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(57) Abstract: A composite article in-
cludes @ plurality of fibers at least par-
tially embedded within a matrix. The
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1
CONTROLLED FIBER-MATRIX ADHESION FOR POLYMER FIBER
COMPOSITES

FIELD
The present disclosure relates generally to composites and, more particularly, to fiber

reinforced composite articles having improved ballistic performance.

BACKGROUND

Existing armor panels as currently known may be comprised of laminated sheets of
various materials. For example, existing armor panels may be comprised of one or more sheets
of glass and/or acrylic which may be laminated using suitable adhesives. In attempts to improve
the ballistic resistance or performance of armor panels, manufacturers may add layers of

polycarbonate material to the sheets of laminated glass and acrylic.

Although generally effective in absorbing energy from impacts and providing
protection against projectiles, existing armor panels possess certain drawbacks which detract
from their utility. For example, glass is a relatively dense material and therefore adds
significantly to the overall mass and bulk of the armor panel at the thicknesses required to
provide sufficient ballistic protection. A further drawback associated with certain armor panels
is related to the mechanical properties of glass and other materials that make up certain armor
panels. For example, it may desirable in certain applications such as in vehicular applications

that an armor panel is transparent.

Unfortunately, certain currently available transparent armor panels may suffer a
significant loss in optical performance following an impact event. For example, for certain
currently available armor panels, an impact in a localized area of the armor panel from a
projectile may result in loss of optical performance in a significant portion of the remainder of
the armor panel. Such loss in optical performance may be a result of crack propagation from the

impact site.

As can be seen, there exists a nced in the art for an armor panel which provides a high

degree of optical transparency with improved ballistic performance and minimal weight.

AH25(7387838_1).PRW
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BRIEF SUMMARY
It is an object of the present invention to at least substantially satisfy the above need, or

at least to prove a useful alternative.

In a first aspect, the present invention provides a composite article, comprising:

a plurality of fibres at least partially embedded within a matrix and forming a plurality
of layers arranged in a layer stack;

the fibres in one of the layers being oriented at an angle that is different than the
fibres in another one of the layers;

the fibres adhering to the matrix at a level of adhesion; and

the adhesion level in an outermost layer on one side of the layer stack being
greater than the adhesion level of an outermost layer on an opposite side of the layer stack.

In a further embodiment, disclosed is a composite article including a plurality of fibres
at least partially embedded within a matrix. The fibres and the matrix may adhere to one
another with one or more adhesion properties. The adhesion properties may vary spatially
within the composite article. For example, the adhesion properties may vary along a length of a
fibre. The adhesion properties may also vary among the fibres within a layer. The adhesion

properties may further vary between at least two of the layers.

Also disclosed is a composite article including a plurality of fibres at least partially
embedded within a matrix and wherein the adhesion level and/or the adhesion properties may
vary spatially within the composite article according to any one of a plurality of arrangements.
For example, the adhesion levels and/or adhesion properties may vary along a length of one of
the fibres. The adhesion levels and/or adhesion properties may vary among the fibres of a given
layer. Furthermore, the adhesion levels and/or adhesion properties may vary across the layers of

the composite article.

In a second aspect, the present invention provides a method of manufacturing a
composite article, comprising the steps of:

embedding a plurality of fibres at least partially within a matrix to form a plurality of
layers arranged in a layer stack, such that the fibres in one of the layers are oriented at an angle
that is different than the fibres in another one of the layers;

adhering the fibres to the matrix at a level of adhesion; and

varying the adhesion level spatially within the composite article, such that the

AH25(9983223 2).dah
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2a
adhesion level in an outermost layer on one side of the layer stack is greater than the adhesion
level of an outermost layer on an opposing side of the layer stack.
The features and functions that have been discussed can be achieved independently in
various embodiments of the present disclosure or may be combined in yet other embodiments,
further details of which can be seen with reference to the following description and drawings

below.

BRIEF DESCRIPTION OF THE DRAWINGS
Preferred embodiments of the present invention will now be described, by way of

example only, with reference to the accompanying drawings wherein:

Figure 1 is a perspective illustration of a composite article in an embodiment

comprising a substantially transparent matrix and a plurality of substantially transparent fibres;

Figure 2 is an exploded perspective illustration of the composite article of Figure 1 and

AH25(9983223 2).dah
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illustrating a plurality of layers of the fibers embedded within the matrix;

Figure 3 is an enlarged perspective illustration of a portion of an embodiment of the
composite article of Figure 1 and illustrating the arrangement of the layers of fibers within the
matrix;

Figure 4A is an enlarged sectional illustration of the composite article taken along line
4A of Figure 3 and illustrating a portion of a length of one of the fibers having a varying level of
adhesion between the fiber to the matrix along the fiber length;

Figure 4B is an enlarged perspective illustration taken along line 4B of Figure 3 and
illustrating a further embodiment of the composite article having varying adhesion levels
between upper and lower surfaces of a fiber;

Figure 5 is an enlarged side view of the composite article taken along line 5 of Figure 3
and illustrating an embodiment having varying adhesion levels across the layers of the composite
article;

Figure 6 is a top view illustration of a composite article having at least one layer of fibers
oriented substantially parallel to one another layer of fibers and further illustrating varying
adhesion levels among groups of the fibers within one of the layers;

Figure 7 is an end view of the composite article illustrated in Figure 6 and illustrating
layer groups having varying adhesion levels among the stack of layers;

Figure ¥ is a computer simulation of an impact event of a projectile impacting a
composite panel and illustrating movement of the fibers relative to the matrix as a result of
controllcd adhesion between the fibers and matrix;

Figurc 9 is a sectional illustration of a composite articlc such as during an impact cvent
and illustrating controlled fiber movement relative to the matrix in a manncr controlling the
penctration of the projectile through the composite article;

Figurc 10 is a schematic illustration of a tcst sct up for mcasuring differences in axial
displacement of fibers in a matrix and wherein the fibers each have different surface
configurations or surface treatments;

Figure 11 is a graph of fiber stress for the test of set up of Figure 10 and illustrating the
differences in adhesion levels between the matrix and the fibers having different surface
configurations or treatments; and

Figure 12 is an illustration of a flow chart including one or more operations that may

comprise a methodology of manufacturing a composite article.
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DETAILED DESCRIPTION

Referring now to the drawings wherein the showings are for purposes of illustrating
preferred and various embodiments of the disclosure, shown in Figure 1 is an embodiment of a
composite article 10. The composite article 10 may be fabricated as a fiber-reinforced composite
panel 14 comprising a matrix 30 and a plurality of fibers 32 embedded within the matrix 30. The
fibers 32 may be formed of substantially optically transparent fiber 32 material. Likewise, the
matrix 30 may be comprised of a substantially optically transparent polymeric matrix 30 material
although the matrix 30 may be formed of other material compositions. Although the composite
article 10 is illustrated in Figure 1 in a panel 14 configuration having substantially parallel panel
14 surfaces, the composite article 10 may be provided in any one of a wide variety of sizes,
shapcs and configurations, without limitation, and may includc any number of planar surfaces
and/or compound curvature surfaces.

Advantageously, the composite article 10 as illustrated in Figure 1 is specifically
configured to provide varying levels of adhesion between the fibers 32 and the matrix 30
throughout the composite article 10. By spatially varying the adhesion level 56 between the
fibers 32 and the matrix 30, the amount and/or length of fibers 32 that are involved in an impact
event may be controlled. More specifically, by spatially varying the fiber-matrix adhesion levels
56 throughout the composite article 10, the deceleration of a projectile or ballistic object passing
through the composite article 10 can be controlled.

Furthermore, disclosed are embodiments of the composite article 10 wherein the adhesion
levels 56 between the fibers 32 and the matrix 30 are spatially varied in a manner to control the
failure modes of the fibers 32 as a function of distance or penetration of the projectile through
the composite article 10. In this regard, the present disclosure provides the technical benefit of
selectively increasing the amount or length of each fiber 32 that is involved in a ballistic event
such that the tensile strain in each fiber 32 may be distributed through a relatively longer length
of the fiber 32. By increasing the length of the fibers 32 that are involved in a ballistic event, the
total amount of projectile energy absorbed by the fibers 32 may be increased.

Furthermore, by selectively varying the adhesion levels 56 throughout the composite
article 10, relative movement of selected fibers 32 can be increased to increase the duration of a
ballistic impact event resulting in an increase in the amount of time that the fibers 32 have for
decelerating a projectile and increasing the amount of projectile energy that may be absorbed by
the fibers 32. In addition, the present disclosure contemplates controlling or spatially varying the

fiber-matrix 32, 30 adhesion levels 56 at different locations throughout the composite article 10
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as a means for controlling the size of the area of the composite article 10 that is impacted or
damaged by a projectile. Even further, the present disclosure contemplates controlling or
spatially varying the fiber-matrix adhesion levels 56 as a means to control delamination or
separation of adjacent layers 74 from one another during an event such as a ballistic event.

Referring to Figure 1, shown is the composite article 10 which is formed in a panel 14
configuration and which comprises the plurality of fibers 32 embedded within the matrix 30. As
was indicated earlier, the fibers 32 are preferably substantially optically transparent although one
or more portions of the fibers 32 may be formed of opaque material or other materials having
different levels of optical transparency. The fibers 32 may serve as structural reinforcing for the
substantially transparent matrix 30 and may improve the mechanical performance of the
composite material 10. For example, the fibers 32 provide structural reinforcing in a manner to
improve the specific stiffness of the composite article 10 (i.e., stiffness of the composite article
10 divided by the composite article 10 density) due to increased tensile strength and modulus of
clasticity of the fibers 32.

Referring to Figure 2, shown is an exploded perspective illustration of the panel 14 of
Figure 1 and illustrating the plurality of fibers 32 generally formed as strips and arranged in
layers 74 within the matrix 30. As can be seen in Figure 2, the fibers 32 are shown as having an
clongated cross-sectional shape preferably including an opposed pair of substantially planar fiber
32 faces such as upper and lower surfaces 40, 42. The fiber surfaces 36 of the fibers 32 may be
arranged to be substantially parallel to a substantially planar article surface 12 of the composite
articlc 10. Such an oricntation of the fibers 32 within the matrix 30 may improve the optical
performance of the composite article 10.

Referring to Figure 3, shown is an cnlarged perspective illustration of the composite
article 10 wherein the fibers 32 arc arranged in the layers 74 within the matrix 30. As shown in
Figurc 3, the fibers 32 in cach onc of the laycrs 74 may be gencrally oricnted substantially
parallel relative to one another. In the embodiment illustrated in Figure 3, the layers 74 may be
arranged in a cross-ply configuration wherein the fibers 32 are oriented perpendicularly relative
to the orientation of the fibers 32 in the immediately adjacent layers 74. However, the layers 74
may be arranged in a varicty of alternative configurations. For example, the fibers 32 of one
layer 74 may be oriented in any non-perpendicular angle (e.g., at 15°, 22.5°, 45°, 60°, 75°, etc.)
relative to the fibers 32 of one or more of the layers 74.

Referring still to Figure 3, although the composite article 10 is illustrated as having three

layers 74 of fibers 32, any quantity of layers 74 may be provided. For example, the composite
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article 10 may include a single layer 74 of fibers 32 or tens or more layers 74 of fibers 32.
Furthermore, the fibers 32 in each layer 74 are not limited to being oriented substantially parallel
to one another as illustrated in Figure 3. For example, a portion of the fibers 32 in a layer 74
may be oriented in non-parallel relation to one another. Even further, although Figures 1-3
illustrate the fibers 32 of each layer 74 generally being arranged in uniformly spaced relation to
one another, the fibers 32 may be spaced in non-uniform arrangements. Even further, the fibers
32 in a layer 74 may be arranged in a woven (not shown) configuration and/or in the non-woven
configuration illustrated in Figures 1-3. Additionally, one or more of the fibers 32 of one or
more of the layers 74 may be placed in contacting or non-contacting relation with the fibers 32 of
the same layer 74 and/or with the fibers 32 of adjacent layers 74.

Referring to Figure 4A, shown is an enlarged illustration of one of the fibers 32 having
varying adhesion levels 56 along a length of the fiber 32. The adhesion level 56 may be
characterized as a measure of the strength of the bond 54 at an interface 52 between the fiber 32
and the matrix 30 and may comprise the strength of the bond 54 along a length of the fiber 32. It
should be noted that in the context of the present disclosure, properties such as strength and
strain are in terms of dynamic properties and/or quasi-static properties. Figure 4A illustrates a
fiber axis 50 of the fiber 32 extending along the fiber 32 length. The adhesion level 56 may be a
measure of the strength of the bond 54 at the interface 52 between the fiber 32 and the matrix 30
along a direction substantially parallel to the fiber axis 50. However, the adhesion level 56 may
also include the strength of the bond 54 at the interface 52 between the fibers 32 and the matrix
30 along non-parallcl dircctions or in a dircction transversc to the fiber axis 50.

Referring still to Figurc 4A, the adhesion level 56 may vary along the fiber 32 length and
may be represented by a first adhesion level 58 at one portion of the fiber 32 length and a second
adhesion level 60 at another portion of the fiber 32 length as illustrated in Figure 4A. In this
regard, Figurc 4A illustratcs a stcpwisc change in the adhesion level 56 along the fiber 32 length.
Such change in adhesion level 56 may be periodic along a length of the fiber 32 and may include
multiple changes in the adhesion level 56 along the fiber 32 length. Alternatively, the variation
in adhesion level 56 may be configured to be progressive such as a progressive or gradual
increase or decrease in the adhesion levels 56 along the length of the fiber 32. For stepwise
changes in adhesion level 56, the increase and/or decrease in adhesion level 56 may be repeated
as a pattern of increases and/or decreases in the adhesion level 56 along the fiber 32 length. The
pattern may comprise a single stepwise change in adhesion level 56 or multiple stepwise changes

in the adhesion level 56. The adhesion level 56 along a fiber 32 length may alternate between
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relatively high levels of adhesion and relatively low levels of adhesion. The periodic change
may also be generally uniform, stepwise varying, sinusoidally varying, or any number of a
variety of configurations for varying the adhesion level 56 along the fiber 32 length.

Referring still to Figure 4A, such changes in adhesion level 56 may be effectuated by
improving the bond 54 strength or characteristics between the fiber 32 and matrix 30. In
addition, changes in adhesion level 56 may be effectuated by reducing the bond 54 strength or
characteristics at the interface 52 between the fiber 32 and matrix 30. For example, at least a
portion of the fiber 32 may be provided or coated with a release agent 68 in order to reduce the
adhesion level 56 of the fiber 32 at that portion of the fiber 32 length. The release agent 68 may
comprise any one of a number of suitable release agents 68 including, but not limited to, a high
surface tension coating, a mold release agent 68 such as FREKOTE™, or any other suitable
release agent 68.

Conversely, the adhesion level 56 between the fiber 32 and the matrix 30 may be
increased by coating at least a portion of one of the fibers 32 with a bonding agent 70 (Figure
4A). The bonding agent 70 may comprise a chemical coating that improves the adhesion
between the fiber 32 and the matrix 30. For example, bonding agents 70 such as silanes
including, but not limited to, glycidoxy trimethoxysilane may be applied along at least a portion
of a fiber 32 to increase the bond 54 between the fiber 32 and the matrix 30. Adhesion may also
be increased by removing contaminants from a portion of a fiber 32. Such contaminants may
include oils which may reduce the adhesion level 56 of the fiber 32 to the matrix 30 relative to a
non-contaminated fiber 32, The fiber surfacces 36 (Figure 4A) may be cleancd or treated in order
to remove contaminants such as oils which may reduce the adhesion level 56 between the fiber

2 and the matrix 30. For example, fibers 32 may be cleaned with alcohol or acetone to remove
contaminants.

Referring still to Figurc 4A, the adhcesion level 56 of at Icast a portion of a fiber 32 may
also be increased by locally mechanically modifying the surface configuration of the fiber 32.
For example, the adhesion level 56 may be increased by increasing the surface roughness 72 of
at least a portion of a fiber 32. In this regard, at least a portion of the fiber 32 may be abraded or
otherwise processed to increase the surface roughness 72 of at Ieast a portion of the fiber 32
relative to a remaining fiber 32 length. Increases in surface roughness 72 may result in locally
modifying a relatively thin portion of the surface of the fiber 32 creating small protrusions that
may extend laterally outwardly from the fiber surface 36 and which may be encapsulated by the

matrix 30 and provide increased resistance against relative movement of the fiber 32 and the
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matrix 30 such as in an axial direction of the fiber 32. As can be seen in Figure 4A, the portion
of the fiber 32 length indicated as the first adhesion level 58 includes surface roughness 72 that
increases the adhesion level 56 of a portion of the fiber 32 relative to the second adhesion level
60 along the same fiber 32.

Referring to Figure 4B, shown is an enlarged sectional illustration of a portion of a fiber
32 length wherein an upper surface 40 of the fiber 32 has a first adhesion level 58 which may be
higher than a lower surface 42 of the fiber 32 which may have a second adhesion level 60. The
second adhesion level 60 may be lower than the first adhesion level 58 due to the application of a
release agent 68 to the lower surface 42 of the fiber 32. Likewise, the upper surface 40 of the
fiber 32 may include a treatment to increase the surface roughness 72 in order to increase the
adhesion level 56. In addition, a bonding agent 70 may be applied to the upper surface 40 to
enhance the adhesion level 56 thereof.

Referring to Figure 5, shown is an enlarged sectional illustration of the composite article
10 taken along line 5 of Figure 3 and illustrating a plurality of layers 74 of the fibers 32
embedded within the matrix 30. As can be seen, the intermediate layer 82 of the fibers 32 may
have a first adhesion level 58 while the outermost or uppermost layer 80 of the fibers 32 may
have a second adhesion level 60 which may be different than the first adhesion level 58.
Likewise, the lowermost layer 84 of the fibers 32 illustrated in Figure 5 may be provided with an
adhesion level 56 that may be similar to the adhesion level 56 of the uppermost layer 80 or which
may be provided with an adhesion level 56 similar to the adhesion level 56 of the intermediate
layer 82 of fibers 32. Alternatively, the lowermost layer 84 of fibers 32 may be provided with a
different adhesion level 56 than the intermediate 82 or uppermost layer 80.

In this regard, Figure 5 illustrates an ecmbodiment of spatially varying the adhesion level
56 among or across the layers 74 of the composite article 10. It should be noted that
arrangements for spatially varying thc adhesion levels 56 may be provided in different
combinations. For example, the variation in adhesion level 56 across the layers 74 as illustrated
in Figure 5 may be combined with variation of the adhesion levels 56 along the lengths of the
fibers 32 in any one of the layers 74 similar to the variation in adhesion level 56 as illustrated in
Figures 4A and 4B. Likewise, variations in adhesion levels 56 among the fibers 32 in a given
layer 74 may be combined with variations in adhesion levels 56 across different layers 74 of the
composite article 10. Even further, the fiber-matrix adhesion levels 56 may be varied according

to the geometry of the composite article 10. For example, the adhesion levels 56 may be varied



10

15

20

25

30

WO 2012/082266 PCT/US2011/060025

along the panel width 16 (Figure 6) or panel length 17 (Figure 6), along the panel thickness 18
(Figure 7) or along any other geometric parameter of the composite article 10.

Referring briefly to Figure 7, the variation in adhesion level 56 among the layers 74 may
include progressively varying (i.e., progressively increasing or progressively decreasing) the
adhesion level 56 of the fibers 32 within a stack 78 of layers 74. A stack 78 of layers 74 may
represent any quantity of layers 74 in a composite article 10. The variation in adhesion level 56
across the layers 74 of the layer stack 78 may be provided in a stepwise manner wherein the
adhesion level 56 varies from one group of layers 74 to another group of layers 74 in the stack
78. A group 76 of layers 74 may comprise adjacent layers 74 of any quantity including a single
layer 74. One or more group 76 of layers 74 may have relatively higher adhesion levels 56 than
adhesion levels 56 of an adjacent layer group 76 as described in greater detail below.

Furthermore, the variation in adhesion levels 56 across the layers 74 may be provided in a
pattern of layer groups 76 and which may be a repeating pattern across the layer stack 78. The
fibers 32 in each one of the layers 74 of a layer group 76 may have adhesion levels 56 that are
substantially equivalent to the adhesion levels 56 of a non-adjacent group 76 of layers 74. In an
embodiment, the fiber 32 in each layer 74 of a layer group 76 may have substantially equivalent
adhesion levels 56. However, as indicated above, the present disclosure contemplates combining
arrangements for varying the adhesion levels 56 within the composite article 10 including
varying the adhesion levels 56 among fibers 32 (Figure 6) within a given layer 74 in combination
with varying the adhesion levels 56 across groups of layers 74 (Figure 7).

Referring to Figurc 6, shown is a top view schematic illustration of a plurality of fibers

2 of a layer 74 (Figurc 7) embedded within the matrix 30 of a composite article 10 in a pancl 14
configuration wherein the panel 14 has a pancl width 16 and panel length 17. Figure 6 illustrates
an cmbodiment of the composite article 10 wherein the adhesion levels 56 may vary among the
fibers 32 of the laycers 74 (Figurc 7). For cxample, onc or morc fibers 32 in a layer 74 may have
an adhesion level 56 that may be higher than one or more fibers 32 in the same layers 74. In this
regard, Figure 6 illustrates groups of fibers 34 of the same layers 74. A group of fibers 34 may
comprise adjacent fibers 32 of any quantity within a given layer 74 (Figure 7) and which may
have a different adhesion level 56 than an adjacent fiber group 34.

Figure 6 illustrates fiber groups 34 located along the edges of the panel 14. The fiber
groups 34 are illustrated as having a second adhesion level 60. Figure 6 also illustrates another
fiber group 34 of a first adhesion level 58 located between the fiber groups 34 having the second

adhesion level 60. The first adhesion level 58 may be different than the second adhesion level
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60. For example, the first adhesion level 58 may be higher than the second adhesion level 60 to
provide a relatively higher stiffness to the composite panel 14 at the location of the fiber groups
34 having the first adhesion level 58. As may be appreciated, the adhesion levels 56 among any
given layer 74 may be distributed in any suitable arrangement and are not limited to the
arrangement 1s illustrated in Figure 6.

Referring still to Figure 6, the variation or change in adhesion level 56 among the fibers
32 of any given layer 74 (Figure 7) may be provided in any suitable manner including in a
progressively increasing or decreasing change of adhesion levels 56 across a given layer 74
(Figure 7). In addition, the adhesion levels 56 may be altered by improving the bond 54 strength
or characteristics at the interface 52 between the fiber 32 and the matrix 30 or by reducing the
bond 54 strength or characteristics at the interface 52 between the fiber 32 and matrix 30. For
example, a group of fibers 32 may be coated with a release agent 68 to reduce the adhesion level
56 between the fibers 32 and the matrix 30. Alternatively, a bonding agent 70 may be applied to
the fibers 32 to increase the chemical bond 54 between the fibers 32 and the matrix 30 such as by
altering the polymer backbone stiffnesses and/or chain lengths of the fiber 32 compositions. In
addition, the surfaces of the fibers 32 may be treated or processed such as by cleaning the fibers
32 to remove contaminants such as oil to increase the adhesion levels 56.

The adhesion levels 56 of the fibers 32 may also be increased by increasing the surface
roughness 72 of the fibers 32 relative to the surface roughness 72 of the fibers 32 in their original
or manufactured state. Figure 6 illustrates the local application of surface roughness 72 to
discrete portions of certain fibers 32. The local application of the surfacc roughness 72 may
increase the adhesion level 56 at the locations of the fiber 32 length. In this manner, the fibers

2 in a given layer 74 (Figure 7) may be treated locally in order to increase or decrease the
adhesion level 56 in order to cffectuate a desired response to an impact cvent of a projectile or
objcct with the composite article 10.

In addition, the adhesion level 56 of a group of fibers 32 may be increased by using fibers
32 having different polymer fiber 32 compositions relative to the fiber 32 compositions of fibers
32 in other fiber groups 34 of the same layers 74 (Figure 7). For example, fluorinated fibers 32
may be included within one group of layers 74 (Figure 7) to provide reduced adhesion to the
matrix 30 relative to the adhesion levels 56 of fiber groups 34 having non-fluorinated fibers 32.
In addition, the adhesion levels 56 may be altered by using matrix 30 material having different

matrix 30 compositions to provide reduced adhesion to the fibers 32.
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Referring to Figure 7, shown is a side schematic illustration of a composite article 10
having a plurality of layers 74. As mentioned above with regard to Figure 5, a group of layers 74
may be provided with varying adhesion levels 56 among the layer stack 78. A group of layers 74
may comprise adjacent layers 74 of any quantity including a single layer 74. Figure 7 illustrates
a group of layers 74 at the uppermost portion of the composite article 10 having a first adhesion
level 58 and the lowermost group of layers 74 also having a first adhesion level 58. The group of
intermediate layers 82 located between the outermost layers 80 are illustrated as having a second
adhesion level 60 which may be lower than the first adhesion level 58. Alternatively, an
outermost group of layers 80 may have a first adhesion level 58 and the remaining layers 74 of
the composite article 10 may have a second adhesion level 60 which may be higher than the first
adhesion level 58.

In this regard, Figure 7 illustrates the varying of the adhesion level 56 between layers 74
within a layer stack 78. The variation in adhesion levels 56 across the layers 74 of the layer
stack 78 may be progressive such as a progressive or gradual increase or decrease or variation in
adhesion levels 56 across the layer stack 78. The adhesion level 56 may be higher for a
predetermined quantity or group of layers 74 within the layer stack 78 relative to the remaining
layers 74 in the layer stack 78. Furthermore, the adhesion levels 56 may be varied within a given
layer 74 of a stack 78. The adhesion levels 56 may also be varied along a length of a given fiber
32 within a layer 74. For example, Figure 7 illustrates the localized application of surface
roughness 72 to one or more fibers 32 in a layer 74 to locally increase the adhesion level 56 of
the fibers 32. Other treatments may be provided to the fibers 32 to incrcasc or decrcasc the
adhesion levels 56.

Referring still to Figure 7, the adhesion level 56 may be varied within a composite article
10 such as a composite pancl 14 in order to provide a desired degree of movement of selected
fibers 32 rclative to the matrix 30. For cxample, the composite article 10 may be implemented as
a ballistic panel 14 having opposing panel surfaces 20 and defining a panel thickness 18 as
illustrated in Figure 7. The panel 14 may be configured such that the fibers 32 in the layer(s) 74
nearest one of the panel surfaces 20 has an adhesion level 56 that differs by up to approximately
90% relative to the layer 74 nearest the opposite one of the panel surfaces 20. For
implementation as a ballistic panel 14, the panel surfaces 20 may comprise a strike face 22 and a
back face 26 as illustrated in Figure 7. The strike face 22 may be configured to receive an

impact from an object such as from a projectile and may be oriented, positioned or otherwise
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arranged to receive impacts from objects. The back face 26 may be on a side of the panel 14
opposite the strike face 22.

The adhesion level 56 of the fibers 32 in the layer(s) 74 nearest the strike face 22 may be
greater than the adhesion levels 56 of the fibers 32 in the layer(s) 74 nearest the back face 26.
By providing higher adhesion levels 56 in the layers 74 near the strike face 22, the portion 24 of
the panel 14 near the strike face 22 may have a higher stiffness than the portion 28 of the panel
14 near the back face 26. A higher stiffness for the strike face 22 may facilitate absorbing a
portion of the energy of the projectile during the initial portion of the impact with the strike face
22 causing deformation in the forwardmost portion of the projectile while an aft portion of the
projectile continues to move. In this regard, a relatively stiff strike face 22 due to a relatively
high adhesion level 56 of the layer 74 may increase dwell time during which the forwardmost
portion of the projectile may be deformed. The deformation of the forwardmost portion of the
projectile may comprise an enlargement of mushrooming of the forwardmost portion of the
projectile which may increase the surface area for contacting fibers 32 and involving a larger
percentage of fibers 32 for decelerating the projectile. In addition, a relatively higher stiffness in
a portion of the composite article 10 near the strike face 22 due to relatively higher adhesion
levels 56 near the strike face 22 may alternatively provide stiff support for an additional glass
and/or ceramic layer (not shown) that may be bonded to the strike face 22.

In a further embodiment, the composite article 10 may be configured to provide a
controlled degree of delamination of at least one layer 74 (Figure 7) relative to an adjacent layer
74 of the composite article 10. In this regard, and referring to Figure 7, the compositc article 10
may bc formed such that at least onc pair of the layers 74 arc bonded together with a low
adhesion level 56 relative to the adhesion level 56 between one or more of the remaining layers
74 of the composite article 10. For cxample, the composite article 10 illustrated in Figurc 7 may
be assembled with a low adhesion level 56 including, but not limited to, a zcro-strength bond
between at least one pair of adjacent layers 74 within the layer stack 78 of the composite article
10. In a non-limiting embodiment, the layer(s) 74 having a relatively low adhesion level 56 to
one or more adjacent layers 74 may be located approximately midway through the depth of the
layer stack 78. However, the selection of the location within the layer stack 78 for one or more
pairs of layers 74 having low adhesion levels 56 may be at any location within the layer stack 78.
For example, the layer(s) 74 having a relatively low adhesion level 56 with one or more adjacent
layers 74 may be located in a portion of the composite article 10 adjacent to the back face 26 of

the composite article 10.
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Such relatively low adhesion level 56 may facilitate controlled delamination of at least a
portion of such layers 74 (Figure 7) from the composite article 10 and allowing such delaminated
layers 74 or portions thereof to move laterally (i.e., generally parallel to the plane of a layer 74)
and/or transversely (i.e., generally perpendicular to the plane of a layer 74) relative to the
remaining layers 74 during a failure event such as a ballistic event. For example, by locating the
layers 74 having relatively low adhesion level 56 at an intermediate location such as between
intermediate layers 82 (Figure 7) within the layer stack 78, a lower portion of the composite
article 10 may delaminate from an upper portion of the composite article 10 in a controlled
manner. Such controlled delamination may allow for lateral (i.e., in-plane) movement and/or
transverse (i.¢., out-of-plane) movement of the lower portion relative to the upper portion of the
composite article 10 causing the delaminated layers 74 to absorb the kinetic energy of the
projectile and decelerate the projectile.

In this regard, the delaminated layers 74 (Figure 7) or portions of the composite article 10
may advantageously deform and deflect to a greater extent than the remaining portion of the
composite article 10. Such increased deflection or deformation of the delaminated layers 74 may
facilitate absorption of energy of a projectile and facilitate deceleration of the projectile as the
layers 74 delaminate. The selection of the through-thickness location of the layer(s) 74 having
low adhesion or no adhesion may be based upon the material properties of the fibers 32 and the
matrix 30, the desired failure mode of the composite article 10 including the desired failure mode
of the delaminated layers 74, and other factors.

Referring bricfly to Figure 5, the fibers 32 may be provided in any suitable configuration.
For example, the fibers 32 may cach have a fiber thickness 46 and fiber width 48 sized such that
the fiber 32 has a gencrally clongated cross-scctional shape as illustrated in Figure 5. The cross-
sectional shape may be provided with relatively flattened or substantially planar fiber surfaces 36
to minimizc scattcring of light at the intcrface 52 between the fiber 32 and the matrix 30. In this
regard, the generally elongated shape of the fibers 32 having substantially planar upper and
lower surfaces 40, 42 may improve the optical quality of the composite article 10.

In addition, the substantially planar fiber surfaces 36 (Figure 5) are preferably oriented
substantially parallel to the article surfaces 12 of the composite article 10. However, the fibers
32 may be embedded within the matrix 30 such that the fiber surfaces 36 are oriented in any
desired orientation relative to the article surface 12. Even further, although illustrated in Figure
5 as being substantially planar, the fiber surfaces 36 may be slightly curved (i.e., slightly

concave, slightly convex, crowned) and are not limited to a strictly substantially planar or flat
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profile. In addition, the fibers 32 are preferably arranged such that the side edges 44 are
disposed in spaced relation to one another although the fibers 32 may be arranged such that the
side edges 44 are in contacting relation with one another. In addition, although illustrated as a
generally rectangular shape, the fibers 32 may be provided in any suitable cross-sectional shape
including, but not limited to, a polygon, a quadrilateral, a square, a rectangle and any other
suitable shape.

As was indicated above, the fibers 32 may be comprised of any suitable fiber 32 material
and, preferably, are comprised of substantially optically transparent fiber 32 material. Likewise,
the matrix 30 may be formed of any suitable matrix 30 material and preferably, may be formed
of substantially optically transparent polymeric matrix 30 material. Likewise, the interfuce 52
(Figure 5) between the adhesive bond 54 between the fibers 32 and the matrix 30 may also be
substantially optically transparent. However, the composite article 10 may be configured such
that the matrix 30, fibers 32 and/or interface 52 are opaque or having varying levels of optical
transparency varying between substantially optically transparent to substantially opaque along a
length or width of the composite article 10.

The matrix 30 and the fiber 32 may be formed of any suitable thermoplastic,
thermosetting resin or glass material. For example, the matrix 30 and/or fiber 32 may be formed
of a thermoplastic material comprising at least one of the following materials: fluorocarbons,
polyamides, polyethylenes, polyesters, polypropylenes, polycarbonates, polyurethanes,
polyetheretherketone, polyetherketoneketone and any other suitable thermoplastic material.
Likewise, the fiber 32 and matrix 30 may be formed of a thermosct which may include any onc
of the following: polyurcthancs, phenolics, polyimides, bismalcimides, polycsters, epoxics and
any other suitable thermoset material. Even further, the fibers 32 and/or the matrix 30 may be
formed of glass comprising E-glass (alumino-borosilicate glass), S-glass (alumino silicate glass),
purc silica, borosilicatc glass and/or optical glass.

In addition, the composite article 10 (Figures 1-10) may be configured in any one of a
variety of different shapes, sizes and configurations. For example, the composite article 10 may
be configured for use in any vehicular or non-vehicular application. In this regard, the composite
article 10 may be configured as a transparency of a vehicle such as an aircraft. For example, the
composite article 10 may comprise a windshield or a canopy of an aircraft. The composite
article 10 may also be configured in other configuration such as a membrane, a structural panel,
an architectural panel, a nonstructural panel 14 or article, or any other implementation of the

composite article 10.
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The composite article 10 may additionally be configured to have varying adhesion
properties 62 (Figure 5) within the composite article 10 wherein the adhesion properties 62
between the fibers 32 and the matrix 30 may vary spatially within the composite article 10. The
adhesion properties 62 may represent the properties of the adhesive bond 54 between the fibers
32 and the matrix 30 such as at the interface 52 as illustrated in Figures 1-5. The adhesion
properties 62 may vary spatially within or throughout the composite article 10 in any number of
the arrangements described above with regard to the spatial variation in adhesion levels 56
throughout the composite article 10.

The adhesion properties 62 may include relative strength, stiffness, ductility, strain-to-
failure and other properties of the adhesive bond 54 and which may be varied throughout the
composite article 10. For example, the adhesion properties 62 may be varied along a length of
one or more of the fibers 32 such as a periodic variation in adhesion properties 62 of the adhesive
bond 54 along a portion of a fiber 32 or along the total fiber 32 length. In addition, the adhesion
properties 62 may vary among the fibers 32 of a layer 74 (Figure 5) within the composite article
10. For example, the stiffness of the adhesion between the fibers 32 and the matrix 30 may vary
from fiber 32 to fiber 32 within a layer 74. In this regard, one or more layers 74 or a group of
layers 74 may have a relatively higher stiffness than an adjacent group of layers 74. The
adhesion properties 62 may vary from layer 74 to layer 74 (Figures 5-6) or between layer groups
76 (Figure 7) to increase the stiffness in localized portions of the composite article 10.

For example, Figures 4A-4B illustrate a first adhesion property 64 in one portion of the
fiber 32 and a sccond adhcsion property 66 in another portion of the samc fiber 32. Figurc 6
illustrates a first adhesion property 64 in fiber groups 34 located adjacent the edges of the pancl
14 and a second adhesion property 66 in a fiber group 34 located intermediate the fiber groups
34 having the first adhesion property 64. Likewise, Figure 7 illustrates a first adhesion property
64 in the laycr group 76 ncarcst the uppermost portion of the pancl 14 and a sccond adhcsion
property 66 in the layer group 76 located below the layer group 76 having the first adhesion
property 64.

For example, the composite article 10 may be configured such that the adhesion
properties 62 (Figures 4A-7) result in a higher stiffness of the adhesive bond 54 between the
fiber 32 and the matrix 30 for the layer 74 nearest one of the article surfaces 12 such as the
uppermost article surface 12 illustrated in Figure 7. Conversely, the stiffness of the adhesive
bond 54 between the fiber 32 and the matrix 30 in the layer 74 nearest the opposite or lowermost

article surface 12 may be less than the stiffness of the adhesive bond 54 in the layer(s) 74 nearest
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the uppermost article surface 12 as illustrated in Figure 7. Even further, the fiber-matrix
adhesion levels 56 (Figures 6-7) may be spatially varied in a manner to control delamination or
scparation of adjacent layers 74 from one another during an event such as a ballistic event. In
this regard, the adhesion properties 62 may be varied spatially within the composite article 10 in
any desired arrangement similar to that which is described above with regard to the spatial
variation in adhesion levels 56.

Referring to Figure 12, shown is a flow chart illustrating one or more operations that may
be implemented in a methodology for manufacturing a composite article 10. Step 302 of Figure
12 may include embedding a plurality of fibers 32 at least partially within the matrix 30 similar
to that which is illustrated in Figures 1-5. The fibers 32 may be embedded at least partially or
fully within the matrix 30. Furthermore, the fibers 32 may be oriented in any suitable
arrangement including in cross-ply configuration as illustrated in Figures 2-3. However, the
layers 74 of fibers 32 may be oriented in any one of a variety of angles relative to adjacent layers
74.

Step 304 of the methodology of Figure 12 may include bonding the fibers 32 to the
matrix 30 at a desired level of adhesion 56 and/or with an adhesion property 62 (Figures 4A-7).
The adhesion level 56 may be characterized as a representation of the strength of the bond 54
(Figures 4A-7) at the interface 52 between the fibers 32 and the matrix 30 and may comprise the
strength of the bond 54 along a length of the fiber 32. The adhesion properties 62 may include
relative strength, stiffness, ductility, strain-to-failure and other properties of the adhesive bond 54
and which may be varicd throughout the composite article 10.

Step 306 of the methodology illustrated i Figurc 12 may include varying at lcast onc of
the adhesion lcvel 56 (Figures 4A-7) and the adhesion property 62 (Figures 4A-7) spatially
within the composite article 10 according to a desired configuration or performance goal of the
composite articlc 10. For cxamplc, stcp 308 may comprisc varying the adhesion level 56 and the
adhesion property 62 along a length or a portion of the length of at least one of the fibers 32. As
described above with regard to Figure 4A, the adhesion level 56 at one portion of the fiber 32
length may be different than the adhesion level 56 at another portion of the fiber 32 length and
may be effectuated by applying a bonding agent, a release agent 68 (Figures 4A-6) or applying
surface roughness 72 (Figures 4A-0) to the fiber surface 36 along a portion of the fiber 32 length.
In addition, the adhesion level 56 may be varied by altering the chemistry between the fiber 32
and the matrix 30. For example, one or more of the fibers 32 in the composite article 10 may

have a different composition than the remaining fibers 32 to provide increased or reduced levels
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of adhesion to the matrix 30 relative to the remaining fibers 32. For example, fluorinated fibers
32 may provide a reduced adhesion to the matrix 30 relative to non-fluorinated fibers 32.

Step 310 of the methodology illustrated in Figure 12 may comprise varying the adhesion
level 56 and/or the adhesion property 62 among the fibers 32 of at least one of the layers 74
similar to that which is illustrated in Figure 6. For example, Figure 6 illustrates fiber groups 34
which may be comprised of one or more fibers 32 adjacently disposed to one another and which
may be provided with different adhesion levels 56 or adhesion properties 62. The adhesion level
56 and/or the adhesion properties 62 among the fibers 32 of the layers 74 may be varied by
applying bonding agents 70, release agents 68, surface roughness 72, or different fiber 32 or
matrix 30 compositions.

Step 312 may comprise varying the adhesion level 56 and/or the adhesion property 62
between layers 74 or across a group of layers 74 within the layer stack 78. In this regard, Figure
7 illustrates layer groups 76 which may include one or more layers 74 having adhesion levels 56
which are different than the adhesion level 56 of an adjacent layer 74 group. The layer groups
76 may be provided in patterns which may be uniform or repeating and which may be
progressively increasing or decreasing across a layer stack 78. The adhesion levels 56 may be
optimized to effectuate a desired response of the composite article 10 to an event such as an
impact of a projectile with the composite panel 14.

Referring to Figure 8, shown is a computer simulation of a composite article 10
configured as a panel 14 having layers 74 of fibers 32 embedded in a matrix 30 and illustrating
relative movement of the fibers 32 within the matrix 30 along an axial dircction of the fibers 32.
As indicated carlicr, the adhesion level 56 of the fibers 32 is preferably tailored to facilitate a
desired degree of movement of the fibers 32 relative to the matrix 30 in a manner to control the
length of fiber 32 that may be involved in an event. The adhesion levels 56 may be tailored to
provide controlled displaccment of a projectile during impact with the pancl 14. Idcally, the
adhesion level 56 is controlled in a manner that facilitates maximum displacement of the fiber 32
to maximize absorption by the fibers 32 of kinetic energy of a projectile prior to fiber 32 failure.

In this regard, the adhesion level 56 regulates the displacement of the fibers 32 to regulate
the distance that a fiber 32 travels during an impact event. The level of adhesion 56 may be
optimized for a given application and function of the composite article 10. The adhesion level
56 is preferably varied throughout the composite article 10 in a manner to avoid excessive
pullout of the fibers 32 relative to the matrix 30. Excessive pullout of the fibers 32 relative to the

matrix 30 may result in the projectile wedging between fibers 32 without fiber 32 breakage. In
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contrast, excessively high adhesion levels 56 may result in a relatively short length of fiber 32
reacting against the tensile loads resulting in premature breakage of the fiber 32 upon reaching
ultimate strain of the fiber 32.

In addition, composite article 10 may be configured to control the failure mode of the
composite article 10 during an impact event. The failure mode may be controlled by controlling
the variation in adhesion level 56 and/or adhesion properties 62 in the composite article 10. For
example, by varying the adhesion level 56 from layer 74 to layer, the failure mode of the
composite article 10 may be controlled as a function of depth of the composite article 10 or panel
14. In this regard, the present disclosure provides an arrangement for varying the adhesion level
56 throughout the composite article 10 that may be contrary to an intuitive approach which may
dictate increasing the overall panel 14 stiffness in an attempt to improve ballistic performance.

In contrast, the present disclosure facilitates spatial variation in adhesion levels 56 and
adhesion properties 62 to control panel 14 stiffness in a manner improving ballistic performance.
For example, the composite article 10 may be configured to locally increase panel 14 stiffness at
a portion 24 of the panel 14 adjacent to the strike face 22 and a relatively lower adhesion level 56
throughout the remaining depth of the composite panel 14. Reduced stiffness in the remaining
portion of the panel 14 may facilitate a greater degree of fiber 32 movement relative to the
matrix 30 such that a greater portion of the fibers 32 may be involved in an impact event to
facilitate deceleration of a projectile prior to failure of the fibers 32.

Referring to Figure 9, shown is a computer simulated impact event 100 illustrating a back
facc 26 of a compositc pancl 14 after impact by a projcctile 112 of a strikc facc 22 of the
compositc pancl 14. The projectile 112 or object 110 in the computer simulated impact event
100 was a 5.5 millimeter stcel ball impacting a panel 14 comprised of fibers 32 arranged in a
cross-ply configuration along the indicated directions 108 and similar to that which is illustrated
in Figurcs 1-5. In Figurc 9, the dircction of movement or travel of the projectile 112 is illustrated
by the arrow 114. The composite panel 14 in the computer simulated impact event 100 was
configured with adhesion levels 56 facilitating deceleration and arrest of the projectile 112 prior
to penetration through the back face 26. As can be seen in Figure 9, the impact event resulted in
fiber 32 movement along the indicated direction 102 and further resulting in layer 74
delaminations and matrix cracking 104 as well as fiber disbonding 106. In this regard, Figure 9
represents the spatially varying adhesion levels 56 and adhesion properties 62 resulting in axial
displacement of the fibers 32 preventing complete penetration of the projectile 112 through the

composite panel 14.
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Referring to Figure 10, shown is a test setup 200 of a pullout test for demonstrating
variations in the adhesion level 56 (Figures 4A-7) of the matrix 206 with different fiber 204
configurations for determining the effect of adhesion level 56 on the performance of the fibers
204 in a failure event. A plurality of fibers 204 having a known ultimate tensile strength and
stiffness were prepared with different surface treatments. One of the surface treatments included
removal of contaminants by cleaning the fiber 204 with acetone. The different surface
treatments also included application of surface roughness 72 (Figures 4A-6) by abrading one of
the fibers 204. The surface treatments also include the application of a release agent 68 (Figure
6) to one of the fibers 204 using FREKOTE™ to reduce the adhesion level 56 between the fiber
204 and the matrix 206. One of the samples 202 was prepared with the fiber 204 in the as-
received condition wherein the fiber 204 included oil on the fiber surface 36 (Figure 5). As
shown in Figure 10, a plurality of the samples 202 were prepared with the different fibers 204
embedded within an epoxy matrix 206 and having fiber 204 tails extending out of the matrix
206. The samples 202 of the fiber 204 matrix 206 composite were inserted in a sample holder
210 attached to a load cell 208. The fibers 204 tails were attached to a capstan 212. Tensile load
was applied and recorded as the capstan 212 displaced as illustrated in Figure 10.

Referring to Figure 11, shown is a graph of fiber stress 214 and illustrating the
significance of the surface treatment or lack thereof on the level of adhesion 56 (e.g., Figures
4A-7) attainable at the interface 52 (e.g., Figures 4A-5) between the fiber 204 (Figure 10) and
matrix 206 (Figure 10). As shown in Figure 11, the as-received fiber 204 (“As Received”)
attaincd a stress of 35 ksi prior to pullout from thc matrix 206. In contrast, thc fiber 204
configuration that was clcancd with acctonc (“Acctoned” in Figurc 11) and the fiber 204
configuration that was clecancd with acctone and then coated with a release agent 68 (“Frckoted”
in Figure 11) attained a fiber stress 214 of approximatcly 9 ksi prior to pullout from the matrix
206. The fiber 204 (Figurc 10) configuration to which surfacc roughness 72 (¢.g., Figurcs 4A-6)
was applied by abrading the fiber 204 (“Abraded” in Figure 11) provided the highest adhesion
level 56 attaining a tensile stress of 81 ksi prior to pullout from the matrix 206. Notably, the
fiber stress 214 attained during pullout of the different fiber 204 configurations were all below
the ultimate tensile stress capability of 150 ksi of the fiber 204 indicating that the interface 52
(e.g., Figures 4A-5) between the fiber 204 (Figure 10) and the matrix 206 (Figure 10) could be
optimized to increase the adhesion level 56 (e.g., Figures 4A-7) with the matrix 206.

Additional modifications and improvements of the present disclosure may be apparent to

those of ordinary skill in the art. Thus, the particular combination of parts described and
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illustrated herein is intended to represent only certain embodiments of the present disclosure and
1s not intended to serve as limitations of alternative embodiments or devices within the spirit and

scope of the disclosure.
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CLAIMS

1. A composite article, comprising:

a plurality of fibres at least partially embedded within a matrix and forming a
plurality of layers arranged in a layer stack;

the fibres in one of the layers being oriented at an angle that is different than the
fibres in another one of the layers;

the fibres adhering to the matrix at a level of adhesion; and

the adhesion level in an outermost layer on one side of the layer stack being

greater than the adhesion level of an outermost layer on an opposite side of the layer

stack.

2. The composite article of Claim 1 wherein the adhesion level along the length of at least

one of the fibres in at least one of the layers varies in at least one of the following manners:
generally uniform increases and decreases in adhesion levels along the fibre length;
gradual increases and decreases in adhesion levels along the fibre length;

sinusoidally changing increases and decreases in adhesion levels along the fibre length.

3. The composite article of Claim 1 wherein:
at least a portion of one of the fibres has a release agent reducing the adhesion level of

the fibre.

4. The composite article of Claim 1 wherein:
at least a portion of one of the fibres has a bonding agent increasing the adhesion level

of the fibre.

5. The composite article of Claim 1 wherein:
at least a portion of one of the fibres has a different surface roughness relative to a

remaining portion of the fibre and resulting in a higher adhesion level.

6. The composite article of Claim 1 wherein:
the fibre comprises a substantially optically transparent fibre;

the matrix comprises a substantially optically transparent polymeric matrix; and

AH25(9983223 2).dah
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the fibre and the matrix define an interface being substantially optically transparent.

7. The composite article of Claim 1 wherein at least one of the matrix and the fibre is
formed from at least one of the following:

a thermoplastic material comprising at least one of the following: fluorocarbons,
polyamides, polyethylenes, polyesters, polypropylenes, polycarbonates, polyurethanes,
polyetheretherketone, polyetherketoneketone;

a thermoset comprising at least one of the following: polyurethanes, phenolics,
polyimides, bismaleimides, polyesters, epoxy; and

glass.

8. A method of manufacturing a composite article, comprising the steps of:

embedding a plurality of fibres at least partially within a matrix to form a plurality of
layers arranged in a layer stack such that the fibres in one of the layers are orientated at an angle
that is different than the fibres in another one of the layers;

adhering the fibres to the matrix at a level of adhesion; and

varying the adhesion level spatially within the composite article, such that the adhesion
level in an outermost layer on one side of the layer stack is greater than the adhesion level of an

outermost layer on an opposing side of the layer stack .

9. The method of Claim 8 wherein the variation in the adhesion level along the length of at
least one of the fibres comprises:

a periodic change in adhesion levels along the fibre length.
The Boeing Company

Patent Attorneys for the Applicant/Nominated Person
SPRUSON & FERGUSON

AH25(9983223 2).dah



WO 2012/082266

1/10

PCT/US2011/060025

FIG. 2

FIG. 1



WO 2012/082266

74

2/10

PCT/US2011/060025

FIG. 3

4A4B



PCT/US2011/060025

WO 2012/082266

3/10

gv "Old

WL L 7 7 7 72 77 77]7 7777 7777277770, 7 7777777777777 77]

5 J / / _\ f /
oﬂ 0L ¢, 9t oy 9 86 M ]
Vv 'Old

145

/owm,mmmormmJ www.mnmJJ/
02 85 09 29 99 0}



PCT/US2011/060025
4/10

WO 2012/082266

¢ 'Ol

514
. 5 -

¢9 09 5 26 | vy vv g9 z9 ¢ 8

o SR TR TSI T \\\

/LA TITIT IO LT ITITIL LTS TITILIETIT VT I LG ETTITITOTILS

AT ITTIT VT IITGITTIT IS TSI VITITIIY ST ITITII ST TITSTIS S 8

ITZZ 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7y 77,7 7 7 7 7 7 7 7 7 7 77 77 77 7v7Z 71

f 277777 P77 777 7V7 7PN 7777777777 7777 777777777/

o OSTOUN Y I T ;/g

g9 99 09 5 25 0L /9g 09 zp b9
0e ¢9 zl o oy gg €



PCT/US2011/060025

WO 2012/082266

5/10

~— 81

o 08 28 8 92 96 gz
[ T
k= — “ wwmm ,

= = | >l
o AH% 09<= “l\ .
9909 < T ¢9
ou{ o2 -
v9'gg —xr \ _. : ‘
w75 T8 C S
0z 0L
9 'Old
_aN _
89
i :
J— \ —
09 99 N_
pe : ze
% 0 % \om
88 V477527 WA ze
ves |88 U000 %8 L —vs
o1 s V000 v
09 | 99 N
ve — : ™S
! % o \/ [J\]/ oj—*
7 N/ARRVARRN]
vk ofm 0L 89 el /8



6/10




WO 2012/082266

p e
4 s

IO~

=
=22

7/10

PCT/US2011/060025

FIG. 9



000000000

266

8/10

06

/////'A(//A\\\‘

________________ Z

202
Samp
210

Sample Holder

Capstan
212

FIG. 10



2222222222222

o o o o o o o (=] o o o
o ()] oo N~ o To] < (sp) N -~
-—

FIG. 11



WO 2012/082266 PCT/US2011/060025
10/10

EMBEDDING A PLURALITY OF FIBERS AT LEAST
PARTIALLY WITHIN A MATRIX

ADHERING THE FIBERS TO THE MATRIX AT A LEVEL OF
ADHESION AND HAVING AN ADHESION PROPERTY AT
AN INTERFACE BETWEEN THE FIBER AND THE MATRIX

304

h 4
VARYING AT LEAST ONE OF THE ADHESION LEVEL AND
THE ADHESION PROPERTY SPATIALLY WITHIN A
COMPOSITE PANEL

306

PROPERTY ALONG A LENGTH OF AT LEAST ONE OF
THE FIBERS

308

VARYING THE ADHESION LEVEL AND/OR ADHESION
PROPERTY AMONG THE FIBERS OF A LAYER OF THE
FIBERS

310

VARYING THE ADHESION LEVEL AND/OR ADHESION
PROPERTY ACROSS THE LAYERS

VARYING THE ADHESION LEVEL AND/OR ADHESION I\/

FIG. 12
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