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(57) Abstract: A heated composite structure and a method for forming a heated composite structure. The structure includes carbon
fibers embedded within a thermoplastic matrix. The carbon fibers are connected with first and second electrodes that are configured to
be connected with an electric source such that applying current to the electrodes causes current to flow through the embedded carbon
fibers to provide resistive heating sufficient to heat the composite structure to impede formation of ice on the composite structure.
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COMPOSITE AEROSTRUCTURE WITH INTEGRATED HEATING ELEMENT

Priority Claim

[001] The present application claims priority to U.S. Provisional Patent Application No.
62/661,917 filed on April 24, 2018. The entire disclosure of the foregoing application is
hereby incorporated herein by reference.

Field of the invention

[002] The present invention relates to the field of composite materials. In particular, the
present application relates to composite materials that incorporate an integrated heating
assembly. The present invention finds particular application to the field of ice protection
systems for composite aerostructures.

Background

[003] Ice build-up on aircraft surfaces can cause dangerous in flight situations and has
led to numerous fatalities over the years. On structures such as the airframe, airfoils,
wings, etc. icing leads to increased weight, increased drag and decreased lift. On
structures such as engine intakes, icing on the leading edge can create flow problems
and lead to ice ingestion, which can degrade operation of the engine or damage
components of the engine.

[004] To prevent the dangers associated with icing, numerous ice protection systems
have been developed over the years to protect the aircraft from icing and/or to shed ice
from the surfaces if ice accumulates. The primary ice protection system in use today are
bleed air systems that re-directs a portion of the compressed air from the engine before
the air enters the combustion chamber. The compressed air is pressurized hot air that is
used to heat up surfaces of the aircraft to prevent the build-up of ice. Although bleed air
systems are effective, they reduce the efficiency of the engines and increase the weight of
the aircraft. Accordingly, there has been a long felt need for an ice protection system that
does not suffer from the drawbacks of the known systems.

Summary of the Invention

[005] In light of the foregoing, according to an aspect of the present invention, a heated
aerostructure is provided. The heated aerostructure includes a composite structure that
comprises a carbon fiber reinforced thermoplastic upper layer, a carbon fiber reinforced
thermoplastic lower layer and a carbon fiber reinforced thermoplastic heater layer. The
heater layer includes a plurality of electrically conductive carbon fibers, a first electrode
electrically connected with the conductive carbon fibers, and a second electrode
electrically connected with the conductive carbon fibers. The conductive carbon fibers
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provide an electrical pathway between the first electrode and the second electrode. The
aerostructure also includes a controller connected with an electrical power source for
controlling the power provided to the first electrode. The first electrode and the electrically
conductive carbon fibers are connected such that electric power applied to the first
electrode is conducted to the electrically conductive carbon fibers to provide resistive
heating sufficient to heat the composite structure to impede formation of ice on the
composite structure.

[006] According to a further aspect, the present invention provides a heated
aerostructure having a controller that is operable to control the electrical power provided
to the first electrode in response to signals received from a sensor that detects a
characteristic indicative of the presence of ice on the aerostructure.

[007] still further, the present invention provides a heated aerostructure having an upper
layer comprises a semicrystalline thermoplastic in the polyaryletherketone family.
Similarly, the present invention provides a heated aerostructure having a lower layer that
comprises a semicrystalline thermoplastic in the polyaryletherketone family.

[008] Further yet, the present invention provides a heated aerostructure wherein the
heater layer and at least one of an upper layer and a lower layer comprise similar
thermoplastic.

[009] According to a further aspect, the present invention provides a heated
aerostructure having a heater layer, an upper layer and a lower layer that comprise a
semicrystalline thermoplastic in the polyaryletherketone family.

[010] According to yet another aspect, the present invention provides a heated
aerostructure comprising a first electrically insulative layer insulating an upper layer from
the heater layer.Similarly, the present invention also provides a heated aerostructure
comprising a second electrically insulative layer insulating the lower layer from the heater
layer. Optionally, one or both of the first and second electrically insulative layers may
comprise thermoplastic. Further, optionally, the first electrically insulative layer comprises
a composite material comprising reinforcing fibers embedded within the thermoplastic.
[011] According to still another aspect, the present invention provides a heated
aerostructure that includes a first electrode that comprises a metallic mesh embedded
within a thermoplastic of a heater layer.

[012] According to another aspect, the present invention provides a heated
aerostructure comprising a composite structure that forms a portion of an airfoil.

[013] According to a further aspect, the present invention provides a heated
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aerostructure comprising a composite structure that forms a portion of a nacelle.

[014] According to yet another aspect, the present invention provides a heated
aerostructure having an upper layer comprising a plurality of carbon fiber reinforced
thermoplastic lamina. Similarly, the present invention provides a heated aerostructure
that may have a lower layer comprises a plurality of carbon fiber reinforced thermoplastic
lamina. Optionally, the thermoplastic of each of the heater layer, the upper layer and the
lower layer are fused with the thermoplastic in adjacent layers.

[015] According to another aspect, the present invention provides a heated
aerostructure that includes a composite structure formed of a reinforced thermoplastic
upper layer, a reinforced thermoplastic lower layer, and a reinforced thermoplastic heater
layer. The heater layer includes a plurality of electrically conductive non-metallic fibers, a
first electrode electrically connected with the conductive non-metallic fibers, and a second
electrode electrically connected with the conductive non-metallic fibers, so that the
conductive non-metallic fibers provide an electrical pathway between the first electrode
and the second electrode. A sensor detects a characteristic indicative of ice formation on
the composite structure and a controller connected with the sensor and an electrical
power source controls the power provided to the first electrode. The first electrode and
the conductive non-metallic fibers are connected such that electric power applied to the
first electrode is conducted to the electrically conductive non-metallic fibers to provide
resistive heating sufficient to heat the composite structure to impede formation of ice on
the composite structure.

[016] According to yet another aspect, the present invention provides a heated
composite structure that includes a carbon fiber reinforced thermoplastic upper layer, a
carbon fiber reinforced thermoplastic lower layer, and a carbon fiber reinforced
thermoplastic heater layer. The heater layer may include a plurality of electrically
conductive carbon fibers, a first electrode electrically connected with the conductive
carbon fibers, and a second electrode electrically connected with the conductive carbon
fibers, so that the conductive carbon fibers provide an electrical pathway between the first
electrode and the second electrode. The first electrode and the electrically conductive
carbon fibers are connected such that electric power applied to the first electrode is
conducted to the electrically conductive carbon fibers to provide resistive heating
sufficient for the heating layer to achieve a temperature increase of at least 50 degrees
Fahrenheit or approximately 30 degrees Celsius. Optionally, the carbon fibers of the
heater layer are connected with the first electrode such that electric power applied to the
first electrode is conducted to the electrically conductive carbon fibers to provide resistive
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heating sufficient for the heating layer to achieve a temperature increase of 100 degrees
Fahrenheit or approximately 55 degrees Celsius. Further still, the carbon fibers of the
heater layer may be connected with the first electrode such that electric power applied to
the first electrode is conducted to the electrically conductive carbon fibers to provide
resistive heating sufficient for the heating layer to achieve a temperature increase of 200
degrees Fahrenheit or approximately 110 degrees Celsius.

[017] According to another aspect, the present invention provides a method for forming
a heated composite structure. The method includes the steps of providing a plurality of
carbon fibers embedded within a thermoplastic matrix and electrically connecting the
carbon fibers with first and second electrodes to form a heater layer. The method further
includes the steps of heating the heating layer above the melting temperature of the
thermoplastic matrix and heating a plurality of layers of reinforced thermoplastic laminae.
The thermoplastic in the laminae have a melting temperature and the step of heating the
plurality of layers comprises heating the layers above the melting temperature of the
thermoplastic in the laminae. Additionally, the method includes the step of applying the
heated plurality of layers to the heated heating layer so that the heater is fused with the
plurality of layers after the heater layer and the plurality of layers cool.

[018] According to yet another aspect, the present invention provides a method of
heating a composite structure. The method includes the step of providing a composite
structure formed of a carbon fiber reinforced thermoplastic layer, wherein the carbon
fibers are connected with first and second electrodes. The first and second electrodes
are connected to an electric source and the flow of electricity from the electric source to
the first electrode is controlled so that the electricity flows from the first electrode to the
carbon fibers to the second electrode to provide resistive heating sufficient to heat the
composite structure.

[019] According to a further aspect, the present invention provides a method of heating
a composite structure wherein the step of controlling comprises controlling the flow of
electricity to provide resistive heating sufficient to heat the composite structure to impede
formation of ice on the composite structure.

[020] According to still another aspect, the present invention provides a method that
include the step of monitoring the temperature of the composite structure and a step of
controlling comprises controlling the flow of electricity in response to the step of
monitoring.

[021] According to yet another aspect, the present invention provides a heated

composite structure that includes a carbon fiber reinforced thermoplastic upper layer, a
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carbon fiber reinforced thermoplastic lower layer, and a carbon fiber reinforced
thermoplastic heater layer. The upper layer, lower layer and heater layer are
consolidated to form a laminate. The heater layer comprises a plurality of electrically
conductive carbon fibers and the heater layer is configured so that the electrically
conductive carbon fibers of the heater layer are connectable with a power source so that
electricity can flow through the electrically conductive carbon fibers of the heater layer to
provide resistive heating sufficient for the heating layer to heat at least a portion of the
laminate at least approximately 50 degrees Fahrenheit or 30 degrees Celsius. Optionally,
the structure includes a sensor operable to sense a characteristic indicative of ice forming
on an outer surface of the laminate. Additionally, the structure may optionally include a
controller connected with the sensor and an electrical power source for controlling the
power provided to the heater layer. Still further, the structure may optionally include first
and second electrodes embedded within the laminate in electrical contract with the
electrically conductive carbon fibers such that electric power applied to the first electrode
is conducted to the electrically conductive carbon fibers to provide resistive heating
sufficient to heat the composite structure to impede formation of ice on the composite
structure. Additionally, the controller may be operable to control the electrical power
provided to heater layer in response to signals received from the sensor.

[022] While the methods and apparatus are described herein by way of example for
several embodiments and illustrative drawings, those skilled in the art will recognize that
the inventive aerostructure with integrated heating element and method method for
making such an aerostructure are not limited to the embodiments or drawings described.
It should be understood, that the drawings and detailed description thereto are not
intended to limit embodiments to the particular form disclosed. Rather, the intention is to
cover all modifications, equivalents and alternatives falling within the spirit and scope of
the methods and apparatus for sorting items using one or more dynamically
reconfigurable sorting array defined by the appended claims. Any headings used herein
are for organizational purposes only and are not meant to limit the scope of the
description or the claims. As used herein, the word "may” is used in a permissive sense
(i.e., meaning having the potential to), rather than the mandatory sense (i.e., meaning
must). Similarly, the words "include”, "including”, and "includes" mean including, but not
limited to.

Description of the Drawings

[023] The foregoing summary and the following detailed description of the preferred
embodiments of the present invention will be best understood when read in conjunction
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with the appended drawings, in which:

[024] Fig. 1 is a diagrammatic perspective view of a composite structure with an
integrated heating assembly;

[025] Fig. 2 is a plan view of the heating assembly of the composite structure illustrated
in Fig. 1;

[026] Fig 3. is a diagrammatic view of a system incorporating the composite structure
illustrated in Fig. 1;

[027] Fig. 4 is a partially broken away perspective view of a composite aerostructure
incorporating an integrated heating assembly;

[028] Fig. 5 is an exploded perspective view of the composite aerostructure illustrated in
Fig. 4;

[029] Fig. 6 is an exploded perspective view of an alternate composite aerostructure
incorporating an integrated heating assembly;

[030] Fig. 7 is a plan view of a heating layer of the aerostructure illustrated in Fig. 6;
[031] Fig. 8 is a plan view of a heating zone of the heating layer illustrated in Fig. 7; and
[032] Fig. 9is a perspective view of a portion of the heating layer illustrated in Fig. 7.
Detailed Description of the Invention

[033] Referring now to the figures in general, and to Figs. 1-3 in particular, a
system that incorporates a composite structure with an integrated heating assembly is
designated generally 10. The system includes a laminate 20, a power source 60 and a
controller 70 that controls the power provided to the laminate. The laminate includes
structural layers 25, 26 and a heating assembly 30. The heating layer 30 may be
configured to provide sufficient heat to the structure to heat the upper and/or lower
surface of the laminate 20.

[034] Referring now to Fig. 1, the details of the laminate 20 will be described in
greater detail. The laminate 20 includes a heating element 30 embedded within structural
layers. In particular, the heating element 30 is sandwiched between an upper structural
layer 25 and a lower structural layer 26. The upper and lower structural layers 25, 26 are
each formed of one or more plies of a composite lamina. In the present instance, each
structural layer comprises a plurality of composite laminae. Each composite lamina
comprises reinforcing elements embedded within a matrix material. Depending upon the
application, the reinforcing elements may be any of a variety of reinforcing materials. By
way of example, the reinforcing elements may be elongated strands or fibers of glass or

carbon. For instance, an exemplary carbon fiber is a continuous, high strength, high
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strain, PAN based fiber in tows of 3,000 to 12,000. In particular, in the present instance,
the reinforcing elements are carbon fibers produced by Hexcel Corporation of Stamford,
CT and sold under the name HEXTOW, such as HEXTOW AS4D. These reinforcing
fibers may be treated with a surface treatment and may be sized to improve their
interlaminar shear properties with the matrix material. However, it should be understood
that these materials are intended as exemplary materials; other materials can be utilized
depending on the environment in which the laminate is to be used.

[035] The reinforcing elements are embedded within a matrix material, such as a
polymer. Depending on the application, any of a variety of polymers can be used for the
matrix material, including amorphous, crystalline and semi-crystalline polymers. In the
present instance, the matrix material is a thermoplastic material, such as a thermoplastic
elastomer. More specifically, the thermoplastic material is a semi-crystalline
thermoplastic. In particular, the thermoplastic may be a thermoplastic polymer in the
polyaryletherketone (PAEK) family, including, but not limited to polyetheretherketone
(PEEK) and polyetherketoneketone (PEKK).

[036] As noted above, the structural layers 25, 26 are formed of one or more composite
laminae, which may be carbon fiber reinforced thermoplastic composites. In particular,
the lamina may be thermoplastic prepregs, which are laminae in which the reinforcement
materials have been pre-impregnated with resin. For instance, the prepreg may be
thermoplastic prepregs produced by coating fiber reinforcement with a thermoplastic
matrix. Such a prepreg lamina has the ability to be reheated and reformed by heating the
lamina above the melting point of the thermoplastic matrix. Several exemplary prepreg
materials that may be used to form the structural elements 25, 26 include, but are not
limited to, materials produced by TenCate Advanced Composites USA of Morgan Hill,
California and sold under the name CETEX, such as TC1200, TC1225 and TC1320.
TC1200 is a carbon fiber reinforced semi-crystalline PEEK composite having a glass
transition temperature (Ty) of 143 °C / 289 °F and a melting temperature (Tm) of 343 °C/
649 °F. TC1225 is a carbon fiber reinforced semi-crystalline PAEK composite having a Ty
of 147 °«C /297 °F and a Tmof 305 °C /581 °F. TC1320 is a carbon fiber reinforced semi-
crystalline PEKK composite having a Ty of 150 °C /318 °F and a T of 337 °C /639 °F.
[037] Referring again to Fig. 1, the laminate comprises a heating layer 30 disposed
between the upper and lower structural layers 25, 26. The structural layers are formed of
composite lamina and are configured to carry the structural load. Although the heating
layer may be configured to carry structural load, in the present instance, the heater layer
30 is configured to heat the laminate 20 without carrying significant, if any, structural load.
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In particular, the heating layer 30 is configured to provide sufficient heat to raise the
temperature of the upper surface 22 and/or the lower surface 23 of the laminate.

[038] The heating layer 30 is configured to provide resistive heating by passing current
through one or more resistive elements 40, which operate as the heating element. The
resistive elements 40 are electrically conductive, but provide sufficient electrical
resistance to provide resistive heating when current is applied. A variety of resistive
elements may be incorporated into the heating layer 30, however, in the present instance,
the resistive elements are formed of a non-metallic element. Further still, the heating
element may be the same or substantially similar to the reinforcing elements in one or
both of the structural layers 25, 26. For instance, in the present instance, the resistive
elements 40 are carbon fibers. Specifically, the resistive elements 40 are carbon fibers,
such as the continuous, high strength, high strain, PAN based fibers described above in
connection with the structural layers 25, 26.

[039] Referring to Figs. 1-2, the resistive elements 40 are connected with an input
electrode 50 and an output electrode 52. The resistive elements 40 provide a continuous
path between the first and second electrodes 50, 52. The resistive elements 40 are
oriented in the laminate 20 to heat at least a portion of the laminate along the length of the
laminate. In the present instance, the resistive elements 40 are carbon fibers and the
fibers are oriented to form a serpentine pattern through the length of the laminate.
Although each resistive element may extend the length and/or width of the laminate, in
the present instance, the resistive elements extend a portion of the length of the laminate.
For instance, a first resistive element 40a has a first end 42a connected with the first
electrode 50 and a second end 44a connected with the second electrode 52. Similarly,
additional resistive elements 40b, 40c extend between electrodes 50, 52.

[040] In the foregoing description, each resistive element 40a, 40b, 40c is described as
an individual element, however, it should be understood that each resistive element may
comprise a plurality of separate resistive elements. In particular, when the resistive
elements are carbon fibers, each resistive element may comprise hundreds or thousands
of individual strands or fibers that extend along the length of the resistive element.

[041] The carbon fiber resistive elements 40 are embedded within a matrix material.
Preferably, the matrix material is a thermoplastic material that can be heat fused with the
other layers in the laminate. By heat fusing the matrix material of the heating layer, the
heating layer is integrally formed with the laminate. In particular, in the present instance,
the heating assembly is formed of a composite material that is substantially similar to the
composite material forming the structural layers 25, 26. For instance, the resistive
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elements are carbon fibers and the matrix material is a thermoplastic material, such as a
semi-crystalline thermoplastic in the polyaryletherketone (PAEK) family. Additionally, in
the present instance, the resistive elements are formed from a lamina of unidirectional
carbon fiber material. The unidirectional fibers are formed into a plurality of segments that
are interconnected to form continuous resistive elements from the first end 42 to the
second end 44. In the present instance, the individual segments of each resistive
element are interconnected by conductive elements, such as copper. Additionally,
although the present embodiment incorporates unidirectional fibers, it should be
understood that the resistive element may be formed of a plurality of continuous strands
or fibers of conductive material. For instance, the resistive element may comprise a
plurality of continuous carbon fibers in which the carbon fibers are not straight, but instead
form curved elements, similar to the serpentine pattern shown in Fig. 2. For example, the
carbon fibers may be formed in a wavy composite in which the fibers are laid out in a
periodic wave pattern, similar to a sine wave.

[042] If the resistive elements 40 are carbon fibers, the carbon fibers may be coated
with a sizing material to improve the bonding between the carbon fibers and the matrix
material. However, the sizing material may tend to electrically insulate the carbon fibers
from making electrical connection with the electrodes 50, 52. Accordingly, it may be
desirable to utilize a conductive element that increases the potential number of points of
electrical connection between the carbon fibers and the electrodes. Additionally, it may
be desirable to utilize a conductive element that may be more likely to contact the ends of
the carbon fibers that are not covered in sizing. For instance, in the present instance, the
electrodes 50, 52 comprise a conductive metal mesh, such as copper mesh. The metal
mesh provides multiple points of contact along the length of the end of each resistive
element 40. The configuration of the copper mesh may vary, however, preferably the
mesh is configured so that the open portion of the mesh (the area of pores per square
inch of mesh) is greater than the closed portion of the mesh (i.e. the area of the copper
per square inch of mesh). Additionally, the open portion of the mesh may be greater than
approximately 60%. In some configurations, the open portion of the mesh may be greater
than approximately 70%.

[043] As described above, the heating layer 30 comprises a plurality of carbon fibers
electrically connected with conductive elements, such as the input electrode 50 and the
output electrode 52. The carbon fibers are embedded within a matrix material, such as a
thermoplastic. Similarly, the structural layers 25, 26 may also be formed of carbon fiber
reinforced thermoplastic material. Therefore, the carbon fibers in the structural elements
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are also electrical conductive. To ensure that the elements of the heating layer 30 do not
electrically connect with the carbon fibers in the structural layers 25, 26, the laminate may
include an insulative layer. The insulative layer 28 is disposed between the heating layer
30 and the structural layers. In particular, the laminate may include a first insulation layer
28 between the upper face of the heating layer 30 and the upper structural layer 25 and a
second insulation layer 28 between the lower face of the heating layer and the lower
structural layer 26. The insulation layer 28 provides electrical insulation between the
structural layers and the electrically conductive elements (e.g. resistive elements 40, input
electrode 50, output electrode 52) of the heating layer 30.

[044] The insulation layer 28 may comprise any of a variety of electrically insulative
materials. Preferably, the insulation layer 28 comprises a thermoplastic material. In the
present instance, the insulation layer comprises one or more lamina of glass reinforced
thermoplastic.

[045] As discussed above, each of the structural layers 25, 26, the heating layer 30 and
the insulative layers 28 may comprise layers of reinforced thermoplastic composite
materials. Accordingly, the upper structural layer 25, the lower structural layers, the
heating layer and any insulation layer can be integrally connected by fusing the layers.
Specifically, the layers may be consolidated by applying sufficient heat to raise the layers
above the melting point of the thermoplastic matrix and applying sufficient pressure to
fuse the layers together. In this way, the heating layer 30 is embedded within the
laminate between the upper and lower structural layers 25, 26.

[046] It should be noted that the thickness of the layers in the Figures are not to scale
and in some instances the thickness is exaggerated for illustration purposes only. For
instance, in Fig. 1, the heating layer 30 is depicted as having a thickness greater than the
insulation layers 28. However, the heating layer 30 may be just a single lamina of
composite material. Similarly, the insulation layer may be a single lamina of composite
material. Further still, as noted above, each insulation layer 28 may comprises one or
more lamina. Additionally, the thickness of the structural layers may be significantly
thicker than the thickness of the thickness of the heating layer. For instance, the upper
layer 25 may be formed from three or more laminae of reinforced composite material so
that the structural layers are substantially thicker than the thickness of the heating layer.
Additionally, as shown in Fig. 2, the heating layer 30 is not necessarily a continuous layer
extending the entire length and width of the laminate as shown in Fig. 1. Instead, the
heating layer 30 may be embedded within the insulation layers 28.
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[047] Referring now to Fig. 3, the heated laminate 20 described above may be
incorporated into a system for providing controlled heating. The system incorporates a
power source 60 that is connected to heated laminate 20 via a controller 70. The
controller may be any of a variety of electronic controllers, including but not limited to a P,
PD, PI, PID controller or a microprocessor. The electrodes 50, 52 of the heated laminate
are connected with the controller 70 so that the controller controls the flow of electricity to
the laminate. In response to signals, the controller 70 closes the circuit between the
heating assembly 30 and the power source to turn the heating layer ON. Similarly, in
response to signals, the controller may disconnect the heating layers from the power
source to turn the heating layer OFF. Similarly, the controller may be configured to
increase or decrease a characteristic of the electricity, such as by increasing or
decreasing the current provided to the heating layer.

[048] The controller may control the flow of electricity to the heating assembly based on
a variety of controls. For instance, the system may include a manually operable switch so
that the controller controls the system in response to actuation of the switch (i.e. the
heating layer 30 is connected with the power source when the switch is ON and
disconnected when the switch is OFF). Additionally, the system 10 may include a
feedback loop so that the controller controls the system in response to the feedback. For
instance, the system may include a sensor that is used to detect a characteristic of the
assembly and the controller may control the operation of the heating layer in response to
the detected characteristic. An exemplary sensor is a sensor for detecting a characteristic
indicative of the formation of ice on the laminate 20. For instance, the system may
include an ice detector such as an optical transducer probe configured to detect the
presence of ice on the laminate , such as the upper surface 22. The ice detector is
connected to the controller to provide signals to the controller indicative of the presence of
ice. If the signal indicates the presence of ice, the controller may connect the heating
layer 30 with the power source to turn the heating layer ON. Similarly, if the controller
receives a signal from the sensor 75 indicating a lack of ice , the controller may
disconnect the heating layer from the power source to turn the heating layer OFF.

[049] Configured as described above, the system may be configured to raise the
temperature of one or more surfaces of the aerostructure to impede the formation of ice
on the aerostructure or to melt ice formed on the aerostructure. Specifically, the first
electrode and the electrically conductive carbon fibers are connected such that electric
power applied to the first electrode is conducted to the electrically conductive carbon

fibers to provide resistive heating sufficient for the heating layer to achieve a temperature
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increase of at least 50 degrees Fahrenheit or approximately 30 degrees Celsius.
Optionally, the carbon fibers of the heater layer are connected with the first electrode such
that electric power applied to the first electrode is conducted to the electrically conductive
carbon fibers to provide resistive heating sufficient for the heating layer to achieve a
temperature increase of 100 degrees Fahrenheit or approximately 55 degrees Celsius.
Further still, the carbon fibers of the heater layer may be connected with the first electrode
such that electric power applied to the first electrode is conducted to the electrically
conductive carbon fibers to provide resistive heating sufficient for the heating layer to
achieve a temperature increase of 200 degrees Fahrenheit or approximately 110 degrees

Celsius.

[050] The heated laminate 20 may be formed using a variety of processes. The details
of a process of forming the heated laminate from a plurality of reinforced thermoplastic
layers will now be described.

[051] A plurality of layers of carbon fiber reinforced thermoplastic tape are laid over top
of one another to form a plurality of plies that form the lower structural layer 26. The fiber
orientation in the plies are varied. For example, the bottom layer may be formed of four
plies oriented at 0, +45°, 90°, -45° One or more layers of fiberglass reinforced
thermoplastic are then laid over the bottom four layers. Two electrodes in the form of
elongated electrically conductive metal strips such asof metal mesh are spaced apart
from one another and arranged on the fiberglass layers running from a first end toward a
second end. The carbon fiber reinforced thermoplastic tape forming the resistive elements
30 are then overlaid on the fiberglass layers so that one end of the carbon fiber tape
overlies the first length of copper mesh and the second end of the carbon fiber tape
overlies the second length of copper mesh. Additionally, the carbon fiber tape may be
spliced to form a serpentine pattern, with metal mesh overlying the joints between
adjacent pieces of the carbon fiber tape to form a continuous electrical path. After the
heating elements are arranged over the lower fiberglass layers and the copper mesh, two
layers of fiberglass reinforced thermoplastic are laid over the heating elements. Four
layers of carbon fiber tape similar to the bottom four layers are then laid over the
fiberglass layers. The top layers of carbon fiber thermoplastic tape form the upper
structural layer. Like the lower structural layer, the orientation of the fibers in the plies of
the upper structural layer is varied. For instance, the plies of the upper structural layer
may be formed of four plies oriented at 0, +45°, 90°, -45°. In this exemplary laminate, the

carbon fiber layers of the upper structural layer, the heating layer and the lower structural
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layer are formed of PEEK/AS4 carbon fiber reinforced unidirectional tape and the
insulation layers are formed of PEEK/S2 fiberglass reinforced thermoplastic unidirectional
tape.

[052] The laminate is then consolidated by heating the assembled plies under pressure.
For instance, the assembly may be heated up to a temperature above the melting
temperature. The pressure is then removed and the consolidated laminate is cooled to
ambient temperature.

[053] A laminate formed according to such process was then connected with a power
source. In particular, a 28 VDC 8 amp power source was connected with the laminate.
Upon application of power to the laminate, the heating element provided sufficient
resistance to provide a voltage drop of 25 V between the input electrode and the output
electrode. The resulting resistance heating provided a temperature increase of 230°
Fahrenheit. This temperature increase was below the glass transition temperature of the
matrix material in the laminate and substantially below the melting temperature.

[054] In the foregoing description, the laminate is described as a flat panel laminate.
However, it should be understood that the invention is not limited to flat panel structures.
For instance, the heated laminate may be used in a variety of structures in a variety of
fields and may have particular application in the field of aerospace to provide ice
protection systems for a variety of components, including, but not limited to airframes,
nacelles and airfoils, such as wings, elevators etc. The laminate 20 described above may
be formed into a curved structure and incorporated into a system similar to system 10
described above to provide a heated laminate structure.

[055] For example, an exemplary laminate 120 forming an aerostructure is illustrated in
Figs. 4-5. Except as described further below, the characteristics of the laminate 120 are
similar to the characteristics of the laminate 20 described above. The illustrated laminate
120 forms a section of the nacelle that forms a leading edge around the intake of the jet
engine. The laminate 120 is formed so that the heating layer 130 wraps over the leading
edge of the structure. In particular, the laminate comprises a convex curve having an
apex 121, an upper surface 122 and a lower surface 123.

[056] The laminate 120 is formed similar to the laminate 20 described above. In
particular, the laminate includes an upper structural layer 125 formed of a plurality of
reinforced composite laminae and a lower structural layer 126 formed of a plurality of
reinforced composite laminae. A heating layer 130 is embedded between the upper and
lower structural layers 125, 126. Additionally, an upper electrically insulative layer 128

may be disposed between the heating layer and the upper structural layers and a lower
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insulative layer may be disposed between the heating layer and the lower structural
layers. The heating layer comprises a plurality of resistive elements forming an electrical
path between an input electrode 150 and an output electrode 152. The heating layer may
be any of a variety of elements, and in the present instance, the heating element is
formed of a non-metal conductive element, such as carbon fiber.

[057] The heating layer may be configured to overlie either the upper or lower surfaces
of the laminate, however, in the present instance, the heating layer is configured to
overlap both the upper and lower surfaces. More specifically, the heating layer 130 is
arranged within the lamina so that a portion of the resistive element 140 overlies the
upper surface. Additionally, the resistive element is arranged so that a portion of the
resistive element extends over the apex 121 of the curve and then over the lower surface
123. In this way, the heating element wraps around the leading edge of the nacelle.
[058] The layers of the nacelle are consolidated to form an integral laminate with the
heating layer embedded within the laminate. For instance, the laminate 120 may be
formed of reinforced thermoplastic composite materials as described above so that the
laminate is consolidated by heating the assembled layers to an elevated temperature
under pressure.

[059] As described above, the system illustrated in Fig. 3 may incorporate the composite
element 120 illustrated in Figs. 4-5 instead of the composite element 20 illustrated in Fig.
3. Similarly, Figs. 6-9 illustrate an alternate composite element 220 that can be
incorporated into the system illustrated in Fig. 3 instead of composite element 20.
Accordingly, the details of composite element 220 will now be described in detail.

[060] The composite element 220 may include an upper structural layer 225, a lower
structural element 226 and a heating layer 230 disposed between the upper structural
layer 225 and the lower structural layer. The structure of the upper and lower structural
layers 225, 226 may vary. In particular, the structural layers 225, 226 may be formed of
one or more layers of reinforced composite material, such as carbon fiber or fiberglass
reinforced material. In the present instance the structural layers 225, 226 are formed of
the same material. For example, in the present instance, a plurality of layers of carbon
fiber reinforced thermoplastic tape are laid over top of one another to form a plurality of
plies that form the lower structural layer 226. The fiber orientation in the plies are varied.
For example, the bottom layer may be formed of four plies of carbon fiber reinforced
thermoplastic oriented at 0, +45°, 90°, -45°. The upper structural layer 225 may be
formed similar to the lower layer 226. The heating layer 240 comprises one or more
resistive elements 240 formed of carbon fiber reinforced thermoplastic. Preferably, the
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resistive element(s) are formed of carbon fiber reinforced thermoplastic material that is
substantially similar to the material from which the structural layers 225, 226 are formed.
[061] The heating layer 230 is comprised of a plurality of resistive elements. As
described previously, the heating layer may be formed of a single resistive element 40,
140. Alternatively, the heating layer 230 may include a plurality of heating zones that can
be independently controlled. For instance, in the embodiment illustrated in Figs. 6-9, the
heating layer 230 includes three heating zones 250, 270 and 290. As described further
below, the heating layer 240 comprises a plurality of layers and the three heating zones
are spread across two different layers in the heating layer. However, it should be
appreciated that the heating layer may be a single layer or may be more than two layers.
[062] Referring now to Fig. 7-8 details of the heating layer will now be described in
greater detail. Figure 8 illustrates the details of the first zone 250 of the heating element
most clearly. The first zone includes one or more resistive elements 255 extending
between a plurality of conductive elements 265, 266. The number of resistive elements
255 may vary, however, in the present instance, the first zone 250 includes five resistive
elements designated 255A-255E. The resistive elements may have different
configurations, however in the present instance, each resistive element 255A-255E is
substantially similar having a substantially similar resistive value. Accordingly, the
following description of resistive element 255 applies to each of resistive elements 255A-
255E.

[063] Resistive element 255 comprises three sections: a lead 257 at a first end, a tail
258 at a second end, and a body section 260 extending between the lead and the tail.
The lead 257 forms an electrical connection with conductive element 265 and the tail
forms an electrical connection with conductive element 266.The body provides an
electrical pathway between the lead and the tail. In particular, the body 260 provides an
electrical pathway having sufficient resistance to provide joules effect heating sufficient to
raise the temperature of the heating layer 230 when current is passed through the body.
[064] The resistive elements 255 may be configured in any of a variety of configurations.
For instance, the body 260 may be a generally straight or linear body extending between
the first conductor 265 and the second conductor 266. In this way, zone one may
comprises a plurality of straight resistive elements extending between the first conductor
265 and the second conductor 266. However, in the present instance, the body 260 of
resistive element 255 comprises a convoluted pathway to increase the effective heating
area of each heating element. Specifically, the body 260 may comprise a serpentine
configuration having a plurality of legs. In particular, the serpentine path may include a
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plurality of generally or substantially parallel legs. The serpentine path preferably is
constrained within a single layer or lamina so that the serpentine path of the body does
not cross or overlap itself at any point between the lead 257 and the tail 258. In other
words, the body 260 may have a nominal thickness that is substantially constant along
the length of the body. Additionally, the body may form a convoluted reciprocal path, but
the body does not cross over itself forming a point or area in which the resistive element
has a thickness that is twice the nominal thickness of the body.

[065] Preferably, the resistive elements 255 are connected in parallel between the first
and second conductive elements 265, 266. In this way, the first zone 250 of the heating
element 230 comprises a first circuit in which the conductor 265 forms a first lead or
electrode and the second conductor 266 forms a second lead or electrode with the
resistive elements electrically connecting the two electrodes. When the two electrodes
265, 266 are connected to a power supply current passes through the resistive elements
255 to create joules effect heating. In the embodiment illustrate in Fig. 8, the resistive
element is a continuous electrical pathway between the two conductive elements 265,
266. In particular, the resistive elements comprise a plurality of continuous unidirection
carbon fibers forming a convoluted electrical path, such as a serpentine path, between the
first electrode 265 and the second electrode 266. In the present instance, the carbon
fibers are embedded within a matrix of thermoplastic material. More specifically,
preferably the carbon fibers are embedded within a thermoplastic resin that is
substantially the same as the thermoplastic material forming the matrix material of the
structural layers. For instance, the resistive element may be formed of a narrow
unidirectional tape, such as 0.12” wide AS4D/PAEK unidirectional pre-preg tape. An
exemplary unidirectional carbon fiber tape is TC1225 sold by Tencate as referenced
previously.

[066] In particular, preferably the resistive element 255 comprises a unidirectional
material such that substantially all of the carbon fibers in the material are parallel. More
specifically, preferably substantially all of the carbon fibers have a first end and a second
end so that substantially all of the carbon fibers extend the entire length of the resistive
element 255 from the lead 257 to the tail 258. In this context, substantially all of the
carbon fibers means at least 90% of the carbon fibers in the resistive element.

[067] The resistive element 255 may be formed into a convoluted shape by heat forming
the unidirectional fiber tape. Specifically, a length of unidirectional tape may be heated to
a sufficient temperature to cause the thermoplastic material to soften. For example, the
tape may be heated to a temperature above the glass transition temperature Tg for the
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thermoplastic matrix material for the tape. Further still, it may be desirable to heat the
tape to a temperature significantly higher than the glass transition temperature, such as at
or above the melting temperature Tm for the thermoplastic matrix material (if the
thermoplastic has a melt temperature). In the example of a PAEK or PEEK thermoplastic
resin, the tape may be heated to above approximately 300°C. Once the tape is heated
above Tm, the tape is wrapped around a form that provides a convoluted shape. Formed
in this way, the resistive element forms a convolute path in which the resistive element
does not cross over itself so that the entire length of the resistive element is substantially
the same as a single thickness of the tape. After the tape is formed to the convoluted
shape, the tape is cooled to below the glass transition.

[068] As described above, the resistive element 255 provides an electrical path.
Because the carbon fibers are unidirectional, the electrical path follows the configuration
of the resistive element from the first electrode 265 to the second electrode 266. For
instance, as shown in Fig. 8, each resistive element follows a convoluted path, such as a
serpentine path. The resistive element 255 has a central axis that extends from the lead
257 to the tail, following the serpentine path. The carbon fibers in the resistive element
follow the central axis. In other words, all or substantially all of the carbon fibers in the
resistive element are substantially parallel to one another and substantially parallel to the
central axis.

[069] The resistive element 255 is connected with the conductive elements 265, 266 so
that the carbon fibers of the resistive element are electrically connected with the
conductive elements. More specifically, the conductive elements directly contact the
carbon of the carbon fibers. In particular, it should be noted that the carbon fibers may
have a coating, referred to as sizing. Preferably, the conductive elements 265, 266
directly contact the carbon fiber so that the carbon fiber provides the electrical path
between the conductive elements 265, 266. More specifically, if the carbon fibers include
a sizing (such as a coating to promote promoting bonding between the carbon fibers and
the thermoplastic resin) the sizing may be significantly less conductive that the carbon
fiber so that the carbon fiber conducts at least the majority and preferably substantially all
of the electricity flowing through the resistive element between the first conductor and the
second conductor.

[070] Configured as describe above, in an exemplary configuration of the first zone 250,
each resistive element 255A-255E provides approximately 46 ohms of resistance. In this
way, the nominal wattage of the first zone at 100 volts AC is approximately 1100 watts.
Accordingly, the heating element 230 provides sufficient joules effect heating to raise the
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surface temperature of the outer surface of upper structural element 225 without raising
the temperature of the element 220 above the glass transition temperature for the
thermoplastic matrix material in the element.

[071] Referring now to Fig. 7, the details of the second and third heating zones 270, 290
will now be described. The second heating zone 270 is configured substantially similarly
to the first heating zone 250. Specifically, the second heating zone 270 comprises a
plurality of resistive elements 275A-275E. Each of the resistive elements 275 includes a
lead 277 electrically connected with a third conductive element 285 and a tail electrically
connected with a fourth conductive element 286. The resistive elements 275A-275E are
connected in parallel with the two conductive elements 285, 286.

[072] The resistive elements 275A-275E may be formed substantially identically with the
resistive elements 255A-255E of the first heating zone 250. However, it may be desirable
to vary the configuration of the resistive elements in the second heating zone to vary the
heating characteristics of the second heating zone. For instance, in the present instance
resistive elements 275 are substantially longer than resistive elements 255. In particular,
the body 280 of resistive element 275 may be approximately twice as long as the body
260 of resistive element 255. In this way, if resistive element 275 is formed of the same
material as resistive element 255 then resistive element 275 will have substantially higher
resistance than resistive element 255. In this way, at the same voltage, the nominal
wattage of the second zone is significantly less than the nominal wattage of the first zone
250. For example, at 100 volts AC the wattage of the second heating zone may be
approximately 800 watts as opposed to nominally 1100 watts for the first heating zone.
[073] Fig. 7 further illustrates the third heating zone 290, which includes a plurality of
resistive elements 295A-295E connected in parallel to the fourth conductive element 286
and a fifth conductive element 287. Although the resistive elements 295A-295E may be
configured differently from resistive elements 275A-275E, in the present instance resistive
elements 295A-295E are substantially identical to resistive elements 275A-275E.

[074] As shown in Fig. 7, the first heating zone 250 is on a separate layer than the
second and third heating zones 270 290. In particular, the three heating zones are
configured so that the body 260 of each resistive element 255A-255E is positioned below
the second and third heating zones so that the body of each resistive element 275, 295
does not overlie the body 260 of each resistive element in the first heating zone. In this
way, the heating area provided by the second and third heating zones does not

substantially overlap the heating area created by the first heating zone.
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[075] As shown in Fig. 7, the different layers of the heating element are separated by
insulative layers. For instance, one or more insulative layers may be positioned between
the layer having the first heating zone 250 and the layers having the second and third
heating zones. In particular, an insulative layer formed of fiberglass reinforced
thermoplastic material may overlie the first heating zone to electrically isolate the first
resistive elements 255 from the second and third resistive elements 275, 295. The
insulative layers may be formed of S2 PEEK layers as described above.

[076] The laminate 220 is consolidated by heating the assembled plies 225, 226, 230
under pressure. For instance, the assembly may be heated up to a temperature above
the melting temperature. The pressure is then removed and the consolidated laminate is
cooled to ambient temperature.

[077] A laminate formed according to such process can then be connected with a power
source to create a circuit similar to the circuit shown in Fig. 3. However, since the
laminate 220 in Figs. 6-9 includes three heating zones, the circuit may include one or
more switches to control the power supplied to each of the three heating zones. The
switches allow power to be supplied independently to one or more of the three heating
zones 250, 270, 290. For example, when the laminate illustrated in Figs. 6-9 is formed
into an aerostructure, the different heating zones may be positioned and configured to
apply heat to different parts of the aerostructure. Inthe instance of an airfoil, the airfoil
may have a leading edge, an upper surface and a lower surface. The three heating
zones may be positioned so that the first heating zone 250 overlies the leading edge of
the airfoil, the second heating zone may overlie the upper surface and the third heating
zone overlies the lower surface of the airfoil. In such a configuration, the resistive
elements of the three heating zones 250, 270, 290 are configured to provide sufficient
heating to raise the temperature of one or more surfaces of the laminate by at least 50
degrees Fahrenheit or approximately 30 degrees Celsius. For example, the first heating
zone may be configured an oriented to raise the temperature of the outer surface of the
leading edge by at least approximately 50 degree Fahrenheit or approximately 30
degrees Celsius. Similarly, the second zone 270 may heat the upper surface and the third
zone may heat the lower surface.

[078] The system may also include a plurality of sensors. For instance, the system may
include a first sensor sensing a characteristic of a first area, a second sensor sensing a
characteristic of a second area and a third sensor sensing a characteristic of a third area.
Based on the signals received from the three sensors, the system may independently
control the power supplied to each of the three heating zones. In one example, the first
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sensor detects the presence of ice on the leading edge and the system controls the power
supplied to the first heating zone in response to the signal from the first sensor. In
particular, if the first sensor detects a characteristic indicative of the presence of ice the
system may increase the power supplied to the first heating zone 250 to increase the
temperature of the leading edge. Additionally, the system may control the power supplied
to the first heating zone by reducing or discontinuing the power supplied to the first
heating zone if the first sensor detects a characteristic indicative of a lack of ice on the
leading edge. In this way, the system may control the heating of the first zone to increase
or decrease the temperature of the leading edge to impede the formation of ice or to melt
ice already formed on the leading edge. Similarly, in response to signals received from
the second sensor, the system may control the power supplied to the second heating
zone to impede the formation of ice or to melt ice already formed on the upper surface.
Further still, in response to signals received from the third sensor the system can control
the power supplied to the third heating zone to impede the formation of ice or to melt ice
already formed on the lower surface.

[079] It will be recognized by those skilled in the art that changes or modifications may
be made to the above-described embodiments without departing from the broad inventive
concepts of the invention. It should therefore be understood that this invention is not
limited to the particular embodiments described herein, but is intended to include all
changes and modifications that are within the scope and spirit of the invention as set forth

in the claims.
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CLAIMS
1. A heated aerostructure, comprising:
a composite structure, comprising:

a reinforced thermoplastic upper layer forming a load bearing element of
the aerostructure wherein the thermoplastic of the upper layer has a
first glass transition temperature;

a reinforced thermoplastic lower layer forming a load bearing element of
the aerostructure wherein thermoplastic of the lower layer has a
second glass transition temperature;

a thermoplastic heater layer wherein the thermoplastic of the heater layer
has a third glass transition temperature and the heater layer
comprises:

a plurality of electrically conductive fibers;

a first electrode electrically connected with the conductive fibers; and

a second electrode electrically connected with the conductive fibers, so
that the conductive fibers provide an electrical pathway between
the first electrode and the second electrode;

wherein the conductive fibers of the thermoplastic heater layer are
substantially similar to the reinforcing fibers of the upper layer
and the lower layer;

a first fiber reinforced thermoplastic insulative layer disposed between the
heater layer and the upper layer wherein the thermoplastic of the
first insulative layer has a fourth glass transition temperature;

a second fiber reinforced thermoplastic insulative layer disposed between
the heater layer and the lower layer wherein the thermoplastic of
the second insulative layer has a fifth glass transition temperature;

wherein the third glass temperature is within 25 percent of the glass
transition temperature of the first and second glass temperature;

a sensor operable to sense a characteristic indicative of the formation of ice on the
upper layer;

a controller connected with the sensor and an electrical power source for
controlling the power provided to the first electrode;

wherein the first electrode and the electrically conductive fibers are connected
such that electric power applied to the first electrode is conducted to the
electrically conductive fibers to provide resistive heating sufficient to heat
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10.

11.

the composite structure to impede formation of ice on the composite

structure or to remove ice formed on the composite structure.

The heated aerostructure of claim 1 wherein the controller is operable to control
the electrical power provided to the first electrode in response to signals received

from the sensor.

The heated aerostructure of claim 1 wherein the upper layer comprises a
semicrystalline thermoplastic in the polyaryletherketone family.

The heated aerostructure of any of claims 1-3 wherein the conductive fibers are
carbon fibers and the first and second electrodes electrically contact the carbon
fibers so that substantially all of the resistive heating is provided by the power
supplied to the carbon fibers in the heater layer.

The heated aerostructure of any of claims 1-4 wherein the heater layer comprises
a continuous length of unidirectional carbon fiber tape extending between the first

and second electrodes.

The heated aerostructure of claim 5 wherein the heater layer comprises a
convoluted path between the first and second electrodes.

The heated aerostructure of any of claims 1-6 wherein the third glass transition

temperature is within 25% of the fourth and fifth glass transition temperatures.

The heated aerostructure of any of claims 1-7 wherein the third glass transition is
lower than the first, second, fourth and fifth glass transition temperature.

The heated aerostructure of any of claims 1-8 wherein the lower layer comprises a

semicrystalline thermoplastic in the polyaryletherketone family.

The heated aerostructure of any of claims 1-9 wherein the heater layer and at
least one of the upper layer and the lower layer comprise similar thermoplastic.

The heated aerostructure of any of claims 1-10 wherein the heater layer and at

2o,



WO 2019/209989

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

least one of the upper layer and the lower layer comprise a semicrystalline

thermoplastic in the polyaryletherketone family.

The heated aerostructure of claim 11 wherein the heater layer, the upper layer and
the lower layer comprise a semicrystalline thermoplastic in the polyaryletherketone
family.

The heated aerostructure of any of claims 1-12 comprising a second heater layer
independently operable from the heater layer and a third electrically insulative
layer insulating the second heater layer from the heater layer.

The heated aerostructure of any of claims 1-12 wherein the first electrode
comprises a metallic mesh embedded within the thermoplastic of the heater layer.

The heated aerostructure of any of claims 1-13 wherein the composite structure

comprises a portion of an airfoil.

The heated aerostructure of any of claims 1-15 wherein the upper layer comprises
a plurality of carbon fiber reinforced thermoplastic lamina.

The heated aerostructure of any of claims 1-16 wherein the lower layer comprises
a plurality of carbon fiber reinforced thermoplastic lamina.

The heated aerostructure of any of claims 1-17 wherein the thermoplastic of each
of the heater layer, the upper layer and the lower layer are fused with the

thermoplastic in adjacent layers.

The heater aerostructure of any of claims 1-18 wherein the thermoplastic of the
heater layer, the thermoplastic of the upper layer and the thermoplastic of the

lower layer have a melting temperature above 500 degree Fahrenheit.

The heated aerostructure of any of claims 1-19 wherein the controller comprises
one of a P, PD, PI, PID controller or a microprocessor.

The heated aerostructure of any of claims 1-20 wherein the third glass

-23-

PCT/US2019/028978



WO 2019/209989

22.

23.

24.

25.

temperature is within 15% of the first, second, fourth and fifth glass transition

temperature.

The heated aerostructure of any of claims 1-21 wherein the plurality of electrically
conductive fibers of the heater layer comprise unidirectional carbon fiber
reinforced thermoplastic.

The heated aerostructure of claim 22 wherein the electrically conductive fibers
have a first end electrically connected with the first electrode and a second end
electrically connected with the second electrode and substantially all of the carbon

fibers extend continuously from the first end to the second end.

A heated aerostructure, comprising:
a composite structure, comprising:
a reinforced thermoplastic upper layer;
a reinforced thermoplastic lower layer;
a reinforced thermoplastic heater layer, comprising:
a plurality of electrically conductive non-metallic fibers;
a first electrode electrically connected with the conductive non-metallic
fibers; and
a second electrode electrically connected with the conductive non-
metallic fibers, so that the conductive non-metallic fibers provide
an electrical pathway between the first electrode and the
second electrode;
a controller connected with a sensor and an electrical power source for controlling
the power provided to the first electrode;
wherein the first electrode and the conductive non-metallic fibers are connected
such that electric power applied to the first electrode is conducted to the
electrically conductive non-metallic fibers to provide resistive heating
sufficient to heat the composite structure to impede the formation of ice on
the composite structure.

The heated aerostructure of claim 24 wherein the plurality of electrically

conductive fibers of the heater layer comprise unidirectional carbon fiber
reinforced thermoplastic.
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26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

The heated aerostructure of claim 25 wherein the electrically conductive fibers
have a first end electrically connected with the first electrode and a second end
electrically connected with the second electrode and substantially all of the carbon

fibers extend continuously from the first end to the second end.

The heated aerostructure of any of claims 24-26 wherein the controller is operable
to control the electrical power provided to the first electrode in response to signals

received from the sensor.

The heated aerostructure of any of claims 24-27 wherein the upper layer
comprises a semicrystalline thermoplastic in the polyaryletherketone family.

The heated aerostructure of any of claims 24-28 wherein the lower layer

comprises a semicrystalline thermoplastic in the polyaryletherketone family.

The heated aerostructure of any of claims 24-29 wherein the heater layer and at
least one of the upper layer and the lower layer comprise similar thermoplastic.

The heated aerostructure of any of claims 24-30 wherein the heater layer and at
least one of the upper layer and the lower layer comprise a semicrystalline
thermoplastic in the polyaryletherketone family.

The heated aerostructure of claim 31 wherein the heater layer, the upper layer and
the lower layer comprise a semicrystalline thermoplastic in the polyaryletherketone

family.

The heated aerostructure of any of claims 24-32 comprising a first electrically
insulative layer insulating the upper layer from the heater layer.

The heated aerostructure of claim 29 comprising a second electrically insulative
layer insulating the lower layer from the heater layer.

The heated aerostructure of claim 33 or 34 wherein at least one of the first and
second electrically insulative layers comprises thermoplastic.
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36. The heated aerostructure of claim 35 wherein the first and second insulative layers
comprise thermoplastic.

37. The heated aerostructure of claim 35 or 36 wherein the first electrically insulative
layer comprises a composite material comprising reinforcing fibers embedded

within the thermoplastic.

38. The heated aerostructure of any of claims 24-37 wherein the first electrode
comprises a metallic mesh embedded within the thermoplastic of the heater layer.

39. The heated aerostructure of any of claims 24-38 wherein the composite structure

comprises a portion of an airfoil.

40. The heated aerostructure of any of claims 24-38 wherein the composite structure

comprises a portion of a nacelle.

41. The heated aerostructure of any of claims 24-40 wherein the upper layer
comprises a plurality of carbon fiber reinforced thermoplastic lamina.

42. The heated aerostructure of any of claims 24-41 wherein the lower layer
comprises a plurality of carbon fiber reinforced thermoplastic lamina.

43. The heated aerostructure of any of claims 24-42 wherein the thermoplastic of each
of the heater layer, the upper layer and the lower layer are fused with the

thermoplastic in adjacent layers.

44, The heated aerostructure of any of claims 24-43 wherein the non-metallic fibers of
the heater layer comprise sizing configured to improve adhesion between the non-

metallic fibers and the thermoplastic.
45, The heater aerostructure of any of claims 24-44 wherein the thermoplastic of the

heater layer, thermoplastic of the upper layer and the thermoplastic of the lower

layer have a melting temperature above 500 degree Fahrenheit.
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46.

47.

48.

49.

50.

51.

52.

The heated aerostructure of any of claims 24-45 wherein the controller comprises
one of a P, PD, PI, PID controller or a microprocessor.

A heated composite structure, comprising:

a carbon fiber reinforced thermoplastic upper layer;

a carbon fiber reinforced thermoplastic lower layer;

a carbon fiber reinforced thermoplastic heater layer, wherein the upper layer,
lower layer and heater layer are consolidated to form a laminate;

wherein the heater layer comprises a plurality of electrically conductive carbon
fibers and wherein the heater layer is configured so that the electrically
conductive carbon fibers of the heater layer are connectable with a power
source so that electricity can flow through the electrically conductive
carbon fibers of the heater layer to provide resistive heating sufficient for
the heating layer to heat at least a portion of the laminate at least 50
degrees Fahrenheit.

The heated composite structure of claim 47 wherein the electrically conductive
carbon fibers form a unidirectional carbon fiber reinforced thermoplastic layer.

The heated aerostructure of claim 48 wherein the electrically conductive carbon
fibers have a first end electrically connected with a first electrode and a second
end electrically connected with a second electrode and substantially all of the
carbon fibers extend continuously from the first end to the second end.

The heated composite structure of any of claims 47-49 comprising a sensor
operable to sense a characteristic indicative of the presence of ice on the upper
layer.

The heated composite structure of claim 50 comprising a controller connected with
the sensor and an electrical power source for controlling the power provided to the
heater layer.

The heated composite structure of any of claims 49-51 comprising first and
second electrodes embedded within the laminate in electrical contract with the
electrically conductive carbon fibers such that electric power applied to the first
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53.

54,

55.

56.

57.

58.

59.

60.

61.

electrode is conducted to the electrically conductive carbon fibers to provide
resistive heating sufficient to heat the composite structure to impede formation of
ice on the composite structure.

The heated composite structure of claim 51 wherein the controller is operable to
control the electrical power provided to heater layer in response to signals

received from the sensor.

The heated composite structure of any of claims 49-53 wherein the upper layer
comprises a semicrystalline thermoplastic in the polyaryletherketone family.

The heated composite structure of any of claims 49-54 wherein the lower layer
comprises a semicrystalline thermoplastic in the polyaryletherketone family.

The heated composite structure of any of claims 49-55 wherein the heater layer
and at least one of the upper layer and the lower layer comprise similar

thermoplastic.

The heated composite structure of any of claims 49-56 wherein the heater layer
and at least one of the upper layer and the lower layer comprise a semicrystalline
thermoplastic in the polyaryletherketone family.

The heated composite structure of claim 57 wherein the heater layer, the upper
layer and the lower layer comprise a semicrystalline thermoplastic in the

polyaryletherketone family.

The heated composite structure of any of claims 49-58 comprising a first
electrically insulative layer insulating the upper layer from the heater layer.

The heated composite structure of claim 59 comprising a second electrically
insulative layer insulating the lower layer from the heater layer.

The heated composite structure of claim 59 or 60 wherein at least one of the first

and second electrically insulative layers comprises thermoplastic.
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62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

The heated composite structure of claim 61 wherein the first and second insulative

layers comprise thermoplastic.

The heated composite structure of claim 61 or 62 wherein the first electrically
insulative layer comprises a composite material comprising reinforcing fibers

embedded within the thermoplastic.

The heated composite structure of any of claims 49-63 wherein the first electrode
comprises a metallic mesh embedded within the thermoplastic of the heater layer.

The heated composite structure of any of claims 49-64 wherein the composite

structure comprises a portion of an airfoil.

The heated composite structure of any of claims 49-64 wherein the composite

structure comprises a portion of a nacelle.

The heated composite structure of any of claims 49-66 wherein the upper layer
comprises a plurality of carbon fiber reinforced thermoplastic lamina.

The heated composite structure of any of claims 49-67 wherein the lower layer
comprises a plurality of carbon fiber reinforced thermoplastic lamina.

The heated composite structure of any of claims 49-68 wherein the thermoplastic
of each of the heater layer, the upper layer and the lower layer are fused with the
thermoplastic in adjacent layers.

The heated composite structure of any of claims 49-68 wherein the carbon fibers
of the heater layer comprise sizing configured to improve adhesion between the
carbon fibers and the thermoplastic.

The heater composite structure of any of claims 49-70 wherein the thermoplastic
of the heater layer, thermoplastic of the upper layer and the thermoplastic of the
lower layer have a melting temperature above 500 degree Fahrenheit.

The heated composite structure of any of claims 49-71 wherein the controller
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73.

74.

75.

76.

77.

comprises one of a P, PD, PI, PID controller or a microprocessor.

A method for forming a heated composite structure, comprising the steps of:

providing a plurality of carbon fibers embedded within a thermoplastic matrix,
wherein the thermoplastic has a melting temperature;

electrically connecting the carbon fibers with first and second electrodes to form a
heater layer;

cooling the heater layer;

heating the heating layer above the melting temperature of the thermoplastic
matrix after the step of cooling;

heating a plurality of layers of reinforced thermoplastic laminae, wherein the
thermoplastic in the laminae have a melting temperature and the step of
heating the plurality of layers comprises heating the layers above the
melting temperature of the thermoplastic in the laminae;

applying the heated plurality of layers to the heated heating layer so that the
heater is fused with the plurality of layers after the step of cooling.

The method of claim 73 wherein the step of providing a plurality of carbon fibers
comprises providing a plurality of unidirectional carbon fibers such that

substantially all of the carbon fibers are substantially parallel to one another.

The method of claim 74 wherein each of the carbon fibers has a first end and a
second end and the step of electrically connecting comprises electrically
connecting the first end of each carbon fiber with the first electrode and electrically
connecting the second end of each carbon fiber with the second electrode.

The method of any of claims 73-75 comprising the step of forming an
aerostructure capable of carrying a load by fusing together the plurality of

reinforced thermoplastic laminae

A method of heating a composite structure, comprising the steps of:

providing a composite structure formed of a unidirectional carbon fiber reinforced
thermoplastic layer in which each carbon fiber has a first end and a second
end;

connecting the first end of each carbon fiber to a first electrode;
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78.

79.

connecting the second end of each carbon fiber to a second electrode so that
substantially all of the carbon fibers of the carbon fiber layer extends from
the first electrode to the second electrode;

connecting the first and second electrodes to an electric source;

controlling the flow of electricity from the electric source to the first electrode so
that the electricity flows from the first electrode to the carbon fibers to the
second electrode to provide resistive heating sufficient to heat the
composite structure.

The method of claim 77 wherein the step of controlling comprises controlling the
flow of electricity to provide resistive heating sufficient to heat the composite
structure to impede formation of ice on the composite structure.

The method of claim 77 or 78 comprising the step of monitoring the temperature of

the composite structure wherein the step of controlling comprises controlling the
flow of electricity in response to the step of monitoring.
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