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Long Term Goals

Create a virtual presence throughout our solar system and
probe deeper into the mysteries of the universe and life on
Earth and beyond

Conduct humaniand robotic missions to planets and other
bodies in-our solar system to enable human expansion

Provide safe and affordable space access, orbital transfer and
Interplanetary transportation capabilities to enable research,
human exploration and commercial development of space

[Develop cutting edge aeronautics and space systems
technologies:to support highway in the sky, smart aircraft and
revolutionary space vehicles



Critical Technologies Required to
Achieve Goals

Vehicle primary and secondary structures
Radiation protection

Propulsiontand power systems

—uel storage

Electronics and devices

Sensors and science instruments
Others...




Why Nano?

e Thereis a need for new materials to System Test, Launch
meet the challenging requirements of bt
next-generation aircraft and spacecraft,
such asithe hypersonic space plane System/Subsystem

Development

and RLVs. Materials that have been
engineered from the"bottom up" offer
exciting new possibilities for these e ofy.
applications.

Technology

o Within 5-10 years mature self- Development
assembled, multifunctional
nanostructured materials from TRL 2 t0 BT et

5 for fabrication of spacecraft enabling |

NASA to safely:and affordably explore
the Earth, Moon, Mars and beyond in e LU IOy
the second and third decades of this

century.




”~

Haciuirernants for Neariornaiarizals
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What Materials Will Get Us
There?

Carbon nanotubes towards multifunctional
structures

Boron nitride nanotubes for high
temperature multifunctional structures

Nanoporous materials for thermoelectric
cooling

Solid electrolytes to enable self-repair,
energy generation and storage

Amoerphous metals



Challenges of Carbon Nanotubes

Translating excellent combination of CNT
propertiesson the nanoscale to structural,
multifunctional properties on the
macroscale

— Dispersion of carbon nanotubes

— Charactenization of carbon nanotube
nanocomposites

— Inconsistent quality of carbon nanotube

sup

— Sca
WOor

oly
Ing down processing equipment to

K around low CNT supply.



Nanocomposite Characterization

« Developthrough the use of optical,
electron and probe microscopies:
technigues, methodologies and tools to
characterize nanostructured composite
materials.

e Determine.the factors that contribute to, or
Inhibit, the'translation of the nano-physical
properties to macroscale composites.

o AldiIn the synthesis and design of the next
generation of nanocomposites.



Computationally Guided Materials Development
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The Problem

Kinetically ‘Thermodynamically

stable, weeks

stable, years

0.029%SWNT-CP2 0.02%SWNT-(B-CN)A/O

Both samples are indistinguishable by
conventional optical characterization techniques



Process improvement / optimization

Yes, optically dispersed

Does the application
require a further
assessment of the
dispersion?

Yes

Electron and probe microscopy
on surface and cross-section

Assess the bundle size, presence of
agglomerates, and local concentration
gradients to fully characterize the
dispersion

Is the level of

dispersion

Composite preparation

Optical microscopy

Is the dispersion
acceptable?

sufficient for the
application?

Correct issue(s) causing poor dispersion

Is the lack of dispersion due to:
I. Nanotube quality

2. Fabrication process

3. Polymer composition

No or Unknown

Determine reason for lack of dispersion.

Use microscopy, spectroscopy, and other
necessary test methods.

Is additional microscopy
needed to determine reason
for lack of dispersion?

No

Is the reason for lack
of dispersion now
known?

Design experiments to determine reason for
lack of dispersion

Yes




Optical Microscopy

OM images assessing the
dispersion quality of SWNT in
polymer composites. (a) Direct
mixing of 1 % SWNT/CP2, (b) in-
situ polymerization of 1 %
SWNT/CP2 with sonication, (c)
poor dispersion quality from 0.5
% SWNT/B-CN, and (d) good
dispersion quality from 0.5 %
SWNT/ B-CN. (a) and (b): are
different fabrication methods;
results in different dispersion
guality. (c) and (d): same
procedure but different dispersion
results (different CNT quality).
Samples with no visible
aggregates are labeled as
“optically dispersed”.
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Electron Microscopy

HR-FESEM images on the dispersion
guality of samples 1-4. (a) Surface
and (b) cross-section of sample 1
showing poor dispersion quality.
Optical microscopy already showed
this sample had a poor dispersion;
shown here for comparison. (c)
Surface and (d) cross-section of
sample 2 showing improved
dispersion over the direct mixing
technique. (e) Surface and (f) cross-
section of sample 3 showing an
improved dispersion from using the
B-CN polymer. Dispersion is still not
ideal due to poor quality of SWNT. (g)
Surface and (h) cross-section of
sample 4 showing nearly 100%
dispersion, no visible aggregates,
very small bundles, no resin rich
areas, etc.



Electron Microscopy

Film Surface Film Surface

$-5200 0.7KV 1.2mm x4.50k SE T 10 O $-5200 0.7KV 0.3mm x5.00k SE 1/30/04

Direct mixing SWNT/CP2 In situ polymerization SWNT/(CN)APB/ODPA
Siochi et al, Soc. Exp. Mech. (2003).



Electron Microscopy

The Field Emission Scanning Electron
Microscope (FE-SEM) is capable of
imaging SWNT with the secondary
electron detector (SE) (a) directly or (b)
indirectly in composites. Indirect
imaging is done by using the electric
field artifact to map the disturbance on
the beam induced electric field caused
by the SWNT (dark contrast). With (c) in-
situ mechanical testing, visualization of
crack propagation and other failure
mechanisms are possible.
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Electron Mlcroscopy

| S-5200 22.0kV 0.0mm x500k TE 8{25.1'04 100nm S-5200 22.0kV 0.0mm %2000k TE 8{25!04 20.0nm

FE-SEM: (a) SE image of purified SWNT, (b) STEM image of same location
as a) showing additional detail (c) STEM image of ropes and catalyst
particles (d) STEM image of an individual SWNT.



Electron Energy Loss Elemental Map: Nitrogen K edge
SWNT coated with polyimide: Adhesion and wetting Assessment
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Pixel

Kenik et al, Proceeding of Microscopy and Microanalysis (2002) Park et al., Nanotechnology, 14 LL11 (2003)



~Probe Microscopy

Scanning Probe images on te dispersion quality of CNT in SWNT/polymer compaosites. (a)
topography, (b) current and (c) MFM image from 0.5 % SWNT/B-CN. (d) topography, (e)
current and (f) MFM image from 2 % SWNT/B-CN.



Probe Microscopy

Experiment

Rupture Force per
molecule (pN)

Standard
Deviation

71.85

203

8.24

2.55

8.74

264

9.62

2.49

1138

2.76

122

265

2342

4.11

Modeling
1.92 pN

Modeling

Thiol

Rupture
Force per
molecule

(pH)

Standard
Deviation

4-Methylbenzene

18.94

565

4-Nitrobenzene

21.79

5.28

4-Aminebenzens

22564

4 66

4-Bromobenzene

2692

3.55

4-H ydroxybenzene

32.00

8.39

4-Fluorobenzens

3947

8.64

4-M ethoxybenzene

41 .51

103

H-Benzene

46.79

11.79

4-Nitrilebenzene

5693

15.47




Microscopy Summary

Optical microscopy is sufficient to characterize dispersion
on a>1 mm scale. “Optically Dispersed”

Scanning electron.microscopy is able to map the electric
fleld Im SWNT composites to asses dispersion from
100’s. of mm dewn to 10’s of nm.

(Scanning) Transmission electron microscopy can directly
visualize single tubes, bundles and catalyst particles.

In-situ-mechanical testing allows for visualization of
nanocomposite faillure mechanisms.

Probe micrescopy allows for the direct measurement of
interaction faorces between SWNT and molecules or.
functionaligreups.




Spectroscopy

Raman and FTIR Spectroscopy show that charge transfer is
occurring between the polymer and the SWNT, supported by
DFT calculations.

Wise, K. E.; Park, C.; Siochi, E. J.; Harrison, J. S. “Donor-Acceptor
Stabilization of Polymer-Carbon Nanotube Composites” Chemical
Physics Letters, 391, 207, 2004.



Polarized Raman Spectroscopy
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Percolation Characterization

REQUIREMENT
FOR ANTI-STATIC

Best Fit
LCH 2.684
LCL -16.22
t 3.102
S 0.3002

PHIc 0.0006

Park et al., Chem. Phys
(1_¢)(GZI/S_GIH£S)/(GZI/S+Aarlrl/S)_i_ ¢(Gi/t_022t)/(o_i/t+AG;l/t) :O
A=(-¢)/¢

“2-parameter phenomenofogical percolation equation”, McLachlan et al, J. Phys. C 20 865 (1987), PRB 56 1236 (1998)
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2-D Resistivity Contour Mapping
Front & Back Sides: Uniform Conductivity &
Dispersion

Aluminum 3.45 x 105 S/cm (STD: 2.8%)

5% SWNT/LF
Front-side

5% SWNT/LF
Back side

1.42 x 102 S/cm 1.38 x 102 S/cm

STD: 0.9% STD: 2.9%

5% SWNT 5% SWNT
(B-CN)Polyimide (B-CN)Polyimide
Front side Back side

5.74 x 102 S/cm
STD: 6.6%

5.90 x 102 S/cm
STD: 4.9%




Effects of volume fractions of the SWNTSs In
matrix

HiPCo+bCN, various volume fractions
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0.000% HiPCo+bCN (PC455-32-10)
0.020% HiPCo+bCN (PC427-46-13)
0.035% HiPCo+bCN (PC427-71-09)
0.050% HiPCo+bCN (PC455-24-30)
0.075% HiPCo+bCN (PC455-44-09)
0.100% HiPCo+bCN (PC379-96)

0.200% HiPCo+bCN (PC455-34-11)
0.500% HiPCo+bCN (PC427-49-13)
1.000% HiPCo+bCN (PC427-48-13)
2.000% HiPCo+bCN (PC427-34-11)
5.000% HiPCo+bCN (PC427-31-10)
10.00% HiPCo+bCN (PC455-37-19)
20.00% HiPCo+bCN (PC455-51-18)

X+00%O0

10°10°10™" 10° 10" 10° 10° 10" 10° 10° 10" 10°
Frequency(Hz)

Below a critical volume ¢, the composite materials are insulating. Some where
between 0.035 and 0.05%, there is an abrupt change in the conductivity, a
percolation transition.



Impedance Cole-Cole Plot of SWNT-Polyimide
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Functionalzation
0.5% SWNT+CP2
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O 0.5% SWNT(P3)+CP2 (LB430-71-P3)
0.5% SWNT(P5)+CP2 (PC455-98-11)
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Frequency (Hz)

The conductivity of a polymer with the same loading of SWNTSs subjected to different acid
treatments (P2&3) and functionalization (P5), and therefore with different conductivities. The
shapes of the curves (presence of a flat region) indicate that all samples are conductors and
therefore above their percolation thresholds but the different SWNT properties lead to clearly
different conductivities.




Small Angle Neutron Scattering: SWNT/Polymer

@ell—dispersed SWNTs in surfactant solutions behave like riﬁ rods, as reflected in the characteristic

Q! power law in small angle neutron scattering spectrum.




Effect of CNT Reinforcement on Nanocomposite
Fiber Strength

Ultem

Ultem & 1% SWCNT
LaRC-8515

LaRC- 8515 & 1% SWCNT

Ultimate Yield
Strength Strength




Melt mixing

Brabender

Designed to adapt for different
material needs

Wet spinning
Dry-jet spinning

1 |
> !
v i

Mini melt extrusion
Pultrusion
Calendering

i A
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Capillary rheometer Melt molding
Dog bone



Fabrication of Building Blocks for
' | anocomposites - BIOSANT,

Demonstrated
conductivity
enhancements on
resin transfer
molded
nanocomposites.
Work performed in
collaboration with
M&P Technologies.

ighly Conductive
% i) e

G

Melt extrusion/Zinjection molding p_'rovides a
route to fabricating CNT nanocomposites with
complex shapes. Demonstrated with in-house

processing capabilities. - 1
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posite

Wet spun ribbon (Slit die)

Coextrusion provides a route to
producing nanocomposites
with hierarchical morphologies.
Work performed in

collaboration with Advanced

Technical Status POC: Emilie J. Siochi, LaRC, Emilie.J.Siochi@nasa.gov



Dynamic Mechanical Analysis
SWNT/CP2 Composite

1.0% SWNT Inclusion

65% Iincrease in stiffness
20% increase in hardness

Park et al., CPL, 364 (2002) 303-308



Mechanical properties of

extruded fibers

SWCNT |\ Tensile | Ultimate | Yield
Modulus | Strength | Stress
(Wt%) (Gpa) (Mpa) | (Mpa)
0.0 2.2+0.3 105 + 7 74+5

0.1 2.6+0.3 105 + 10 86+ 6

0.3 2.8+0.2 105 + 7 94 +5

1.0 3.2+0.2 105+ 5 100 + 5

Reference: Submitted to Composites B: Engineering




Summary

Spectroscopic results suggest that amphoteric doping
of carbon nanotubes by two related polyimides.

Electrical conductivity increased by a 10 orders of
maghnitude at:0.1wt% SWNT loading.

Percolation of electrical conductivity was achieved
between 0.035 and 0.050 vol%.

Percolation studies allow for a rapid assessment of the

dispersion without the need for laborious microscopy.
procedures.

Significant increases in stiffness (65%) and hardness
(20%) were achieved at 1% SWNT reinforcement.



Summary Il

Optical micrascopy is a screening tool for probe and electron
microscopy.

Both SEM and HR-SEM can visualize the CNT in a polymer
matrix and give details about the dispersion.

TEM is able to visualize individual nanotubes and bundles in a
polymer matrix. Advanced techniques like EDS and EELS
mapping provide additional information on nanotube polymer
Interactions.

Scanning probe microscopy gives complimentary data to
electron and optical microscopy. Force measurements made
by the scanning probe and give insights to polymer nanotube
Interactions.

Raman and ETIR spectroscopy give insights to polymer
nanotube nteractions.

Physical and electronic properties of CNT polymer
composites are strongly influenced by the CNT dispersion and
orientation.



Thank You
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