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What are aerogels?

Aerogel

« Highly porous solids made by drying a wet gel without shrinking
« First fabricated in 1930s by Prof. Samuel Kistler

« Pore sizes extremely small (typically 10-40 nm)—very good
Insulation

* High surface areas
« Density as low as 0.008 g/cm3
 Low density = low dielectric properties
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¥ Silica aerogels most well studied
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Dielectric constants of aerogels graphed as a

function of density

Typical monolithic silica
aerogels

» Dielectric properties vary linearly with density

* Lowest dielectric constant reported: 1.008 for silica aerogel with
density of 0.008 g/cm?3

 Hrubesh, Keene and Latorre, Journal of Materials Research, 1995, 8,
1736-1741
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The innovation

NARI

* Previously studied silica aerogels

— Many amazing properties, including low
relative dielectric constant, low density

— However, very fragile

 Recently developed polyimide
aerogels
— Same low density
— Mechanically robust

« Take advantage of the superior
mechanical properties, light weight,
low dielectric properties of polyimide
aerogels to use as antenna substrate
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Polyimide aerogel
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Objective and Payoff

NAR

* Objective
— Evaluate potential for using aerogels a substrate for
antennas

 Payoff/Benefits If successful

— Increased bandwidth and gain over state of practice
antenna substrates

— Reduced antenna weight

e Technical challenges at beginning of Phase |

— Fabricating shapes
— Applying the pattern
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Approach

NAR

» Fabricate series of polyimide aerogel formulations
— Different densities
— Different backbone chemistries

« Characterize complex permittivity, other relevant
properties for antennas

 Down-select formulation to build a prototype
antenna

 Benchmark against state of practice Rogers
Duroid substrates

— PTFE/glass fiber composites
— PTFE/ceramic composites
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Polyimide aerogels

Family of aerogels GO - et ~
More than twenty different *1 ﬁﬁrwﬁi}l @

kinds of backbone
chemistry have been

examined

Two different cross-linkers );é
This project has mainly K
focused on triamine cross- .
linker, two diamines and )

two dianhydrides

Meador, US Patent application filed 9-30-2009
Meador and Guo, US Patent application filed 2/4/2
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* Density decreases with
Increasing amount of DMBZ

 BPDA gives lower density
aerogels than BTDA

o Compressive modulus increases
with increasing DMBZ

H  BPDA
O BTDA

Density, g/cm3
o
N
o

0.00 0.25 0.50 0.75 1.00
DMBZ fraction

DMBZ fraction is that of tot

June 5-7, 2012 NASA Aeronautics Mission Direc

Diamines Dianhydrides
obAa . JJ . o Q 75X, BPDA
o BTDA

O s,

Modulus, MPa

. BPDA
O BTDA

0.50 0.75 1.00
DMBZ fraction

0.00 0.25




Dielectric Permittivity Measurements

Dielectric Permittivity Measurements of the Aerogel Materials were performed at

Room Temperature from 50 MHz up to 12 GHz.
¥ 1"—W —— ;
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Pertinent References:

1. Agilent Technologies: 85071E Materials Measurement Software - Technical Overview

2. Measuring Dielectric Constant with the HP 8510 Network Analyzer: The Measurement of Both Permittivity and Permeability of Solid Materials, HP Prod
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Dielectric measurements at two

- different freguencies
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« Measurements of dielectric constants at two freq
« Six Pl aerogel formulation cross-linked with T

« Formulations made using BTDA (dotted lin
constants compared to the same formulati
lines)

e Dielectric constants also decreased
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Dielectric constant, loss tangent both scale
linearly with density

1.40
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« Relative dielectric constants vary 1351 o Lowfreq

1.30 A

linearly with density consistent with
that observed for silica aerogels.

* Loss tangents for the x-band
measurements also increased with
increasing density " 014 o015 o016 017 o018 o010 020 021

* Low frequency measurements all Density, glem®
pretty similar (around 0.001). .

» Backbone chemistry should also
have effect on dielectric constant

* Not possible to differentiate the
effect of backbone chemistry from 0.002 -
effect of density 0,000
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Y Down select for antenna fabrication

NARI |
* Formulation made using ) -
DMBZ, BPDA and TAB " 2 2
cross-link BPDA DMBZ

— Lowest density
(0.14 g/cm3)

— Lowest dielectric measured
(1.16)

— Lowest loss tangent
— Great mechanical properties

e Fabricated suitable sizes
to make antennas
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Simulations were performed around 2.4 C

Physical parameters of the antennas s
based on permittivity of substrate

The lower permittivity of the aera
size of the patch thereby incre



. Metallization of Aerogel Samples via

®electron beam evaeoration and seuttering

« Suitability of metalizing the aerogel samples (a requirement for
antennas) was investigated

» Gold (Au) coatings were successfully applied to the aerogels by both
e-beam evaporation and sputtering

* In all cases, the gold adhered well to the surface and did not appe
to cause any collapse of the pore structure

!2! Iﬂlﬂas&i! |

e-beam evaporated Au sputtered Au layer
layer (300 nm thick) (200 nm thick)
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Fabrication of Prototype Aerogel
Antennas via e-beam evaporation

 Both flgures show arrangement of aerogel samples in carrousel for e-
beam evaporation

 The heat sink to plates shown in the pictures was done to try to
minimize warping of aerogel sample

« Still some warping even while doing multiple runs to minimize heating
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N Characterization of Prototype Antenn
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Antenna Gain Measurements

Patch antennas mounted in Far Field Antenna Range

| J
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Antenna Gain vs. scan angle from broadside
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Summary of Accomplishments

NAR

* Increased TRL of Pl aerogel antenna concept
from 1to 3

— Demonstrated dielectric constant and loss
tangent for Pl aerogels similar those of more
fragile silica aerogels

— Fabricated simple patch antenna from down-
selected PI aerogel formulation

— Benchmarked against state of practice (SOP)
antenna substrates

— Pl aerogels exhibited lower mass with wider
bandwidth and higher gain than SOP substrates
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Distribution/Dissemination

e |nvention disclosure filed 01/03/12

« Patent application in progress
 Journal article published on TAB crosslinked
aerogel fabrication and mechanical properties

— Mechanically Strong, Flexible Polyimide Aerogels
Cross-Linked with Aromatic Triamine, ACS Applied
Materials and Interfaces, 2012, 4 (2), pp 536-544

— http://pubs.acs.org/doi/abs/10.1021/am2014635

— In top ten most downloaded articles list for 15t quarter
2012

« Another manuscript in preparation (dielectric
properties and antenna characterization)
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Next steps: Phase Il plans

R .

 Raise TRL from 3 to 4 by

— Optimization of single element aerogel antenna
feed

— Design and optimization of new Pl aerogel
formulations

— Development of 1x2, 1x4 and 2x4 aerogel phased
array antennas

— Explore the feasibility of developing aerogel based
antennas in flexible aerogel substrates

— Flight demonstration of aerogel antenna phased
array
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Design and optimization of aerogel

‘ structures
 Crude mask used to deposit gold ;

» Better to use lithographic
process

e Current formulation not suitable
for lithographic processing
— Water and solvent resistance
required
 Lower densities should lead to
even lower dielectric properties

* New backbone chemistry to
lower dielectric properties, better
moisture resistance

» Alternate cross-linker—octa-
(aminophenyl)silsesquioxane,
OAPS
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Alternate cross-linker OAPS known to give

better moisture resistance

* 50% ODA, 50% DMBZ
formulation does not shrivel in
water

» Have not looked at dielectric
properties of this formulation
(0.1 g/cm?d)

 Similar OAPS formulation with

higher density shown on graph
(0.13 g/cm?3)
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Aperture-Coupled Antenna Array
surface current plots for three-layer design

NARI |

e Array size is 1x4 elements
 Three-layer aperture coupled

design offers multiple benefits: o

— Beam-shaping elements (phase |
shifters, attenuators) easily inserted radiating elements (top layer) °id
into feed network L | | | .

— Essential components for N e e pan B
electronically steerable, adaptively e i S el :z;]
controlled antennas e 5 3 e .40

— Amplifiers (low-noise for receive, high E - Be
gain for transmit) readily integrated e e . St &
into feed network ground plane (central layer) — *%L

 RF energy coupled from feed

Asm

network to radiating elements via ; o
aperture in ground plane i B Py | o

. . . Ny TMMW’ 35.11

« Aerogel enables high gain, high e e =t
bandwidth radiating elements T . S o

feed network (bottom layer) 0
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Aerogel antenna array features
wide bandwidths

« 10 dB bandwidth = 553 MHz, 11% of the center frequency of the antenna
array

— Within this frequency range, the return losses (S,;) are -10 dB or lower
— Array losses due to impedance mismatch are less than 0.46 dB, or 10%.

e 3 dB bandwidth = 2354 MHz, or 47% of the center frequency of the array.

— At the 3 dB bandwidth edges, 50% of the array power is lost to impedance mismatch
losses—a significant degradation, but the antenna remains usable.

» Applications for wideband antennas include spread spectrum processing to
improve the signal-to-noise ratio of weakly transmitted signals and short-
pulse radar
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Two-dimensional antenna pattern along the  Antenna gain = 14. 3 dBi at

magnetic field (H-plane) cut through ¢=0° broadside
— Directivity = 14.6 dBI
. e 5 — 0.3 dB are lost (less-than-100%

N S S SO U A0 N N N — — - radiation efficiency)

: —  Beamwidth = 17.2 degrees in
: S T VRSN I S magnetic-plane direction (paralle
%_5 T to x-direction)

Y T S T W T — — ________________ _________________ . Beam_width = 66 degrees in
L1 — electric-plane direction (paré
- . y-direction)

Three-dimensional radiation
pattern from 4x1 aerogel
antenna array

Type Farfield
Approximation enal bled (kR >> 1)
Monitor farfield (f=5000) [1]
Component Abs

Output Realized Gain
Frequency 5000

Rad. effic. -0.3117 dB

Tot. effic. -0.3826 dB

rlzd.Gain 14.26 dB



é» Conformable antennas from flexible
Ash

thin film Pl aerogels

e Collaboration with Professor
Maggie Yihong Chen at Texas
State University-San Marcos

* No cost to project

e Thin films of Pl aerogel are
flexible

e Fujifilm Dimatix Materials Ink-
Jet Printer (DMP-2800)

e Suitable to print circuits on
flexible substrates

e Printing Is performed at room
temperature
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Optional Task: Flight Demonstration of

- Aerogel antenna Phased Arrax

e Collaboration with
NASA Funded URC—
California State
University (Dr. Helen
Boussalis)

* No cost to project

e Antenna testing Iin
unmanned air vehicle
(UAV)

 Relevant environment
testing would bring TRL
to 5-6
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Milestones for the Phase |l effort

phase arrays, simulated data of
optimized design, and experimental
characterization

months after
start

Milestone Completion Success Criteria/Metrics
Date

1. Optimized aerogel formulations 8 months Demonstration of robustness to photolithographic
with lower dielectric properties and after start process; dielectric properties characterized
better moisture/solvent resistance
2. Optimized fabrication process and 12 months Properties of Pl aerogel antenna fabricated by
experimental characterization of the after start photolithography benchmarked against SOP
antenna using photolithography
3. Performance data of simple phased | 15 months Properties of phased array antennas on rigid as well as
array antenna using rigid as well as after start on flexible Pl substrates benchmarked against SOP
flexible, conformal aerogel substrates
4. Optimized antenna designs for large | 15-18 Properties of Pl aerogel phased arrays benchmarked

against SOP

5. Flight demonstration of aerogel
antenna phased array (optional)

18 months
after start

Demonstration of array to enable comm / data link from
air to ground
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