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LOW DENSITY LIGHTNING STRIKE
PROTECTION FOR USE IN AIRPLANES

BACKGROUND OF THE INVENTION

The outer surface of an aircraft fuselage is typically prepared from composites,
aluminum and/or steel. When prepared from aluminum or steel, the aircraft has a
highly conductive path, like a Faraday cage, and the current can pass from the entry
point of the strike across the skin to the exit point without greatly damaging the
airplane. However, particularly with modern aircraft (and aircraft components),
composite materials are being increasingly used to lower the weight of the aircraft.
These materials often include carbon or graphite fibers, and the materials do not
provide equivalent protection when compared with an all metal structure due to the

lower electrical conductivity of the carbon or graphite.

Currently, lightning strike protection for composite materials, such as those
used in aircraft construction, uses expanded metal screens (mesh) embedded in
surface film attached on a composite surface to dissipate the energy incurred by a
strike. The screens can be embedded in surface films or applied separately. U.S.
Patent No. 5,470,413 discusses a process for embedding a screen into a surface film.
U.S. Patent No. 5,417,385 discusses the fabrication of a structure with a lightning
strike protective layer. Sometimes an extra layer of surfacé film is used to ensure a
smooth surface for painting and to prevent microcracking. An extra fiberglass
isolation ply can also be used if aluminum is used for the screen to prevent galvanic

corrosion.
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The aircraft and aerospace industry use certain composite structures to provide
lightning strike protection. One such composite uses a 0.040 1b/ft2 (186 grams/m2
(gsm)) areal density copper screen, embedded in or placed on the surface of the
component to be protected. A 0.030 Ib/ft2 (140 gsm) areal density surface film
(surface films are usually an adhesive or epoxy resin with fillers and modifiers) is
usually cured with the composite structure and copper screen, resulting in a 0.070
Ib/fi2 (326 gsm) areal density combination. However, due to concerns over the
surface film microcracking, an additional layer of adhesive is sometimes added. The
resulting areal density is around 0.10 1b/ft2 (466 gsm). Another composite structure
employs a 0.016 1b/ft2 (74 gsm) areal density aluminum screen, which is placed on the
surface of the component to be protected. A 0.05 Ib/ft2 (232 gsm) surface film is
placed over the aluminum screen. If the material of the component is a carbon
composite, the aluminum screen also requires a fiberglass isolation layer, typically
0.091 Ib/ft2 (423 gsm). The isolation layer is provided to prevent galvanic corrosion
with the undetlying carbon composite, and it also assists in lightning strike protéction
since aluminum is not as conductive as copper. The total areal density of this

composite structure is 0.157 Ib/fi2 (730 gsm).

There is an interest in reducing the density of lightning strike protection
materials. Research in this area has focused on using metal particles, foils, and/or
screens. Examples include copper powder, applied in the form of a paint, and copper
screen, embedded in an epoxy or other polymer coating layer. In some embodiments,
these materials provided adequate protection against lightning strikes. However, at
least in part due to the difference in the coefficients of thermal expansion (CTE’s)

between the metal particles/screens and polymers, these materials may microcrack
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during the thermal cycling conditions experienced by an airplane under flight
conditions. That is, at high altitudes, the airplane (and lightning strike protection
materials) experiences relatively low temperatures, and on the ground, the airplane is
exposed to relatively higher temperatures. The change in temperatures can be
extreme, and can result in microcracking if the conductive material and the polymer
used in the lightning strike protection materials have significantly different CTE’s.
This microcracking can lead to moisture or chemical ingress into the composite
structure resulting in the potential for a reduction in mechanical properties of the

structure.

It would be advantageous to provide lightning strike protection materials with
a density lower than currently used lightning strike protection materials, and which is
capable of surviving the thermal cycling to which an airplane is exposed under
conditions of use. The present invention provides such lightning strike protection
materials, aircraft and aircraft components including these materials, and methods for
preparing these materials. For purposes of this invention, the term "aircraft
components" is intended to include the various parts of an aircraft, including Without
limitation, the fuselage portion of the aircraft, the aircraft's various control surfaces
(such as flaps, slats, tail, etc.), and the aircraft propulsion system and its various

components (the engine, nacelle, pylon, etc.).

SUMMARY OF THE INVENTION
Lightning strike protection materials, methods for their preparation and use,
are disclosed. Composite materials including an uppermost layer of a lightning strike

protection layer formed from the materials, which composite materials are used to

3
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form part of the exterior of an aircraft and aircraft components comprising the

composite materials, are also disclosed.

The lightning strike protection material is produced by applying one or more
of a primer, paint, film, or adhesive layer to the exterior of an aircraft or individual
aircraft components, where the primer, paint, film, or adhesive layer includes low
density conductive nanoparticles in a polymer-containing carrier. The low density
conductive nanoparticles are distributed throughout the polymer-containing carrier,

ideally in a substantially homogenous fashion.

Ideally, the polymer-containing carrier includes a thermoset and/or
thermoplastic polymer, or, before being cured, a monomer which forms a thermoset
polymer. One example of a suitable polymer is an epoxy resin which, when cured,

forms a thermoset polymer on the surface to which it is applied. In use, the material is

‘applied as the top layer of a metal or composite material used to form structural

elements of an airplane, which may optionally include an overcoat of primer and/or

paint.

The low density conductive nanoparticles can include one or more of a variety
of such materials, including carbon nanotubes, carbon nanofibers, metal nanowires,
metal powders, metal coated glass or polymeric microspheres, and the like. Use of a
film layer can provide higher loadings of the conductive nanoparticles than a primer

or paint layer, and, thus, can provide higher levels of lightning strike protection.
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In one aspect of the invention, the materials include a combination of metal
powders, such as copper powder, and carbon nanotubes or nanofibers, which are also
known as a type of multi-walled carbon nanotubes (collectively, carbon nanotubes,
unless referred to differently for particular applications), and a polymer-containing
carrier. The carrier can be in the form of a paint, a primer, or a polymer coating layer
(such as a surface film or adhesive). The combination of metal powders and carbon
nanotubes accomplishes at least two objectives. First, one can obtain substantially the
same lightning strike protection as with the metal powders alone, but with less overall
density. Second, the blend of carbon nanotubes and metal powders produces a layer
with a coefficient of thermal expansion (CTE) that can more closely approximate that
of the underlying layer than a layer with only metal powders or carbon nanotubes.
The closer the CTE of the layer is to the underlying layer, the less likelihood of
delamination when the layer is subjected to the types of temperature swings an aircraft

is subjected to under normal operation.

In this aspect, the metal powder typically has a particle size in the range of 4
nm to 100 pm. The particles are ideally sized to provide adequate electrical properties
(i.e., conductivity) for use as a lightning strike protection material. The particles can
be irregular in shape or, smooth and round, or have texture. One example of a
suitable textured particle is a “spiky” copper powder where the carbon nanotubes are
embedded into the copper. While not wishing to be bound by a particular theory, it is
believed that the presence of the carbon nanotubes brings the CTE of the polymer
closer to that of the metal powder, such that the material can survive the thermal
cycling conditions associated with the conditions under which an airplane is subjected

in flight.
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The ratio, by weight, of metal powder, such as a copper powder, to metal
powder/carbon nanotubes combined can range from about 0.2 to about 0.999. The
weight ratio of the metal powder/carbon nanotubes to polymer can range from about
0.1 to about 0.8. The concentration of carbon nanotube/metal powder is sufficient
such that the surface resistivity of the airplane to which the material is applied is low
enough to dissipate the energy from a lightning strike without damage to the plies
beneath (i.e., the plies in the composite material underlying the lightning strike

protection layer).

The composite material can include one or more layers of paint, primer, and/or
film including the metal powders/carbon nanotubes, and can optionally include an
isolation ply, particularly where the resistivity of the material is not sufficiently low to

provide adequate protection without the use of such an isolation ply.

In another aspect of the invention, a low-density metal screen, such as a copper
screen (i.e., with a density of around 0.03 Ib/ft2), can be reinforced with carbon
nanotubes (CNT) or graphite nanoplatelets in a polymer film (i.e., with a density of
around 0.02 Ib/ft2). In this aspect, the materials are in the form of a film, but not a
paint or primer. The carbon nanotubes can be present in as little as around 1% by
weight of the surface film. The CNT weight can be optimized to match the copper
screen CTE to minimize microcracking and allow the use of a lighter surface film.
This combination can be used to provide a lightning strike protection system with an

areal density of around 0.05 1b/ft2. A lower density metal screen can also be used with
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a combination of metal powder and carbon nanotubes or graphite nanoplatelets in a

polymer film.

In another aspect of the invention, the lightning strike material comprises
metal coated, for example, silver-coated, hollow glass microspheres and/or metal-
coated carbon nanotubes (collectively, silver particles). While not wishing to be
bound by a particular theory, it is believed that the metal coating helps with the
dispersion of the particles within the film, primer or paint. In one embodiment, a
silver coating is applied onto carbon nanotubes by electroless plating, which is
believed to improve the interfacial adhesion of the composites to which the material is
applied. The metal-coated particles can be subjected to pretreatments such as
oxidation, sensitizing treatment and activation treatment, which can introduce various
functional groups on the particles. These functional groups can improve the dispersion
of the particles into the paint, primer or film, increase the number of activated sites,
and lower the deposition rate, i.e., how much material needs to be applied to achieve
adequate conductivity to provide lightning strike protection. The use of microspheres
with a metal coating can help maintain the metal in dispersion in the paint, as the
density of the metal coated microspheres is similar to the density of the paint, whereas

metal powders tend to be denser than paint.

For most aspects, multiple layers can be used to achieve a desired lightning
protection effect. For example, the composite material can include one or more layers
of metal coated particles, such as silver-coated particles, and a fiberglass isolation ply

and/or a layer of carbon nanotubes.
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In another aspect, carbon nanotubes only can be added to the polymer film,
paint or primer. Since the 10,10 armchair configuration carbon nanotube has a
resistivity close to copper and it is six times lighter than copper, it has the highest
potential for weight reduction in a lightning strike protection system. The nanotubes
may be aligned through various methods. Mechanical, chemical, and magnetic
methods can be investigated to align the nanotubes. For example, the nanotubes can
be rﬁixed with the adhesive and extruded into a film coating to achieve approximately
20% of the tubes in alignment. The feed screw can be vibrated to improve the
alignment of nanotubes in the flow direction (similar to vibration injection molding
used with recycled thermoplastics). The nanotubes can be functionalized to react with
the tail or head of each nanotube such that it will self-assemble (similar to lipid bi-
layer assembly). However, this embodiment would require optimizing the nanotube
loading so that the nanotubes attract each other, while also ensuring that the epoxy
groups do not react with the functional groups on the nanotubes. Finally, the
nanotubes can be made such that a nickel particle is attached to one end. Ferrous
alloy nanoparticles and carbon nanotubes (with the nickel particle) can be added to the

adhesive, primer, or paint and subjected to a magnetic field to align the nanotubes.

In another aspect, graphite nanoplatelets (20 to 60% by weight) that have been
oriented in-plane are used to replace the metal screen used in conventional lightning
strike protection materials. In this aspect, the materials are in the form of a film, paint
or primer. The platelets can be made larger to cover the area more fully than carbon
nanotubes, and the nanoplatelets are significantly less expensive than single wall
carbon nanotubes. The platelets may not require full exfoliation to work most

effectively (i.e., there is more contact area through the thickness). It is believed that

8
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the electrical resistivity across each platelet is in the range of conductive metals, or

can be adjusted, for example, by coating each platelet with a conductive metal.

In another aspect of this invention, metal nanorods/nanowires/nanostrands
(collectively called nanowires) can be used in a polymer film, paint or primer to
provide lightﬁing strike resistance. Copper, silver, or aluminum nanowires are
preferred for their higher conductivity. The nanowires can be added to existing metal

screen and polymer or used instead of the metal screen.

In another aspect of this invention, carbon nanotubes or other nanoparticles
that have been modified to decrease their inherent electrical resistivity can be added to
a film, primer, or paint. For example, entirely gold end-bonded multi-walled carbon
nanotubes have substantially higher electrical conductivity than un-modified single-
walled carbon nanotubes (Phys. Rev. Lett. 96 057001, which is incorporated herein in
its entirety by reference). These modified nanotubes or nanoparticles can be oriented

in-plane to replace or reduce the metal screen.

In another aspect of this invention, the carbon nanotubes, graphite
nanoplatelets, or other nanoparticles can be made into a paper or felt, for example,
using a solvent filtration process. Tackifiers or binders, fibers, or other particles may
be used in the paper or felt making process to assist in handling. This nanoreinforced
paper or felt can be infused with resin using a prepreg, or liquid molding process, and
then the resulting paper or felt formed into a layer of a composite material by shaping

the resin-impregnated paper or felt into a desired shape and curing the resin.
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In a final aspect of this invention, the carbon nanotubes, graphite nanoplatelets or

other nanoparticles can be spun into a yarn or drawn into a film. The yarns can be

woven into a fabric or braid or fiber placed onto the prepreg and infiltrated with resin.

The use of carbon nanotubes, the metal powder/carbon nanotube blends, low
density metal screens reinforced with carbon nanotubes, metal-coated particles and/or
aligned graphite nanoplatelets can provide significant weight savings and/or shortened
manufacturing cycles. Ideally, the composite materials provide sufficient lightning
strike protection to pass at least a Zone 2A lightning strike test, and, more preferably,
can pass a Zone 1A lightning strike test. Also, the materials ideally will have
desirable thermal cycling properties for use in aircraft manufacture and use. For
example, it is preferred that the surface film, primer coat or paint layer does not
microcrack for at least 2,000 cycles when exposed to thermal cycling from -65°F to

160°F.

These low density materials can be used not only iﬁ preparing lightning strike
protection materials, such as the exterior of an aircraft and aircraft components, but
also in their repair. The use of films, paints and primers including the low density
materials described herein in repair applications is easily understood with reference to

the detailed description that follows.

BRIEF DESCRIPTION OF THE FIGURES
Figure 1 is an illustration showing a carbon nanofiber (multi-walled Dixie cup

configuration).

10
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Figure 2 is an illustration showing single wall carbon nanotube (SWCNT)
configurations.

Figure 3 provides micrographs showing the growth of Cu-VGCF composite
particles at: (a) 1 C cm-2, (b) 5 C cm-2, and (c) 15 C cm-2. Enlarged images
corresponding to (a)-(c) are shown in (d)-(f). (Reproduced from Arai, S.; Endo, M.
(2003) Carbon nanofiber-copper composite powder prepared by electrodeposition,
Electrochemistry Communications 5, 797-799).

Figure 4 is an illustration showing conventional lightning strike material in the
form of a laminate fabrication.

Figure 5 is an illustration showing the use of nano-reinforcements in a surface

layer of a lightning strike composite material.

DETAILED DESCRIPTION OF THE INVENTION
In accordance with the present invention, a lightning strike protection material
is described herein which provides lightning strike protection to composite structures,

such as those employed in the aircraft industry.

In one aspect, the material includes a “carbon nanotube-copper” powder
comprising copper particles and carbon nanofibers (CNF’s), as shown in Figure 1. In
another aspect, the material includes the carbon nanotubes (CNT’s) shown in Figure
2, which CNTs can optionally be plated with a metal such as copper. In either
embodiment, the mixture of metal pqwder and CNEF’s, or the CNT’s, are substantially
dispersed on or through a surface film, primer, or paint to form a lightning strike

protection material.

11
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The primer or paint comprising either the carbon nanotube-metal powder or
the CNT’s can be placed on a surface of a composite structure via conventional
means, such as spraying, to form the lightning strike protection material. When
fofmed in a surface film, the lightning strike protection material can be cured with the
composite structure. The amount of carbon nanotube-copper powder or CNT’s on or
throughout the surface film or in the primer or paint is of a sufficient concentration to
provide a sufficiently low surface resistivity to dissipate the energy from a lightning
strike and substantially prevent damage to the plies of the composite structure on
which the lightning strike protection material is disposed. The carbon nanotube-metal
powder or CNT’s can also be added to the polymer with a light-weight metal screen if

required.

The carbon nanotube-metal powder- or CNT-reinforced paint, primer, or
surface film of the present invention can pass a Zone 1A lightning strike protection
requirement and reduce weight in the composite panel. Further, the lightning strike
protection material of the invention does not microcrack within at least 2,000 thermal
cycles. As compared to conventional materials, replacement of the expanded metal
screen by carbon nanotube-metal powder or CNT’s can result in a significant weight
savings and a shortened manufacturing cycle. These and other aspects of the

invention are described in more detail below.

The present invention will be better understood with reference to the following

detailed description, and in light of the following definitions.

12
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As used herein, a lightning strike protection material is described herein which
provides lightning strike protection to composite structures, such as those employed in
the aircraft and aerospace industry. The various airworthiness certification authorities
lay down standards to which aircraft manufactures must comply. Based on the
probability of a lightning strike and the probable intensity of the lightning current
generated in the strike, the authorities designate different potential strike zones for
each aircraft and the probable current waveforms to which structures and systems in
these zones must be resistant. These are identified as Zones 1A and 1B, Zones 2A and
2B and Zone 3. The zones have been defined in US Patent 5,417,385 and SAE

ARP5414, and are well understood by those skilled in the art:

The surface of an aircraft can be divided into a set of regions called lightning
strike zones. These zones represent the areas likely to experience the various types of
lightning currents and consequently, the various components of the lightning

environment. There are three major divisions representing:

1. Regions likely to experience initial lightning attachment and first return
strokes.

2. Regions which are unlikely to experience first return stroke but which are
likely to experience subsequent return strokes. This will happen where the
aircraft is in motion relative to a lightning channel causing sweeping of the
channel backwards from a forward initial attachment point.

3. Regions which are unlikely to experience any arc.attachment but which

will have to conduct lightning current between attachment points.

13



WO 2008/048705 PCT/US2007/063717

Regions 1 and 2 are subdivided into specific lightning attachment zones as

follows:

Zones 1A and 2A, where long hang-on of a lightning channel
is urlllikely because the motion of the aircraft with respect to
5 the channel causes the attachment point to move across the
surface of the aircraft in the opposite direction from the

direction of motion.

Zones 1B and 2B, where the lightning channel attachment
point is unlikely to move during the remainder of the flash
10 because the location is a trailing edge or a large promontory
from which the relative motion of the aircraft and channel

cannot sweep the attachment point further.

Finally, an additional zone, Zone 1C, is defined, in which by
virtue of the change in current parameters along a lightning
15 channel and the time taken for sweeping of the attachment point
across the surface of the aircraft, the threat to the aircraft is

reduced.
Specific zone definitions are as follows:
Zone 1A — First return stroke zone

20 All the areas of the aircraft surfaces where a first return stroke is likely during

lightning channel attachment with a low expectation of flash hang on.

14
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Zone 1B — First return stroke zone with long hang on

All the areas of the aircraft surfaces where a first return stroke is likely during

lightning channel attachment with a high expectation of flash hang on.
Zone 1C — Transition zone for first return stroke

All the areas of the aircraft surfaces where a first return stroke of reduced
amplitude is likely during lightning channel attachment with a low expectation of

flash hang on.
Zone 2A — Swept stroke zone

All the areas of the aircraft surfaces where subsequent return stroke is likely to

be swept with a low expectation of flash hang on.
Zone 2B - Swept stroke zone with long hang on

All the areas of the aircraft surfaces into which a lightning channel carrying a

subsequent return stroke is likely to be swept with a high expectation of flash hang on.
Zone 3

Those surfaces not in Zones 1A, 1B, 1C, 2A or 2B, where any attachment of
the lightning channel is unlikely, and those portions of the aircraft that lies beneath or
between the other zones and/or conduct substantial amount of electrical current

between direct or swept stroke attachment points.
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The location of strike zones on any aircraft is dependent on the geometry of
the aircraft and operational factors, and often varies from one aircraft to another.
Airworthiness authorities designate standards with which the aircraft manufacturers
must comply. Different potential strike zones are assigned for each aircraft
component and the current wave component is designated. The structure must be

resistant to this strike without penetration through the thickness of the component.

The aircraft components are subjected to thermal cycling during ground to air
to ground service. This thermal cycling may cause microcracking within the surface
film. This microcracking may extend into the composite structure causing premature
failure from exposure to moisture and/or other chemicals. Hence it is desirable to
formulate the surface film such that it does not microcrack for at least 2,000 cycles

when exposed to thermal cycling from -65°F to 160°F.

Criteria were developed to formulate nanocomposite films, primers, and paints
that would meet the Zone 1A lightning strike and microcracking tests as defined as

follows.

Lightning Strike Protection Criteria

Criteria 1 — Equivalent Areal Density

Table 1 lists the resistivity of various metals and nanoparticles. Among the
metals, silver provides the lowest resistivity, with copper and aluminum next. Nickel
and bronze are higher. Nickel and bronze have been used in prior art aerospace

structures and components for lightning strike protection; however, the use of these

16
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metals typically results in more damage to the carbon/epoxy panel from a lightning

strike than the materials described herein.

Table 1: Resistivity of Various Materials

5

Material Electrical Resistivity
(Microohms/cm)

Silver 1.58

Copper 1.68

Aluminum 2.65

Nickel 6.84

Bronze 15

Vapor Grown Carbon Nanofiber 55

(VGCNF)

Single Wall Nanotube (SWNT) 100-200

rope

AS4 Carbon Fiber 1,530

Unfilled epoxy 5E+12

Table 2 lists the material properties of various nanoreinforcement materials.
Standard materials, such as aluminum and an epoxy matrix that can incorporate the
materials, are also included as a baseline by which to compare the properties of the

10  nanoreinforcement materials.

17
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Table 2: Candidate Nanoreinforcement Material Properties

Modulus GPa Thermal Electrical
Conductivity Resistivity
W/mK (Microohms/cm)
Carbon nanofibers | 300 5-2000 50-100
Carbon nanotubes | 1000 40-4000 2-50
Graphite 1000 30000 50
nanoplatelets
Silver nanowires 220 Around 400 3
AS4 graphite fiber | 230 20 1500
Epoxy matrix 70 Insulator Insulator
Aluminum 70 220 2.8

Table 3 lists various areal densities of lightning strike systems. As shown
5 Dbelow, with respect to an aluminum screen system, the areal density of the
nanoreinforced systems provide substantially lower areal densities, and, accordingly,

significant weight savings compared to aluminum.

Table 3 — Lightning Strike System Areal Densities
10

Layer Aluminum Nanoreinforced | C-SWNT
screen system | aluminum (10,10) system

areal density | screen system | areal density

(gms) areal density | (gsm)
(gsm)
Total system 355 310 135
Weight savings 12.5% 62%
compared  to
aluminum
baseline

18
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One criteria for meeting lightning strike protection is to be equal to, or less
than, the minimum areal density of the copper screen baseline. From industry use,
0.029 Ib/f® (135 gsm) is acceptable as the baseline copper screen areal density with
minimal damage to thin skin composite structures typically used in aircraft engine

nacelles.

The ratio of the resistivity to density difference caﬁ be used to calculate an
equivalent areal density screen. For example, assuming the acceptable baseline
copper areal density of 0.029 Ib/in® (135 gsm), an aluminum areal density is calculated
at a factor of 0.5 or 0.015 Ib/f* (70 gsm), where 0.016 1b/ft* (74 gsm) is an acceptable
areal density. The lighter density of the aluminum more than offsets the increased
resistance compared to copper, resulting in a lighter overall screen. However, this
weight advantage is offset by the required heavy fiberglass isolation layer. Since
nickel has a similar density as copper, it will require approximately four times the
areal density to provide the same lightning strike protection. Silver is slightly more
conductive and slightly heavier, so it will require about the same areal density as

copper to provide the same lightning strike protection.

Criteria 2 — Continuity and Maximum Gap

Another criteria for meeting lightning strike protection is set as a continuity
and maximum gap to conduct electricity. The prior art expanded copper screen has
sufficient continuity to conduct electricity to the edges of the panel, where it is
grounded. It may be possible to have some gap between particles that can be

overcome by plasma charging on the surface. The maximum gap, in the 0.029 Ib/ff®
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(135 gsm) copper screen, is 0.125 in. (3.18 mm). This can be used as a guide for
setting a maximum gap desired between particles or yarns to less than 0.120 in. (3.05
mm). The resistivity and the aspect ratio of the nanoparticle selected will determine

this criteria.

This gap criteria is important when working with particles and especially
nanoparticles. Shaw, et al, (2004) On the improved properties of injection-molded,
carbon nanotube-filled PET/PVDF blends, Journal of Power Sources 136, 37-44
which is incorporated herein in its entirety by reference, reported a 2500%
improvement in electrical conductivity by containing CNT’s in a polyethylene
terphthalate (PET) layer within a blend of polyethylene terephthalate and
polyvinylidene fluoride, compared to a well dispersed CNT- filled PET at the same
carbon loading. By containing the CNT’s within the PET layer, a continuous

electrical conductive path is present in the polymer.

Criteria 3 — Thermal Cycling and Cracking

Prior art lightning strike protection materials include a metallic screen
embedded in an adhesive film. After thermal cycling, cracking in such prior art
structure usually occurs at the boundaries of the metallic screen. Microcracking onset
can be delayed, for example, by using two films or a film of double the thickness of
the screen/film layer in the prior art structure. This cracking can be explained by the
weight fraction of the copper screen within the adhesive and the resulting coefficient

of thermal expansion mismatch.
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The thermal expansion stress, o/ (Equation 1) is also a component of the

critical stress,

o’ = EaAT (1)
5
where ais the CTE, and AT the thermal cycling temperature delta.
The thermal expansion of the screen embedded film, o, can be estimated
using rules of mixture shown in Equation 2,
10

VvV E a, +V E o
a, = ceucueu m=m%m (2)
V.E, +(1-V,)E,

cu T cu

where ¥, is the volume fraction of copper, a., is the CTE of copper, ¥, is the
volume fraction of the adhesive matrix, and ¢, is the CTE of the adhesive matrix.

15  The modulus of the screen embedded film, E, can also be estimated using rules of

mixture.

In contrast, the lightning strike protection materials of the present invention

can be designed such that the CTE of the lightning strike protection material, whether

20  in the form of a layer of paint, primer, film, or adhesive, is substantially similar to the
CTE of the underlying layer to which it is applied such that cracking is minimized.

This can be accomplished, for example, by judicious selection of the low density
conductive nanoparticles and polymeric materials described herein. Thus, the
materials can provide not only low density conductance, but also minimize cracking

25 observed during thermal cycling. Those of skill in the art can readily select
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appropriate conductive nanoparticles and polymers to arrive at an appropriate CTE,

using the teachings provided herein.

One method of screening materials involves thermal cycling, as follows:

5 Specimens may be preconditioned at 120°F and 95% relative humidity. After
the initial conditioning, the humidity control is discontinued and the temperature is
dropped to -65°F for a minimum hold. The specimens are then thermally cycled for
30 minutes from -65°F to 160°F, holding the temperature constant for three minutes at
each temperature limit, for a minimum of 400 cycles. The test specimens are then

10  removed and the surfaces examined visually and/or with a die penetrant for cracking.

The steps are repeated for a total of five cycling blocks.

The low density electrically conductive layers of the present invention that
satisfy these criteria, composite materials, aircraft (and aircraft components) including
15  the composite materials, and methods of making the composite materials, are

described in more detail below.

I. Metal powder/Carbon Nanotube Blends

A. Metal Powders

20 Any powder can be used that, when present in the matrix material, provides
appropriate resistivity at a suitable concentration such that the density of the resulting
composite is acceptable. Table 1 lists the resistivities of various metals and

nanoparticles.
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Among the metals, silver provides the lowest resistivity, followed by copper
and aluminum. Nickel and bronze are higher. Although nickel and bronze have been
used in aerospace for lightning strike protection, their use typically results in more
damage to the carbon/epoxy panels present in many composite materials. For this

reason, silver and copper are preferred metals.

The particle size of the metal powders can be between about 4 nm and 100um,
although the preferred size will vary depending on if the powders are the primary
filler, are used with CNT’s, or supplement the screen. The selection of particle size
and the concentration of the particles in the various primers, paints and/or films
described herein are made such that the materials have sufficient low density and
conductivity. Those of skill in the art can modify the concentration and particle size
to arrive at suitable primer, paint and/or film layers with the desired properties, as

described herein.

B. Carbon Nanofibers/Nanotubes

U.S. Patent No. 6,790,425, the contents of which are hereby incorporated by
reference, discloses carbon nanotubes, carbon nanofibers, and thermoset resins, and
their use in repair patches for composite structures having a conductive layer. As
taught in the ‘425 patent, composite structures containing a small percentage of
nanofibers or nanotubes can be preferred for ensuring conductivity across the surface.
From an economic perspective, the use of carbon nanofibers (also known as multi-
wall carbon nanotubes) is preferred over the higher cost single wall or double wall
carbon hanotubes; however, their conductivity is significantly less. Accordingly, in

some embodiments described herein, a relatively large amount of relatively low cost
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carbon nanofibers is used, providing one amount of cénductivity. In other
embodiments, a relatively small amount of relatively highly-conductive carbon
nanotubes is used, ideally in combination with metal powders or other conductive
materials, to provide a relatively equivalent amount of conductivity relative to when

higher amounts of less highly-conductive carbon nanofibers are used.

Paints based on solid copper particles have been used in the prior art for
lightning strike protection. However, most of these paints do not pass the Zone 1A
lightning strike test because they do not meet the gap criteria, but can pass the Zone

2A test.

The carbon nanofibers can be aligned within a surface film, primer or paint,
and combined with various metal powders, to provide the composite structure with
suitable lightning strike protection. The ratio of metal powder to the copper
powder/carbon nanofiber or nanotube combination, by weight, ranges from about 0.2

t0 0.999.

While not wishing to be bound to a particular theory, it is thought that the
nanotubes aide in meeting the gap requirement discussed herein, with longer
nanotubes being preferred. The nanotubes also assist in minimizing microcracking by
reducing the matrix coefficient of thermal expansion (CTE), and allowing a lighter

surface film to be used.

The paint layer, primer layer, and/or outermost ply of the composite structure

can contain carbon nanotubes to the extent that the surface resistivity is low enough to
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dissipate the energy from a strike without damage to the plies beneath. In addition,
the resistivity can be modified not only by adjusting the concentration of carbon
nanotubes, but also by the alignment of those nanotubes. Replacing the expanded
metal foil of the prior art systems with carbon nanotubes can provide significant

weight savings and/or a shortened manufacturing cycle.

The nanotubes can be aligned through various methods, including mechanical,
chemical, and magnetic methods. For example, the nanotubes can be mixed with
adhesive and extruded into a film coating. The feed screw can be vibrated to improve
the alignment of fibers in the flow direction (similar to vibration injection molding
used with recycled thermoplastics). The nanotubes can be functionalized to react with
the tail or head of each nanotube such that it will self-assemble (similar to lipid bi-
layer assembly). This can involve optimizing the nanotube loading so that the
nanotubes attract each other, while also ensuring that the thermosetting monomers
used to form the layer including the nanotubes (i.e., an epoxy resin) do not interfere
with the process. Additionally, the nanotubes can be prepared such that a nickel
partiéle is attached to one end. Ferrous alloy nanoparticles and carbon nanotubes
(with the nickel particle) can be added to the adhesive, primer, or paint and subjected

to a magnetic field to align the nanotubes.

Carbon nanotubes can be spun into yarns or ropes and woven into fabrics or

formed into papers or felts to replace the expanded metal screen.
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C. In-Situ Preparation of Carbon Nanotube/Metal Powder Blends

A carbon nanotube-copper composite powder can be prepared by an
electrodeposition process using a copper plating bath.  The bath contains
homogenously dispersed carbon nanotubes. Particles of the composite with a spiky
ball structure are accumulated on the plating electrode during the initial stage of
electroplating, and can be separated easily to give a carbon nanotube-copper powder.
Such a process is described in Arai, S.; Endo, M. (2003) Carbon nanofiber-copper
composite powder prepared by electrodeposition, Elec;rochemistry Communications
5, 797-799, which is incorporated herein in its entirety by reference. In the present
invention, the nanotubes can be either embedded or not embedded into the copper

particles.

II. Combinations of Copper Screen and Carbon Nanoparticles and/or Copper
Spiky Balls |

One can avoid the problems associated with microcracking, caused by stress
over a number of thermal cycles, by adding carbon nanoparticles (nanotubes and/or

nanofibers) or copper spiky balls to the polymer film and copper screen.

The copper screen is embedded in a layer of a nanoreinforced thermoset
adhesive, and cured. The addition of the carbon nanoparticles or copper balls
minimizes microcracking due to the decreased CTE of the nanoreinforced surface film
such that the CTE of the nanoreinforced surface film more closely matches that of the
underlying layer to which it is applied. The closer the match, the less likely the layer

is to delaminate and/or crack.
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The onset of microcracking is delayed with the addition of an adhesive layer.
The volume fraction of copper is approximately 16% for one layer of adhesive. This
would be reduced to 8% for two layers of adhesive. This results in approximately half
the thermal expansion stress for the two layer adhesive film with screen. However,
this significantly increases the weight; hence the addition of nanotubes to decrease the
CTE of the adhesive is preferable. As little as 1% by weight of single wall carbon
nanotubes can be added to match the CTE of the carbon nanotube reinforced adhesive
film to the copper screen. A slightly higher concentration would be required if multi-

walled carbon nanotubes and/or copper spiky balls are used.

The concentration of carbon nanotube-copper powder in a paint or primer can
be tailored to assist in minimizing the difference in CTE between the paint and the
material upon which it is disposed. This can be particularly important in those
components where the conductivity required for lightning strike protection is provided
by a primer or paint layer. For example, certain components in an aircraft are fastened
with hinges, and “conductive” paint can separate from a hinge fastener. If the
conductive paint delaminates from the hinges, then the “ground” is lost. One reason
why the conductive paint may separate from the fastener during use is that there are
coefficient of thermal expansion differences between the fastener and the conductive
paint during environmental (hot) use. The use of copper and carbon nanotubes can be

tailored to help minimize the mismatch of CTEs.

Another approach is to grow carbon nanotubes onto a light weight expanded

aluminum or copper screen.
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III. Metal-coated Microspheres and/or Carbon Nanotubes

Carbon nanotubes can be coated with metals, such as silver, using techniques
known in the art. One way to coat carbon nanotubes with silver is electroless plating,
as described in Feng and Yuan, J. Mat. Sci., 39:3241-3243 (2004), the contents of

which are hereby incorporated by reference.

Typically, carbon nanotubes are pre-treated, for example, by oxidation,
hydrophilic treatment, sensitizing treatment, and/or activating treatment because they
typically have low chemical reactivity, and do not act as a catalyst for the deposition
of metal coatings. The pre-treatment provides activated sites that permit plating of
metals such as silver. Other pre-treatment steps that provide such activated sites can

also be used.

Oxidation can be performed, for example, using nitric acid. Sensitization and
activation can be carried out, for example, by immersing the tubes in an acidic tin
chloride solution, rinsing, and then immersing the tubes in an acidic palladium
chloride solution. During sensitization, activation, and electroless plating, the reaction
mixtures can be agitated using ultrasound. These steps provide the surface of the
nanotubes with various functional groups, such as carboxylic acid, ketone and

hydroxyl groups.

Electroless plating can provide a metal coating layer on carbon nanotubes
roughly 10-20 nm in thickness. The metal atoms aggregate laterally and vertically, to
form a continuous layer. When the metal used is silver, the resulting silver-coated

carbon nanotubes can be used to provide a low density electrically conductive layer.
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The aforementioned process can also be used to apply a silver coating on hollow glass

microspheres.

The silver-coated hollow glass microspheres and/or silver-coated carbon
nanotubes are present in the primer, paint, film, or adhesive layer in a sufficient
concentration such that the surface resistivity is low enough to dissipate the energy
from a lightning strike without damaging the plies beneath. Replacing the expanded
metal screen used in conventional lightning strike materials with metal-coated
microspheres or nanotubes results in significant weight savings and/or a shortened

manufacturing cycle.

The density of the microspheres and/or nanotubes is closer to the density of the
paint than metal particles. For example, the density of silver-coated microspheres is
about 0.126 1b/in® (3.5 g/cm®) for 70 micron average diameter microsphere with a 5
micron silver coating. Initial calculations predict that 25-35% by volume of silver
coated microspheres or silver-coated carbon nanotubes with a surface film at 0.02
1b/ft* would meet the lightning strike areal density criteria, and the use of large hollow
microspheres (i.e., relatively large with respect to the carbon nanotubes) with the
carbon nanotubes would help reduce the probability of meeting the gap criteria
discussed herein. The use of an ultrasonic horn/roller may be used to help mix and

disperse the particles, as well as to help with achieving the desired film thickness.

While not wishing to be bound to a particular theory, it is believed that the
silver coating helps with dispersion and increases the adherence of the nanotubes

and/or microspheres with the film, primer or paint.
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In one aspect of the invention, the nanotubes are combined with a light-weight
copper screen. Initial calculations predict that a 10-20% by volume silver coated
nanotubes combined with a 0.015 1b/ft* copper screen with a surface film at 0.02
1b/f would result in a density of 0.05 Ib/ft* and minimize microcracking due to the

decreased coefficient of thermal expansion of the nanoreinforced surface film.

1V. Carbon Nanotubes

Since the 10,10 carbon nanotube has a resistivity close to copper and it is six
times lighter than copper, it has the highest potential for weight reduction in a
lightning strike protection system (~10-20% by weight required in the polymer film
for Zone 1A lightning strike protection). However, there are several obstacles that
need to be overcome before the benefits can be realized. The first is alignment in-
plane may be required to conduct the electricity out to the hinges. The nanotubes may
be aligned through various methods. Mechanical, chemical, and magnetic methods
can be investigated to align the nanotubes, as described above.

Research by Collins, et al., in Science, Vol 292, April 27, 3001, which is
incorporated herein in its entirety by reference, found that nanotubes can carry very
high current densities and under constant voltage the outer shells of the multi-wall
nanotube or single-wall nanotube rope oxidize until the entire structure is oxidized.
Hence, not only is the lower resistance of nanotubes preferred over nanofibers, but the
current carrying capability of multi-wall nanotubes and ropes of nanotubes are also

ideal for lightning strike protection.

Some of the alignment techniques may provide a structure which meets the

gap criteria. Another approach to meeting the gap criteria is to embed the nanotubes
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in a thin layer of thermoplastic within the thermoset or vice versa. A higher loading
level of 30 to 55% by weight of single-wall carbon nanotubes should be used to
compensate for other chiral configuration tubes (because it is difficult to separate the
10,10 configuration), for damage to tubes from processing, or for random alignment

of tubes.

Papers can be made with carbon nanotubes and this will help eliminate gaps
within the layer. The papers are generally made using a solvent filtration process and
the paper is held together by Van der waals forces between the tubes. However, a
resin tackifier can be used in the process to adhere the tubes together as well. These
papers can be made with random alignment or they can be made aligned using a high

powered magnet.

V. Nano Graphene Plates and Graphite Nanoplatelets

Graphene is the name given té a single layer of carbon atoms densely packed
into a benzene-ring structure, and is widely used to describe properties of many
carbon-based materials, including graphite, large fullerenes, nanotubes, etc. (e.g.,
carbon nanotubes are usually thought of as graphene sheets rolled up into nanometer-

sized cylinders).

By definition, graphene is a single planar sheet of sp? bonded carbon atoms. It
is not an allotrope of carbon because the sheet is of finite size and other elements
appear at the edge in nonvanishing stoichiometric ratios. A typical graphene has the
chemical formula CgHyo. Graphenes are aromatic, and include only hexagonal cells.

If pentagonal cells are present, the plane warps into a cone shape, and if heptagon cells

31



WO 2008/048705 PCT/US2007/063717

10

15

20

are present, the sheet becomes saddle shaped. Planar graphene itself has been
presumed not to exist in the free state, being unstable with respect to the formation of

curved structures such as soot, fullerenes, and nanotubes.

Graphenes can be prepared by mechanical exfoliation (repeated peeling) of
small mesas of highly oriented pyrolitic graphite. ~Graphenes have interesting
electrical properties, with mobilities of up to 10* ecm®V's™, and thus are suitable for

use in preparing the composite materials described herein.

The nanoscale graphene plates (NGP’s) of one or several layers of graphene
plane are sometimes more commonly called graphite nanoplatelets (GNP’s) in
literature. Graphite flakes are usually exfoliated using ultrasonic energy, and the level

of exfoliation can be controlled by adjusting the sonification time.

Graphite nanoplatelets can be oriented in-plane to replace the prior art metal
screen in a thermoset polymer electrically conductive layer. Graphite nanoplatelets
are less expensive than single wall carbon nanotubes, and can be made in a sufficient
size to cover the aircraft or aircraft component surface more fully than carbon
nanotubes. Separation of the layers is more desirable than full exfoliation of platelets
as there is a higher probability of contact with adjacent platelets, meeting the gap
criteria when mixing in a resin to form a film. However, full exfoliation is desired in
making highly loaded graphite papers and felts that are subsequently infused with

resin.
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The graphite nanoplatelet reinforcement may need to be as high as 40-60% by
weight in the surface film, primer, or paint to provide Zone 1A lightning strike
protection. The platelets should be aligned in-plane and this can be accomplished by
vibration (ultrasonic or other mechanical), shear flow, or covalent bonding. They can
also be coated with a polymer and aligned using an electric field such as that
discussed in U.S. Patent No. 5,846,356. The graphite nanoplatelets could also be
covalently bonded to each other on the edges using technology similar to US Patent
Application Publication No. 2005/0069701 for covalently bonding carbon nanotubes
to each other. Functional groups can be attached to the graphite nanoplatelet edges
and then cross-linked to each other. The cross-linking agent should not be self
polymerizable. Care should be taken to ensure that the epoxy matrix is cross-linked to
the surface of the platelets as well. If this does not happen then cracking between the

layers of platelets can occur which is not acceptable.

The GNP’s can be coated in a thermoplastic for alignment or for improving the
damage tolerance of the surface of the structure. Polyvinylidene fluoride (PVDF) has
been used successfully in US Patent Application Publication No. 2004/0231790 for
providing an interpenetrating mechanical bond with 350°F curing epoxy prepreg. In
this patent application, the thermoplastic layer is used for subsequent bonding of
composite structures to each other. In this invention it can be used to provide an
interlayer between the graphite nanoplatelet (or other nanoparticle) and the epoxy
surface film and can also be used for alignment of graphite nanoplatelets with
subsequent processing. Other thermoplastics such as PS, PPS, PEI, and PEEK could

also be used for this purpose.
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V1. Metal Nanorods, Nanowires, and Nanostrands

Metal nanorods/nanowires/nanostrands (collectively called nanowires) can be
used in a polymer film, paint or primer to provide lightning strike resistance. Copper,
silver, or aluminum are preferred for their higher conductivity. The nanowires can be
added to existing metal screen and polymer or used instead of the metal screen.
Althéugh the copper or aluminum nanowires may require the same equivalent weight
content as the prior art metal screen, it may improve the microcracking resistance
from thermal cycling allowing for the use of a lighter weight surface film (0.020 Ib/ft*
instead of the conventional 0.030 Ib/ft?). The nanowires can be added directly to the
resin or manufactured in a veil configuration. The veil would ensure that the gap

criteria is met.

VI1. Modified Carbon Nanotubes

Carbon nanotubes or other nanoparticles that have been modified to decrease
the resistivity can be added to a film, primer, or paint. For example, entirely gold end-
bonded multi-wglled carbon nanotubes can be used. By bonding metal atoms to the
end or sides of carbon nanotubes the electron pathways are increased or made more
efficient, hence lowering the resistivity. The equivalent areal density based on the
reduced resistivity and the gap criteria discussed herein can be used in designing the
concentrations of these modified nanoparticles for Zone 1A lightning strike
protection. These modified nanotubes can be oriented in-plane or used within a two-

phase polymer as a replacement or in addition to a low density metal screen.
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VIII. Primers/Paints/Films Which Can Include the Low-Density Materials

The low-density conductive materials described above can be present in
primers, paints and/or films, and then used to form low-density conductive layers on a
composite material. For example, the “carbon nanotube-copper powder” comprising
copper particles and/or carbon nanofibers (CNFs) shown in Figure 1, the carbon
nanotubes (CNTs) shown in Figure 2, with or without metal coating, and the metal-
coated microspheres and/or carbon nanotubes, and graphite nanoplatelets can also be
dispersed on or within a surface film, primer, or paint to form a lightning strike
protection material. The other components of the film, primer and/or paints are

described in more detail below.

Thermoset Polymers

The primers, paints and/or films described herein typically include thermoset
polymers. Conventional thermoset resin systems which can be used include, for
example, epoxy based resin systems, matrices of bismaleimide (BMI), phenolic,
polyester, PMR-15 polyimide, acetylene terminated resins, acrylics, polyurethanes,
free-radically induced thermosetting resins, and the like. As a result of such
considerable choices in thermosetting resins, the primers, paints and/or films of the
invention can be tailored as desired. Examples of suitable thermoset resin systems are
described, for example, in U.S. Patent No. 5,470,413, the contents of which are hereby

incorporated by reference.

Suitable epoxy resins include those used in established thermoset epoxy/fiber
reinforced prepregs used in manufacturing aircraft components. They are frequently

based, inter alia, on one or more of diglycidyl ethers of bisphenol A (2,2-bis(4-
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hydroxyphenyl)propane) or sym-tris(4-hydroxyphenyl)propane, tris(4-
hydroxyphenyl)methane, bisphenol, F, tetrabromobisphenol A, their polyepoxide
condensation products, cycloaliphatic epoxides, epoxy-modified novolacs (phenol-
formaldehyde resins) and the epoxides derived from the reaction of epichlorohydrin

with analine, 0-, m- or p-aminophenol, and methylene dianaline.

The epoxy resin systems contain epoxy curing agents which cure the resin to
solid, infusible products. For this purpose, epoxy curing agents which are acidic,
neutral or alkaline may be used. Examples include, among others, amines hardeners,
phenols, acid anhydrides, polyamides and Lewis acids and bases. Accelerators may
also be used to decrease the cure time and include imidazoles and substituted ureas.

The amount of the hardener employed is usually stoichiometrically equivalent
on the basis of one amine group per epoxy group in the resin. Some adjustment of the

stoichiometry may be required with the addition of the nanoreinforcement.

The nanoreinforcement can be added to thermoset monomer, hardener, or
mixed resin. The method of dispersion will depend on when the nanoreinforcement is
added. For example, if the nanoreinforcement is added to a B-staged resin, the high
viscosity may require heating and ultrasonic dispersion or high shear mixing. The
nanoreinforcement can also be deposited onto the film surface using heat or adhesive

to hold it in place during composite processing.

Thermoplastic Polymers

The nanoreinforcement can also be added to a thermoplastic polymer for

consolidation with a thermoplastic structure, or bonding with a thermoset structure.
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Conventional thermoplastic systems which can be used include, for example,
polyetheretherketone (PEEK), polyetherketone (PEK), polyphenylene sulfide (PPS),
polyethylene sulfide (PES), polyetherimide (PEI), polyvinylidene fluoride (PVDF),
polysulfone (PS), polycarbonate (PC), polyphenylene ether/oxide, nylons, aromatic
thermoplastic polyesters, aromatic polysulfones, thermoplastic polyimides, liquid

crystal polymers, thermoplastic elastomers, and the like.

The nanoreinforcements can be added to the thermoplastic which is then
mixed with a thermoset before cure or vice versa. The nanoreinforcements can be
added to one thermoplastic which is then mixed with another thermoplastic (e.g.,

pellets made and then extruded simultaneously).

Primers

Primers enhance the adhesiveness of paint to the composite materials. There
are several types of commercially available primers that can be used, and these
primers are well known to those skilled in the art. The primers can be water-based,
solvent-based, or 100% solids compositions. The term “100% solids” refers to
compositions that include virtually no solvent that is not itself polymerizable (i.e., a
low viscosity monomer such as methyl acrylate). That is, the resulting layer includes

100% solids, with little or no material evaporating.

One type of primer is a two-part epoxy primer. Epoxy primers provide
corrosion protection as well as a bonding surface for most topcoat paints and/or
laminate layers. Epoxy primers are preferred when the topcoat paint is a

polyurethane, as such paints often are incompatible with other primers.
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Paints

The paints used to paint aircraft are largely made up of thermoset polymers.
They can include water or volatile organic solvents (VOCs), or be 100% solids
compositions. The most common types of paints include enamels, epoxies, acrylates,

and urethanes.

Methods of Applving the Primer and/or Paint

The primer or paint comprising the low density conductive material (such as

the carbon nanofiber-copper powder described herein) is applied to a surface of a

_composite structure via conventional means, such as spraying, to form the lightning

strike protection material.

For example, the primers and/or paints can be applied using conventional
painting methods, such as pressure fed paint guns, High-Volume, Low-Pressure
(HVLP) systems, airless spraying, and electrostatic spraying. Airless spraying and
electrostatic spraying are used primarily in production work. Airless sprayers force
paint through a small tip opening at extremely high fluid pressures (usually 1,200 to
3,600 psi ). Electrostatic spray systems charge the paint at the tip. A high voltage
difference is set up between the paint and the object to be painted. The charge attracts
the particles of paint and they wrap around the object. Conventional systems use a
high pressure source, such an air compressor, which delivers about 40-50 psi at the
spray gun. The high pressures atomize the paint so that it can be applied to the surface.
High-volume, Low-pressure (HVLP) systems use a relatively lower pressure to

atomize the paint (3-5psi). An advantage to this type of system is that overspray is

38



WO 2008/048705 PCT/US2007/063717

10

15

20

25

minimized, and most of the paint adheres to the surface being painted. The two main
types of HVLP spray systems are the turbine system and the conversion spray gun. In
areas where environmental restrictions are enforced, locally mandated application

equipment such as HVLP spray guns are highly recommended.

Enamel paints are typically sprayed over epoxy primer after being thinned to
proper consistency using enamel thinners. A second type of topcoat paint is acrylic
lacquer. Acrylic lacquers have low solids content, which can make them relatively
difficult to apply. Acrylic lacquer can be thinned, but thinning increases the amount of
VOCs. Polyurethane paint is one of the most popular choices for painting topcoats,
because it is durable, provides a high gloss finish, and is relatively chemically
resistant. Polyurethane paints have a high solid content (many are 100% solids
compositions) and they tend to cure very slowly. Slowef cure times allow the paint to
flow, which forms a very flat surface that provides a high gloss look. Polyurethane
enamels can be mixed with a catalyst prior to use, and their thickness can be reduced
to a lower viscosity if they are sprayed. The paint is typically applied at a thickness

that provides suitable protection, but which minimizes cracking over time.

Regardless of the type of primer or paint which is used, the primer or paint
needs to be properly mixed. This is particularly important where, as here, the primer
or paint may include relatively fine metallic particles, such as copper particles, carbon
nanoparticles or nanotubes, metal-coated glass microspheres, graphite nanoplatelets,
and the like. To ensure that the additives are properly dispersed, the paint can be
shaken, for example, on a paint shaker, within one week of application, and ideally is

stirred just prior to use.
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Often, the paint is mixed with a crosslinking agent (a catalyst) before the paint
is applied. Once the catalyst is added, the chemical crosslinking begins, and the
window of opportunity to apply the paint opens. The paint may also include retarders
and accelerators. Paint retarders are solvents that slow the drying time of the paint,
and accelerators speed up the drying time. Accelerators may be required to help the

drying process in cool temperatures.

The primer or paint compositions are those that include monomers that
polymerize when cured to form thermoset polymers, such that the resulting polymer
layer (primer or paint layer) includes the particles substantially dispersed throughout
the layer. To aid in dispersing the particles, the surface of the particles can be
modified, dispersants can be present in the primer/paint formulations, or the

primer/paint formulations can be mixed before application.

When formed in a surface film, the lightning strike protection material can be
cured with the composite structure. The amount of nanoreinforcement on or
throughout the surface film or in the primer or paint is of a sufficient concentration to
provide a sufficiently low surface resistivity to dissipate the energy from a lightning
strike and substantially prevent damage to the plies of the composite structure on
which the lightning strike protection material is disposed. The nanoreinforced paint,
primer, or surface film of the present invention can pass a Zone 1A lightning strike
protection requirement and reduce weight in the composite panel. Further, the
lightning strike protection material does not microcrack within 2,000 thermal cycles.

As compared to conventional materials, replacement of the expanded metal screen by
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the nanoreinforced material, or incorporating a reduced weight expanded metal screen
with nanoreinforcement, can result in a significant weight savings and a shortened

manufacturing cycle.

Polymeric Sheets Used to Prepare Laminates

The low-density lightning strike protection can also be provided by placing the
various materials, suéh as the metal powder, carbon nanofibers/nanotubes, metal
screen, graphene plates, and the like, into polymeric sheets, which are used as the top-
most layer in a laminate material used to fabricate the outer surface of the aircraft
and/or aircraft component. The sheets, like the paints and primers, ideally are formed
from the thermoset or thermoplastic materials described above. The thickness of the
sheets, and the amount of low-density conductive materials present in the sheets, is
selected to provide suitable conductivity and density. Ideally, the density of the
nanoreinforced sheets is less than about 0.07 Ib/ft?, preferably less than or equivalent
to 0.05 Ib/f®. The low-density conductive polymeric sheets can be adhered to the
laminate using an adhesive layer or preferably cured in-situ with the composite

laminate.

IX. Composite _Materials Incorporating the ILow-Density Conductive

Primer/Paint or Sheet

The composite materials described herein are conventional composite
materials used to prepare aircraft fuselages, aircraft control surfaces, fuselage
components, or propulsion system components, except that the metal screen layer
typically used to provide lightning strike protection is replaced with a low-density

electrically conductive layer.
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These composite materials typically include superposed sheets, layers and
plies. The outer most layer is typically the electrically conducting layer, and can be in
the form of a primer, a paint, or a polymer sheet that includes the various low density
conductive materials described herein. Where the electrically conducting layer is a
polymer sheet or a primer, it can be covered by one or more primer and/or paint

layers.

A composite layer with lower electrical conductivity typically lies beneath the
electrically conductive layer. Where the electrically conductive layer is a polymer
sheet rather than a primer or paint layer, it is typically cured in-situ with the composite
layers or adhered using an adhesive layer. The composite layer is typically a woven
fiberglass, aramid, or carbon prepreg, although other fibers can be used, and the layer

can also be a non-woven layer.

Additional layers can include various prepregs, fabrics, honeycomb core, foam
core, resin and adhesive layers. The structure may be fabricated using dry fabrics
which are infused with resin using resin film infusion or resin transfer molding. The
electrically conductively layer may also be laid up dry and infused with the polymer

during composite fabrication.

Ideally, the nano-reinforced composites have several desirable properties, in
addition to lightning strike protection. Examples of such properties include
coefficient of thermal expansion that matches that of the underlying material,

environmental resistance (i.e., UV, water, fire, and/or fluid resistance), and improved
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toughness relative to conventional lightning strike materials. Also, the electrical
conductivity, thermal conductivity, permeability, friction, wear, cure shrinkage,
strength, and stiffness can be improved relative to conventional lightning strike
materials. To further add desirable properties, a surface film might also include a
scrim backing for ease of handling. The scrim can be a carrier scrim, or a lightweight
scrim, either or both of which can be woven or in a mat that includes carbon, carbon
nanotubes or nanofibers, fiberglass, aramid, polyester, other thermoplastic fibers, and

mixtures thereof.

A comparison between the lightning strike composite materials described
herein, and conventional lightning strike composite materials, can be seen in Figures 4

and 5.

Figure 4 is an illustration showing conventional lightning strike material in the form
of a laminate fabrication. An aluminum screen (10) in an adhesive layer and a galvanic
isolator (20) such as fiberglass, together form a lightning strike protection overlayer.
Additional layers underlying the lightning strike protection layer (30) can be, for example,
pre-pregged carbon, fiberglass, or aramid fabric (i.e., the structural laminate). The material
has a relatively high density, owing to the relatively dense aluminum screen. In contrast,
Figure 5 shows how the nano-reinforcements in the surface layer of the lightning strike
composite material can help reduce the overall density. A surface layer incorporating nano-
reinforcements (40) forms a lightning strike protection overlayer. As with the prior art
approach, additional layers underlying the lightning strike protection layer (30) can be, for
example, pre-pregged carbon, fiberglass, or aramid fabric. The layers in the prior art and in

the lightning strike protection composite material described herein are similar, except that the
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elimination of the isolation layer and the relatively low density surface layer effectively

lowers the overall density (and, accordingly, weight) of the composite material.

In another embodiment, the nanoparticulates are included in the structural laminate
layers, in addition to the surface layer, to impart increased stiffness, enhanced thermal
properties, and reduced overall weight. This embodiment can provide relatively improved

thermomechanical performance, and greater than 10% weight savings.

X. Aircraft Including the Composite Materials

The composite materials described herein can be used to replace some or all of
the composite materials in aircraft components such as nacelles, fuselage, wings,
stabilizers, and other control surfaces susceptible to lightning strikes. These
components are known to those skilled in the art. For example, nacelles include fan

cowls, thrust reversers, inlets, pylons and related systems.

XI. Methods of Preparing the Composite Materials

Methods for manufacturing a composite material including the low-density
electrically conductive material described herein are also disclosed. In one aspect of
the invention, the methods involve forming a composite material without an
electrically conductive layer, and applying one or more of a paint or a primer layer that
includes the electrically conductive components, as described herein. Where the
primer includes the low density conductive material, the paint overlying the primer

may or may not also include a low density conductive material.
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Where the material includes a paint or primer layer including the low-density
composite materials, the first step involves forming or otherwise obtaining the metal
powder, metal-coated microspheres, metal-coated carbon-nanotubes, carbon
nanofibers, carbon nanotubes, graphite nanoplatelets and the like, and the other
components of the primer and /or paint compositions, and dispersing the low-density
conductive materials in the primer and/or paint compositions at an appropriate
concentration to provide the resulting primer and/or paint layers with the appropriate
conductivity to serve as lightning strike protective materials. The concentration will
be expected to vary depending on the level of lightning strike protection that is
desired, although Zone 1A is the most desired lightning strike protection. Then, once
the material is properly dispersed in the primer or paint, the primer or paint is applied

to the remainder of the composite material in a desired thickness.

When the low-density electrically conductive material is in the form of a
polymer sheet (or impregnated paper or felt), the methods involve first forming a sheet
with the desired concentration of the low-density conductive materials, and then
adhering the sheet to the remainder of the composite material, for example, using an
adhesive layer or in-situ cure. Unlike the primer and paint compositions, the sheet
material can include various components, such as a low density metal screen with the
nanoreinforced polymer that cannot be applied using the same techniques (i.e.,
spraying) that can be used when a sheet material is applied. However, the sheet can
include any of the low-density conductive materials that can be used in the paint or

primer compositions.
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The sheet thickness can range from 0.003 in to 0.010 in, and the thickness can
be controlled using known methods for forming polymer sheets, such as calendaring,
using a doctor blade, and the like. In those embodiments where a UV-polymerizable
material is used, the polymerization can be effected using ultraviolet light, and in
other embodiments, the polymerization reaction can be facilitated by exposing the
forming sheet to heat. The thermoset sheet can be polymerized in-situ with the
thermoset composite layers or adhesively bonded secondarily. A thermoplastic low-
density electrically conductive sheet can be heated and pressed with thermoplastic
composite layers, or bonded using resistance or ultrasonic welding and the like. The

sheet can also be adhesively bonded to thermoset or thermoplastic layers.

The low-density electrically conductive sheet, paper, felt, or the low-density
electrically conductive dry nanoreinforced material can be laid up with dry fabric
layers or prepreg for subsequent infusion of the polymer using resin transfer molding
or resin infusion. The nanoreinforcements can be sprayed onto a carrier using solvent
or water which is then evaporated, brushed or distributed on as a powder, and the like

when used dry.

When paper or felt-based systems are used, such as graphite oxide paper and
silver nanowire paper, any gaps between electrically-conductive nanoparticles can be

minimized.

In one embodiment, the nanoreinforcement is added to solvent or other fluid or
surfactant to disperse the nanoreinforcements. The mixture can be mixed using

ultrasonic or mechanical methods. The suspension is then filtered through a fine mesh
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and allowed to dry forming a paper. The paper can be used as is or treated further
with additional drying or functionalization processes. An example of a paper making
process is reported by Gou, J. (2006) Single-walled nanotube bucky paper and
nanocomposites, Polymer International 55, 1283-1288 which is incorporated herein in

its entirety by reference.

In one embodiment, dry carbon fabric performs are sprayed with a mixture of
tackifier, graphene nanoplatelets (GNPs), and solvent, and the solvent is allowed to
evaporate before resin is infused. The performs are then resin film infused and cured.
By using repeated sprayings before the resin is infused, one can obtain relatively high
loadings of the GNPs (or other nanoparticulates, which can be applied in a similar

manner), for example, up to around 45% by weight.

In another embodiment, a powder spreading machine can be used, where the
nanoparticulates are applied in powder form to a fabric, such as a carbon fiber-based
fabric, to which a tackifier is added before the addition of the nanoparticles. The
powder-applied fabric is then resin-impregnated and cured. High loadings can be

achieved in this manner as well.

XII. Repair Applications

Damaged aircraft and aircraft components can be repaired using the materials
described herein. For example, a crack can be filled using polymers, such as those
described in the paint and primer sections described above, which include low density
materials that provide adequate lightning strike protection to the repaired crack. A

film including the low density materials can be used to provide a repair to relatively
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large areas, where a film is most appropriate for use. For smaller areas, and/or cracks,

the paint and/or primer described herein can be used.

All aspects of the invention will provide a low-density electrically conductive
composite material suitable for use in preparing aircraft and aircraft components with
acceptable lightning strike protection, and in repairing such aircraft and aircraft

components.

The present invention will be better understood with reference to the following

non-limiting examples.

Example 1

Initial calculations predict that 5 to 15% by volume spiky copper balls and
carbon nanofibers or metal coated nanofibers or mixtures thereof combined with a low
density (e.g. 0.015 Ib/ft®) copper screen with a surface film at 0.02 to 0.025 Ib/ft*
would meet the lightning strike protection criteria. This would result in an areal
density less than 0.055 Ib/ft* (254 gsm), which results in over 10% weight savings

compared to prior art lightning strike protection material.

Example 2

The CTE of a single wall carbon nanotube (SWCNT) shown in Figure 2 is
estimated to be estimated to be as low as -0.83 x 10°/°F (-1.5 x10°%/°C) perpendicular
to the tube axis and —6.7 x 10°/°F (~12x107%/°C) parallel to the tube axis. As little as
1% by volume of SWCNT is required to decrease the CTE of the surface film close to

the CTE of copper. A flattened expanded copper or aluminum screen can be used
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with the nanoreinforced surface film. The flattened screen will allow for a lighter,
thinner film (0.020 Ib/ft* instead of the conventional 0.030 1b/ ft*), reducing the weight
of the total system. This would also result in over 10% system weight savings

compared to prior art lightning strike protection material.

Example 3

Single- or multi-wall carbon nanotubes or mixtures thereof can be added at 15
to 55% by weight to a polymer film to meet Zone 1A lightning strike protection. If
aligned 10,10 armchair configuration single wall carbon nanotubes are used the lower
range is required and would result in up to 50% weight savings compared to prior art
lightning strike protection material. Higher concentrations are required for other
chiral carbon nanotube configurations. The nanotubes could be incorporated into a
layer of a two-phase polymer or as a paper or felt to ensure the gap criteria is met
(e.g., 50% by weight CNT in PVDF with CNT/PVDF layer at 30% to 50% by weight

within epoxy). Total film areal density to be between 0.020 to 0.040 Ib/fi2.

Example 4

Graphene or graphite nanoplatelets can be added at 30 to 55% by weight to a
polymer film (0.020 to 0.030 Ib/ft?) to meet Zone 1A lightning strike protection. - The
nanoplatelets should be expanded but not fully exfoliated to ensure connectivity.
Fully exfoliated nanoplatelets could be incorporated into a layer or a two-phase
polymer or a paper- or felt-based system. This would result in over 10% weight

savings compared to prior art lightning strike protection material.
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The foregoing is illustrative of the present invention and is not to be construed
as limiting thereof. The invention is defined by the following claims, with equivalents
of the claims to be included therein. All patents and publications referred to herein

are incorporated by reference in their entirety, for all purposes.
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CLAIMS

We claim:

1. A film for providing a desired level of lightning strike protection to a
composite or metal substrate comprising a polymeric film with a low density
conductive material comprising nanoparticles dispersed throughout or on the surface
film at a loading level and in a manner which provides the desired lightning strike

protection.

2. The film of Claim 1, wherein the low density conductive material is
selected from the group consisting of metal powders, metal nanowires, metal screens,
metal-coated microspheres, and the following nanoparticles with or without metal
coating: carbon nanofibers, single wall carbon nanotubes, double wall carbon
nanotubes, multi-wall carbon nanotubes, graphene oxide, graphene nanoplatelets,

graphite nanoplatelets, and mixtures thereof.

3. The film of Claim 1, wherein the low density conductive material is a

carbon nanotube yarn, wherein the yarn is woven, braided, or fiber placed.

4. The film of Claim 1, wherein the low density conductive material is in the
form of a paper or felt comprising single wall carbon nanotubes, double wall carbon
nanotubes, multi-wall carbon nanotubes, graphene oxide, graphene nanoplatelets,

graphite nanoplatelets with or without metal coatings, and mixtures thereof.
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5. The film of Claim 13 wherein the low density conductive material
comprises chemically-modified materials selected from chemically-modified single
wall carbon nanotubes, double wall carbon nanotubes, multi-wall carbon nanotubes,
graphene oxide, graphene nanoplatelets, and graphite nanoplatelets, and mixtures

thereof.

6. The film of Claim 1, wherein the film comprises a supported or
unsupported thermoset polymer at an areal density of between about 0.015 and about

0.050 Ib/ft? (70 to 232 gsm).

7. The film of Claim 6, wherein the thermoset polymer comprises a polymeric
material selected from the group consisting of epoxies, phenolics, cyanates,

bismaleimides, polyimides, and polyurethanes.

8. The film of Claim 6, wherein the support is a scrim.

9. The film of Claim 1, wherein the surface film comprises a supported or
unsupported thermoplastic polymer at an areal density of between about 0.015 and

about 0.050 1b/ft* (70 to 232 gsm).

10. The film of Claim 9, wherein the thermoplastic polymer comprises a
polymeric material selected from the group consisting of polyvinylidene fluorides,
polyetherimides, polyetheretherketones, polyaryletherketones, polyphenylene sulfides,
polyetherketoneketones, polyurethanes, polyamides, polysulfones, polyimides, liquid

crystalline polyesters, polymethyl methacrylate, and combinations thereof.
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11. The film of Claim 1, wherein the surface film comprises a two-phase
combination of thermoset and/or thermoplastic polymers at a combined areal density

of between about 0.015 and about 0.050 Ib/ft* (70 to 232 gsm).

5
12. The film of Claim 1, wherein the film provides Zone 1A lightning strike
protection.
13. A composite material for providing lightning strike protection comprising:
10 a) a surface film, and

b) a structural fabric or prepreg layer underlying and adhered to the surface
film,

wherein a low density conductive material is added to or dispersed onto the
structural fabric or prepreg layer at a loading level and in a manner which provides the

15  desired lightning strike protection.

14. The composite material of Claim 13, wherein the structural fabric or

prepreg layer is in the form of a woven fabric, braided fiber, or tape.

20 15. A composite material comprising the film of Claim 1 and one or more

layers formed by the lay-up and curing of one or more pre-preg layers, wherein the

film and one or more layers are bonded to an aircraft component.

16. A paint or primer comprising:
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a thermoset and/or thermoplastic resin in an amount ranging from about 10 to
about 90% by weight, a solvent or thinner in an amount of a range from about 0 to
about 80% by weight, and a free flowing low-density conductive material comprising
nanoparticles, wherein the low-density conductive material is present in an amount

ranging from about 1 to about 60% by weight.

17. The paint or primer of Claim 16, wherein the free flowing low density
conductive material is selected from the group consisting of metal powders, metal
nanowires, metal-coated microspheres, and the following nanoparticles with or
without metal coating: carbon nanofibers, single wall carbon nanotubes, double wall
carbon nanotubes, multi-wall carbon nanotubes, graphene oxide, graphene

nanoplatelets, and graphite nanoplatelets, and mixtures thereof.

18. The paint or primer of Claim 13, wherein the free flowing low density
conductive material is made from chemically modified single wall carbon nanotubes,
double wall carbon nanotubes, multi-wall carbon nanotubes, graphene oxide,

graphene nanoplatelets, and graphite nanoplatelets, and mixtures thereof.

19. Aircraft components comprising a film of any of Claims 1-12, a composite

layer of any of claims 13-15, or a paint or primer layer of any of Claims 16-18.

20. A method of repairing aircraft and/or aircraft components, comprising
using the primer and/or paint compositions of any of Claims 16-18 to repair an aircraft

or aircraft component.
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21. A method of repairing aircraft and/or aircraft components, comprising
applying the film of any of Claims 1-12 or the composite of any of Claims 13-15 to an

aircraft or aircraft component.

22. A method for preparing a film suitable for use in a low density lightning
strike protection composite material, comprising:

a) melting a thermoplastic polymer,

b) adding a low density conductive material comprising nanoparticles to the
melted thermoplastic polymer such that the low density conductive material is mixed
throughout the melted thermoplastic polymer,

¢) forming the melted thermoplastic polymer of step b) into a film, and

d) allowing the film to cool.

23. The method of Claim 22, wherein the low density conductive material is
selected from the group consisting of metal powders, metal nanowires, metal screens,
metal-coated microspheres, and the following nanoparticles with or without metal
coating: carbon nanofibers, single wall carbon nanotubes, double wall carbon
nanotubes, multi-wall carbon nanotubes, graphene oxide, graphene nanoplatelets,

graphite nanoplatelets, and mixtures thereof.

24. A method for preparing a film suitable for use in a low density lightning
strike protection composite material, comprising:
a) providing a monomer or mixture of monomers suitable for forming a

thermoset polymer,
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b) adding a low density conductive material comprising nanoparticles to the
monomer or mixture of monomers, such that the low density conductive material is
substantially uniformly mixed throughout the monomer(s),

¢) forming the monomer(s) of step b) into the thickness of a film, and

d) curing the monomer(s).

25. The method of Claim 24, wherein the low density conductive material is
selected from the group consisting of metal powders, metal nanowires, metal screens,
metal-coated microspheres, and the following nanoparticles with or without metal
coating: carbon nanofibers, single wall carbon nanotubes, double wall carbon
nanotubes, multi-wall carbon nanotubes, graphene oxide, graphene nanoplatelets,

graphite nanoplatelets, and mixtures thereof.

26. A method for forming a low-density lightning strike protection composite
material, comprising:

a) obtaining a paper or felt comprising one of more low density conductive
materials comprising nanoparticles,

b) applying a monomer or mixture of monomers to the paper or felt,

¢) applying the monomer-applied paper or felt from step b) to a suitable
substrate, and

d) curing the monomer(s).

27. The method of Claim 26, wherein the low density conductive material(s)
are selected from the group consisting of metal powders, metal nanowires, metal

screens, metal-coated microspheres, and the following nanoparticles with or without
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metal coating: carbon nanofibers, single wall carbon nanotubes, double wall carbon
nanotubes, multi-wall carbon nanotubes, graphene oxide, graphene nanoplatelets,

graphite nanoplatelets, and mixtures thereof.

28. A method for forming a low-density lightning strike protection composite
material, comprising:

a) obtaining a yarn or fabric comprising one or more low density conductive
materials comprising nanoparticles,

b) applying a monomer or mixture of monomers to the yarn or fabric,

¢) applying the monomer-applied yarn or fabric from step b) to a suitable
substrate, and

d) curing the monomet(s).

29. The method of Claim 28, wherein the low density conductive material is
selected from the group consisting of metal powders, metal nanowires, metal screens,
metal-coated microspheres, and the following nanoparticles with or without metal
coating: carbon nanofibers, single wall carbon nanotubes, double wall carbon
nanotubes, multi-wall carbon nanotubes, graphene oxide, graphene nanoplatelets,

graphite nanoplatelets, and mixtures thereof.
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