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Types of Carbon Nanotubes
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OM = Optical Microscopy
EM = Electron Microscopy

* 2008 NIST Recommended Practice Guide: Measurement Issues in Single Wall Carbon Nanotubes (Washington, DC: US Government Printing Office), Chapter 5.
* A Quantitative Assessment of Carbon Nanotube Dispersion in Polymer Matrices, Nanotechnology, 20 (2009), 325708. 4




Computational Modeling of Carbon
Nanotube Composites

Molecular Equivalent-truss Equivalent-
model model continuum model

RVE = representative volume element

Constitutive Modeling of Nanotube-Reinforced Polymer Composites, Composites Sci. Technol., 63, (2003), pp. 1671-1687.
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Volume Conductivity (S/cm)

Dispersion of Single Wall Carbon Nanotubes by In Situ Polymerization Under Sonication, Chem. Phys. Lett., 364 (2002), pp. 303-308.
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Carbon Nanotube on Juno Spacecraft

NASA Image

anotechnology-
enabled panels
prevent build-up
of electrostatic
charge




Setting Goals

Effect of Structural Mass Reduction
Applied to Tension Driven Components
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McMillan, M., System Level Impact of High Strength Carbon Nanotube Materials Applied to Launch Vehicle Concepts, White Paper, March, 2013.



Nasa

» State of the Art Lightweight Aerospace Structure
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Modeling Validation of Objective
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Nano to Macro Challenge
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» Available materials have starting mechanical properties inferior to other SOA materials.
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Effect of Post Processing Steps on

Mechanical Properties
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Progress in CNT Composites
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High Volume Fraction Carbon Nanotube Composites for Aerospace Applications, CAMX 2015 Proceedings 14



Structural CNT Composite Development N%A

CNT Yarn
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CNT Yarn Composite Wound Rings
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CNT Composite Fabrication

B

Commercial
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Assessment of Carbon Nanotube Yarns as Reinforcement

for Composite Overwrapped Pressure Vessels, Composites: . ‘ . . e
Part A, 84 (2016), pp. 256-265. CNT Composite Mechanical Testing-
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Assessment of Carbon Nanotube Yarns as Reinforcement for Composite Overwrapped Pressure Vessels, Composites: Part A, 84 (2016), pp. 256-265.
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Assessment of Carbon Nanotube Yarns as Reinforcement for Composite Overwrapped Pressure Vessels, Composites: Part A, 84 (2016), pp. 256-265.
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Assessment of Carbon Nanotube Yarns as Reinforcement for Composite Overwrapped Pressure Vessels, Composites: Part A, 84 (2016), pp. 256-265. 18
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Motivation for Continuing Research
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Structural Outcomes

Pressure/Temperature Conditions

Graphitization of side-loops

Experimental s . Covalent Links at CNT
sample Initial simulation . _

truct Side-loops higher |

structure temperature |

pressure +
temperature

extreme B
pressure §

. lower temperature
collapse of CNTs creates locations + pressure

favorable to covalent bonding

Diamond from Planar CNT
Regions

Covalent sp3 Structure at
Side-loops
gray =3 bonds

red = 4 bonds
blue/ = diamond

Toward Ultralight High Strength Structural Materials via Collapsed Carbon Nanotube Bonding, Carbon, 156 (2020), pp. 538-548. 23



Computational \ Experimental

graphite die
pulsed DC
power supply

sample

vacuum chamber

ReaxFF Molecular Dynamics
Simulation

Spark Plasma Sintering

ReaxFF = Reactive Force Field
SPS — Spark Plasma Sintering

Toward Ultralight High Strength Structural Materials via Collapsed Carbon Nanotube Bonding, Carbon, 156 (2020), pp. 538-548.
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Toward Ultralight High Strength Structural Materials via Collapsed Carbon Nanotube Bonding, Carbon, 156 (2020), pp. 538-548.
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echanical Response of Processed CNT Sheets
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Toward Ultralight High Strength Structural Materials via Collapsed Carbon Nanotube Bonding, Carbon, 156 (2020), pp. 538-548. 28



Comparison with Literature Data
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3D Printing of Carbon Nanotube Yarn

CNT yarn printed =
on 1 mm centers

Multifunctionality
Demo

* CNT compliance allows for
high fidelity printing

*  Minimum turn radius equal
to half the yarn diameter

*  Multifunctionality of CNTs
retained

Image Credit: NASA

3D Printing of Multifunctional Carbon Nanotube Yarn Reinforced Components, Additive Manufacturing, 12(2016), pp. 38-44.
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Part Characterization

Neat Ultem
— 1layer SC * Selective vs Continuous
3004 2 layer SC .
— 1 layer CC - Tensile test of one and
——2layer CC two layer samples

* Strain Sensor
- Cyclical 3-point bending
- 5kgload at 5% strain
* Heating Element
- Current cycled from 0-0.5 A
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3D Printing of Multifunctional Carbon Nanotube Yarn Reinforced Components, Additive Manufacturing, 12(2016), pp. 38-44. 33



Functional Component

Quadcopter CAD Design CNT

* Dimensions (rotor centers):
75 x75mm

*  Two 9-line CNT raster
pattern (structural)
depositions in each arm

* CNT yarn used to power
motors

Completed Vehicle
Printed Ultem/CNT
Component

All NASA Images

3D Printing of Multifunctional Carbon Nanotube Yarn Reinforced Components, Additive Manufacturing, 12(2016), pp. 38-44. 34



Summary

Structural carbon nanotube composites for aerospace applications were benchmarked
against state-of-the-art carbon fiber composites.

Advances in mechanical performance of carbon nanotube composites were accelerated
via use-inspired research.

Coupling computational modeling with experimentation yielded insights on composite
processing methods tailored to the inherent characteristics of carbon nanotubes.

Recent advancements in the development of structural carbon nanotubes suggest their
hierarchical microstructures can enable unique performance attributes.
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