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METHOD OF FABRICATING RIGID
RADIATION REFLECTORS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of prionty to U.S.
Provisional Patent Application Ser. No. 62/552,768, filed
Aug. 31, 2017, and 1s a continuation-in-part of U.S. patent
application Ser. No. 15/277,446 entitled “Radiation Retlec-
tor and Emitter,” filed on Sep. 20, 2016, which claims the
benefit of priority under 35 USC § 119(e) of U.S. Provi-
sional Patent Application Ser. No. 62/239,733, filed on Oct.
9, 2015, the contents of which are incorporated herein by
reference.

ORIGIN OF THE INVENTION

The mmvention described herein was made 1n the perfor-
mance of work under NASA contracts and by an employee
of the United States Government and 1s subject to the
provisions of Section 20135(b) of the National Aeronautics
and Space Act, Public Law 111-314, § 3 (124 Stat. 3330, 51
U.S.C. Chapter 201) and 35 U.S.C. § 202, and may be
manufactured and used by or for the Government for gov-
ernmental purposes without the payment of any royalties
thereon or therefore.

BACKGROUND OF THE INVENTION

Field of the Invention

This mvention relates to radiation reflectors. More spe-
cifically, the invention 1s a method of fabricating a ngid
radiation reflector for use 1n protection from solar radiation.

Description of the Related Art

There are many challenges 1nvolved 1n deep space explo-
ration. A number of these challenges can be advanced or
even solved by the development of structure coatings that
reject most of the Sun’s energy while still providing for
tar-infrared radiative emission. For example, current struc-
ture-coating technology used on space-based storage tanks,
tank support struts, etc., limits the storage of liquid oxygen
in deep space to days or weeks (1.e., not long enough to
support a trip to Mars or operate a deep-space liquid oxygen
storage depot). Further, the operation of superconductors 1n
space 1s limited as 1t 1s diflicult to maintain superconductors
at optimal low temperatures. Accordingly, a critical aspect of
spacecralt and spacecrait system design 1s the maintenance
of stable and low operating temperatures by accounting for
internal heat generation, 1irradiance from the Sun and plan-
ctary bodies, and radiative emission. For some space appli-
cations, thicker reflective coatings may be needed on certain
Sun-facing surfaces of spacecrait. In such cases, 1t 1s more
cllicient to attach rigid “tiles” to surfaces requiring solar
protection. Other applications requiring highly eflective
solar reflectors involve missions that include a near-Sun
approach.

SUMMARY OF THE INVENTION

Accordingly, it 1s an object of the present invention to
provide a method of fabricating rigid radiation retlectors.
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2

Another object of the present invention i1s to provide a
method of fabricating rigid solar radiation reflectors capable
of retlecting more than 99% of incoming solar radiation.

Other objects and advantages of the present invention will
become more obvious hereinafter in the specification and
drawings.

In accordance with the present invention, a method of
fabricating a rigid radiation reflector 1s based on a powdered
material transparent to light 1n a wavelength band extending
from approximately 0.2 micrometers to at least 8 microm-
cters. The powdered material 1s dispersed 1n a liquid wherein
the powdered matenal 1s at least 95% insoluble 1n the liquad.
The resulting mixture of the liquid and the powdered mate-
rial 1s molded under pressure at room temperature. Follow-
ing the molding step, the mixture 1s sintered to generate a
porous solid. The porous solid 1s cooled to room tempera-
ture. A surface of the porous solid 1s then coated with a
light-reflecting metal.

BRIEF DESCRIPTION OF THE DRAWING(S)

Other objects, features, and advantages of the present
invention will become apparent upon reference to the fol-
lowing description of the preferred embodiments and to the
drawings, wherein corresponding reference characters indi-
cate corresponding parts throughout the several views of the
drawings and wherein:

FIG. 1 1s a flow diagram of the process steps used to
tabricate a rigid radiation reflector 1n accordance with an
embodiment of the present invention;

FIG. 2 1s a cross-sectional schematic view of a molding
configuration using a metal mold in accordance with an
embodiment of the present invention;

FIG. 3 1s a cross-sectional schematic view of a molding
configuration using a ceramic mold in accordance with
another embodiment of the present invention;

FIG. 4 1s a schematic view of a rigid radiation retlector
fabricated 1n accordance with the present invention;

FIG. 5 1s a plot of reflectivity versus wavelength for a
plurality of barium fluoride-based rigid reflectors fabricated
in accordance with embodiments of the present invention;
and

FIG. 6 1s a plot of reflectivity versus wavelength for an
yttrium oxide-based rigid retlector fabricated 1n accordance
with an embodiment of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT(S)

Referring now to the drawings and more particularly to
FIG. 1, a flow diagram 1s illustrated of a method of fabri-
cating a ngid radiation reflector 1 accordance with an
embodiment of the present invention. By way of example,
an 1llustrated embodiment of the present invention described
herein will focus on use of materials and processes that yield
rigid solar radiation reflectors capable of reflecting more that
99% of 1ncoming solar radiation, while also emitting radia-
tion such as heat generated by a body to which the solar
radiation reflectors are coupled. Accordingly, the rigid radia-
tion reflectors fabricated as described herein are ideally
suited for coupling to spacecraft structures or systems that
need to maintain cryogenic temperatures 1n the presence of
solar radiation.

The two materials used 1n the fabrication method of the
present invention are particles 10 and liquid 20. Particles 10
are materials that transmit light in the wavelength band
found 1n solar radiation. In general, the light-transmitting
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wavelength spectrum or band of interest ranges from
approximately 0.2 micrometers or microns to at least 8
microns. This wavelength band includes all visible, ultra-
violet, and near to mid-infrared radiation originating from
the Sun and planetary bodies. Suitable materials for particles
10 include barium fluoride, potassium bromide, hafnium
dioxide, and yttrium oxide. Particles 10 generally have an
average dimension 1n a range of approximately 0.1 microns
to approximately 0.3 microns such that particles 10 can be
a powdered form of the matenial of choice. Regardless of the
choice of material for particles 10, the material’s starting
purity must be at least 99.9% with the small percentage of
impurity(ies) being mostly transparent to the wavelength
spectrum of interest.

Liquid 20 1s selected such that particles 10 are at least
95% 1nsoluble 1n liquad 20. That 1s, when particles 10 and
liquad 20 are mixed together, at least 95% of particles 10 do
not dissolve 1 liquid 20 but, instead, are dispersed 1n/with
liquid 20. The insolubility of particles 10 mn/with liquid 20
assures that the light transmissivity of the ultimately-fabri-
cated rigid retlector 1s commensurate with the transmissivity
of particles 10. Liquid 20 includes deionized water and
methanol with the choice thereotf being predicated on the
material used for particles 10 as will be described further
below. The starting purity of liquid 20 must be at least
99.9%.

Particles 10 and liquid 20 are mixed at step 100 to
disperse particles 10 mn/with liquid 20 1n order to form a
paste whose consistency will vary based on the weight
percent of liquid 20 used 1n the mixture. For higher weight
percent values of liquid 20, particles 10 are added to liqui
20. For lower weight percent values of liquid 20, liquad 20
can be added to a supply of particles 10. Step 100 1s carried
out at room temperature.

The paste generated at step 100 1s next molded at step 102
in order to create a desired shape and size. Shapes can
include, but are not limited to, flat or shaped plates, disks,
panels, etc. Sizes can be varied to satisty application require-
ments and/or specified structural attributes. Accordingly, 1t 1s
to be understood that the shape and size of the ultimately
molded paste are not limitations of the present invention.

Referring additionally to FIGS. 2 and 3, molding step 102
can be carried out using a metal mold (FIG. 2) or a ceramic
mold (FIG. 3) without departing from the scope of the
present mvention. In each case, the paste 200 generated by
step 102 1s compressed under pressure (referenced by arrows
202). When using a metal mold 300, paste 200 can be placed
between two pieces ol material 302 that are inert with
respect to the material ingredients 1n paste 200 1n order to
prevent any reaction therebetween that could negatively
impact the optical properties of the ultimate retlector fabri-
cated in accordance with the present invention. For example,
for the materials mentioned above, material 302 can be a
layer or film of a polymeric material. Material 302 could
also be used to encase paste 200 without departing from the
scope of the present invention. The above-described protec-
tive materials layer/film can be omitted 1f molding step 102
1s carried out using a ceramic mold 400 (FIG. 3) in which
case paste 200 can be placed 1n direct contact with the mold
since ceramic material will not react with any of the mate-
rials used 1n paste 200. In either mold situation, the pressure
202 1s predicated on the choice of materials for particles 10
and the ultimate porosity or void volume of the fabricated
rigid reflector.

The resulting molded paste mixture is then sintered at step
104 to form a porous solid that resembles a rigid sponge.
More specifically, sintering step 104 in the present invention
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involves heating the molded paste mixture from step 102
without any additional pressure being applied thereto. The
maximum temperature of the sintering step 1s predicated on
the materials used for particle 10. For example, the sintering
process can follow a series of heat-and-hold “steps,” a
straight-line increase 1n temperature, or some other heat-
increase function without departing from the scope of the
present 1vention.

After the completion of sintering step 104, at step 106 the
porous solid 1s cooled to room temperature. For example, the
porous solid can be left 1n the sintering furnace as 1t cools to
room temperature. Finally, at step 108, a single surface of
the cooled porous solid i1s coated with a light-retlecting
metal (e.g., silver, aluminum, tungsten, tantalum, or other
highly reflective material such as stainless steel) whose
reflectivity 1s high 1n the spectral regions where the porous
solid 1s transparent (1.e., typically 1n the infrared regions of
the Sun’s spectrum). The results of step 108 are shown 1n
FIG. 4 where the sintering-generated porous solid 210 has a
surface 212 thereol coated with a light-reflecting metal 220
thereby yielding a rigid radiation reflector 230. The uncoated
surface of porous solid 210 1s the surface of reflector 230
that will face the source of incoming radiation (e.g., the
Sun), while metal coating 220 of reflector 230 will ulti-
mately be positioned adjacent to or coupled to a body (not
shown) that 1s to be protected from incoming radiation. The
coating process can use any of a number of suitable coating
or deposition processes (e.g., physical vapor deposition)
without departing from the scope of the present mnvention.

The table below lists several material/liquid combinations
used to fabricate rigid radiation reflectors in accordance with
the present invention. The table also lists suitable liquid
weight percent ranges, molding pressure ranges, maximum
sintering temperature, and resulting void volume ranges
exhibited by the fabricated porous solid.

Maximum
Weight Molding Sintering Void
Percent Pressure Temperature Volume
Material Liqud Liquid (kg/cm?) (K) Percent
Barum  Deionized  9.0-28.0 1.3-212.2 1053.15 10.4-61.0
fluoride Water
Potassium Methanol 10.0-15.0 4.3-154.2 698.15 9.8-46.9
bromuide
Hafnium Delonized  9.5-10.3  38.5-77.1 1323.15  30.5-66.8
dioxide water
Yttrium  Deionized  9.0-11.0  21.9-397.9 1323.15  30.5-74.0
oxide water

For many deep space applications 1t 1s necessary to have
a material that can reflect more than 99% of the Sun’s
irradiant power. The Sun 1s a broadband light source with
emission from the ultraviolet (1.e., 0.2 microns), through a
peak 1n the visible (i.e., approximately 0.5 microns), and
then decaying mto the infrared. The more significant inira-
red radiation has a wavelength between 0.7 and 12 microns.
The Sun emits at wavelengths beyond 12 microns, but the
spectral power 1n this long wave region 1s small and can be
ignored for purposes of the present invention. Accordingly,
in order to achieve 99% or better reflection of the Sun’s
power, a reflective material must have minimal absorption
across this region, 1.e., from around 0.2 microns to about
8-12 microns. Many broadband materials meet this require-
ment to include barium fluoride, potassium bromide, hai-
nium dioxide, and yttrium oxide, all of which are listed in
the table above. Potassium bromide has the broadest trans-
mission spectrum and 1s generally thought of as an 1deal
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maternial for reaching very low temperatures required for
superconducting and cryogenic applications. However,
potassium bromide dissolves easily in water and can be
difficult to use. Barium fluoride absorbs more radiation than
potassium bromide, but has less water absorption. The
oxides have higher melting temperatures and are hydropho-
bic such that they are subject to minimal water issues.
However, oxides’ optical properties are not as well-known
thereby adding some uncertainty to their performance, but
they may be prime candidates for fabricating a solar shield
to approach the Sun since their enhanced tolerance for heat
may oflset a small amount of additional solar absorbance.
Further, 1f one of the oxides 1s shown to have optical
properties comparable to barium fluoride, then 1ts high index
and water repulsion may make i1t a prime candidate for
cryogenic applications as well. Accordingly, the particular
choice of material from those presented herein can be
dictated by an application’s requirements.

A number of rigid radiation reflectors were fabricated in
accordance with the material/liquid selections, processing
steps, and processing limits or ranges described and enu-
merated above. Several of the resulting porous solids and
rigid reflectors were tested for reflectivity in the wavelength
range from approximately 0.2-0.3 microns to approximately
1.3 microns. In each case, tests of reflectivity were made
with a spectrometer calibrated with SPECTRALON, 1.e., a
fluoropolymer having the highest diffuse reflectance of any
known material or coating over the ultraviolet, visible, and
near-infrared regions of the spectrum. That 1s, and as 1s
known 1n the art, SPECTRALON’s reflectance 1s greater
than 99% over a range from 0.4 microns to 1.5 microns, and
1s greater than 95% over a range from 0.25 microns to 2.5
microns.

Referning first to FIG. 5, the reflectivity curves for a
number ol bartum fluoride-based rigid radiation retlectors
(1.e., the cooled porous solid coated on one surface thereof
with silver) are illustrated. It 1s noted that all barium
fluoride-based samples had a retlectivity in excess of that of
the SPECTRALON calibration sample (represented by trace
500) over the entire tested spectrum as evidenced by a
reflectivity of greater than 100%. In FIG. 6, an yttrium oxide
porous solid was tested without any reflective metal coating
on one surface thereof. Once again, the tested matenal had
a reflectivity greater than or approximately equal to that of
the SPECTRALON calibration material over the entire
tested spectrum as evidenced by a reflectivity of greater than
or approximately equal to 100%. Accordingly, reflectivity
percentages would only increase when the yttrium oxide
porous solid 1s coated on one surface thereof with a reflec-
tive metal.

The advantages of the present invention are numerous.
The fabrication method described herein 1s suitable for
constructing a variety of rigid radiation reflectors that are
also capable of emitting radiation generated by the body to
which the retlector 1s attached. The radiation reflectors have
been shown to retlect better than the current state-oi-the-art
reflector SPECTRALON. Accordingly, rnigid radiation
reflectors fabricated 1n accordance with the present inven-
tion are ideally suited for use on spacecraft tasked with
missions near the Sun.

The description of the present mvention has been pre-
sented for purposes of illustration and description, but 1s not
intended to be exhaustive or limited to the disclosure in the
form disclosed. Many modifications and variations will be
apparent to those of ordinary skill in the art without depart-
ing from the scope of the mvention. The described embodi-
ments were chosen and described 1n order to best explain the
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principles of the invention and the practical application, and
to enable others of ordinary skill in the art to understand the
invention for various embodiments with various modifica-
tions as are suited to the particular use contemplated.

What 1s claimed as new and desired to be secured by
Letters Patent of the United States 1s:

We claim:

1. A method of fabricating a rigid radiation retlector,
comprising the steps of:

providing a powdered material transparent to light 1 a

wavelength band extending {from approximately 0.2
micrometers to at least 8 micrometers;

dispersing said powdered material in a liquid wherein said

powdered material 1s at least 95% 1insoluble 1n said
liquid, wherein a mixture of said liquid and said pow-
dered material 1s generated;

molding said mixture under pressure at room temperature;

sintering said mixture following said step of molding to

generate a porous solid;

cooling said porous solid to room temperature; and

coating a surface of said porous solid with a light-

reflecting metal.

2. A method according to claim 1, wherein said powdered
material 1s selected from the group consisting of bartum
fluoride, potassium bromide, hatnium dioxide, and yttrium
oxide.

3. A method according to claim 1, wherein said powdered
material comprises potassium bromide, and wherein said
liquid comprises methanol.

4. A method according to claim 1, wherein said powdered
material 1s selected from the group consisting of bartum
fluoride, hatnium dioxide, and yttrium oxide, and wherein
said liquid comprises deionized water.

5. A method according to claim 1,

wherein said powdered material comprises barium fluo-

ride,
wherein said liquid comprises deionized water,
wherein said mixture comprises a weight percent of said
deionized water in a range of 9.0 to 28.0 weight
percent,
wherein said step of molding 1s carried out at a pressure

in a range of 1.3 to 212.2 kilograms per square centi-
meter, and
wherein said step of sintering 1s carried out to a maximum
temperature of 1053.15 K.
6. A method according to claim 1,
herein said powdered material comprises yttrium oxide,
herein said liquid comprises deionized water,
herein said mixture comprises a weight percent of said
deionized water 1n a range of 9.0 to 11.0 weight
percent,
wherein said step of molding 1s carried out at a pressure
in a range of 21.9 to 397.9 kilograms per square
centimeter, and

wherein said step of sintering 1s carried out to a maximum

temperature of 1323.15 K.

7. A method according to claim 1, wherein said light-
reflecting material 1s selected from the group consisting of
silver, aluminum, tungsten, tantalum, and stainless steel.

8. A method of fabricating a rigid radiation reflector,
comprising the steps of:

providing a powdered material transparent to light 1 a

wavelength band extending from approximately 0.2
micrometers to at least 8 micrometers;

dispersing said powdered material in a liquid wherein said

powdered material 1s at least 95% 1nsoluble 1n said

)
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liquid, wherein a mixture of said liquid and said pow-
dered material 1s generated;

molding said mixture under pressure at room temperature;

sintering said mixture following said step of molding to

generate a rigid sponge having a void volume 1n a range
of 9.8% to 74.0%:;

cooling said ngid sponge to room temperature; and

coating a surface of said rigid sponge with a light-

reflecting metal.
9. A method according to claim 8, wherein said powdered
material 1s selected from the group consisting ol barium
fluoride, potasstum bromide, hainium dioxide, and yttrium
oxide.
10. A method according to claim 8, wherein said pow-
dered material comprises potassium bromide, and wherein
said liquid comprises methanol.
11. A method according to claim 8, wherein said pow-
dered matenal 1s selected from the group consisting of
bartum fluoride, hainium dioxide, and yttrium oxide, and
wherein said liquid comprises deionized water.
12. A method according to claim 8,
wherein said powdered material comprises barium fluo-
ride,
wherein said liquid comprises deionized water,
wherein said mixture comprises a weight percent of said
deionized water in a range of 9.0 to 28.0 weight
percent,
wherein said step of molding 1s carried out at a pressure
in a range of 1.3 to 212.2 kilograms per square centi-
meter, and

wherein said step of sintering 1s carried out to a maximum
temperature of 1053.15 K.

13. A method according to claim 8,

wherein said powdered material comprises yttrium oxide,

wherein said liquid comprises deionized water,

wherein said mixture comprises a weight percent of said
deionized water 1n a range of 9.0 to 11.0 weight
percent,

wherein said step of molding 1s carried out at a pressure

in a range of 21.9 to 397.9 kilograms per square
centimeter, and

wherein said step of sintering 1s carried out to a maximum

temperature of 1323.15 K.

14. A method according to claim 8, wherein said light-
reflecting material 1s selected from the group consisting of
silver, aluminum, tungsten, tantalum, and stainless steel.

15. A method of fabricating a rigid radiation reflector,
comprising the steps of:

providing particles of a matenial transparent to light in a

wavelength band extending from approximately 0.2
micrometers to at least 8 micrometers, said particles
having an average dimension in a range of approxi-
mately 0.1 microns to approximately 0.3 microns;

dispersing said particles 1in a liquid wherein at least 95%

of said particles are dispersed and insoluble i1n said
liquad;

molding said particles in said liquid under pressure at

room temperature;

sintering, after said step of molding, said particles 1n said

liquid to generate a rigid sponge having a void volume
in a range ol 9.8% to 74.0%;

cooling said ngid sponge to room temperature; and

coating a surface of said rigid sponge with a light-

reflecting metal.

16. A method according to claim 15, wherein said material
1s selected from the group consisting of barium fluoride,
potassium bromide, hatnium dioxide, and yttrium oxide.
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17. Amethod according to claim 15, wherein said material
comprises potassium bromide, and wherein said liquid com-
prises methanol.

18. Amethod according to claim 15, wherein said material
1s selected from the group consisting of bartum fluoride,
hatnium dioxide, and yttrium oxide, and wherein said liquid
comprises deilonized water.

19. A method according to claim 15,
wherein said material comprises barium fluoride,
wherein said liquid comprises deionized water,
wherein said step of dispersing uses a weight percent of

said deionized water 1n a range of 9.0 to 28.0 weight

percent,
wherein said step of molding 1s carried out at a pressure

in a range of 1.3 to 212.2 kilograms per square centi-

meter, and

wherein said step of sintering 1s carried out to a maximum
temperature of 1053.15 K.

20. A method according to claim 15,

wherein said material comprises yttrium oxide,

wherein said liquid comprises deionized water,

wherein said step of dispersing uses a weight percent of
said deiomized water in a range of 9.0 to 11.0 weight
percent,

wherein said step of molding 1s carried out at a pressure

in a range of 21.9 to 397.9 kilograms per square
centimeter, and

wherein said step of sintering 1s carried out to a maximum

temperature of 1323.15 K.

21. A method according to claim 15, wherein said light-
reflecting material 1s selected from the group consisting of
silver, aluminum, tungsten, tantalum, and stainless steel.

22. A method of fabricating a rigid radiation reflector,
comprising the steps of:

providing a paste of a powdered material and a liquid, said

powdered maternial being transparent to light 1n a wave-
length band extending from approximately 0.2 microm-
cters to at least 8 micrometers, said powdered material
being at least 95% insoluble 1 said hiquid;

molding said paste under pressure at room temperature to

generate a molded paste;

sintering said molded paste to generate a porous solid;

cooling said porous solid to room temperature; and

coating a surface of said porous solid with a light-
reflecting metal.

23. A method according to claim 22, wherein said pow-
dered matenial 1s selected from the group consisting of
bartum fluoride, potassium bromide, hatnium dioxide, and
yttrium oxide.

24. A method according to claim 22, wherein said pow-
dered material comprises potassium bromide, and wherein
said liquid comprises methanol.

25. A method according to claim 22, wherein said pow-
dered matenial 1s selected from the group consisting of
bartum fluonide, hafmum dioxide, and yttrium oxide, and
wherein said liquid comprises deionized water.

26. A method according to claim 22,

wherein said powdered material comprises barium fluo-

ride,
wherein said liquid comprises deionized water,
wherein said paste comprises a weight percent of said
deionized water 1 a range of 9.0 to 28.0 weight
percent,
wherein said step of molding 1s carried out at a pressure

in a range of 1.3 to 212.2 kilograms per square centi-

meter, and
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wherein said step of sintering 1s carried out to a maximum

temperature of 1033.15 K.

27. A method according to claim 22,

W.
W]

nerein said powdered material comprises yttrium oxide,
erein said liquid comprises deionized water, 5

W.

erein said paste comprises a weight percent of said
deionized water 1n a range of 9.0 to 11.0 weight

percent,

wherein said step of molding 1s carried out at a pressure

in a range of 21.9 to 397.9 kilograms per square 10
centimeter, and

wherein said step of sintering 1s carried out to a maximum

temperature of 1323.15 K.

28. A method according to claim 22, wherein said light-

reflecting material 1s selected from the group consisting of 15
silver, aluminum, tungsten, tantalum, and stainless steel.
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