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RADOMES, AIRCRAFT AND SPACECRAFT INCLUDING SUCH RADOMES,
AND METHODS OF FORMING RADOMES

PRIORITY CLAIM
This application claims the benefit of the filing date of United States Patent
Application Serial Number 12/422,075, filed April 10, 2009, for “RADOMES,
AIRCRAFT AND SPACECRAFT INCLUDING SUCH RADOMES, AND METHODS
OF FORMING RADOMES.”

GOVERNMENT RIGHTS
This invention was made with Government support under Contract No. N68936-
07-C-0007 awarded by the Department of the Navy. The Government has certain rights

in this invention.

TECHNICAL FIELD
The present invention, in various embodiments, relates to radomes for protecting
antennas from environmental conditions, to aircraft and spacecraft carrying such radomes,

and to methods of manufacturing radomes.

BACKGROUND

Radomes are structures that are used to protect antennas (e.g., radar antennas) and
associated equipment from environmental exposure. Thus, radomes may be subject to
both physical and electromagnetic requirements and specifications. For example, radomes
are often used in various types of aircraft and missiles carrying radar equipment, and such
radomes must be aerodynamic and capable of withstanding physical and thermal stresses
encountered during flight. Radomes also are typically subject to electromagnetic
performance requirements and specifications such as, for example, minimum transmission
loss, minimum reflected power, minimum beam deflection, and minimum pattern
distortion. There is often a trade-off in the design of a radome between physical
performance requirements and electromagnetic performance requirements.

The term “radome” was derived from the terms “radar” and “dome,” although, as
used herein, the term “radome” means and includes any structure configured to protect an

antenna from environmental exposure and through which electromagnetic radiation is
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transmitted to or from the antenna. Radomes may have any shape or configuration, and
are not limited to dome-shaped structures, and may be configured to transmit any range of
frequencies of electromagnetic radiation therethrough.

There are many different materials used in constructing radomes and many
different cross-sectional radome configurations including single layer (often referred to in
the art as “monolithic” or “solid-wall” configurations) and multi-layer or “sandwich”
configurations including, for example, what are known in the art as “A-sandwich” radome
configurations, “B-sandwich” radome configurations, and “C-sandwich” radome
configurations. Such radome configurations are discussed in, for example, Rudge, A. W.,
K. Miene, A. D. Oliver, and P. Knight, THE HANDBOOK OF ANTENNA DESIGN, Vol. 2,
Chapter 14, Peter Peregrenus Ltd., London, UK and Skolnik, M. I., INTRODUCTION TO
RADAR SYSTEMS, Chapter 7, McGraw-Hill, New York, N.Y.

The “A-sandwich” radome configuration includes a relatively thick inner core that
is sandwiched between two relatively thin outer “skin” layers. The inner core is formed of
a material that exhibits a low dielectric constant (e.g., a foam material, or a honeycomb
structure), and the outer skin layers are formed of a material that exhibits a relatively high
dielectric constant. The dielectric constant of the core may be less than the square root of
the dielectric constant of the skin layers. The dielectric constant of the core may be
reduced by reducing the density of the core material (e.g., by increasing porosity in the
core material).

The “B-sandwich” radome configuration includes a relatively thin inner core that
is sandwiched between two relatively thick outer skin layers. The inner core is formed of
a material that exhibits a relatively high dielectric constant, and the outer skin layers are
formed of a material that exhibits a relatively low dielectric constant. The dielectric
constant of the core may be greater than the square of the dielectric constant of the skins.
B-sandwich radomes may exhibit higher power transmission efficiencies relative to
A-sandwich radomes, but the physical properties exhibited by the materials of the outer
skin layers in B-sandwich configurations may not withstand the conditions experienced in
high temperature, high velocity applications such as those encountered by radomes on
missiles.

What is referred to in the art as a “C-sandwich” radome configuration consists of
two contiguous A-sandwiches. In other words, a C-sandwich radome includes two “core”

layers that exhibit a relatively low dielectric constant that are separated from one another
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by a central skin layer. An outer skin layer is also disposed on the outer surface of each
core layer, and the exposed major surfaces of these outer skin layers provide the interior
and exterior surfaces of the radome. Sensitivity to frequency, incident angle, and
polarization may be reduced in the C-sandwich radome configuration relative to the
A-sandwich and B-sandwich radome configurations.

Radomes that are lightweight, physically strong, tough, and wear-resistant, and
that exhibit desirable electromagnetic performance characteristics continue to be sought

for use on aircraft and spacecraft.

DISCLOSURE OF INVENTION

In some embodiments, the present invention includes radomes that include an
outer wall having a first average thickness and an inner wall having a second average
thickness that is different from the first average thickness. At least a major portion of the
inner wall is separated from at least a major portion of the outer wall by a space
therebetween. The outer wall may comprise a layer of ceramic matrix composite (CMC)
material.

In additional embodiments, the present invention includes air vehicles and space
vehicles including such radomes. For example, one embodiment of a vehicle of the
present invention includes an antenna for emitting electromagnetic radiation over a range
of frequencies, and a radome at least partially covering the antenna. The radome includes
an outer wall having a first average thickness and an inner wall having a different second
average thickness. At least a major portion of the inner wall is separated from at least a
major portion of the outer wall by a space. The outer wall may comprise a layer of
ceramic matrix composite (CMC) material.

In additional embodiments, the present invention includes methods of forming
radomes in which an outer wall that has a first average thickness is formed, an inner wall
that has a different second average thickness is formed, and the inner wall and the outer
wall are coupled together in such a manner as to provide a space between at least a major
portion of the outer wall and at least a major portion of the inner wall. Each of the outer
wall and the inner wall may be formed to have a dome shape, and the inner wall may be at
least partially inserted into an inner dome area enclosed by the outer wall. At least the

outer wall may be formed to comprise a ceramic matrix composite (CMC) material.



WO 2010/117474 -4- PCT/US2010/020130

10

15

20

25

30

BRIEF DESCRIPTION OF DRAWINGS

While the specification concludes with claims particularly pointing out and
distinctly claiming embodiments of the present invention, the advantages of this invention
can be more readily ascertained from the following description of the invention when read
in conjunction with the accompanying drawings in which:

FIG. 1 is a side view of an embodiment of an aircraft of the present invention in
the form of a missile;

FIG. 2 is an enlarged view of a portion of the missile of FIG. 1 illustrating an
embodiment of a radome of the present invention;

FIG. 3 is an enlarged cross-sectional view or a portion of a sidewall of the radome
shown in FIGS. 1 and 2; and

FIG. 4 is an enlarged view like that of FIG. 2 illustrating additional methods and

devices that may be used to couple together components of a radome.

MODES FOR CARRYING OUT THE INVENTION

In some embodiments, the present invention includes aircraft and spacecraft that
carry one or more radomes, as described herein. As used herein, the term “aircraft” means
and includes any device, apparatus, system, or vehicle designed and constructed for
traveling through the air substantially within the Earth’s atmosphere. As used herein, the
term “spacecraft” means and includes any device, apparatus, system, or vehicle designed
and constructed for traveling through space outside the Earth’s atmosphere, although
spacecraft may also travel through the Earth’s atmosphere upon entering and/or exiting
space. Aircraft and spacecraft include, for example, airplanes, rockets, missiles, space
vehicles, satellites, space stations, efc.

An embodiment of an aircraft of the present invention is shown in FIG. 1. The
aircraft shown in FIG. 1 is a missile 10 that includes a radome 12 on a forward end 14 of a
fuselage body 16. The missile 10 also includes at least one antenna 18 enclosed within the
radome 12 on the forward end 14 of the fuselage body 16. A plurality of fins 20 may be
disposed at a rearward end 22 of the fuselage body, as shown in FIG. 1. Although not
shown, additional fins, wings, and/or canards may be disposed anywhere along the
fuselage body 16 for guiding the missile 10 through the air. The missile 10 may be
designed and configured to carry a warhead 24 to a target using a propulsion system 26

and a targeting and guidance system 28. The antenna 18 may be part of the targeting and
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guidance system 28, and the targeting and guidance system 28 may be configured to
control the propulsion system 26 in response to target and/or guidance information
acquired using the antenna 18. Antennas 18, warheads 24, propulsion systems 26, and
guidance and targeting system 28 are known in the art and are schematically illustrated for
purposes of simplifying FIG. 1.

The radome 12 may be designed, configured, and constructed to protect the
antenna 18 from environmental conditions (e.g., wind, rain, dust, moisture, efc.) as the
missile 10 travels through the air at high velocity toward an intended target.

FIG. 2 is a cross-sectional view of a portion of a radome 12 of the present
invention. As shown in FIG. 2, the radome 12 includes an outer wall 30 and an inner
wall 32. At least major portions of the outer wall 30 and the inner wall 32 may be
separated from one another by a space 34. The space 34 may be filled with air, a gas or
mixture of gasses (e.g., an inert gas), a dielectric material (e.g., a polymeric foam, or a
ceramic honeycomb structure), or a vacuum may be provided in the space 34. Thus, in
some embodiments, a gap may be provided in the space 34. A coating 38 also may be
disposed over outer surfaces of the outer wall 30.

FIG. 3 is an enlarged cross-sectional view of the portions of the outer wall 30 and
the inner wall 32 within Line 3-3 illustrated in FIG. 2.

The outer wall 30 and the inner wall 32 have different average electrical
thicknesses. The electrical thickness Tg of a material may be defined as the actual
physical thickness Tp of the material multiplied by the square root of the dielectric
constant K (also referred to as the relative permittivity) of the material, as indicated in
Equitation 1 below:

Equation 1 Tg= Tp\/K

where Tk is the electrical thickness of the material, Tp is the actual physical
thickness of the material, and X is the dielectric constant exhibited by the material.

Thus, in some embodiments, the outer wall 30 and the inner wall 32 have different
average actual physical thicknesses (as well as different electrical thicknesses), as shown
in FIG. 3. In other words, the outer wall 30 has a first average physical thickness T3 and
the inner wall 32 has an average physical thickness T3, that differs from the average
physical thickness Tsq of the outer wall 30. In some embodiments, the average physical
thickness T3, ofthe inner wall 32 may be less than the average thickness Tsg of the outer

wall 30. By way of example and not limitation, the average physical thickness T3, of the
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inner wall 32 may be about one-half (1/2) or less of the average physical thickness T3 of
the outer wall 30. More particularly, the average physical thickness Ts; ofthe inner

wall 32 may be about one-quarter (1/4) or less of the average physical thickness Tz of the
outer wall 30. In some embodiments, the outer wall 30 and the inner wall 32 have
different average electrical thicknesses, and such embodiments may have similar or
different physical thicknesses.

In some embodiments, it may be desirable to form the inner wall Ts; to be
physically as thin as possible while still having sufficient structural integrity to withstand
the forces experienced by the inner wall T3, during flight of the missile 10. The thickness
of the inner wall 32 may be increased to meet structural requirements, although increasing
the thickness of the inner wall 32 may impact the electromagnetic performance of the
inner wall 32 and the radome 12.

The average distance D between the outer wall 30 and the inner wall 32 in the
space 34 may be about three-fourths (3/4) or less of the average physical thickness T3 of
the outer wall 30. More particularly, the average distance D between the outer wall 30
and the inner wall 32 in the space 34 may be about two-thirds (2/3) or less of the average
physical thickness T3 of the outer wall 30.

By way of example and not limitation, the average electrical thickness of the outer
wall 30 may be about NAo/2, where N is an integer (e.g., 1 or 2) and Ao is the wavelength
of the electromagnetic radiation in the material of the outer wall 30 at the center of the
desired range of operating wavelengths, and the average electrical thickness of the inner
wall 32 may be about Ay/8 or less, where X is the wavelength of the electromagnetic
radiation in the material of the inner wall 32 at the center of the desired range of operating
wavelengths. In such embodiments, the average electrical thickness of the space 34
between the outer wall 30 and the inner wall 32 may be between about As/5 and As/10,
where Ag is the wavelength of the electromagnetic radiation in the space 34 at the center of
the desired range of operating wavelengths. The average electrical thickness of the outer
wall 30, as well as the average electrical thickness of the space 34 between the outer
wall 30 and the inner wall 32, may be increased to compensate for non-normal incidence
of the radiating fields.

In some embodiments, one or more of the average physical thickness T3 of the
outer wall 30, the average physical thickness T3, of the inner wall 32, and the average

distance D between the outer wall 30 and the inner wall 32 in the space 34 may be at least
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substantially uniform over the major portions thereof, as shown in FIG. 2. In other
embodiments, one or more of the average physical thickness T of the outer wall 30, the
average physical thickness T3, of the inner wall 32, and the average distance D between
the outer wall 30 and the inner wall 32 in the space 34 may vary in a predetermined,
selected manner over the major portions thereof to provide desired transmission
characteristics to the radome 12 with respect to electromagnetic radiation transmitting
through the radome 12 to and/or from the antenna 18 (FIG. 1). Intentionally varying such
thicknesses and distances produces what is known in the art as a “prescription radome.”

Referring again to FIG. 2, in the embodiment shown therein, the radome 12 and,
hence, each of the outer wall 30 and the inner wall 32, has a generally frustoconical dome
shape. Thus, the outer wall 30 and the inner wall 32 have substantially similar shapes.
The inner wall 32 has a smaller overall size than the outer wall 30 to allow the inner
wall 32 to be surrounded by and disposed within an inner dome area of the outer wall 32.

The outer wall 30 may comprise a ceramic matrix composite (CMC) material
having a ceramic matrix phase. A reinforcing phase may be distributed throughout the
ceramic matrix phase. The ceramic matrix phase may comprise a ceramic oxide material
such as, for example, magnesium oxide (MgO), aluminum oxide (Al,Os3), silicon oxide
(S10y), zirconium oxide (ZrO,), titanium oxide (TiOy), yttrium oxide (Y203), a
combination of such oxides (e.g., aluminosilicate (Al,SiOs) or mullite), efc. The
reinforcing phase may comprise, for example, fibers, particles, and/or whiskers distributed
throughout the ceramic matrix phase. In some embodiments, the reinforcing phase may
comprise a fabric comprising woven fibers. The reinforcing phase may also comprise a
ceramic material. In some embodiments, the reinforcing phase may also comprise a
ceramic oxide material such as, for example, magnesium oxide (MgO), aluminum oxide
(Al,03), silicon oxide (Si0,), zirconium oxide (ZrO,), titanium oxide (TiOy), yttrium
oxide (Y-03), a combination of such oxides (e.g., aluminosilicate (Al,SiOs) or mullite),
etc. In some embodiments, the ceramic matrix phase and the reinforcing phase may have
at least substantially similar chemical compositions. In further embodiments, the ceramic
matrix phase and the reinforcing phase may have different chemical compositions.

As a non-limiting embodiment, the ceramic matrix phase may comprise an
aluminosilicate (A1;SiOs) material, and the reinforcing phase may comprise a fabric of

woven aluminosilicate (Al,SiOs) fibers. An example of a suitable, commercially available
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fabric of aluminosilicate fibers is sold by 3M of St. Paul, Minnesota under the trade name
NEXTEL 312.

In some embodiments, the inner wall 32 may comprise a ceramic matrix
composite (CMC) material having a ceramic matrix phase as previously described herein
in relation to the outer wall 30.

In some applications, the inner wall 32 may be subjected to relatively lower
temperatures (e.g., temperatures below about 450° Celsius). In such applications, the
inner wall 32 may comprise a high-temperature organic matrix composite material
including a polymeric matrix phase and a reinforcing phase. The reinforcing phase may
comprise, for example, a fabric, fibers, particles, and/or whiskers distributed throughout
the polymeric matrix phase.

The matrix phase may comprise a thermosetting polymer material, or the matrix
phase may comprise a thermoplastic polymer material. In embodiments in which the
matrix phase comprises a thermoset polymer material, the matrix phase may be thermally
stable (i.e., will not physically degrade, decompose, or combust in any significant
detrimental manner) up to temperatures of about 450° Celsius or more. In embodiments
in which the matrix phase comprises a thermoplastic polymer material, the matrix phase
may exhibit a glass transition temperature of about 450° Celsius or higher.

As non-limiting examples, the matrix phase in such organic matrix composite
materials may comprise a cyanate-based polymeric material (e.g., a cyanate ester material)
or a polyimide-based polymeric material, and the reinforcing phase may comprise quartz
fabric, fibers, particles, and/or whiskers.

Other materials also may be used to form the outer wall 30 and the inner wall 32,
provided the materials impart physical properties to the outer wall 30 and the inner
wall 32, respectively, that will allow the outer wall 30 and the inner wall 32 sufficiently
protect the antenna 18 from the environmental conditions to which the outer wall 30 and
the inner wall 32 will be exposed, and at the temperatures to which the outer wall 30 and
the inner wall 32 may be heated, for example, during flight of a missile 10.

With continued reference to FIG. 2, the coating 38 over outer surfaces of the outer
wall 30 may be used to hermetically seal the outer surface of the outer wall 30, as the
outer wall 30 may comprise some level of porosity, and/or to improve the hardness and
durability of the outer surface of the outer wall 30. The coating 38 may comprise a glass

frit material. Glass frit materials are commercially available. By way of example and not
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limitation, the coating 38 may comprise a eutectic composition of magnesium oxide,
aluminum oxide, and silicon oxide such as the glass frit sold by PEMCO Corporation of
Leesburg, Alabama under the product number P-941. In additional embodiments, the
coating 38 may comprise the glass frit sold by Ferro Corporation of Cleveland, Ohio
under the product number CC257, or the glass frit sold by Ferro Corporation of under the
product number 3249. In yet further embodiments, the coating 38 may comprise
aluminum oxide (Al,03), silicon oxide (Si;03), yttrium oxide (Y,Os3), pyrophyllite
(aluminum silicate hydroxide (AlSi;OsOH), kaolinite (Al,Si;Os(OH)4), nepheline syenite,
mixtures of one or more such materials, or another ceramic (e.g., glass) material.

The particular chemical composition of the outer wall 30, the inner wall 32, and
any matter within the space 34, as well as the particular dimensions of the outer wall 30
and the inner wall 32, and the distance therebetween within the space 34, will vary
depending on the particular application in which the radome 12 is to be used and the range
of frequencies of electromagnetic radiation that are to be transmitted through the
radome 12. In some embodiments, the radome 12 may be operational over a broad range
of frequencies. For example, the radome 12 may be configured to exhibit an average
insertion loss for a typical missile radome shape of less than about -1.5 dB, or even less
than about -0.5 dB, for 15° to 45° scan angles in principal planes over a range of
frequencies of electromagnetic radiation extending from a first frequency to a second
frequency that is about 1.4 times the first frequency, when the electromagnetic radiation is
emitted from an antenna 18 disposed within the radome 12.

A non-limiting example of a method that may be used to form a radome 12 is
described herein below.

Generally, the outer wall 30 and the inner wall 32 may be separately formed from
one another, assembled together, and attached to an aircraft, spacecraft, or another device
or apparatus carrying an antenna. For example, if the outer wall 30 and the inner wall 32
have a dome shape, the outer wall 30 and the inner wall 32 may be separately formed, the
inner wall 32 may be inserted at least partially into an inner dome area of the outer
wall 32, and the inner wall 32 and the outer wall 30 may be coupled together in such a
manner as to provide a space 34 between at least a major portion of the outer wall 30 and
at least a major portion of the inner wall 32.

The outer wall 30 may comprise a ceramic matrix composite (CMC) material, and

may be fabricated using methods similar those known in the art such as, for example,
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those disclosed in U.S. Patent No. 4,983,422 to Davis et al. (issued January 8, 1991), U.S.
Patent No. 5,395,648 to Davis et al. (issued March 7, 1995), and U.S. Patent No.
6,497,776 to Butler et al. (issued December 24, 2002). If the inner wall 32 also includes a
ceramic matrix composite material, as previously discussed herein, the inner wall 32 also
may be formed using such methods.

The outer wall 30 (and optionally, the inner wall 32) may be formed by
introducing a liquid ceramic matrix precursor material into a reinforcement ceramic
structure or ceramic material (e.g., fabric, fibers, particles, and/or whiskers), curing the
resulting structure to set the desired geometry, and sintering the cured structure to a
desired final density.

In some embodiments, a reinforcement ceramic structure may be formed using a
two-dimensional or three-dimensional reinforcement fabric, which may be produced by
weaving reinforcement strands (e.g., single fibers or yarns) in a desirable pattern. A
number of different techniques may be used to form a reinforcement structure from
reinforcement strands including two-dimensional and three-dimensional weaving
techniques, filament winding techniques, tape wrapping techniques, efc. Reinforcement
fabrics are also commercially available such as, for example, the aluminosilicate fiber
fabric sold by 3M of St. Paul, Minnesota under the trade name NEXTEL 312, as
previously mentioned.

Liquid ceramic matrix precursor material may be introduced into the
reinforcement structure or material before and/or after shaping the reinforcement structure
or material in a desired shape corresponding to that of the outer wall 30 to be formed
therefrom. For example, a reinforcement fabric may be pre-impregnated with the liquid
ceramic matrix precursor material prior to shaping the pre-impregnated reinforcement
fabric into a shape corresponding to the outer wall 30.

The ceramic matrix precursor material may comprise a slurry that includes
ceramic particles suspended in a liquid medium. The liquid medium may comprise, for
example, water, an alcohol (e.g., ethylene glycol), or a mixture thereof. The ceramic
particles comprise material or materials that will form the ceramic matrix phase of the
resulting ceramic matrix composite material. The ceramic particles may comprise, for
example, from about 20% to about 80% of the slurry by weight. Other additives may be
included in the slurry to assist in processing such as, for example, polymeric curing

agents, binders, lubricants, dispersants, efc.
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After introducing the liquid ceramic matrix precursor material into the
reinforcement ceramic structure or ceramic material (e.g., fabric, fibers, particles, and/or
whiskers) and shaping the resulting impregnated reinforcement structure into a shape
corresponding to the desired shape of the outer wall 30 to be formed therefrom, the
impregnated reinforcement structure may be treated to set the desired geometry of the
impregnated reinforcement structure.

For example, in some embodiments, the slurry may comprise a polymer precursor
material that may be cured to cause the polymer precursor material to polymerize in such
a manner as to form a solid three-dimensional structure. In such embodiments, the
impregnated reinforcement structure may be heated in order to cure the polymer precursor
material and set the geometry of the impregnated reinforcement structure. The curing may
also drive off liquids and other volatile components of the slurry. By way of example, the
impregnated reinforcement structure may be cured by slowly ramping up the temperature
of the impregnated reinforcement structure in a furnace to a curing temperature between
about 125° Celsius and about 200° Celsius (e.g., about 177° Celsius) over a time period of
between about twelve (12) hours and about thirty-six (36) hours. The temperature then
may be held at the curing temperature for a time period of between about six (6) hours and
about twelve (12) hours.

In some embodiments, the impregnated reinforcement structure may be cured
while disposed in a bag in which a vacuum is drawn in order to cause the bag to conform
to the shape of the impregnated reinforcement structure. In other embodiments, the
impregnated reinforcement structure may be cured in a hot press or an autoclave.

After curing the impregnated reinforcement structure, the resulting cured but
unsintered structure may be sintered in a furnace to form the outer wall 30 including a
ceramic matrix composite material that includes a reinforcing phase disposed within a
ceramic matrix phase.

In some embodiments, the cured structure may be sintered in an oxidizing
atmosphere (i.e., in an atmosphere including oxygen) such as, for example, in air. In such
embodiments, the ceramic particles of the ceramic matrix precursor material may oxidize
during sintering to form an oxide material, which may form at least a portion of the

ceramic matrix phase in the resulting ceramic matrix composite material of the outer

wall 30.
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During a sintering process, the temperature may be raised in a stepped profile from
room temperature to a maximum sintering temperature over a period of from about six (6)
hours to twelve (12) hours. The temperature in the furnace may be held at the maximum
sintering temperature for between about two (2) and about ten (10) hours. The maximum
sintering temperature may be above about 800° Celsius. Additional sintering cycles may
be performed as necessary or desirable in order to increase the density and/or strength of
the outer wall 30.

After sintering, final machining (e.g., grinding, milling, drilling, efc.) and/or other
shape-forming processes may be used to ensure that the outer wall 30 (and, optionally, the
inner wall 32) has the appropriate final dimensions.

The above-described method is set forth merely as one example of a method that
may be used to form the outer wall 30 (and, optionally, the inner wall 32) and other
methods may also be employed in embodiments of the present invention. For example,
filament winding techniques may be used to form a green (i.e., unsintered) outer wall, and
the green outer wall may be sintered to a desirable final density to form the outer wall 30.
Furthermore, in additional embodiments, a green outer wall may be formed without
employing a curing process, and the uncured, green outer wall may be sintered to a
desirable final density to form the outer wall 30.

The coating 38 may be applied to outer surfaces of the outer wall 30 after forming
the outer wall 30, as previously described herein, using, for example, a spray-coating
process. A slurry may be formed that includes a liquid medium in which particles of the
ceramic material (e.g., glass) that will ultimately form the coating 38 are suspended. The
liquid medium may comprise, for example, water, glycerin, an alcohol (e.g., ethylene
glycol), or a mixture thereof. The slurry may also include processing aids such as, for
example, binders, deflocculants, wetting agents, etc. The slurry may be sprayed onto the
outer surfaces of the outer wall 30, after which the slurry is allowed to dry leaving the
particles of the ceramic material (e.g., glass) that will ultimately form the coating 38
behind on the outer surfaces of the outer wall 30. The outer wall 30 then may be heated in
a furnace to sinter the particles and form the coating 38 on the outer wall 30.

After forming the outer wall 30 and the inner wall 32, the outer wall 30 and the
inner wall 32 may be assembled together and attached to the aircraft or spacecraft to
which the radome 12 (FIG. 1) is to be attached. For example, in the embodiment of
FIGS. 1 and 2, the outer wall 30 and the inner wall 32 may be attached to the fuselage
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body 16 at the forward end 14 thereof using a mounting ring 50, as shown in FIG. 2. Each
of the outer wall 30 and the inner wall 32 may be attached to the mounting ring 50, and
the mounting ring 50 may be attached to the fuselage body 16. The outer wall 30 and the
inner wall 32 may be attached to the mounting ring 50 using, for example, one or more of
an adhesive, bolts, screws, rivets, efc. The mounting ring 50 may be similarly attached to
the fuselage body 16 using, for example, one or more of an adhesive, bolts, screws, rivets,
elc.

With continued reference to FIG. 2, an end 33 of the inner wall 32 may be inserted
into a complementary annular recess 52 formed in a forward end surface 54 of the
mounting ring 50. The annular recess 52 may have a shape complementary to that of the
end 33 of the inner wall 32. An adhesive may be disposed between the end 33 of the inner
wall 32 and the mounting ring 50 within the annular recess 52 to at least partially secure
the inner wall 32 to the mounting ring 50.

An end 31 of the outer wall 30 may be disposed adjacent a radially outer
surface 55 of the mounting ring and a forward end surface 17 of the fuselage body 16, as
shown in FIG. 2. An adhesive may be disposed between the end 31 of the outer wall 30
and the radially outer surface 55 of the mounting ring 50 to at least partially secure the
outer wall 30 to the mounting ring 50. In additional embodiments, bolts, screws, and/or
rivets may be used to attach the end 31 of the outer wall 30 to the radially outer surface 55
of the mounting ring 50. Optionally, an adhesive may be disposed between the end 31 of
the outer wall 30 and the forward end surface 17 of the fuselage body 16 to at least
partially secure the outer wall 30 to the fuselage body 16.

As previously mentioned, the mounting ring 50 may be similarly attached to the
fuselage body 16 using, for example, one or more of an adhesive, bolts, screws, rivets, efc.
Complementary features may be provided on the mounting ring 50 and the fuselage
body 16 to ensure that the mounting ring 50 is properly positioned with respect to the
fuselage body 16 when it is attached thereto. Furthermore, a sealing member 56 (e.g., an
O-ring) may be disposed in an annular recess 58 formed on a rearward end surface 57 of
the mounting ring 50, The sealing member 56 may be used to provide a hermetic seal
between the fuselage body 16 and the mounting ring 50. In this configuration, the
mounting ring 50 may be positioned on the fuselage body 16 such that the annular
ridge 56 on the rearward end surface 57 of the mounting ring 50 is disposed within the

annular recess 58 in the adjacent surface of the fuselage body 16, and the mounting
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ring 50 may be attached to the fuselage body 16 using, for example, one or more of an
adhesive, bolts, screws, rivets, ef al.

In some embodiments, the outer wall 30 may be coupled to the inner wall 32 ata
forward end 13 of the radome 12. By way of example and not limitation, a nose
assembly 70 may be used to couple to the inner wall 32 at a forward end 13 of the
radome 12, as shown in FIG. 2. An aperture 60 may be formed through the outer wall 30,
and a similar aperture 62 may be formed through the inner wall 32, at the forward end 13
of the radome 12. The aperture 60 in the outer wall 30 and the aperture 62 in the inner
wall may be formed by drilling through the outer wall 30 and the inner wall 62. In other
embodiments, the outer wall 30 may be formed in such a manner as provide the
aperture 60 therein, and the inner wall 32 may be formed in such a manner as provide the
aperture 62 therein, such that no drilling or other process is required to form the
apertures 60, 62 through the outer wall 30 and the inner wall 32, respectively, after
forming the outer wall 30 and the inner wall 32.

The nose assembly 70 shown in FIG. 2 includes a cap 72, an insert 74, and a
bolt 76 that extends through the insert 74 and engages the cap 72 to secure the various
components of the nose assembly 70 together. The cap 72, insert 74, and bolt 76 may
comprise a metal, ceramic, or a composite material that exhibits physical properties (e.g.,
strength, toughness, hardness, etc.) sufficient to withstand the forces and conditions to
which they will be exposed during flight of the missile 10 at the temperatures to which
they may be heated during flight of the missile 10.

The cap 72 is positioned on an exterior surface of the outer wall 30 at the forward
end 13 of the radome 12. The cap 72 has a hole 73 that extends at least partially
therethrough that is configured to receive the bolt 76 at least partially therein, as shown in
FIG. 2.

The insert 74 is disposed between the outer wall 30 and the inner wall 32 at the
forward end 13 of the radome. The insert 74 has a generally cylindrical shape, and a
hole 75 that is configured to receive the bolt 76 therethrough extends longitudinally
through the insert 74. A forward end of the insert 74 may be substantially cylindrical, and
a cylindrical side surface of the insert 74 may have a diameter substantially equal to, but
slightly less than, the diameter of the aperture 60 extending through the outer wall 30,
such that the substantially cylindrical portion of the insert 74 may be inserted into and

received within the aperture 60, as shown in FIG. 2. A side surface of a rearward portion
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of the insert 74 may have a generally frustoconical shape that is complementary to the
frustoconical shape of an adjacent inner surface of the outer wall 30, as shown in FIG. 2.
The frustoconical rearward portion of the insert 74 prevents the insert 74 from passing
through the aperture 60 in the outer wall 30.

A washer 78 may be provided adjacent an inner surface of the inner wall 32 on a
side thereof opposite the insert 74. The washer 78 may be used to disperse forces applied
to the inner wall 32 by a head 77 of the bolt 76 over a greater surface area of the inner
wall 32. '

As shown in FIG. 2, the bolt 76 extends through the washer 78, the aperture 62 in
the inner wall 32, the hole 75 in the insert 74, the aperture 60 in the outer wall 30, and into
the hole 73 in the cap 72. Although not shown, the bolt 76 may be threaded, and
complementary threads may be provided at least in the hole 73 of the cap 72 such that the
threads of the bolt 76 may be engaged with the threads of the cap 72 to secure the various
components of the nose assembly 70 together. The inner surface of the insert 74 within
the hole 75 also may be threaded to engage the threads of the bolt 76.

Although not shown in FIG. 2, sealing members such as, for example, gaskets and
O-rings, may be provided between the outer wall 30, the inner wall 32, and the various
components of the nose assembly 70 to provide an air-tight hermetic seal therebetween,
such that gases cannot flow into, or out from, a space 34 between the outer wall 30 and the
inner wall 32, and such that gases cannot flow into, or out from, the interior of the
radome 12.

Coupling the outer wall 30 to the inner wall 32 at the forward end 13 of the
radome 12 may provide additional stability and strength to the radome 12.

Another embodiment of a nose assembly 80 that may be used to couple the outer
wall 30 to the inner wall 32 at the forward end 13 of the radome 12 is illustrated in FIG. 4.
The nose assembly 80 shown in FIG. 4 includes a cap 82, a first insert 84, a second
insert 86, and a rod 90 that extends from the cap 82, through the first insert 84, and
through the second insert 86. In the embodiment of FIG. 4, however, a snap fit is
provided between various components of the nose assembly 80 to secure the various
components of the nose assembly 80 together.

As in the nose assembly 70 of FIG. 2, the various components of the nose
assembly 80 of FIG. 4 may comprise a metal, ceramic, or a composite material that

exhibits physical properties (e.g., strength, toughness, hardness, etc.) sufficient to
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withstand the forces and conditions to which they will be exposed during flight of the
missile 10 at the temperatures to which they may be heated during flight of the missile 10.

The cap 82 is positioned on an exterior surface of the outer wall 30 at the forward
end 13 of the radome 12. The rod 90 extends from the cap 82, as shown in FIG. 4. In
some embodiments, the rod 90 may be attached to the cap using, for example, at least one
of complementary threads, an adhesive, a weld, efc. In other embodiments, the rod 90
may be integrally formed with the cap 82.

The first insert 84 is disposed between the outer wall 30 and the inner wall 32 at
the forward end 13 of the radome 12. The first insert 84 has a generally cylindrical shape,
and a hole 85 that is configured to receive the rod 90 therethrough extends longitudinally
through the first insert 84. A side surface of the first insert 84 may have a generally
frustoconical shape that is complementary to the fustoconical shape of an adjacent inner
surface of the outer wall 30, as shown in FIG. 4. The frustoconical shape of the first
insert 84 prevents the insert 84 from passing through the aperture 60 in the outer wall 30.

The second insert 86 is disposed adjacent an inner surface of the inner wall 32 at
the forward end 13 of the radome 12. The second insert 86 also has a generally cylindrical
shape, and a hole 87 that is configured to receive the rod 90 therethrough extends
longitudinally through the second insert 86. A side surface of the second insert 86 may
have a generally frustoconical shape that is complementary to the fustoconical shape of an
adjacent inner surface of the inner wall 32, as shown in FIG. 4. The frustoconical shape of
the second insert 86 prevents the insert 86 from passing through the aperture 62 in the
inner wall 32.

One or more annular grooves may be formed circumferentially about the rod 90 in
the cylindrical side surface thereof, and snap rings may be snap-fitted into the annular
grooves. For example, a first annular groove 92 may be formed circumferentially about
the rod 90 in the cylindrical side surface thereof proximate a rearward surface 87 of the
second insert 86, and a first snap ring 94 may be snap-fitted into the first annular
groove 92 to hold the second insert 86 (and, additionally, the inner wall 32, first insert 84,
and outer wall 30) in position relative to the rod 90 and the cap 82. Optionally, a second
annular groove 96 may be formed circumferentially about the rod 90 in the cylindrical
side surface thereof proximate a rearward surface 85 of the first insert 84, and a second

snap ring 98 may be snap-fitted into the second annular groove 96 to provide additional



WO 2010/117474 -17- PCT/US2010/020130

10

15

support to the first insert 84 (and, additionally, the outer wall 30) for holding the first
insert 84 in position relative to the rod 90 and the cap 82.

Washers (not shown in FIG. 4) also may be provided between various components
of the nose assembly 80 as necessary or desirable.

Although not shown in FIG. 4, sealing members such as, for example, gaskets and
O-rings, may be provided between the outer wall 30, the inner wall 32, and the various
components of the nose assembly 80 to provide an air-tight hermetic seal therebetween,
such that gases cannot flow into, or out from, a space 34 between the outer wall 30 and the
inner wall 32, and such that gases cannot flow into, or out from, the interior of the
radome 12.

While the invention may be susceptible to various modifications and alternative
forms, specific embodiments have been shown by way of example in the drawings and
have been described in detail herein. However, it should be understood that the invention
is not intended to be limited to the particular forms disclosed. Rather, the invention is to
cover all modifications, equivalents, and alternatives falling within the scope of the

invention as defined by the following appended claims and their legal equivalents.
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CLAIMS

What is claimed is:

1. A radome comprising:

an outer wall comprising a layer of ceramic matrix composite (CMC) material having a
first average physical thickness; and

an inner wall comprising a layer of material having a second average physical thickness
differing from the first average physical thickness, the inner wall having a shape
similar to a shape of the outer wall, at least a major portion of the inner wall
separated from at least a major portion of the outer wall by a space between the

inner wall and the outer wall.

2. The radome of claim 1, wherein each of the outer wall and the inner wall
comprises a dome, and wherein at least a portion of the inner wall is disposed within the

dome of the outer wall.

3. The radome of claim 1 or claim 2, wherein the space between the outer

wall and the inner wall is at least substantially uniform.

4. The radome of any one of claims 1 through 3, wherein a physical thickness

of the outer wall is at least substantially uniform.

5. The radome of any one of claims 1 through 4, wherein a physical thickness

of the inner wall is at least substantially uniform.

6. The radome of any one of claims 1 through 5, wherein the second average
physical thickness of the inner wall is about one-fourth (1/4) or less of the first average
physical thickness of the outer wall.

7. The radome of any one of claims 1 through 6, wherein the space has an
average physical thickness about two-thirds (2/3) or less of the first average physical

thickness of the outer wall.
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8. The radome of any one of claims 1 through 7, further comprising a frit

coating on at least a portion of an exterior surface of the outer wall.

9. The radome of any one of claims 1 through 8, wherein the ceramic matrix
composite material comprises:
a ceramic matrix phase; and
a reinforcement phase comprising at least one of a plurality of fibers, a plurality of
whiskers, and a plurality of particles dispersed throughout the ceramic matrix

phase.

10. The radome of claim 9, wherein the ceramic matrix composite material
comprises a plurality of fibers arranged in a fabric, the fabric disposed within the ceramic

matrix phase.

11. The radome of claim 9 or claim 10, wherein the ceramic matrix phase

comprises at least one of an oxide material, aluminum silicate, and mullite.

12. The radome of claim 11, wherein the ceramic matrix phase comprises an
oxide material selected from the group consisting of magnesium oxide (MgO), aluminum
oxide (Al,O3), silicon oxide (SiOy), zirconium oxide (ZrO,), titanium oxide (Ti0,), and

yttrium oxide (Y203).

13. The radome of any one of claims 9 through 12, wherein the reinforcement

phase comprises a ceramic material.

14. The radome of claim 13, wherein the ceramic material comprises

aluminum silicate.

15. The radome of any one of claims 1 through 14, wherein the inner wall
comprises a layer of ceramic matrix composite (CMC) material having a material
composition at least substantially similar to a material composition of the ceramic matrix

composite material of the outer wall.
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16. The radome of any one of claim 1 through 14, wherein the inner wall

comprises a layer of organic matrix composite material comprising:

a polymer matrix phase; and

a reinforcement phase comprising at least one of a plurality of fibers, a plurality of
whiskers, and a plurality of particles dispersed throughout the polymer matrix
phase.

17. The radome of claim 16, wherein the polymer matrix phase exhibits a

glass transition temperature greater than about 850°F (454°C).

18. The radome of any one of claims 1 through 16 further comprising at least

one of air, nitrogen, and an inert gas within the space.

19. The radome of claim 18, wherein the space is hermetically sealed.

20. The radome of any one of claims 1 through 19, wherein the radome
exhibits an average insertion loss of less than about -1.5 dB for scan angles between about
15° and about 45° over a range of frequencies of electromagnetic radiation extending from
a first frequency to a second frequency when the electromagnetic radiation is emitted from
an antenna disposed within the radome, the second frequency being about 1.4 times the

first frequency.

21. The radome of any one of claims 1 through 20, wherein a first average
electrical thickness of the outer wall is equal to about one-half (1/2) of an integer multiple
of a wavelength of electromagnetic radiation in the outer wall at a center of a desired
range of operating wavelengths, a second average electrical thickness of the inner wall is
equal to about one-eighth (1/8) of a wavelength of electromagnetic radiation in the inner
wall at the center of the desired range of operating wavelengths, and an average electrical
thickness of the space between the outer wall and the inner wall is between about one-fifth
(1/5) and about one-tenth (1/10) of a wavelength of electromagnetic radiation in the space

at the center of the desired range of operating wavelengths.
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22. An aircraft or spacecraft comprising:

an antenna for emitting electromagnetic radiation over a range of frequencies of
electromagnetic radiation extending from a first frequency to a second frequency;
and

a radome as recited in any one of claims 1 through 21, the radome at least partially

covering the antenna.

23. The aircraft or spacecraft of claim 22, wherein the second frequency is

about 1.4 times the first frequency.

24. A method of forming a radome, comprising:

forming a dome-shaped outer wall having a first average physical thickness and
comprising a ceramic matrix composite (CMC) material;

forming a dome-shaped inner wall having a second average physical thickness differing
from the first average physical thickness;

inserting the inner wall at least partially into an area enclosed by the outer wall;

coupling the inner wall to the outer wall and providing a space between at least a major

portion of the outer wall and at least a major portion of the inner wall.

25. The method of claim 24, further comprising selecting the second average
physical thickness of the inner wall to be about one-fourth (1/4) or less of the first average

physical thickness of the outer wall.

26. The method of claim 24 or claim 25, further comprising configuring the
outer wall and the inner wall to cause the average distance between the outer wall and the
inner wall to be about two-thirds (2/3) or less of the first average physical thickness of the

outer wall.
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27. The method of any one of claims 24 through 26, wherein forming the
dome-shaped outer wall comprising the ceramic matrix composite (CMC) material
comprises dispersing a reinforcement phase comprising at least one of a plurality of fibers,
a plurality of whiskers, and a plurality of particles throughout a ceramic matrix phase to

form the ceramic matrix composite (CMC) material.

28. The method of any one of claims 24 through 27, wherein forming a dome-
shaped inner wall comprises forming the inner wall to comprise a layer of ceramic matrix

composite (CMC) material.

29. The method ofany one of claims 24 through 27, wherein forming the
dome-shaped inner wall comprises dispersing a reinforcement phase comprising at least
one of a plurality of fibers, a plurality of whiskers, and a plurality of particles throughout a

polymer matrix phase to form an organic matrix composite material of the inner wall.

30. The method of claim 29, further comprising selecting the polymer matrix
phase to comprise a polymer material exhibiting a glass transition temperature greater than

about 850°F (454°C).

31. The method of any one of claims 24 through 30, further comprising
configuring the radome to exhibit an average insertion loss of less than about -1.5 dB for
scan angles between about 15° and about 45° over a range of frequencies of
electromagnetic radiation extending from a first frequency to a second frequency when the
electromagnetic radiation is emitted from an antenna disposed within the radome, the

second frequency being about 1.4 times the first frequency.
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