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FTIR™: Fourier-transform infrared spectroscopy
XRD*2: X-ray diffraction
DSC"3: Differential scanning calorimetry
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Extreme Environments in Space Exploration ez 2

The lightweight and robust sensing & actuating materials are required in harsh environment.
Harsh thermal cycle of -175 ~ 160 °C
High UV/radiation exposure
Hypervelocity (3 km/s) impact of micrometeorite and orbital debris (MMOD)

Mars surface
-126to 21°C
; Sand storm
After 2030 . = o
' 2020s - Leaving the Earth-Moon System o ] : Radiation
Operating in the Lunar and Reaching Mars Orbit o Entry, Descent, & Landing
Now ; Sy Vicinity (proving ground) ¢

Using the
International Space Station

Lunar surface

-173to 127°C

-247°C (25K) at pole
<102 torr

Deep & Vacuum UV
Sharp abrasive edge dust
Radiation

San i | A Pliasss 3 and 4 International Space Station
Con}inue’ research and Begin missions in ] Complete Deep Begin sustained R P

testing on ISS to solve cislunar space. Build Space Transport crew-expeditions E i -175to 160°C

exploration cha!lenges. Deep Space Gateway. and conduct : to Martian syStem : il e o~ 106 to 107 torr

Evaluate potential for Initiate assembly of . yearlong Mars and-surface of A

lunar resources. - Deep Space Transport. simulation -mission, Mars, 3 3 - UV/AO, GCR/SPE/Van Allen Belt
Develop standards. : > ] - . s MMOD

Microgravity

NASA deep space exploration roadmap All images credit: NASA
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Polyvinylidene fluoride (PVDF) e i’%

Features

OE] - Act as both sensor and actuator (piezoelectricity)

I z - Flexible and durable (robust)

—C—C+— Ps - Lightweight

Ill ||: - Easy & inexpensive fabrication

- n - Biocompatible
Schematic chemical structure of PVDF (B phase) - Low mechanical impedance
Table 1. Properties of PVDF and PZT-5A

Property Symbol PVDF PZT-5A
Elastic modulus (Pa) Y 2x10° | 7.4x10%
Poisson's ratio Y 0.34 0.35
Relative dielectric permittivity Er 12 1800

. . . .. ds; 22 -175
Piezoelectric strain coefficient (pC/N)

ds3 -30 450

) . o 831 0.216 -0.011

Piezoelectric stress coefficient (Vm/N)
833 -0.33 0.027
Electromechanical coupling coefficient k31 0.14 0.34
Flexibility of fluoropolymer
Kumar et al., Smart Polymer Nanocomposites (2017) 1] Won et al., Applied Physics Letters (2015) [2
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Challenges in 8 phase transformation of PVDF prin
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Boron nitride nanotube (BNNT) priizs iﬁ?

Structural analog to CNTs containing
hexagonal BN with tubular morphology
* High tensile strength (~30 GPa)
* High elastic modulus (~1.2 TPa)

* H Igh the rmal con d UCtIVIty (>500 W/m K) Scanning electron microscope image of boron nitride
nanotube as received from BNNT, LLC

* Piezoelectricity (Larger than PVDF predicted) 0 (O e IS T I
e High thermal stability (800~900 °C in air) [ '
e Good electrical insulation (Wide bandgap 5.576.0 eV)
e Super-hydrophobic, biocompatible...

Schematic drawing of boron nitride nanotube
Lee et al., Micro-and Nanotechnology Sensors, Systems, and Applications X/ (2019) (6]

Images credit: NASA

NC STATE UNIVERSITY 6



Applications of BNNTs m
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Applications of boron nitride nanotubes (BNNTSs) All images credit: BNNT. LLC and NASA
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Fabrication of BNNT-PVDF composites yipitiniis” %"ﬁ?

Dimethylacetamide Dry in vacuum, at 60C overnight

Transfer

\
i
Y

BNNT-PVDF
((( _ composite
Composite
mixture precipitate
BNNT Cup horn sonicator Deionized water  Hot press
(48W, 10min) Coagulation bath with a (DI H,0)

stirring bar

Schematic procedure of fabricating BNNT-PVDF nanocomposite

NC STATE UNIVERSITY



SEM images of hot pressed BNNT-PVDF composites T oy Sk

(a) 0% BNNT-PVDF (b) 5% BNNT-PVDF

L S & ‘
L O .
B %

Scanning electron microscope images of liquid nitrogen-cut BNNT-PVDF composites. (a) pristine PVDF, (b) 5% BNNT-PVDF

NC STATE UNIVERSITY 9



NATIONAL Wk

FTIR analysis of hot-pressed BNNT-PVDF composites  “gmrces 38§

976 855 79566 614 532 408

V 1234 | ifglzivvés - b2 ws1|  44% of the B fraction was determined
540 in 5 wt% BNNT-PVDF after the hot pressing

J e b V\ at171C.
/\'""WL ;k ry VAN 60
BB = F(B) = F(y)

12
10% BNNT-PVDF \

%,

4 <

5% BNNT-PVDF

>

=
N
.
[

"

1% BNNT-PVDF

S
o

0.5% BNNT-PVDF

Absorbance

N
o

Relative fraction (%)
w
o

0.1% BNNT-PVDF

la a
w N\
4 ANy S W S -

[ERY
o

0% BNNT-PVDF

ddde

V7T . iAo T d\iﬁqul . .o, av Yo ——
1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600 500 400 0 0.1 0.5 1 5 10
Wavenumbers (cm ™) BNNTs weight concentration (%)
FTIR absorbance peaks of hot-pressed BNNT-PVDF composites Polar fractions (%) of hot-pressed BNNT-PVDF composites

NC STATE UNIVERSITY 10




NATIOMNAL

XRD analysis of hot-pressed BNNT-PVDF composites — msmreor iﬁ%
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Wide-angle X-ray diffraction peaks of hot-pressed BNNT-PVDF composites
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DSC analysis of hot-pressed BNNT-PVDF composites el %#?
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Melting peak of hot-pressed BNNT-PVDF composites

Martins et.al., Progress in polymer science (2014) [7]
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FTIR analysis of recrystallization of BNNT-PVDF composites "srmeer %‘:%

AEROSPACE

976 855 79566 614 532 408

1234 i 833 776 s 4 Incorporation of 5 wt% BNNTs in PVDF matrix
i BABIZ 1 | i | . . .
| p || .~ so | dramatically increased the mole fraction of B up
| to92% after recrystallization from the melt,
. B |  without mechanical stretching!
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FTIR absorbance peaks of melt recrystallized BNNT-PVDF composites composites based on the peak-valley method
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XRD analysis of melt recrystallized BNNT-PVDF composites "srmeor %:#?

17.9 2(?.2 26.'8 36.'1 3.9
L2001 1279 38
8 fos e 209 Incorporation of 5 wt% BNNT in PVDF
| , B | matrix dramatically increased B peak at
' | T | 20.8 ° in XRD analysis.

It is a good alignment with FTIR results.

5% BNNT-PVDF

©
S
S
=
<
{ 0% BNNT-PVDF
L ai g B L a . e @ . ! .
10 20 30 40 50 60
20 (°)

Wide-angle X-ray diffraction peaks of melt recrystallized BNNT-PVDF composites
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[ ° ° ° *v
d;;, piezoelectric coefficient o E

25 1E 5 wt% BNNT-PVDF,
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Tensile test of hot-pressed BNNT-PVDF composites "srmr=er i‘%
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Stress-strain curve of hot-pressed BNNT-PVDF composites
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“33% increase of elastic modulus of
was observed in 5 wt% BNNT-PVDF”

1200

—_
e
e
<o

co
(el
(=)

600

400

Elastic modulus (MPa)

200

0% BNNT- 0.1% BNNT- 1% BNNT- 5% BNNT-
PVDF PVDF PVDF PVDF

Elastic modulus of hot-pressed BNNT-PVDF composites




NATIONAL

Summary and future plan e Y

- Incorporation of 5 wt% BNNTSs as a nucleating agent induced up to 92% B conformation of PVDF from the
melt, without mechanical stretch.

- The piezoelectric coefficient, |d,;| = 4.2 pC/N was measured by a commercial d;; meter in 5 wt% BNNT-
PVDF composite while 0 wt% BNNT-PVDF did not show the piezoelectric behavior.

- Incorporation of 5 wt% of BNNTs improved 33% of elastic modulus of the pristine PVDF matrix.

- Mechanism study of the B crystallization of BNNT-PVDF from the melt and their thermal behavior study are

on the way.
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Polymorphs of PVDF neTESr Yk

Favored piezoelectric phase

o conformation (TGTG’) B conformation (TT)
(Dipole: 8 x 1030 C m)

y conformation (TTTGTTTG’)

b =0.864 nm

Omar, Abid., Autex: Institut fur Textiltechnik (2008)

e 8% P
UﬂE 1
S

a = 0.858 nm nggo
b = 0.964 nm
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Degree of crystallinity o RS

70%
e Enthalpy integral range : 100 °C to 200 °C

_60% _ cex ooy * BNNT fractions were compensated
S V1% >3% 0% 50951%  Linear / sigmoid integration
& 50% - 8%
= 4%
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I?g' 40% Degree of crystallinity (%)
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5 AH,
£ 20% X. =——x100%
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0% Where AH; s the melting enthalpy for a 100%
0.0% 0.1% 05% 1.0% 5.0% 10.0% crystalline PVDF, AH, is the melting enthalpy of PVDF
BNNT WEIGHT CONCENTRATION (%) composite measured in DSC.

M Linear integration M Sigmoid integration
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PVDF crystal patterns in XRD analysis

- || 208 36.6 | J
1100 po20) P
1207 B(101) 56.9
; E\B(200) ; B(221)
17.94 !20-‘ P T
100) fa(021) 27.92 36
o f: !26.8 =(‘1(100)<1(?00!) 39 B'PVDF
A Wi(022) | | [frattn2)
Lo o-PVDF
15 20 25 30 35 40 45 50 55 60

26 (°)

Typical XRD pattern of a, 8 and y-PVDF and their crystal planes
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Diffraction crystal plane and angle of different phase of PVDF

Crystal 20 Crystal plane
phase
a 17.9 (100)
18.5 (020)
20.2 (021)
27.9 (111)
36.1 (200)
39.0 (002)
B 20.7 (110)(200)
36.6 (020)(101)
56.9 (221)
Y 18.5 (020)
20.2 (110)

Kabir, Ekramul, et al., Journal of Physics D: Applied Physics (2017)
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FTIR analysis of as precipitated BNNT-PVDF T oy Sk

AEROSPACE
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Polar fractions (%) of as precipitated BNNT-PVDF  »smr=er 308

Peak-valley method 100
A Bl (B 55% of the B fraction was observed
F(B) = p O F(y) in 5 wt% BNNT-PVDF
(Kg/Ka)Ae + Ap 80| WM F(B+Y)

A.: absorbance at | cm'? 70
Ky: 6.1 x 10* cm?mol?!

T
-

Kp: 7.7 x 10* cm?molt ;\? 60 -
Al g sof
F(B) = Fra X 9
(B) EA ﬁfﬁf -+ ,ﬂ!},f E 40 -
30
Al
F vy — F % 3 20
(7) EA Aly + AL
10+

Alg: intensity difference between 1275 & 1260 cm™
Al,: intensity difference between 1234 & 1225 cm™ 0

Shepelin, Nick A., et al., Energy & Environmental Science (2019)

0 0.1 0.5 1 5 10

NC STATE UNIVERSITY BNNTs weight concentration (%)



