wo 20187182815 A1 |00 O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date

(10) International Publication Number

WO 2018/182815 Al

04 October 2018 (04.10.2018) WIPO | PCT
(51) International Patent Classification: (74) Agent: KING, Kevin, W. et al.; Eversheds Sutherland
GOI1K 7/34 (2006.01) GO1L 9/10 (2006.01) (US) LLP, 999 Peachtree Street, NE, Atlanta, Georgia
GO01D 3/08 (2006.01) 30309-3996 (US).
(21) International Application Number: (81) Designated States (unless otherwise indicated, for every
PCT/US2018/012538 kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
05 January 2018 (05.01.2018) CA,CH,CL,CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
o DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
(25) Filing Language: English HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
o . KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
(26) Publication Language: English MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ.
(30) Priority Data: OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
62/443,103 06 January 2017 (06.01.2017) Us SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(71) Applicants: FLORIDA STATE UNIVERSITY
RESEARCH FOUNDATION, INC. [US/US]; 874 Tra- (84) Designated States (unless otherwise indicated, for every
ditions Way, Tallahasse, Florida 32306-4166 (US). kind of regional protection available): ARIPO (BW, GH,
GOVERNMENT OF THE UNITED STATES AS GM,KE, LR, LS, MW, MZ, NA, RW, 8D, SL, 8T, 8Z, TZ,
REPRESENTED BY THE SECRETARY OF THE AIR UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, T,
FORCE [US/US]; 2240 B Street, Bldg. 11, Room 204, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
Wright-Patterson AFB, Ohio 45433-7109 (US). EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
. MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
(72) Imventors: XU, Chengying; 8067 Preservation Road, Tal-

lahasse, Florida 32312 (US). SCHRAND, Amanda; 306
W. Eglin Boulevard, Building 432, Room 2, Eglin AFB,
Florida 32542 (US).

TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

(54) Title: TEMPERATURE AND PRESSURE SENSORS AND METHODS

FIG. 5A

(57) Abstract: Temperature sensors, pressure sensors, methods of making the same, and methods of detecting pressures and temper-
atures using the same are provided. In an embodiment, the temperature sensor includes a ceramic coil inductor having a first end

plate and a second end plate, wherein the ceramic coil inductor is formed of a ceramic composite that comprises carbon nanotubes

or, carbon nanofibers, or a combination ot carbon nanotubes and carbon nanofibers thereof dispersed in a ceramic matrix; and a thin
film polymer-derived ceramic (PDC) nanocomposite disposed between the first and the second end plates, wherein the thin film PDC

nanocomposite has a dielectric constant that increases monotonically with temperature.

[Continued on next page]



WO 2018/182815 A1 {100V A0 O

Declarations under Rule 4.17:

— as to applicant’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

— as to the applicant’s entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



10

15

20

25

30

WO 2018/182815 PCT/US2018/012538

TEMPERATURE AND PRESSURE SENSORS AND METHODS

Cross-Reference to Related Applications
This application claims priority to U.S. Provisional Patent Application No.

62/443,103, filed on January 6, 2017, which is incorporated herein by reference in its entirety.

Statement Regarding Federally Sponsored Research or Development
This invention was made with government support under contract number N00014-11-
1-0706 awarded by the Office of Naval Research. The government has certain rights in the

invention.

Background

Maintaining situational awareness of the weapon environment is desirable for
developing the next generation of robust missile and munition (M&M) systems that can
withstand the extreme acceleration, temperature, and pressure conditions that are presented by
traditional fighter and hypersonic aircraft. Conventional techniques for remotely monitoring
munition assets are primarily performed by proximate environmental monitoring by fuel
sensors, accelerometers, surface acoustic wave sensors, chemical resistors, and temperature
sensors, which unfortunately are limited to storage and transportation purposes. In addition,
conventional temperature testing for M&M surveillance is performed over a limited
temperature range, e.g., -55 °C to 125 °C.

Typical conventional temperature sensors used in the evaluation of M&M systems
include thermocouples, thermistors, resistance thermometers, quartz thermometers, which all
include a metallic coil inductor. However, these temperature sensors have certain drawbacks.
For example, these temperature sensors cannot be used in high temperature environments
(e.g., 800 °C to 1400 °C) for prolonged periods of time due to oxidation of the metallic coil
inductor, or can only be used under wired measurement conditions, and therefore are not
suitable for in-flight monitoring. As a result, these temperature sensors can provide only
limited evaluation of M&M systems.

It therefore would be desirable to provide improved temperature sensors that
overcome one or more of the foregoing limitations. In particular, it would be desirable to

provide a temperature sensor that can withstand high temperatures for prolonged periods of
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time, along with the ability to wirelessly transmit real-time, in-flight temperature data of
M&M systems.

Similarly, real-time, online pressure monitoring is desired for many harsh-
environment applications, such as gas turbines for power generation, to maintain operational
effectiveness and safety. However, in such applications, suitable pressure sensors need to
withstand corrosive gas environments having high temperatures (e.g., 1000 °C to 1400 °C)
and high pressures (e.g., 300 psi to 600 psi).

Typical conventional pressure sensors used in these applications include passive
pressure sensors based on resistive or capacitive sensing mechanisms. However, these
pressure sensors have certain drawbacks. For example, wire interconnection is required to
interrogate these sensors, and these sensors cannot operate effectively in high temperature
environments. Moreover, pressure sensors that utilize a patch antenna operate within a
limited temperature range, e.g., -55 °C to 125 °C, because of the metallic wire used with the
patch antenna. As a result, the application of these common pressure sensors is limited.

It therefore would be desirable to provide improved pressure sensors that overcome
one or more of the foregoing limitations. In particular, it would be desirable to provide a
pressure sensor that can withstand high temperatures and pressures for prolonged periods,

along with the ability to wirelessly transmit real-time pressure data.

Summary

In one aspect, a temperature sensor is provided which includes: a ceramic coil inductor
having a first end plate and a second end plate, wherein the ceramic coil inductor is formed of
a ceramic composite that comprises carbon nanotubes, carbon nanofibers, or a combination
thereof dispersed in a ceramic matrix; and a thin film polymer-derived ceramic (PDC)
nanocomposite disposed between the first and the second end plates, wherein the thin film
PDC nanocomposite has a dielectric constant that increases monotonically with temperature.

In another aspect, a pressure sensor is provided including: a ceramic coil inductor
having a first end plate and a second end plate, wherein the ceramic coil inductor is formed of
a ceramic composite that comprises carbon nanotubes, or carbon nanofibers, or a combination
of carbon nanotubes and carbon nanofibers thereof dispersed in a ceramic matrix; and a PDC

nanocomposite structure disposed between the first and the second end plates, wherein the
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PDC nanocomposite structure has walls that define an internal cavity having a first cavity
surface and an opposed second cavity surface, wherein the first and second cavity surfaces are
spaced a distance from one another and the distance varies proportionally to the atmospheric
pressure outside of the pressure sensor.

In another aspect, a method for making a wireless sensor is provided, the method
including: disposing a PDC nanocomposite between a first end plate and a second end plate of
a ceramic coil inductor, wherein the ceramic coil inductor comprises carbon nanotubes, or
carbon nanofibers, or a combination of carbon nanotubes and carbon nanofibers thereof
dispersed in a ceramic matrix, wherein the sensor is a temperature sensor or a pressure sensor.

In another aspect, a method of detecting a change in temperature is provided, the
method including: placing one or more temperature sensors described above in an
environment; and measuring a frequency shift of an electromagnetic signal induced in the
ceramic coil to detect a change in temperature of the environment.

In another aspect, a method of detecting a change in pressure is provided, the method
including: placing one or more pressure sensors described above in an environment; and
measuring a frequency shift of an electromagnetic signal induced in the ceramic coil inductor

to detect a change in pressure of the environment.

Brief Description of the Drawings

The detailed description is set forth with reference to the accompanying drawings.
The use of the same reference numerals may indicate similar or identical items. Various
embodiments may utilize elements and/or components other than those illustrated in the
drawings, and some elements and/or components may not be present in various embodiments.
Elements and/or components in the figures are not necessarily drawn to scale.

FIG. 1A is a top plan view of a temperature sensor in accordance with an embodiment
of the present disclosure.

FIG. 1B is an elevated side view of the temperature sensor in FIG. 1A.

FIG. 1C is a bottom plan view of the temperature sensor in FIG. 1A,

FIG. 2 is a graph showing the dielectric constant of polymer-derived ceramic material

as a function of temperature at 1| MHz.



10

15

20

25

30

WO 2018/182815 PCT/US2018/012538

FIG. 3 is a schematic of an exemplary temperature sensor represented as a passive
resistor-inductor-capacitor (RLC) circuit.

FIG. 4A is a graph illustrating the mechanical and electrical properties of a ceramic
composite of an exemplary temperature sensor of the present disclosure compared to other
representative CNT-reinforced ceramic composites and graphite.

FIG. 4B is a graph showing a change in measured electrical conductivity of a ceramic
composite of an exemplary temperature sensor of the present disclosure as a function of
temperature.

FIG. 5A is a top perspective view of a pressure sensor in accordance with an
embodiment of the present disclosure.

FIG. 5B is a cross-sectional view of the pressure sensor in FIG. 5A.

FIG. 5C is a bottom perspective view of the pressure sensor in FIG. SA.

FIG. 6 is a schematic of an exemplary pressure sensor represented as an evanescent-
mode cavity resonator.

FIG. 7 is a schematic of a temperature sensor of the present disclosure integrated
within an exemplary missile and munition (M&M) system.

FIG. 8 is an elevated side view of a temperature sensor according to an embodiment
of the present disclosure.

FIG. 9 is an elevated side view of a pressure sensor according to an embodiment of

the present disclosure.

Detailed Description

New temperature and pressure sensors are provided herein that may include a ceramic
coil inductor having ceramic material and a relatively high volume fraction of carbon
nanotubes. The combination leverages the remarkable electrical and mechanical properties
(stiff and strong) of carbon nanotubes (CNTs) and the thermal properties (temperature
sensitivity) of ceramic materials.

In some embodiments, the temperature sensors provided herein are high temperature,
wireless sensors having one or more of the following advantages: (i) the ability to provide
real-time, in-flight monitoring of M&M systems; (ii) the ability to maintain safety and

effectiveness of critical parts and materials of the M&M systems without the need for
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extensive non-destructive evaluation (NDE), thereby reducing cost and time; and (iii) on-
demand tracking and assessing of the status of the M&M systems over extended periods,
based upon changing conditions.

Similarly, in some embodiments, the pressure sensors provided herein are wireless and
can operate in harsh, corrosive gaseous environments having high temperatures and pressures.
These sensors have one or more of the following advantages: (1) the ability to provide real-
time, monitoring of systems that operate in high temperature and pressure environments; (i)
the ability to maintain safety and effectiveness of critical parts and materials of these systems,
thereby reducing cost and time; and (ii1) on-demand tracking and assessing of the status of
systems over extended periods, based upon changing conditions.

Temperature Sensors

In some embodiments, the temperature sensors include a ceramic coil inductor that is
formed of a ceramic composite and a thin film polymer-derived ceramic (PDC)
nanocomposite having a dielectric constant that increases monotonically with temperature.

An exemplary embodiment is illustrated in FIGS. 1A-1C. In this embodiment, the
temperature sensor 100 includes a ceramic coil inductor 110 having a first end plate 120 and a
second end plate 130. The temperature sensor 100 further includes a PDC nanocomposite 140
that is disposed between the first and second end plates, 120, 130.

In certain embodiments, the ceramic coil inductor 110 is configured to communicate
with an external radio frequency antenna. In other embodiments, the temperature sensor 100
includes a patch antenna that is attached to the first end plate 120 of the ceramic coil inductor
110 and is configured to communicate with an external radio frequency antenna. Therefore,
by using wireless transmission, the signal transmission distance can be accomplished over a
network of RF links, such as satellite, the Internet, and/or infrared data links, or any other
desired communication path.

FIG. 8 illustrates an elevated side view of a temperature sensor 800 according to
another embodiment of the present disclosure. In this embodiment, the temperature sensor
800 includes a ceramic coil inductor 810 having a first end plate 820 and a second end plate
830. The temperature sensor 800 further includes a PDC nanocomposite 840 that is disposed
between the first and second end plates, 820, 830.
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The temperature sensor 800 further includes a patch antenna 850 that is attached to the
first end plate 820 of the ceramic coil inductor 810 and is configured to communicate with an
external radio frequency antenna. Therefore, by using wireless transmission, the signal
transmission distance can be accomplished over a network of RF links, such as satellite, the
Internet, and/or infrared data links, or any other desired communication path.

Polymer-derived ceramic (PDC) materials are synthesized by thermal decomposition
of polymeric precursors, instead of by conventionally sintering ceramic powder compacts.
The polymeric precursor is in liquid form, and solidified into a polymer phase and then
further pyrolyzed into a ceramic phase.

It has been demonstrated that the electrical conductivity of PDC materials can be
greatly varied by tailoring the composition of the PDC materials from being an insulator to a
semiconductor. When in the insulator state, PDC materials possess a dielectric constant that
increases monotonically with temperature. This is desired because, when the dielectric
constant can be determined, the environmental temperature the sensor is experiencing can be
calculated. As shown in FIG. 2, this trend has been verified for temperatures up to 1000 K
(727°C) at 1 MHz.

In embodiments, the present temperature sensors can be represented as a passive
resistor-inductor-capacitor (RLC) circuit, which receives electromagnetic energy from an
external transmitter/receiver as shown in FIG. 3.

The permittivity € of the PDC nanocomposite is a function of temperature as indicated
in Equation (1):

e=¢5(T) (1)
This results in the capacitance C of the RLC circuit being temperature dependent as

indicated in Equation 2:

C=c4
d @
where A is the area of the end plate that serves as the bottom plate of the ceramic coil
inductor, e.g., the second end plate 130, and d is the distance between two plates (and is also
the thickness of ceramic material).
Since the inductance L is a constant, the frequency f of the RLC circuit can then be

expressed as Equation 3:
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e G)
Therefore, the frequency electromagnetic wave generated by the sensor will change as a
function of the temperature. This change in frequency can be transmitted by either the
ceramic coil inductor itself or by a patch antenna attached thereto and received by a remotely
placed RF reader antenna.

In embodiments, the ceramic composite comprises a ceramic matrix and carbon
nanotubes or carbon nanofibers, or a combination of carbon nanotubes and nanofibers
dispersed in the ceramic matrix. In some embodiments, the ceramic matrix comprises a
polymer-derived ceramic (PDC) material.

In some embodiments, the carbon nanotubes comprise single-walled carbon
nanotubes, multi-walled carbon nanotubes, or a combination thereof.

The ceramic composites provided herein generally may include a relatively high
volume fraction of carbon nanotubes. As shown in FIG. 4A, it has been found that high
volume fraction of carbon nanotubes in combination with a PDC material result in ceramic
composites having greater electrical conductivity compared to other CNT-reinforced ceramic
composites and to graphite. Therefore, high electrical conductivity, which is desirable, may
be provided, at least in part, by the high volume of carbon nanotubes.

In embodiments, the volume fraction of carbon nanotubes in the composite material is
about 15% to about 90%, for example about 15%, about 20%, about 25%, about 30%, about
35%, about 40%, about 45%, about 50%, about 55%, about 60%, about 65%, about 70%,
about 75%, about 80%, about 85%, about 90%, or any ranges therebetween. In some
embodiments, the volume fraction of carbon nanotubes in the composite material is about
30% to about 80%. In some embodiments, the volume fraction of carbon nanotubes in the
composite material is about 40% to about 70%. In some embodiments, the volume fraction of
carbon nanotubes in the composite material is about 60%.

Additionally, as illustrated in FIG. 4B, the present ceramic composites are lighter and
possess a desirable amount of electrical conductivity, along with having the ability to
withstand high temperatures. FIG. 4B compares the electrical conductivity changes with
elevated temperature for an exemplary ceramic composite compared to copper. As seen in

FIG. 4B, the electrical conductivity of the ceramic composite increases as the temperature
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increases to 750 °C. This trend is desirable not only because the higher the electrical
conductivity of the sensor, the greater the distance the sensor signal can be transmitted by the
ceramic coil inductor itself or by the patch antenna, but also because elevated temperatures
may not adversely affect the performance of the sensor.

Pressure Sensors

Generally, the pressure sensors comprise a ceramic coil inductor formed of a ceramic
composite, which has carbon nanotubes or carbon nanofibers, or a combination of carbon
nanotubes and carbon nanofibers dispersed in a ceramic matrix, and a polymer-derived
ceramic (PDC) nanocomposite. In some embodiments, the ceramic matrix comprises a
polymer-derived ceramic (PDC) material.

An exemplary embodiment of a pressure sensor is illustrated in FIGS. SA-SC. In this
embodiment, the pressure sensor 200 includes a ceramic coil inductor 210 having a first end
plate 220 and a second end plate 230. The pressure sensor 200 further includes a PDC
nanocomposite structure 240 that is disposed between the first and second end plates 220,
230. The PDC nanocomposite structure 240 has two opposed, generally disk shaped walls
and an outer ring wall that together define an internal cavity 250. The internal cavity 250 is
bounded, in part, by a first cavity surface 260, which includes a generally centrally-located
elevated regional surface 290, and a second cavity surface 280. The elevated regional surface
290 is part of protrusion 270. The elevated regional surface 290 of the first cavity surface 260
is not in contact with the second cavity surface 280. Instead, the elevated regional surface
290 is spaced a distance D from the second cavity surface 280. The distance D will vary
based on the differential between the pressure within the internal cavity 250 and the pressure
of the external environment in which the pressure sensor 200 is located. The distance D will
vary inversely proportional to the environmental pressure. In some embodiments, the
protrusion 270 is generally in the shape of a cylindrical disk.

In certain embodiments, the ceramic coil inductor 210 is configured to communicate
with an external radio frequency antenna. Therefore, by using wireless transmission, the
signal transmission distance can be accomplished over a network of RF links, such as
satellite, the Internet, and/or infrared data links, or any other desired communication path.

FIG. 9 illustrates an elevated side view of a pressure sensor 900 according to another

embodiment of the present disclosure. In this embodiment, the pressure sensor 900 includes a
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ceramic coil inductor 910 having a first end plate 920 and a second end plate 930. The
pressure sensor 900 further includes a PDC nanocomposite structure 940 that is disposed
between the first and second end plates 920, 930. The PDC nanocomposite structure 940 has
two opposed, generally disk shaped walls and an outer ring wall that together define an
internal cavity 950. The internal cavity 950 is bounded, in part, by a first cavity surface 960,
which includes a generally centrally-located elevated regional surface 290, and a second
cavity surface 280. The elevated regional surface 990 is part of protrusion 970. The elevated
regional surface 990 of the first cavity surface 960 is not in contact with the second cavity
surface 980. Instead, the elevated regional surface 990 is spaced a distance D from the second
cavity surface 980. The distance D will vary based on the differential between the pressure
within the internal cavity 950 and the pressure of the external environment in which the
pressure sensor 900 is located. The distance D will vary inversely proportional to the
environmental pressure. In some embodiments, the protrusion 970 is generally in the shape of
a cylindrical disk.

The pressure sensor 900 further includes a patch antenna 995 that is attached to the
first end plate 920 of the ceramic coil inductor 910 and is configured to communicate with an
external radio frequency antenna. Therefore, by using wireless transmission, the signal
transmission distance can be accomplished over a network of RF links, such as satellite, the
Internet, and/or infrared data links, or any other desired communication path.

In embodiments, the present pressure sensors can be represented as an evanescent-
mode cavity resonator, which receives electromagnetic energy from an external
transmitter/receiver as shown in FIG. 6.

The resonant frequency of the evanescent-mode resonator can be expressed as

Equation (4):

1

fr = m “)

where Cp represents parallel-plate capacitance between the second cavity surface and the

protrusion, Cris the remaining fringing capacitance, and L is the equivalent inductance.
The parallel-plate capacitance Cp between the second cavity and the protrusion is

expressed as indicated in Equation 5:

G= 22 )

gap
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where €o is the permittivity of the PDC nanocomposite at room temperature, 4 is the area of
the first surface of the protrusion, and the gap is the distance between the second cavity
surface and the first surface of the protrusion.

With pressure being applied to the pressure sensor, Cp increases with the reduced gap
due to the cavity deformation of the PDC nanocomposite, and therefore the gap is inversely
proportional to pressure. Therefore, the frequency electromagnetic wave generated by the
pressure sensor will change as a function of the applied pressure. This change in frequency
can be transmitted by the ceramic coil inductor and received by a remotely placed RF reader
antenna.

In some embodiments, the carbon nanotubes comprise single-walled carbon
nanotubes, multi-walled carbon nanotubes, or a combination thereof.

As discussed above, the ceramic composites provided herein generally may include a
relatively high volume fraction of carbon nanotubes. In embodiments, the volume fraction of
carbon nanotubes in the composite material is about 20 % to about 90 %. In other
embodiments, the volume fraction of carbon nanotubes in the composite material is about
30 % to about 80 %. In some particular embodiments, the volume fraction of carbon
nanotubes in the composite material is about 40 % to about 70 %. In some embodiments, the
volume fraction of carbon nanotubes in the composite material is about 60 %.

Methods of Manufacture

Generally, the methods for making the wireless temperature and pressure sensors
described herein include disposing a PDC nanocomposite between a first end plate and a
second end plate of a ceramic coil inductor. The ceramic coil inductor comprises carbon
nanotubes or carbon nanofibers, or a combination of carbon nanotubes and carbon nanofibers
dispersed in a ceramic matrix.

Temperature Sensors

In some embodiments, the PDC nanocomposite is in the form of a thin film and has a
dielectric constant that increases monotonically with temperature. In such embodiments, the
method may further comprise attaching a patch antenna to the first end plate of the ceramic
coil inductor.

In some embodiments, the method of making a wireless temperature sensor further

includes forming the ceramic coil inductor and/or the PDC nanocomposite via an additive

10
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manufacturing process. Exemplary additive manufacturing processes are disclosed in U.S.
Patent Application Publication No. 2017/0341297 A1, which is incorporated by reference
herein.

In some embodiments, the additive manufacturing process includes (i) providing a
mixture of a liquid-state pre-ceramic polymer and carbon nanotubes or carbon nanofibers, or a
combination of carbon nanotubes and carbon nanofibers; (i) disposing the mixture on a
support; (ii1) exposing the mixture to ultraviolet light effective to substantially cure the liquid-
state pre-ceramic polymer; and (iv) subjecting the mixture to pyrolysis at a temperature and
time effective to form the ceramic coil inductor or the PDC nanocomposite.

In some embodiments, the additive manufacturing process includes (i) providing a
mixture of a liquid-state pre-ceramic polymer and carbon nanotubes or carbon nanofibers, or a
combination of carbon nanotubes and carbon nanofibers; (ii) disposing a first portion of the
mixture on a support; (iii) exposing the first portion of the mixture to ultraviolet light effective
to substantially cure the liquid-state pre-ceramic polymer of the first portion; (iv) disposing a
second portion of the mixture on the first portion; (v) exposing the second portion of the
mixture to ultraviolet light effective to substantially cure the liquid-state pre-ceramic polymer
of the second portion; and (vi) subjecting the first and second portions of the mixture to
pyrolysis at a temperature and time effective to form the ceramic coil inductor or the PDC
nanocomposite.

In some variations of the foregoing embodiments, the curing step may be effected by
application of other suitable wavelengths of light and/or by heating the mixture.

In some embodiments, a 3D printing process is used to place the mixture of a liquid-
state pre-ceramic polymer and carbon nanotubes or carbon nanofibers, or a combination of
carbon nanotubes and carbon nanofibers, onto a support. 3D printing systems are known in
the art and may be readily adapted to dispose the mixture on a support to form a ceramic coil
inductor of the present temperature sensors.

In some embodiments, the support is maintained at a temperature equal to or less than
the freezing point of the liquid-state pre-ceramic polymer. Not wishing to be bound by any
particular theory, it is believed that a support maintained at such a temperature may allow the
dimensions of the liquid-state pre-ceramic polymer disposed on the substrate to be at least

substantially controlled.
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In one embodiment, one or more additives are added to the mixture. The one or more
additives may include powders, a UV sensitizer, or a combination thereof. The powders may
include metal powders.

In embodiments, the liquid-state pre-ceramic polymer is a paste. In some particular
embodiments, the liquid-state pre-ceramic polymer is an aqueous paste.

In one embodiment, the liquid-state pre-ceramic polymer is formed by mixing a pre-
ceramic material and water. Proper mixing may be used to ensure that the mixture will be
soluble enough to ease the deposition of the liquid-state pre-ceramic polymer, such as with 3D
printing, with no entrapped gas in it.

In some embodiments, the liquid-state pre-ceramic polymer includes polysilazane.

The mixture may be formed by mixing the components in a suitable container (e.g., a
beaker or other processing or reaction vessel), with mechanical stirring, such as with a
magnetic mixer, for a period effective to substantially uniformly disperse the components
with the mixture.

The viscosity of the liquid-state pre-ceramic polymer may be tested. Based on the
viscosity, mixing may be continued as necessary, or the proportions of the components may
be adjusted to achieve a desired viscosity, or a combination thereof.

When the liquid-state pre-ceramic polymer is a paste, the paste, in embodiments,
should not be too thick or too watery, so that the paste can be suitably transported and
deposited, and otherwise processed as described herein. Not wishing to be bound by any
particular theory, it is believed that a relatively thick paste may make extrusion/printing/
disposing more difficult to perform and/or may lead to cracks, while paste that is not viscous
enough may make extrusion/printing/disposing hard to control and also may add time to the
curing and/or pyrolysis steps. Viscosity checks, if necessary, may be performed frequently as
mixing proceeds, and mixing stopped when a suitable viscosity is achieved.

Once the mixture is obtained, the mixture may be collected into a syringe or other
device, for loading into a 3D printer or other apparatus configured to dispose the mixture on a
substrate.

In some embodiments, the performance of the temperature sensors described herein
may be tested using arc-jet facilities, such as a short-take and vertical landing (STOVL) jet

facility, or wind tunnels.
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Pressure Sensors

In some embodiments, the PDC nanocomposite defines an internal cavity having a
first cavity surface from which a protrusion extends, but does not contact, a second cavity
surface. The protrusion has a first surface that is spaced at a distance from the second cavity
surface in which the distance is inversely proportional to pressure.

In some embodiments, the method for making the present wireless pressure sensors
further includes forming the ceramic coil inductor and/or the PDC nanocomposite via an
additive manufacturing process. Exemplary additive manufacturing processes are disclosed in
U.S. Patent Application Publication No. 2017/0341297 A1, which is incorporated by
reference herein.

In some embodiments, the additive manufacturing process for forming the ceramic
coil inductor includes (i) providing a mixture of a liquid-state pre-ceramic polymer and
carbon nanotubes or carbon nanofibers, or a combination of carbon nanotubes and carbon
nanofibers; (ii) disposing the mixture on a support; (iii) exposing the mixture to ultraviolet
light effective to substantially cure the liquid-state pre-ceramic polymer; and (iv) subjecting
the mixture to pyrolysis at a temperature and time effective to form the ceramic coil inductor.

In some embodiments, the additive manufacturing process for forming the ceramic
coil inductor includes (i) providing a mixture of a liquid-state pre-ceramic polymer and
carbon nanotubes or carbon nanofibers, or a combination of carbon nanotubes and carbon
nanofibers; (ii) disposing a first portion of the mixture on a support; (ii1) exposing the first
portion of the mixture to ultraviolet light effective to substantially cure the liquid-state pre-
ceramic polymer of the first portion; (iv) disposing a second portion of the mixture on the first
portion; (v) exposing the second portion of the mixture to ultraviolet light effective to
substantially cure the liquid-state pre-ceramic polymer of the second portion; and (vi)
subjecting the first and second portions of the mixture to pyrolysis at a temperature and time
effective to form the ceramic coil inductor.

In some embodiments, the additive manufacturing process for forming the PDC
nanocomposite includes (i) providing a mixture of a liquid-state pre-ceramic polymer and
carbon nanotubes or carbon nanofibers, or a combination of carbon nanotubes and carbon
nanofibers; (ii) disposing a first portion of the mixture on a first support; (iii) exposing the

first portion of the mixture to ultraviolet light effective to substantially cure the liquid-state
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pre-ceramic polymer of the first portion; (iv) subjecting the first portion of the mixture to
pyrolysis at a temperature and time effective to form a first section of the PDC
nanocomposite, wherein the first portion comprises a first cavity surface; (v) metallizing the
first portion of the PDC nanocomposite; (vi) disposing a second portion of the mixture on a
second support; (vil) exposing the second portion of the mixture to ultraviolet light effective
to substantially cure the liquid-state pre-ceramic polymer of the second portion; (viii)
subjecting the second portion of the mixture to pyrolysis at a temperature and time effective to
form a second section of the polymer derived-ceramic nanocomposite, wherein the second
portion comprises a second cavity surface; metallizing the second portion of the PDC
nanocomposite; and (ix) joining the first portion with the second portion to form the PDC
nanocomposite.

In some variations of the foregoing embodiments, the curing step may be effected by
application of other suitable wavelengths of light and/or by heating the mixture.

In one embodiment, disposing the mixture of a liquid-state pre-ceramic polymer and
carbon nanotubes or carbon nanofibers, or a combination of carbon nanotubes and carbon
nanofibers on a support includes 3D printing the mixture on a support.

In one embodiment, the support is maintained at a temperature equal to or less than the
freezing point of the liquid-state pre-ceramic polymer. Not wishing to be bound by any
particular theory, it is believed that a support maintained at such a temperature may allow the
dimensions of the liquid-state pre-ceramic polymer disposed on the substrate to be at least
substantially controlled.

In one embodiment, one or more additives are added to the mixture. The one or more
additives may include powders, a UV sensitizer, or a combination thereof. The powders may
include metal powders.

In embodiments, the liquid-state pre-ceramic polymer is a paste. In particular
embodiments, the liquid-state pre-ceramic polymer is an aqueous paste.

In one embodiment, the liquid-state pre-ceramic polymer is formed by mixing a pre-
ceramic material and water. Proper mixing may be used to ensure that the mixture will be
soluble enough to ease the deposition of the liquid-state pre-ceramic polymer, such as with 3D
printing, with no entrapped gas in it.

In one embodiment, the liquid-state pre-ceramic polymer comprises polysilazane.
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The mixture may be formed by mixing the components in a suitable container (e.g., a
beaker or other processing or reaction vessel), with mechanical stirring, such as with a
magnetic mixer, for a period effective to substantially evenly mix the components.

The viscosity of the liquid-state pre-ceramic polymer may be tested. Based on the
viscosity, mixing may be continued as necessary, or the proportions of the components may
be adjusted to achieve a desired viscosity, or a combination thereof.

When the liquid-state pre-ceramic polymer is a paste, the paste, in embodiments, must
not be too thick, nor too watery. Not wishing to be bound by any particular theory, it is
believed that a relatively thick paste may make extrusion/printing/disposing more difficult to
perform and/or may lead to cracks, while paste that is not viscous enough may make
extrusion/printing/disposing hard to control and also may add time to the curing and/or
pyrolysis steps. Viscosity checks, if necessary, may be performed frequently as mixing
proceeds, and mixing may be stopped when good viscosity is achieved.

Once the mixture is obtained, the mixture may be collected into a syringe or other
device, for loading into a 3D printer or other apparatus configured to dispose the mixture on a
substrate.

Method of Use

Generally, the wireless temperature sensors described herein are used to detect a
change in temperature of an environment, such as an in-flight environment of an M&M
system. Similarly, the wireless pressure sensors described herein are used to detect a change
in pressure of an environment, such as an operational environment of a gas turbine.

Temperature Sensors

In some embodiments, the method of detecting a change in temperature comprises
placing one or more temperature sensors as described herein in an environment; and
measuring a frequency shift of an electromagnetic signal induced in the ceramic coil inductor
to detect a change in temperature of the environment.

As described herein, the change in permittivity of the ceramic matrix of the ceramic
coil inductor is a function of temperature within the environment. In embodiments, the
change in permittivity of the ceramic matrix results in the frequency shift of the

electromagnetic signal.
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In some embodiments, the one or more temperature sensors are configured to detect
the change in temperature in the environment with a temperature in the range from about
800 °C to about 1000 °C, for example, about 810 °C, about 825 °C, about 850 °C, about 900
°C, about 925 °C, about 950 °C, about 980 °C, and any ranges therebetween. In some
embodiments, the one or more temperature sensors are configured to detect the change in
temperature in the environment with a temperature in the range of from about 25 °C to about
1000 °C, for example about 25 °C, about 100 °C, about 200 °C, about 300 °C, about 400 °C,
about 500 °C, about 600 °C, about 700 °C, about 800 °C, about 900 °C, about 100 °C, and
any ranges therebetween.

FIG. 7 shows an exemplary system of a present temperature sensor integrated into an
M&M system. The system 700 includes an aircraft 702, and a wireless ceramic temperature
sensor 704 for in-flight heath monitoring. The wireless ceramic temperature sensor includes a
wireless sensor 706 and an RF antenna 708. Using the RF antenna 708, the sensor 704
communicates with several field programmable gate arrays (“FPGA”). For example, the
sensor 704 communicates with a DSP processing FPGA 710 and a control FPGA 712, each of
which communicates with a processor interface FPGA 714. The processor interface 714 in
turn communicates with a processor 716 and a secure communication FPGA 718. The control
FPGA 712 communicates with a roll/pitch/altitude sensor 720 and a control motor 722, which
may control parts of the aircraft 702.

Pressure Sensors

In some embodiments, the method of detecting a change in pressure comprises placing
one or more pressure sensors as described herein in an environment; and measuring a
frequency shift of an electromagnetic signal induced in the ceramic coil inductor to detect a
change in pressure of the environment.

As described herein, the change in distance is a function of pressure within the
environment. In embodiments, the change in the distance between the first surface of the
protrusion and the second cavity surface results in the frequency shift.

In some embodiments, the one or more pressure sensors are configured to detect the
change in pressure in the environment with a pressure in the range from about 0 psi to about
40,000 pst, for example about 1 psi, about 10 psi, about 50 psi, about 100 psi, about 150 psi,
about 200 psi, about 300 psi, about 400 psi, about 500 psi, about 600 psi, about 700 psi, about
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800 psi, about 900 psi, about 1,000 psi, about 2,000 psi, about 3,000 psi, about 4,000 pst,
about 5,000 psi, about 6,000 psi, about 7,000 psi, about 8,000 psi, about 9,000 psi, about
10,000 psi, about 15,000 psi, about 20,000 psi, about 25,000 psi, about 30,000 psi, about
35,000 psi, about 40,000 psi, and any ranges therebetween.

It should be apparent that the foregoing relates only to certain embodiments of the
present disclosure and that numerous changes and modifications may be made herein without
departing from the spirit and the scope of the disclosure as defined by the following claims

and equivalents thereof.
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Claims
We claim:

1. A temperature sensor comprising:

a ceramic coil inductor having a first end plate and a second end plate, wherein
the ceramic coil inductor is formed of a ceramic composite that comprises carbon
nanotubes, carbon nanofibers, or a combination thereof dispersed in a ceramic matrix;
and

a thin film polymer-derived ceramic (PDC) nanocomposite disposed between the
first and the second end plates, wherein the thin film PDC nanocomposite has a dielectric

constant that increases monotonically with temperature.

2. The temperature sensor of claim 1, wherein the ceramic coil inductor is configured to

communicate with an external radio frequency antenna.

3. The temperature sensor of claim 1, further comprising a patch antenna configured to
communicate with an external radio frequency antenna, wherein the patch antenna is

attached to the first end plate of the ceramic coil inductor.

4. The temperature sensor of claim 1, wherein the volume fraction of carbon nanotubes in

the ceramic composite is about 15 % to about 70 %.

5. The temperature sensor of claim 1, wherein the ceramic matrix comprises a PDC
material.
6. The temperature sensor of claim 1, wherein the ceramic composite comprises single-

walled carbon nanotubes, multi-walled carbon nanotubes, or a combination thereof.
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A pressure sensor comprising:

a ceramic coil inductor having a first end plate and a second end plate, wherein
the ceramic coil inductor is formed of a ceramic composite that comprises carbon
nanotubes, carbon nanofibers, or a combination thereof dispersed in a ceramic matrix;
and

a polymer-derived ceramic (PDC) nanocomposite structure disposed between the
first and the second end plates, wherein the PDC nanocomposite structure has walls that
define an internal cavity having a first cavity surface and an opposed second cavity
surface,

wherein the first and second cavity surfaces are spaced a distance from one

another.

The pressure sensor of claim 7, wherein the volume fraction of carbon nanotubes in the

ceramic composite is about 15 % to about 70 %.

The pressure sensor of claim 7, wherein the ceramic matrix comprises a PDC material.

The pressure sensor of claim 7, wherein the ceramic composite comprises single-walled

carbon nanotubes, multi-walled carbon nanotubes, or a combination thereof.

A method for making a wireless temperature or pressure sensor, the method comprising:
forming a ceramic coil inductor having a first end plate and a second end plate,
wherein the ceramic coil inductor comprises carbon nanotubes, carbon nanofibers, or a
combination thereof dispersed in a ceramic matrix; and
providing a polymer-derived ceramic (PDC) nanocomposite between the first end

plate and the second end plate.

The method of claim 11, wherein the PDC nanocomposite is in the form of a thin film

and has a dielectric constant that increases monotonically with temperature.

The method of claim 12, further comprising attaching a patch antenna to the first end

plate of the ceramic coil inductor.
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14. The method of claim 11, wherein the ceramic matrix comprises a PDC material.

15.  The method of any one of claims 11-14, wherein the sensor is the temperature sensor and

the manufacturing process comprises:

providing a mixture of a liquid-state pre-ceramic polymer and carbon nanotubes,
carbon nanofibers, or a combination of carbon nanotubes and carbon nanofibers;

disposing the mixture on a support;

exposing the mixture to ultraviolet light effective to substantially cure the liquid-
state pre-ceramic polymer; and

pyrolyzing the mixture at a temperature and for a time effective to form the

ceramic coil inductor or the PDC nanocomposite.

16.  The method of any one of claims 11-14, wherein the sensor is a temperature sensor and

the manufacturing process comprises:

providing a mixture of a liquid-state pre-ceramic polymer and carbon nanotubes
or carbon nanofibers, or a combination of carbon nanotubes and carbon nanofibers;

disposing a first portion of the mixture on a support;

exposing the first portion of the mixture to ultraviolet light effective to
substantially cure the liquid-state pre-ceramic polymer of the first portion;

disposing a second portion of the mixture on the first portion;

exposing the second portion of the mixture to ultraviolet light effective to
substantially cure the liquid-state pre-ceramic polymer of the second portion; and

pyrolyzing the first and second portions of the mixture at a temperature and for a

time effective to form the ceramic coil inductor or the PDC nanocomposite.

17.  The method of any one of claims 11-14, wherein the sensor is the pressure sensor and the
manufacturing process comprises:
providing a mixture of a liquid-state pre-ceramic polymer and carbon nanotubes,
carbon nanofibers, or a combination of carbon nanotubes and carbon nanofibers;
disposing the mixture on a support;
exposing the mixture to ultraviolet light effective to substantially cure the liquid-

state pre-ceramic polymer; and
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pyrolyzing the mixture at a temperature and for a time effective to form the

ceramic coil inductor.

18.  The method of any one of claims 11-14, wherein the sensor is a pressure sensor and the

manufacturing process comprises:

providing a mixture of a liquid-state pre-ceramic polymer and carbon nanotubes,
carbon nanofibers, or a combination of carbon nanotubes and carbon nanofibers;

disposing a first portion of the mixture on a support;

exposing the first portion of the mixture to ultraviolet light effective to
substantially cure the liquid-state pre-ceramic polymer of the first portion;

disposing a second portion of the mixture on the first portion;

exposing the second portion of the mixture to ultraviolet light effective to
substantially cure the liquid-state pre-ceramic polymer of the second portion; and

pyrolyzing the first and second portions of the mixture at a temperature and for a

time effective to form the ceramic coil inductor.

19.  The method of any one of claims 11-14, wherein the sensor is the pressure sensor and the

manufacturing process comprises:

providing a mixture of a liquid-state pre-ceramic polymer and carbon nanotubes,
carbon nanofibers, or a combination of carbon nanotubes and carbon nanofibers;

disposing a first portion of the mixture on a first support;

exposing the first portion of the mixture to ultraviolet light effective to
substantially cure the liquid-state pre-ceramic polymer of the first portion;

subjecting the first portion of the mixture to pyrolysis at a temperature and time
effective to form a first section of the PDC nanocomposite, wherein the first portion
comprises a first cavity surface;

metallizing the first portion of the PDC nanocomposite;

disposing a second portion of the mixture on a second support;

exposing the second portion of the mixture to ultraviolet light effective to

substantially cure the liquid-state pre-ceramic polymer of the second portion;
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pyrolyzing the second portion of the mixture at a temperature and for a time
effective to form a second section of the polymer derived-ceramic nanocomposite,
wherein the second portion comprises a second cavity surface;

metallizing the second portion of the PDC nanocomposite; and

joining the first portion with the second portion to form the PDC nanocomposite.
The method of claim 15, wherein the mixture further comprises a UV sensitizer.

The method of claim 15, wherein the liquid-state pre-ceramic polymer comprises

polysilazane.

A method of detecting a change in temperature, the method comprising:

placing one or more temperature sensors of any one of claims 1-6 in an
environment; and

measuring a frequency shift of an electromagnetic signal induced in the ceramic

coil to detect a change in temperature of the environment.

The method of claim 22, wherein the one or more temperature sensors are configured to
detect the change in temperature in the environment with a temperature in the range from

about 25 °C to about 1000 °C.

A method of detecting a change in pressure, the method comprising:

placing one or more pressure sensors of any one of claims 7-10 in an
environment; and

measuring a frequency shift of an electromagnetic signal induced in the ceramic

coil inductor to detect a change in pressure of the environment.

The method of claim 24, wherein a change in the distance between the first surface of the
protrusion and the second cavity surface results in the frequency shift, and wherein the

change in distance is function of pressure within the environment.
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26. The method of claim 25, wherein the one or more pressure sensors are configured to
detect the change in pressure in the environment with a pressure in the range from about

0 psi to about 40,000 psi.
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