
individual plies are dropped as tapering proceeds, the laminate thickness and its
properties will change. Conventional heterogeneous laminate designs like that in
Figure 1 generally avoid such changing laminate characteristics by dropping
multiple ply layers in precise succession over precise lengths of ply tows, all of
which results in less than optimal tapering processes. In contrast, when a
laminated structure 10 according to various embodiments as illustrated in at least
Figure 2 1s tapered, each successive ply drop can take place at any location, with
the remaining laminated structurc being structurally unchanged. In other words, in

at least certain embodiments, the overall laminated structural characteristics do not

vary along a length of ply, even without the conventionally necessary complex
tapering processes.

Turning now to Figure 4, with continued reference to Figure 1, an
additionally related advantage of the asymmetrical laminated structures 10 is
illustrated, namely thc homogenization, which amongst othcr things, facilitates the
previously-described tapering procedures. In particular, various embodiments of
bi-angle and tri-angle laminated structures 10, 110 are illustrated in Figure 4
substantially adjacent respective prior art laminated structures 1, 210. Tri-angle
laminated structures 110 may be configured substantially the same as previously

described herein with regard to bi-angle laminated structures 10, but with the
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distinction that the structures 110 according to various embodiments incorporate
thc previously described “folded configuration™ of the module 15, so as to maintain
balance, where such may be desirable. However, 1t should be understood that 1n
still other embodiments, the tri-angle laminated structures 110 may be configured
substantially different in part or in whole, as compared to the structures 10.

Returning to Figure 4, as a non-limiting example, comparing structure 110
relative to structure 1 reveals the former’s improved homogenization when viewed
as a whole. Indeed, according to certain embodiments, repeated alternation of the
ply layers 12a, 12b approaches complete homogenization. From a practical
perspective, complete homogenization means that the structure’s structural strength
characteristics, among other properties, may be predicted, manipulated, and
calculatcd with regard to the laminatcd structurc as a whole. In contrast, for
heterogencous structures in the prior art, such characteristics had to be dealt with
on a ply-by-ply basis, resulting not only in errors and inefficiencies, but also
potential compromises to the structural integrity, as was previously described with
regard to prior art tapering procedures.

The two-angle embodiment of Figure 4, approaches complete
homogenization with as few as thirty-two (32) repetitions (e.g., 32 individual ply
layers). In those embodiments comprising sub-laminate modules 185,
homogenization may be achieved with as few as sixteen (16) modules (notably,
still 32 individual ply layers). It should be understood, however, that still other
embodiments may be envisioned with any number of repetitions required for
homogenization, provided such remain relatively thin and cost advantagcous

relative to the prior art laminated structures 1. In this regard, it should be

understood that vartous embodiments of the present invention, based at least in part
upon their sub-laminate modules and unbalanced bi-angle configurations, achieve
complete homogenization with much thinner laminated structures that otherwise
avallable 1n the prior art due at least 1n part to previously described constraints.

As will be described 1n further detail below in the portion describing non-
crimp fabric, the ply layers 12a, 12b may, according to various embodiments be
formed from a variety of materials and in a variety of manners. In at least certain
embodiments, however, the ply layers 12a, 12b may have a thickness that is at
least less than that of ply layers of conventional laminated structures 1 (e.g., 2a,

2b, 2¢, 2d), although such distinctions 1n thicknesses are not illustrated specifically
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in the various figures. Such thinness of ply layers 12a, 12b further enables the
structure 110 to achicve full homogencity with the number of modulc and/or ply
layer repetitions, as described above.

As a non-limiting example, and as will be described in further detail below,
the ply layers 12a, 12b may each have a thickness of approximately 0.0625
millimeters, which further gives them a weight of approximately 75 g/m”. Of
course, thinner or thicker and/or heavier or lighter ply layers 12a, 12b may be
envisioned 1n still other embodiments, depending on any of a variety of
considerations, such as homogeneity, as may be desirable for a particular
application.

Turning now to Figure 5, yet another advantage of the asymmectrical
[aminated structurcs 10, 110, and in more particularly, the homogenization thereof,
1s illustrated. In particular, various embodiments of bi-angle and tri-angle
laminated structures 10, 110 exhibit a decreased degree of flex strain (e.g.,
warping), largely due to curing over time, than exhibited by prior art laminated

structures 1, as also 1llustrated. As initial background, the prior art laminated

structure 1 1s notated as [0/+45°], which following the previously described

constraints would require ply orientations of 0°, +45°, and -45°. The tri-angle

laminated structure 110 is notated as [0/+£25°/0], which similarly maintains a
balance of +25° and -25° plies. The bi-angle laminated structure 10 1s notated as
10/25°], which results 1n the unbalanced characteristics, as previously described
herein.

In certain of these and still other embodiments, the degree of flex strain or

warping, in the long term approaches zero when a laminate structure contains a

sutficient number of ply layers. This relationship is further tied to the degree of
homogenization, which corresponds roughly to the strain or warping approaching
zero. As best understood from the left-most column of Figure 5, the prior art
laminated structure 1 has been known to exhibit minimal warping with at least 72
ply layers having a total thickness of 4.5 millimeters. The tri-angle laminated
structure 100 (middle column of Figure 5) exhibits improved characteristics,
achieving minimal warping with approximately 64 ply layers having a total
thickness of 4.0 millimeters. In contrast, the laminated structure 10, as illustrated
in the right-most column of Figure 5, achieves comparable characteristics with

those of the prior art and tri-angle laminates, but with merely 32 ply layers (or,
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alternatively, 16 sub-laminate module layers), and an overall thickness of
approximately 2.0 millimeters. Thus, fcwer ply angles and/or thinner plies in sub-
laminates according to various embodiments enable a laminated structure to be
homogenized in a smaller total thickness than previously achievable.

Further, considering homogenization, prior art laminated structures 1
require many more comparable ply layers, up to 72 plies, to substantially eliminate
warping. Such high ply counts are primarily due to the previously described
symmetry, balance, and 10 percent rule constraints, requiring such laminates to
have sub-laminate modules of six or more plies each (e.g., two or more each of 0°,
+45°, and -45°). Because tlex strain or warping 1s minimized with the exemplary
approximatcly twelve (12) sub-laminate modules, such rcsults in thc aforc-
mcentioned 72 individual plics. Laminated structurc 10 ovcercomes dcficiencies in
this regard by reducing the size of its sub-laminate modules 15 to two (versus six)
ply layers, resulting in minimal flex strain or warping with a mere 16 sub-laminate
modules, or 32 ply layers. In this manner, the laminated structure 10 may,
according to various embodiments, have a total thickness less than half that of
conventional laminated structures L. In at least the illustrated embodiment, the
relative thicknesses are approximately 2.0 millimeters and 4.5 millimeters,
although 1n still other embodiments, various relative thicknesses may be

envisioned. Without such six or more-ply sub-laminate modules, such relatively

thin laminated structure thicknesses are feasible 1n this, and still other
embodiments, by utilizing a form of non-crimp fabric, which 1s in certain
cmbodiments 1itsclf further spread and thinned by, for cxample, mechanical

processes, as will be described 1n further detail below.

Unbalanced Structural Characteristics

As may be understood from at least Figure 3, each of the plurality of first
ply layers 12a may be, according to various embodiments, oriented in the first

orientation direction 13 rclative to cach of the plurality of second ply layers 12b,
which may be oriented in the second orientation direction 14. In this manner, the
relative orientations of the first and the second ply layers 12a, 12b define a ply
angle 19, which may be varied, as will be further described herein to achieve
certain desirable structural characteristics. Such manipulation of the ply angle 19

may, according to various embodiments, substantially minimize long-term risks of
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deflection, rotation, and buckling of composite materials formed from sub-laminate
layers 110 formed from such ply layers 12a, 12b.

Returning for a moment to Figure 2, for context, 1t should be understood
that in conventional laminated structures 1, maintaining a balance of positively (+)
and negatively (-) oriented ply layers, or rather an equal number of positive and
negative ply angles 19, was considered critical. Such configurations, as commonly
known and understood 1n the art, create orthotropic and/or 1sotropic structures,
cach of which exhibit inherently “uncoupled” bending and twisting deformations.
[Laminated structures having uncoupled bend-twist, while traditionally preferable
for their analogous properties with previously used metals (e.g., aluminum),
substantially fail to take advantagc of thc dynamic rclationship that exists between
the bending and twisting motions that may be experienced by such structures. The
dynamic relationship is oftentimes referred to as the “bend-twist coupling” 1n a
variety of applications, or “aero elastic tailoring” in at least aerospace and wind
turbine related applications. In any of these and still other embodiments, 1t should
be appreciated that at least the shear coupling component of the bend-twist
coupling generally reaches a maximum value around a 30° ply angle.

As a non-limiting example of the “uncoupled” twisting of conventionally
“balanced” laminated structures, consider the laminated structure 1 of the type
illustrated 1n at least Figure 1. As may be understood at least in part from Figure
6A, 1if the structure 1 was subjected to a bending force (c.g., P), the structure will
only exhibit bending behavior. No angle of twisting (e.g., twisting behavior)
would be introduced, although such acts in “unbalanced” structures to minimizc

the degree of deflection imposed by the bending alone or even combined bending

and twisting, as will be described in further detail below. Likewise, subjecting the
laminated structure 1 to a wholly twisting force (e.g., T), as may also be
understood at least in part from Figure 6A, will result in only twisting behavior,
due to the “uncoupling” or absence of the bend-twist relationship that might
othcrwisc have dampened or at lcast partially offset the imposcd shear.

In stark contrast to such balanced configurations of the conventional
laminated structures 1, the laminated structure 110 according to various
embodiments 1s intentionally unbalanced in nature so as to take advantage of the
aforementioned dynamic relationship between the bending and twisting motions of

the laminate structure. In certain embodiments, 1t should be understood that,
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alternatively, at least the sub-laminate modules 15 (see Figure 3) are so
intentionally unbalanced to achicve these benefits, the laminated structure 110 may
be balanced, as desirable for a particular application, as previously described
herein. In at least those unbalanced or balanced embodiments, the laminated
structure 110 may incorporate at least one acute ply angle 19. In certain
embodiments, the acute ply angle 19 may be approximately + or - 25°, while in
other embodiments the ply angle 19 may be in a range of from about 10° to 40° or,
alternatively from about 15° to 30°, as may be desirable for a particular
application. In at least those unbalanced embodiments, the acute ply angle 19 may
be any of a variety of angles between 0° and 90°, while 1n at least those balanced
cmbodiments, the acute ply angle is gencerally Iess than 45°.

Returning again to Figurc 6A and 6B, the bend-twist coupling may bce
further understood, as generally referred to as a coetficient Z. The coetticient Z
according to various embodiments may be defined and measured analytically by
the incremental change 1n a twist angle relative to a bend angle, each of which may
be understood from viewing the three sequential 1llustrations of Figure 6A.
Indeed, as a non-lmiting example illustrated by at least the furthest right
illustration of Figure 6A, application of both a bending force P and a torsion force
T upon the laminate structure 110, may, according to certain embodiments, result
in a minimal degree of deflection, even 0°, depending upon the inherent ply angle
19 and structural matenal of the structure 110, as will be described 1n further detail
below. In any of these and still other embodiments, the shear coupling component
of thc bend-twist coupling generally reaches a maximum value around a 30° ply

angle.

With particular reference to Figure 6B, it should be understood that
according to certain embodiments of the laminated structure 110, as the
“unbalanced” (e.g., as described previously herein) ply angle 19 approaches a
relatively narrow angle of less than or equal to 25°, the effect of the coupled bend-
twist coctticicnt Z may be further rcalized. In other words, the degrec of
combined detlection, created by both bending and twisting motions imposed upon
the structure 110 may be manipulated to substantially counteract one another (e.g.,
“zero out”), as may be desirable for a particular application. In other
embodiments, 1t should be understood that alternative, yet still relatively narrow

ply angles 19 (e.g., the non-limiting examples of 10° to 40° or 15° to 30°) may be
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desirable, although they do not involve completely counteracting forces. However,
in ccrtain embodiments, such ply angles 19 may prove advantageous by providing
a predictable and reliable degree of desired deflection or rotation, as may be
beneficial for a particular application.

Tuming now to Figure 7, for purposes of a non-limiting example, it may be
seen that certain narrow and unbalanced ply angles 19 minimize the degree of
deflection 50 experienced by the laminated structure 110 in response to applied
bending and twisting forces. As may be seen, as the ply angle 19 approaches
approximately 25°, the deflection S0 1s minimized. @ The mathematical
predictability of such behavior, by pre-selection of particular ply angles 19 may
prove critical 1n certain applications such as, for example, thec manufacturc and
construction of laminatcd structures 110 for usc 1n long thin structural applications,
such as wind turbine blades, helicopter rotor blades, airplane wing surfaces, or the
like. As a non-limiting example, minimizing deflection may enable operation of
such “long and thin” blades closer to the towers upon which they are erected,
saving material costs, increasing velocity, and contributing to increased turbine
megawatt output. As another non-limiting example, minimizing and/or varying the
degree of “tip” deflection 50 may prove critical in aerospace and wind turbine
related applications, wherein a precise deflection of a craft’s wing may
significantly impact and/or alter the lift forces, drag forces, and/or overall loads
experienced by the wing. Any of a variety of other applications could exist,
including the non-limiting examples of rotors or other acrodynamic products.

Tumming now to Figure 8, a pair of complementary graphs illustrates
exemplary micro-cracking zones 510, 610, in a conventional composite laminated
structure 501 (analogous to structure 1, as previously described herein) and an
asymmetric unbalanced laminated structure 601 (analogous to structures 10, 110,
as previously described herein). The graphs illustrate respective first ply failure
(FPF) zones 525, 625, which, as commonly known and understood in the art,
represent the maximum degree of imposed stress at which a first onc of the
plurality of plies within the laminated structure first experiences a failure event
(e.g., rupture, delamination, etc.). The graphs further illustrate respective last ply
failure (LPF) zones 520, 620, which, as commonly known and understood in the
art, represent the maximum degree of imposed stress at which the last of the

plurality of plies within the laminated structure experiences a failure event.
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As may be seen from Figure 8, the plies of conventional structure 501
cxperience a first ply failure (FPF) 525 under a maximum imposed stress o; of
approximately 400 MPa, while last ply failure (LPF) doesn’t generally occur until
an 1mposed stress o) of approximately 750 MPa is encountered. As such,
conventional structures such as 501 (see also 1 of Figure 1) can encounter an
extensive degree of micro-cracking of the matrix for the duration of any force
imposition between the first ply failure and the last ply failure. In contrast, as may
be seen with reference to laminated structure 601 (analogous to 10 and 110, as
previously described), the FPF and LPF occur almost simultaneously, at roughly
1350 MPa. Thus, not only 1s the structural integrity and strength of laminated
structurcs such as 601 grcatly improved, the reduced, and in some cascs climinated
diffcrential between the FPEF and LPF significantly minimizes micro-cracking.
This may also be seen pictorially in Figure 8 with reference to the difference in
relative areas of zone 510 and zone 610, the latter of which essentially eliminates
the possibility of prolonged micro-cracking, thereby improving structural strength.
While some designers are tolerant of micro-cracking and do not consider it to be a
failure of the composite laminate, other designers believe no micro-cracking
should be tolerated. With embodiments of the present invention, the FPF and LPF
become almost coextensive, thus eliminating micro-cracking and rendering moot

the debate over whether micro-cracking is acceptable.

Non-crimp fabric

According to various cmbodiments, the laminated structurc 10 may be

constructed primarily from a non-crimp fabric (NCF), which is generally known
and understood in the art to provide a feasible balance amongst cost, handling, and
performance. NCF 1s a class of composite materials, which are made with a
plurality of layers of unidirectional plies, each differently oriented and
substantially joined together by a transverse stitching process, as generally
illustrated in at Icast Figure 9.  The transverse stitching, as gencrally applicd,
holds the respective ply layers together, while allowing minimal degrees of
freedom between immediately adjacent plies. In particular contrast with other
various known and commonly used woven fabrics, the transverse stitching of NCF
substantially eliminates the crimp of the carbon fabric (e.g., making it a non-

crimped configuration), which reduces mechanical properties and create
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inefficiencies due to misalignment and the like. Although a transverse stitching
process has been described, various alternative processcs may be utilized to join
the individual plies relative to one another. As non-limiting examples, the plies
may be joined to one another via other techniques, such as bonding.

5 In various embodiments comprising a transverse stitching process, as
previously described, a variety of yarn types may be used, depending upon a
desired application. In certain embodiments, it may be beneficial to stitch the yarn
with the lightest quantity of stitching possible. In those and still other
embodiments, the yarn may comprise a 33dtex PES yarn with an E5 stitching

10 gauge and a chain point of 3.4 millimeters in length. In such embodiments, the
stitching arca weight is approximately 2.0g/m°. In other embodiments, any of a
varicty of polyamidc or polyimide high tcmperature-bascd yarns may be uscd. In
still other embodiments, any of a variety of combinations of stitching gauges, yarn
materials, and the like may be used, as may be desirable for a particular application

15  within the scope of the present invention.

In various embodiments of the laminated structure 10 incorporating NCF,
the respective layers of unidirectional plies may comprise unidirectional carbon
fiber plies and +25° plies. As previously described heretn, sub-laminate modules
15 may be formed, with each, in at least such embodiments, comprising a single

20 unidirectional carbon fiber ply and a single +25° ply, thereby facilitating a “one-
axis layup” or, alternatively a folded “two-axis layup” for bi-axial normal loading,
each eliminating the need for laying off-axis ply layers. Still other embodiments
may be alternatively configured with various materials (c.g., fiberglass or an

clectric conductor such as copper wire) and/or relatively narrow angles or

25  orientation (e.g., as commonly known and understood in the art to be analogous),
provided the limitations and parameters as previously described herein remain
satisfied. As a non-limiting example, 1n the context of wind turbine blades, the
laminated structure 10 may, instead of carbon fiber plies, incorporate fiberglass
plies, as may be dcsirable for cost or othcr considerations, as the case may be. In

30  still other embodiments, hybridization may be desirable, leading to a mixture of
any of variety of combinations of carbon fiber, fiberglass, and/or periodically
spaced electric conductor (e.g., copper wire, as lightning protection), or still other

materials as ply layers.
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It should be further understood that according to various embodiments the
ply laycrs 12a, 12b of the laminatcd structure 10 may be formed by further
spreading carbon fiber tows, or analogous tows of any desirable material, as 1s a
commonly known and understood practice in the art, at least with respect to
balanced and symmetric laminates. At least U.S. Patent Application Pub. No.
2006/0093802 describes various tow spreading practices and 1S hereby
incorporated by reference 1n 1ts entirety. The spreading of tows this manner
cnables certain embodiments of the laminated structure 10 to comprise extremely
thin ply layers 12a, 12b, ecach having a thickness of approximately 0.0625
millimeters and a weight of approximately 75 g/m”. In these and other

cmbodiments with ply layers of such thicknesscs, homogencity, as previously

thickness of approximately 2.0 millimeters. However, 1t should be understood that
any of a variety of thicknesses for each ply layer, and thus each laminated
structure, may be envisioned, provided such 1s generally less than the at least
thinner than conventional unidirectional fiber, having a typical thickness of
approximately 0.25 millimeters.

In still further embodiments, the ply layers 12a, 12b of the laminated
structure 10, of whatever material formed, may be further variable in thickness, as
may be desirable for a particular application. As a non-limiting example, the
respective ply layers in certain embodiments may vary anywhere from
approximately 0.02 millimeters to 0.08 millimeters, although 1n other
embodiments, ply thickness may vary cven up to 0.12 millimeters, as may bc

desirable for a particular application.

Exemplary Constructions

The laminated structures 10 according to various embodiments, as
described herein, may be used in a variety of applications. As non-limiting
examplcs, such may include at least rotary (e.g., wind turbine, hclicopter rotor,
etc.) blades, aircraft surfaces such as wings and fuselages, and any of a variety of
acrospace surfaces. In any of these applications, not only may an asymmetrical
and/or unbalanced configuration, as described herein be desirable, but further
hybridization of the same may be useful. In other words, although orientations of

10° to approximately 40° (or approximately 15° to 25°, or even any acute angle
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less than 90°, as the case may be) have been described, certain embodiments may
incorporatc onc or more oricntations, depending upon a variety of factors such as
the positioning upon a surface.

As a non-limiting example, a wing-like structure may have upper and lower

5  skins with a [0/25°] orientation, with an overlapped region at the leading and/or

trailing edges thereof with a [0/+25°/0] orientation (which corresponds, for
example, to the sub-laminate module rotation (e.g., flipped or folded)
configurations, described previously heremn). Such “fish bone” designs, as
commonly referred to, may also be considered on stringers in the shape of
10  channels, or sections with combinations of [0/25°] on the webs and fish bone on
the caps (or vice-versa), as may bc desirablc for a particular application. Still

further, for cylindrical structurcs like pipes, wvessels, fusclages, various

embodiments may comprise a ply orientation of a “*helical angle” configuration,
the exact of which angle depends upon the ply material utilized and the various
15 loading conditions as described herein.

Still further, 1t should be understood that the traditional independent
contributions of substructure (e.g., ply layers and/or sub-laminate modules) and
skin for respective portions of a stiffened panel (e.g., a wing or blade surface
portion) may, according to various embodiments, be completely replaced by a fully

20  coupled anisotropic components (e.g., laminate 10), as described herein. In certain
embodiments, the entire laminated structure 10 may be configured such that 1t 1s
fully coupled and anisotropic, while in other embodiments, the individual
componcents (e.g., ply layers and/or sub-laminatc modulcs 15 (e.g., ply layers
and/or sub-laminate modules 15) may cach respectively be configured as fully

25  coupled and anisotropic, although the entire stiffened panel formed thereby is not.
Various combinations and alternatives may be envisioned, as within the scope of
the various embodiments described herein.

Various laminated structure (e.g., ply layers and/or sub-laminate modules)
consolidation options cxist as well, as are commonly known and understood in the

30 art. Fabrics within the ply layers and/or the sub-laminate modules may be
furnished as dry fibers or pre-impregnated with resin (e.g., prepreg). Non-limiting
examples of each, as also commonly known and understood in the art, include the
non-limiting examples of Resin Transfer Molding, Vacuum Resin Transfer

Molding, Heated Vacuum Assist Resin Transter Molding, out of Autoclave

26
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Processes, and Resin Film Infusion.

Further, although wvarious 1mproved tapering proccdurcs have been
previously described herein, i1t should be understood that any of the variety of
procedures employed, beyond contributing at least in part to improved time-based
efficiencies, further reduce the amount of ply material necessary for the
manufacture of various laminated structures having square edges. AsS a non-
limiting example, consider the laminated structure 1 of Figure 1, which contains a
plurality of plies, at least some of which are oriented at +45° or - 45°. When
applying the conventionally complex tapering procedures, such plies were
generally dropped individually, as opposed to the improved sub-laminate module
drops dcscribed herein.  When so dropped, any ply material overhanging the
square edge of the taper location would become waste. In accordance with the
tapering procedures employed with laminated structures 110, such as that
illustrated 1n Figure 2, ply drops are not by individual ply layer, but by sub-
laminate module. And although such sub-laminate modules according to certain
embodiments involve some portion of angled plies (e.g., at 10° to 40°, or
alternatively 25°), the modules generally comprise relatively narrow angles, which
result in a lesser degree of waste when tapering a laminated structure having square

edges, as compared to the degree of conventionally produced waste.

Conclusion

Many modifications and other embodiments of the inventions set forth
herein will come to mind to onc skilled in the art to which these inventions pertain
having the benefit of the teachings presented in the foregoing descriptions and the
assoclated drawings. Therefore, it i1s to be understood that the inventions are not to
be limited to the specific embodiments disclosed and that modifications and other
embodiments are intended to be included within the scope of the appended claims.
Although specific terms are employed herein, they are used in a generic and

descriptive sensc only and not for purposcs of limitation.

277

CA 2988760 2017-12-12



N/ bt

(9

cC€09S0/TTOTS/LId

N\

Pe
o/
q¢

o/

Z 371NY) L33HS 31NnLILsgans

14V ¥0T¥d
[ 9

b

m¢+

7 o\\\\\\
\\\\\\ \\\\\

\\\\\\\\\\

AN

\\\\\\\\\\\

\\§

>

S\

S

CA 2988760 2017-12-12



WO 2012/096696 PCT/US2011/8656033

2/9

10
¥ 15 W// ////% /
N —- "
T o

E
v

///// 7
15% ////

ET
oy
7T
T
I
77T
R
o=
7T

13

1
r
|
1

6l
f
1
T
1
r

l7fT

FI6. 2

SUBSTITUTE SHEET (RULE 26)

CA 2988760 2017-12-12



wl
NG
///////////////




(9Z 371NY) 133HS ILNLILSENS

3-ANGLE

2-ANGLE

[0/+0/0] 4¢ [0/+0/0] g7

[To] 8S

[Zolyer

v (L L
AN N NN NNNN AN
V4 L L LL L,
ENOMSONOOUONOIUN N NN NN
L L L L L L LS |
CLLLL
4 LLLL L L SOUONSSNNSNNNNNNN
NSNS S NN NS NN S NNN (LLLELLS
L LLLL L L L
(L LLLLL
£ L (L L L L NSNS NN S NN N NN N
EOUONNSNNNNNNNNGY (LS
i /.
L LL /.
]6 AN SO\ SOONNNNNMNNNN SN
AN SO S NN fLL L
L L L L L e L8l Ll (L L Ll
NOMSUSOONONN S NN NN N SOVSOUOUUOSNS NN NN N
Va (L LLLLLLL L LS Z .
L L Ll L (L. CLLL yye
LNOSOMSNONN N NN NN NN SOOUONOUSNNSNN NN NN
(L (L L L (L L

T | ez
n::32 n==32
Symm Asymm

ZIOJ HOJ

| - YV,
244\27\;;2\7\;j ELe /I\/

AN IKTNNNNNNNY
LLLL 7 7]
SN
L /) v . o —
1 7777777777
OSSN
L

L7

oo~ | 77

2777777777777

ISSSSSSSKSSSSS

L 777

SOONSNNANSNNENNN

12a
12b

LLLL LD

2Ll

SSOSSNSS }.S_i; Ei////WZ?////i

n=32
Symm

w

FIG.4

CA 2988760 2017-12-12

n=J2
Asymm

-

6/V

969960/2107 OM

SE09S0/LTOCS1/LDd



PCT/US2011/056035

WO 2012/696696

WY3L INOT |
| 20
¥ YAONI Lv3dy
0
YDIHL Wi 7
§IM1d Z€
00
fl——b—5——|
e e L
.
N
N\
20
g34n) ATMIN
50
Merez/01
Y

Wi3L INOT “
(0
d XIGNI 1viddd
¥ 0
MIHL Wil f
S01d #9

d340) ATMIN

Fero/szi/0

/o:

¢l b G 7
et
— ——
Wail ONOT
d X4QNI 1Vid1Y
- Y)IH]1 W ¢y
— Si1d 1L _
99=F
3 |
el —b——§ |
- = |9 ==
=== 3
N/
o
e
d34Nn) AIMIN
P rep: /01
N _

=
o

™~
=

T
o

e0L ‘NIVAIS XI14

o~
—

Ay

01 ‘NIVALS X311

SUBSTITUTE SHEET (RULE 26)

CA 2988760 2017-12-12



WO 2012/096696 PCT/US2011/0560353

6/9

2,

,,;,///;,4/,
‘l

L/
‘4&%&,’
7
2%
<77

| Nm

£ 2E o~
e D
** 2 =
X ] = >
< =127 =
* o~ =
¥ S{5 — RS =
¥ S =
¥ =
;[e\ l.n_l
s\*\.““ e
—
. | o 7 rh‘*a-l
o O O O |
S| INIIIN0) ANIS/ISIML -

P=078N

L

BENDING FORCE ON

SUBSTITUTE SHEET (RULE 26)

CA 2988760 2017-12-12



WO 2012/096696

14
12 1

10 [0/¢
o TN

PCT/US2011/056033

-1000 -500

—— LPF-ply --— LPF-homo
FPF-ply ----- FPF-homo
500 al |
0]°
1000 1500

LPF-homo

— LPF-ply --—
| FPF-ply
500 al

FPF-homo

500 1000

0
| s | L

CA 2988760 2017-12-12

1500

FIG. 8

SUBSTITUTE SHEET (RULE 26)

J



WO 2012/096696 PCT/US2011/056035

8/9

y
LAYERS E Am FINAL PRODUCT

= i

A . I A A S A A A A A A A i

S

_+

MACHINE RUN DIRECTION 17

FIG. 9

SUBSTITUTE SHEET (RULE 26)

CA 2988760 2017-12-12



9/9

MACHINE RUN
DIRECTION

FI6. 10

2222222222222222222



	Page 1 - abstract
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings

