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Extreme Environments in Space Exploration

Heat flux at atmospheric entry: Heat fluxes often exceeding 10’s W/cm2

Hypervelocity impact: Higher than 3 km/sec

Low and high temperature: Lower than −55˚C and Exceeding +460˚C 

Thermal cycling: Cycling between temperature extremes outside of the military standard range of −55˚C to +125˚C

High pressures: Exceeding 20 bars

High radiation: Total ionizing dose (TID) exceeding 300 krad (Si), GCR, SPE, Neutron

Low and High gravity: microgravity on comets, 2.5g on Jupiter, launch, entry, descent

-215˚C

460˚C

Image credit: NASA

Lunar surface

-173 to 127˚C

-247˚C (25K) at pole

Sharp abrasive edge dust

Radiation

Mars surface

-126 to 21˚C

Sand storm

Radiation

Entry, Descent, & Landing

Deep space

2.7K

Radiation

Microgravity
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Motivation: Properties of Materials for Vehicle Structure

@ RT

Nanotube values are theoretical.

(theoretical)
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Nanotube Comparison (Theoretical)

Carbon Nanotubes Boron Nitride Nanotubes

Electric Properties Metallic or semiconducting
Wide band gap (about 6.0 eV) 

Insulation, corrosion resistant

Mechanical Properties

(Young’s Modulus)

1.33 TPa

(very stiff)

1.18 TPa

(very stiff)

Thermal Conductivity
>3000 W/mK

(highly conductive)

~300–3000 W/mK

(highly conductive)

Thermal Oxidation Resistance
Stable up to

300-400 °C in air

Stable to over

900 °C in air

Neutron Absorption

Cross-Section
C = 0.0035 barn

B = 767 barn (B10 ~3800 barn)

N = 1.9 barn

Excellent radiation shielding

Polarity No dipole
Permanent dipole 

Piezoelectric (0.25-0.4 C/m2)

Surface Morphology Smooth

Corrugated

Better interfacial strength for 

composites, ionic bonding

Color Black
White

(can be colored)

Coefficient of

Thermal Expansion

-1 x10-6 K-1

(very low)

-1 x 10-6 K-1

(very low)



Significance of the BNNT Innovation

• Structural/Mechanical: lightweight composite armor, thermal protection, engine components, and 

radiation shielding materials for extreme environments.

• High stiffness as well as high toughness for spacecraft and space suits, ultrastrong tethers, 

meteorite impact protection layers, protective gear for astronauts.

• Space lubricants without moisture.

• High temperature thermal protection systems (TPS) used in the nose cap, wing leading edges, 

engine parts, lubricants, and planetary Entry, Descent, & Landing (EDL) TPS. 

• Fire resistant and retardant.

• High temperature sensor, actuator, energy harvesting devices in extreme environments.

• Radiation shielding, UV (ultraviolet) protection, and electromagnetic transparency while decreasing 

aircraft weight.

• Radar transparency mitigates Electromagnetic Interference (EMI) and Radio Frequency (RF) 

blackout. 

• Efficient zero-energy water filter and desalination membrane in microgravity.

All Images Credit: NASA
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• Arc-discharge: solid state carbon precursor

• Laser ablation: solid state carbon precursor

• Chemical vapor deposition (CVD): gaseous carbon precursor/ HiPco (High pressure CO)

• Free Electron Laser (Jefferson Lab): funded by NASA-LaRC C&I

• RF Induction Thermal Plasma (Canadian NRC)

Synthesis Methods of Carbon Nanotubes

Arc-discharge Laser ablation

Chemical vapor deposition (CVD)

HiPco

Credit: http://students.chem.tue.nl/ifp03/synthesis.html

Quartz

6/8/2014 Induction Plasma Technology - Tekna Plasma Systems Inc

http://tekna.com/equipment/induction-plasma-technology/ 2/3

People are very familiar with the solid, liquid and gaseous states of matter, but not with plasma, the fourth state of matter, which is reached at
sufficiently high temperatures and energy densities.

The plasma state is an ionized gas comprising molecules, atoms, ions (in their ground or in various excited states), electrons and photons. It is
electrically conductive since there are free electrons and ions present, and is in local electrical neutrality, since the numbers of free electrons and
ions are equal. More than 99% of the known universe is in the plasma state. Lightning and auroras are common examples here on Earth.

The high energy content of plasma compared to that of ordinary gases or even the highest temperature combustion flames, offers unlimited potential
for use in a number of significant modern industrial applications.

In summary, plasma offers:

1. High temperature environment (5 000-10 000K)
2. High thermal conductivity
3. No combustion necessary
4. High purity

Tekna’s Radio Frequency Plasma (RF), or Induction Coupled Plasma (ICP), is generated through the electromagnetic coupling of electrical
energy into a discharge cavity.

A plasma flow generated in an induction plasma torch gives a high-temperature environment (5000 to 10 000 K) with a high specific enthalpy
(1-10 MJ/kg, depending on the plasma gas composition). The central axial feeding system provides a more flexible and efficient approach than
DC plasma torchs. Because the residence time is longer than in DC plasmas, the precursor is better treated and the particles are heated
thoroughly.

Tekna’s patented induction plasma torch features:

1. Proprietary ceramic plasma confinement tube
2. Coil encapsulated in torch body to facilitate manipulation and maintenance
3. Operation under a wide range of conditions with oxidizing, reducing or inert plasma gases
4. High-purity processing as the plasma is not generated from an electrical discharge between two electrodes
5. Large-volume discharge which allows for a long contact time between the materials to be processed and the plasma
6. Solid, liquid or gas precursors
7. Exchangeable nozzle designs for low or high velocity plasma discharge

Tekna has developed a complete line of induction plasma torches, with power ratings ranging from 30 kW to 200 kW. For industrial customers we
can provide integrated induction plasma systems for power levels up to 1 MW with outstanding efficiency using our newly developed, patented
protected, dual frequency induction plasma torch technology.

Induction Plasma

Credit: www.tekna.com

Nano Lett 2, 56 (2002)

Image credit: NASA



• First Theoretical prediction: PRB 49 5081–5084 (1994) (UC Berkeley, Cohen), computation

• First Synthesis Arc Discharge: Science 269 966 (1995) (UC Berkeley, Cohen/Zettl) BNNT by Arc Discharge

• Arc Discharge: PRL 76 4737 (1996) (ONERA France, Loiseau)  Arc Discharge HfB2 with N2 gas

• Laser heating: APL 69 2045 (1996) (NIMS Japan, Golberg, Bando), Diamond Anvil, c-BN target laser heating 

High pressure

• Laser ablation: APL 72 1966 (1998) (Yu, BN powder with Co/Ni, first laser ablation

• Ball milling/thermal annealing: CPL 74 2782 (1999) (ASU Australia, Chen) Ball milling of B powder in NH3 gas

• CVD: Chem. Mater. 12 1808 (2000) (WA Univ, Lourie, Ruoff, Buhro) CVD Borazine (B3N3H6) 

• Laser ablation, PRB 64 121405(R) (2001) (ONERA Lee, Loiseau) CO2 laser, no catalyst

• CVD: Solid State Comm. 135 67 (2005) (NIMS, Zhi. Bando, Golberg) CVD NH3 B2O3 from MgO/B powder

BNNT Synthesis History

1994

1st prediction

1996-synthesis

1) Arc discharge

2) Laser heating cBN
1999-synthesis

1st Ball milling

2000-synthesis

1st CVD
2005-synthesis

CVD

2009-synthesis&production

significant yeild

High Temp & Pressure

FEL/CO
2
 laser

2014-production

plasma synthesis

H
2
 Catalysis (20 g/hr)

High Temp & Pressure

Plasma (35 g/hr)

2001-synthesis

CO
2
 laser

1998-synthesis

1st laser ablation

BN powder

1995

1st synthesis

Arc Discharge

• High Temp, High Pressure, Laser vaporization: Nanotechnology 20 505604 (2009) (NIA/NASA/Jlab) High 

Temperature, Pressure (HTP) BNNT, Free Electron Laser/CO2 Laser

• High Temp Induction Thermal Plasma: ACS Nano 8 6211 (2014) (NRC Canada, Kim, Kingston, Simard): 

20g/hr, need H2

• High Temp, High Press Induction Thermal Plasma: NL 14 4881 (2014) (UC Berkeley, Zettl): 35g/hr

1994 2009



High Temperature-Pressure (HTP) BNNT

• Free Electron Laser (FEL) or CO2 laser

• No Catalyst, only B and N resource 

• Very long, small diameter, highly crystalline BNNT

Nanotechnology, 20 505604 (2009)

US Patent 8206674 B2 (2012)

BNNT Synthesis

Jefferson Lab FEL
BN target



Free Electron Laser: Atmosphere: Spark

All images credit: NASA



Free Electron Laser: High Pressure
Free Electron Laser: High Pressure: BNNT Streamer

All images credit: NASA



Production Laser and Chamber

BNNT Synthesis Lab: NASA Langley  (1st Gen)

• 5 kW of infrared radiation @ 10.6µm
• Heat source for vaporizing Boron feed 

stock above 3500⁰C
• Pressurized with Nitrogen to 13.6 atm

(200 psi)

Nanotechnology, 20 505604 (2009)

J. Thermophysics and Heat Transfer 27 369 (2013)

Proc. SPIE 9060 906006 (2014)All images credit: NASA



Cotton-like High Pressure and Temperature (HTP)-BNNT 

Benefits

• One-to-few-walled tubes with high crystallinity

• Very long, high-aspect ratio tubes

• High scale-up potential

• No toxic catalysts (only B and N as reactants)

• Standard industrial cutting/welding lasers

• High service temperature (over 800ºC)

• Highly electroactive (due to the B-N polar bond)

• Neutron radiation shielding (due to their B content)

(~ 30 minutes run time)

BNNT LLC

NASA

BNNT 

Yarn



High Resolution SEM: As grown BNNT

All images credit: NASA Langmuir 33 14340 (2017)

EFTEM



Based on AFM measurements of 1,000 

randomly selected individual BNNTs 

TEM Micrographs

Nanotube Wall Number and Distribution of HTP-BNNTs

Comp. Mater. Sci., 135 29 (2017) 

Purified BNNT (Rice U)

Nanotechnology, 23 095703 (2012)



National Institute of Aerospace (NIA) BNNT Science Chamber

All images credit: NASA/NIA

Shadowgraph

Cooling Lines

Optical Filters/Shutters

Pressure Gauge

Cameras

Optical Lenses and Mirrors 

Main Chamber

Nitrogen Feed



NIA Science Rig HTP BNNT Run (Snapshots)

Proc. SPIE 9060 906006 (2014)

All images credit: NASA/NIA



 Understand chemistry and flow physics of nanotube 
generation

 Improve and validate simulation/modeling

 Optimize material properties, production rate

 Specific Goals:

– Determine gas and melt-ball temperatures

– Determine amount of B2, B, BN, N and N2

 In-situ, on-surface measurement: 

– High speed imaging; high speed (1 kHz) optical 
pyrometer being developed to study melt-ball dynamics

 Off-surface, gas phase measurement: 

– High-speed, high-resolution imaging

• Shadowgraph and visible emission

– Species sensitive imaging (BN PLIF)

– Temperature measurements (CARS)

Jennifer Inman, Paul Danehy, Steve Jones, Joe Lee (D304), Andrew Cuttler (GWU)

In-situ Optical Diagnostics

High Speed Camera Shadowgraph
AIAA SciTech2014-1098 (2014)

Proc. SPIE 9060 906006 (2014)

CARS Intensity Measurement

All images credit: NASA/NIA
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Modeling of Laser Ablation and Plume Chemistry in a 

Boron Nitride Nanotube Production Rig 

Contour lines of temperatures and 

mass fraction of BN in the plume

J. Thermophysics and Heat Transfer 27 369 (2013)

Proc. SPIE 9060 906006 (2014)

All images credit: NASA

Peter Gnoffo (D305)

Aerothermodynamics Branch

LAURA Code



BNNT LLC NRC Canada (Tekna) Boronite Corp 

BNNT Yarn 

www.boronite.com www.bnnt.com ACS Nano 8 6211 (2014)

NASA

BNNT 

Yarn

NRC Canada

U of New 

Hampshire

BNNT YarnsBNNT Mats

BNNT Fluffy Balls

As grown 

BNNT

NIA Science BNNT Rig

First Successful 

BNNT Scale-Up

BNNT LLC

BNNT Scale-Up and Various Forms of BNNT

180g BNNT

Ex-Nanocomp CTO

GIT (Satish Kumar)

BNNT/PAN Fiber 

Aligned  
BNNT 

BNNT Mat

Flexible BNNT Mat

Flexible BNNT 

Polymer Composite Carbon 147 419 (2019)

Purified BNNT (Rice U)

Chem. Mater. 31 1520 (2019)



Dispersion and Purification



Thermodynamic Approach: Effective BNNT Dispersion 
Essential for Quality Yarn, Fabric, and Composite Formation

Single and Co-solvents

BNNT Hansen Solubility Parameters 

δd, δp, δh = 16.8, 10.7, 9.0 MPa1/2

δt = 21.8 MPa1/2

Example of 3D Hansen space*

We believe the content of this manuscript provides a scientifically significant and comprehensive 

examination of BNNTs in solution, which is of interest to ACS Applied Materials & Interfaces 

readers. Below are a list of experts in the field who can provide a critical review of our work: 

 

Thank you very much for your time and your consideration of our manuscript for ACS Applied 

Materials & Interfaces. 

 

Sincerely, 

 

 

Cheol Park, Ph.D 

Senior Researcher 

Advanced Materials and Processing Branch 

NASA Langley Research Center 

Email: cheol.park-1@nasa.gov 

 

 

 

Figure Description: Three-dimensional Hansen space plot (center) for all solvents and co-solvents tested 

with boron nitride nanotubes (BNNTs). BNNT solutions were classified as dispersed (green), swollen 

(yellow), and sedimented (red) elucidated a clear region of good BNNT solubility (blue sphere). Also 

shown are examples of good solvents which display well-dispersed BNNTs (left) are shown in 

comparison to poor solvents which result in sedimented BNNTs (right). 

 

*http://confidentsolventselection.com/about/solubility-parameters.htmlNanoscale 8 4348 (2016)

DGmix = DHmix – T*DSmix

Thermodynamic Approach: 

Gibbs Free Energy of Mixing

dt

2 =dd

2 +dp

2 +dh

2

Hansen Solubility Parameters (HSP)

(dd, dp, dh): “like dissolves like”

dt
2: Hildebrand parameter 

dd: dispersion component

dp: polar component

dh: hydrogen bonding component

If DGmix is negative, 

spontaneous mixing happens 

to form a homogeneous 

solution  

http://confidentsolventselection.com/about/solubility-parameters.html


Dispersion: Dispersion State of Single and Co-solvents

Single Solvent Sphere Co-solvent Sphere

BNNT HSP 

δd, δp, δh = 16.8, 10.7, 9.0 MPa1/2

δt = 21.8 MPa1/2

Nanoscale 8 4348 (2016)



Credit: Prof Pasquali Group at Rice University

Dispersion and Purification

Dispersion in a Superacid (Chlorosulfuric acid)

Purification: Wet Thermal Oxidation

Langmuir 33 14340 (2017), Nano Lett 18 1615 (2018), Chem. Mater. 31 1520 (2019)

As grown BNNT Purified BNNT Purified BNNT

HRSEM HRSEM

Flexible

BNNT Mat

BNNT Film (superacid)

BNNT in Chlorosulfuric acid (HSO3Cl)

Cryo TEM Cryo TEM

20 nm 20 nm50 nm

1 µm

Rice U Nanotube Spinning (Science 339 182 (2013))

10	µm	

Behabtu,	Pasquali,	Science,	2013	



Mechanical and Thermal Properties



AFM FTIR and Raman

500nm

10nm

10nm

10nm

In-situ Single BNNT Test inside of an SEM

SEM 

Small 9 3345 (2013), Carbon 82 214 (2015), APL 107 253105 (2015)

Carbon 25 93 (2017), Carbon 132 548 (2018)Credit: Prof Ke (SUNY Binghamton) FEI Nanolab 600

Pull-Out Test Tensile Test

 

 

structures. Figure 1(c) shows representative HRTEM images of BNNTs in the form of SW, double-

walled (DW), triple-walled (TW) and quadruple-walled (QW) configurations. Figure 1(d) shows 

the outer diameter ranges of single to quadruple-walled BNNTs that were characterized by 

HRTEM. The outer diameter range of the observed DW-BNNTs was found to be from 2.0 to 4.0 

nm, while 0.7 to 2.4 nm for SW-BNNTs, 2.8 to 5.6 nm for TW-BNNTs, and 3.7 to 6.6 nm for 

QW-BNNTs. The data presented in Figure 1(d) show that the diameter range of one type of BNNTs 

partially overlaps with other types of tubes. Therefore, the exact wall number of a BNNT may not 

be directly identified based on its outer diameter when it falls into the overlapping diameter 

region(s). High resolution AFM imaging measurements of dispersed BNNTs show that their 

diameter distribution is poly-dispersed and the diameter of 92% of tubes falls into the range of 1-

4 nm, which is consistent with the results from HRTEM measurements. 

 

 

2. Mechanical Properties of BNNTs 

 

Objective: To quantitatively characterize the mechanical properties of individual BNNTs in both 

longitudinal (tensile) and radial (transverse) directions, and to conduct a comparison analysis of 

the mechanical properties of BNNTs with CNTs.  

 

2.1 Tensile Testing of Individual BNNTs by in-situ SEM Nanomechanical Measurements  

The tensile (Young’s) moduli and breaking strengths of individual BNNTs were investigated 

using the in-situ scanning electron microscopy (SEM) tensile testing scheme shown in Figure 2(a). 

In this testing scheme, an individual BNNT stays horizontal with one end attached to the tip of an 

AFM force sensor and the other end attached to a rigid probe using 3D nanomanipulation and 

electron beam induced deposition (EBID) techniques. By using sensitive AFM force sensors with 

spring constants of about 0.02 N/m, the in-situ electron microscopy nanomechanical testing 

platform possesses a force sensitivity of ~0.1 nN and a spatial resolution of a few nanometers. 

Measurements on the elastic moduli and breaking strengths of a number of individual BNNTs 

were performed using the in-situ SEM tensile testing platform. Figure 2(b) shows a selected SEM 

snapshot of tensile testing of one single BNNT. The tensile testing measurements revealed that 

their tensile moduli and breaking strengths are in the range of 760-960 GPa and 14-38 GPa, 

respectively, both of which are calculated based on a measured median BNNT diameter by using 

AFM (~2.5 nm). To the best of our 

knowledge, the measurements of the 

tensile modulus and breaking strength 

in this work are the first available data 

on the HTP- BNNTs. The results clearly 

demonstrated our unique capabilities of 

manipulating and performing tensile 

tests on individual BNNTs. The data 

about the tensile moduli and breaking 

strengths of HTP-BNNTs are consistent 

with the reported experimental data of 

BNNTs synthesized using other 

methods (i.e., modulus of 0.7-1.3 TPa 

and strength of 8-33 GPa)4–6 and 

Figure 2: (a) Schematic of our in-situ SEM tensile testing 

schemes for measuring the elastic moduli and strengths of 

individual BNNTs. (b) Selected SEM snapshot of tensile 

testing of one single BNNT (~ 1.2 µm in length).  



Figure 3
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BNNT Tensile Test Results

Small 9 3345 (2013), Carbon 82 214 (2015), APL 107 253105 (2015)
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Figure S3: The respective contributions of the van der Waals interaction and the 

electrostatic interaction to the total interfacial binding energy for (a) BNNT-epoxy and (b) 

BNNT-PMMA interfaces during the polymer chain relaxation process on the nanotube 

surface. The dashed lines refer to the average steady-state binding energies.  
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Interfacial Strength: In-situ Single Nanotube Pull-Out Test

Small 9 3345 (2013), Carbon 82 214 (2015), APL 107 253105 (2015)

Credit: Prof Ke (SUNY Binghamton)



High Velocity Laser Induced Micro-Bullet Impact Test: 

BNNT Nonwoven Mat (Micro-Ballistics)

BNNT Non-Woven Mat

Lee, J.-H et. al. Science 346, 1092 (2014) 4

Micro-Ballistics	

Laser	Induced	Projectile	Impact	Test	(LIPIT)	

Lee,	J.-H	et.	al.	Science		(2014)

Ballistic	Velocities:	100-1500	m/s

Launching	
Mechanism

Imaging
Technique

*	Repeated	
dark	and	
bright	regions	
in	
background	
are	Moiré	
Fringes	
generated	
from	the	use	
of	circular	
aperture	in	
optics	for	
imaging

50µm

Simulated Micrometeorite Impact Test
NASA

Pristine PI 

5%BNNT/PI 

High Hardness 

Pristine PI 

5%BNNT/PI 

High Hardness 

Rice University: Prof Ned Thomas group

Impacted	BNNT	Film

9

• Projectile	Captured

• We	are	working	to	establish	optimized	cross-section	procedures
• Sample	damaged	and	projectile	lost	after	initial	FIB	attempts

• Interesting	to	note	that	some	material	ends	up	on	top	of	projectile	
(Good	for	us	to	discuss	potential	reasons	during	meeting)

Impact	Velocity:	450	ms-1

Projectile	Surface
Projectile	cross-section

Sample	1 Sample	2



BNNT 

CNT 

BNNT: No Oxidation at 800˚C in Air 

TGA

Nanotechnology, 20 505604 (2009)

EDL Hot 

Structure
Leading Edge

BNNT-UHTC Concept
Fire Resistant

Fire Retardant

Thermal Properties of BNNT



Langley Research Center

HYMETS Facility

March 11, 2015
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Hypersonic Materials Experiment Test System (HYMETS)

American Institute of Aeronautics and Astronautics 

7

V. Thermal Analysis 

The Fully Implicit Ablation and Thermal Response (FIAT) code
13

 was used to perform thermal analysis and 

sizing of both the Baseline and MHSHS concept.  Within FIAT material recession is also predicted in the ablating 

materials modeled. Thermal models for each concept are illustrated in Fig. 2.  Note that this is a one-dimensional 

analysis so no structural frames were included in the thermal sizing study. The ISS return and Mars entry cold-wall 

heating profiles described in the previous section were used to create relevant environment profiles for input with 

FIAT.  Both ISS and MSL estimated heating profiles were applied to each concept. 

The material thermal properties for the various components were already included in the material database file 

supplied with FIAT for the Baseline model.  FIAT was used to size the required thickness for PICA in the Baseline 

model for both ISS return and Mars entry using the parametric heating profiles.   The thermal constraint in the model 

is the RTV temperature limit of 482°F (250°C).   An adiabatic boundary condition was assumed for the bottom of 

the lower titanium facesheet.  

The material thermal properties for the various components of the MHSHS model had to be integrated into the 

FIAT material database. The existing FIAT dimensionless mass blowing rate (B’) tables for Reinforced Carbon-

Carbon (RCC) were used for analyzing ACC-6.  A multi-layer insulation approach was pursued considering several 

insulation materials.  Opacified Fibrous Insulation (OFI) material was considered where thermal properties had been 

developed at NASA LaRC.
14

  Alumina paper reinforced aluminosilicate aerogel was also included in the evaluation 

where material properties were obtained in the same test apparatus described in Ref. 14.    The lower layer of the 

insulation consists of a thin layer 0.02 in (0.51 mm) of Nextel 440 fabric for holding the insulation in place. The 

fabric was modeled as a heat sink, with no heat loss from the backside, which is the standard conservative practice 

for TPS analysis.  Parametric thermal studies were conducted with ACC-6 thicknesses of 0.25 and 0.50 in (6.35 and 

12.7 mm) for the Mars entry case.  For a single layer flexible insulation design, the OFI thickness was sized based 

on Nextel fabric IML temperature constraint of 302°F (150°C).   Parametric studies were also conducted with IML 

temperature constraints varying between 392 and 572°F (200 to 300°C).  As expected, insulation thickness and mass 

decreased with increasing IML temperature constraint.  Only results with IML temperature constraint of 150°C are 

shown in this paper, and these results are the most conservative set of results.   For a two-layer flexible insulation 

design, a 0.5 in ( 12.7 mm) thick layer of alumina paper reinforced aluminosilicate aerogel was used as the lower 

layer of insulation,  and the OFI thickness was sized based on Nextel fabric IML temperature constraint of 302°F 

(150°C).  OFI is efficient in reducing radiation which is the dominant mode of heat transfer at higher temperatures 

(closer to OML), while aerogels are effective in reducing gas conduction which is the dominant mode of heat 

transfer at lower temperatures (closer to IML) in high porosity insulations.
14 

VI. Thermal Testing 

Preliminary testing has been initiated on coupon samples to validate the thermal models and demonstrate thermal 

performance. The Hypersonic Materials Environmental Test System (HYMETS) arc-jet facility at NASA LaRC 

(Fig. 9) was chosen for testing due to the ability to test small 1-in (25.4 mm) diameter specimens in an environment 

 
        Figure 9. Photograph of HYMETS testing chamber opened for installing specimens. 

HYMETS testing chamber

All images credit: NASA Collaborators: Scott Splinter, Jeff Gragg, Kamran Daryabeigi (AIAA, 2011)

Arc plasma generator

HYMETS TEST for BNNT Mats

• Heat flux: Set at 50 W/cm2 (2nd Gen Mars EDL)

• Duration: 1 min - 5 min 

• Atmosphere: Air (with 5% Ar)

• Cooled under Vacuum

LaRC HYMETS Test Conditions

• Specimen Surface Temperature (oC): 1260-2482

• Specimen Stagnation Pressure (atm): 0.013-

0.079

• Free Stream Mach Number: 5.0

• Free Stream Enthalpy (kJ/kg): 5350-26749

Flexible BNNT mat



Hypersonic Materials Experiment Test System (HYMETS)

Sample: BNNT Mat (as grown, nonwoven)

• Fabricated by a vacuum filtration process

• Diameter: 25 mm, Thickness: 2 mm, Density: ~ 0.3 g/cm3

HYMETS Test Conditions

• Test duration: 1 min 

• Surface temperature: 2400 oF (1315 oC)

After    Before

FT-IR Analysis  of BNNT mat

Front

Middle

Back

Thermal

Flux

#

Before After

Video Clip: BNNT mat under a hypersonic test

Front

Middle

Back



Superior Structural and Mechanical Properties of BNNTs in 
High Temperature Environments

Nanotube Diameter (nm)
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AFM studies show that individual BNNTs can

survive at up to 850 °C in air and captures the sign

of their structural degradation at 900 °C and above.

(the red arrows mark the positions of the oxidation-

induced tube broken sites).
AFM-based nanomechanical compression 

tests (illustrated in inset drawing) show that 

the mechanical properties of individual BNNTs 

remain intact after thermally baked at up to 

850 °C in air. 

Xiaoming Chen, Christopher M Dmuchowski, Cheol Park, Catharine C. Fay and Changhong Ke, "Quantitative Characterization of Structural and 

Mechanical Properties of Boron Nitride Nanotubes in High Temperature Environments," Scientific Reports, 7, 1138 (2017).

Credit: Binghamton U (Prof. Ke)



Xiaoming Chen, Christopher M Dmuchowski, Cheol Park, Catharine C. Fay and Changhong Ke, "Quantitative Characterization of Structural and 

Mechanical Properties of Boron Nitride Nanotubes in High Temperature Environments," Scientific Reports, 7, 1138 (2017).

In-situ Optical and Raman Spectroscopy of BNNT



 Ultralight, flexible, shielding materials for extreme environment 

conditions (thermal, mechanical, chemical, and radiation)

 NASA applications: 

– Materials for space vehicles and structures.

– Flexible TPS (FTPS) for hypersonic inflatable aerodynamic 

decelerator (HIAD). 

NASA Missions for Extreme Environment

IRVE-3 (NASA)

All image credit: NASA



BNNT Metal Matrix Composite (MMC)

J. Phys. Chem. C 120 3509 (2016)

J. Phys. Chem. C 122 15266 (2018)



National Aeronautics and Space Administration (NASA) Titanium Metal Matrix Nano-Composite (Ti MMnC)

Sample #1, BNNTs Exhibit Bridging

U Queensland: Prof Bernhardt & Dr. Rhomann (AFOSR/AOARD)

BNNT-Ti64

BNNT Metal Matrix Composite (BNNT-MMC)

J. Phys. Chem. C 120 3509 (2016)

J. Phys. Chem. C 122 15266 (2018)

Nanotechnology, 30 25706 (2019) BNNT-ceramic interfacial strength

J. Am. Cer. Soc. Early view, BNNT-PDC composite (k: 2000% increase)

Adv. Eng. Mater. 18 1747 (2016) 

Agarwal Group FIT

2x Modulus

4x Strength

BNNT-Al

Al

BNNT-CMC



Multifunctional BNNT Polymer Composites

• Electroactive Properties

• Radiation Shielding Properties

Conceptual Venus Exploration Conceptual Mars Exploration

All images credit: NASA
Comp. Mater. Sci., 95 362 (2014)

ACS Nano 9 11942 (2015)  

MRS Bulletin 40 836 (2015)



Experiment Displacement Study 

Polymer Matrix: 

• Polyimides [CP2, (b-CN)AMPB/ODPA  (bCNAO), (b-CN)APB/PMDA (bCNAP)]

• Polyurethane

• PMMA

• Nylon 6,10

Inclusions:

• h-BN (hexagonal boron nitride powders) 

• BNNT (purchased CVD, large, large diameter tubes)

• BNNT (high pressure, high temp, CO2 laser as grown)

Alignment (stretched)

No alignment (unstretched) and stretched (up to 100%)

Polyimide (CP2)

Polyimide (bCNAO)

Polyimide (bCNAM) (unstretched and stretched 100%)

5wt%hBN/polyimide (stretched 110%)

5wt%BNNT(CVD)/polyimide

2wt%BNNT(laser)/polyimide (unstretched and stretched 100%)

ACS Nano 9 11942 (2015) 



Actuation of Unstretched/Stretched 2% BNNT/Polyimide
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Langley All-Nanotubes Actuator/Sensor (LaRC-ANAS) Film

Goal: Flexible, transparent, large actuation, high sensitivity, 

mechanically durable
ACS Nano 9 11942 (2015) All images credit: NASA



All-Nanotubes Actuator/Sensor Film: In-Plane Strain
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Materials Inclusions Polymer Actuation

Polyimide (PI) None Polyimide None

5%hBN/Polyimide (100% 

stretched)

5%hBN Polyimide None

5%BNNT 

(CVD)/Polyimide

5%BNNT (CVD) Polyimide None

Polyimide (100% 

stretched)

None Polyimide None

2%BNNT 

(laser)/Polyimide

2% BNNT 

(laser)/Polyimide (100% 

stretched)

20%BNNT/Polyurethane

2%BNNT 

2%BNNT

>20% BNNT

Polyimide

Polyimide

Polyurethane

✔

✔✔✔

✔✔✔✔✔✔✔✔✔✔✔✔

Actuation of Unstretched/Stretched h-BN/BNNT Materials

h-BN  No Actuation

Commercial BNNT (CVD)  No Actuation

Polymer  No Actuation

Stretched Polymer  No Actuation

BNNT (high pressure, high temp laser)  Origin of the Actuation

100 % Strain

220C slightly 

above Tg

All images credit: NASA



Results: Piezoelectricity under Deformation

e11

e14

Armchair   ->   Chiral     ->    Zig-zag

Twist,

Stretch,

e11=0.090

e11

e14

The Molecular Dynamics (MD) model is successful in representing the piezoelectric properties of BNNTs

 pz (stretch) = e11es

pz (twist) = e14et

P

e14

e11

Comp. Mater. Sci., 95 362 (2014) 

MWBNNT

Comp. Mater. Sci., 135 29 (2017) 



2D Printed Electronics as Sensory Applications: 

BNNT Composites Capacitive Sensors

GIT : Prof Chuck Zhang/Ben Wang Group

Individual Meeting - Research PlanIndividual Meeting - Research Plan & Proposal

Part 2. Artificial Skin

Individual Meeting - Research Plan & Proposal

9

Capacitive Sensor

Touch sensitive response

By touch

BNNT-Polymer Composite Artificial Skin for Pressure and Microclimate Detection

• Due to the lower dielectric constant of BNNT, capacitance of BNNT composite was lower than 
that of pristine PDMS.

• However, the sensitivity of pristine PDMS was similar with PDMS – BNNT composite since the 
external environment is the most significant factor for touch mode.

Baseline for pristine PDMS

Baseline for PDMS – BNNT 0.5 wt.%

Introduction Experimental Part SummaryResults & Discussion

The information presented herein cannot be duplicated 
or extracted without permission from GTMI

Individual Meeting - Research PlanIndividual Meeting - Research Plan & Proposal

Part 1. Artificial Skin

Individual Meeting - Research Plan & Proposal

10

Capacitive Sensor

Pressure sensitive response

BNNT-Polymer Composite Artificial Skin for Pressure and Microclimate Detection

0 kPa

15.27 kPa

34.55 kPa

48.24 kPa

60.35 kPa

• Higher sensitivity of capacitance under compressive pressure was observed from PDMS-BNNT 0.5 wt.% 
composite compared to the pristine PDMS and further analysis is required to support current hypothesis

Introduction Experimental Part SummaryResults & Discussion

The information presented herein cannot be duplicated 
or extracted without permission from GTMI

Individual Meeting - Research PlanIndividual Meeting - Research Plan & Proposal

Part 2. Artificial Skin

Individual Meeting - Research Plan & Proposal

9

Capacitive Sensor

Touch sensitive response

By touch

BNNT-Polymer Composite Artificial Skin for Pressure and Microclimate Detection

• Due to the lower dielectric constant of BNNT, capacitance of BNNT composite was lower than 
that of pristine PDMS.

• However, the sensitivity of pristine PDMS was similar with PDMS – BNNT composite since the 
external environment is the most significant factor for touch mode.

Baseline for pristine PDMS

Baseline for PDMS – BNNT 0.5 wt.%

Introduction Experimental Part SummaryResults & Discussion

The information presented herein cannot be duplicated 
or extracted without permission from GTMI

Touch Sensitive Sensor Pressure Sensitive Sensor

NASA



BNNT Applications for Nuclear Medicine

Boron Neutron Capture Technology

BNCT (Boron Neutron Capture Technology) - Therapy

• 10B is delivered to encapsulate the tumor and is irradiated with low energy thermal 

neutrons (< 0.5 eV) to yield high linear energy transfer (LET) alpha particles (4He) 

and recoiling 7Li nuclei.  (10B(n,α)7Li)

• Damage to healthy cells is minimized by a short stopping distance (< 10 um) of the 

alpha particles. 

• 10B enriched BNNT has been produced

Image from Japan Atomic Energy Research Institute 

(JAERI)
Image from Kyoto Univ.

Credit: NIA (Dr. Sang-Hyon Chu)

NSF



BNNT Applications for Nuclear Medicine

BNNT Targets for PET/CT

• Goal - To develop 11C biomarker radiopharmaceuticals for PET/CT 

metabolic imaging using BNNT cyclotron targets.

• NSF-SBIR program phase 1 (2015) and phase 2 (2016-present).

• Collaborators: BTI Targetry (PI) and Lawrence Berkeley National 

Lab (LBNL).

• Demonstrated boron nitride nanotube cyclotron target for recoil-

escape production of 11C through a nuclear reaction of 11B(p,n)11C 

using low energy proton beam (7-11 MeV). 

Cancer Diagnosis using PET/CT 

(from Wikipedia)Proton -> Neutron + Positron (positive electron) 

Credit: NIA (Dr. Sang-Hyon Chu)

NSF



The target chamber filled with BNNT 

(Image credit: Dr. James O’Neal, LBNL)

Proton Beam Tests at Lawrence Berkeley National Lab 

10	mm

20	mm

Density (average) = 0.27 g/cm3

• Fabricated and characterized natural-enrichment 

BNNT target media with sufficient density: Multi-stack 

of BNNT discs to meet the size requirement. 

• Successfully demonstrated the feasibility goal: 

recovery of 25% theoretical yield of 11CO2 at 7 MeV 

and 11 MeV incident energies at 20 μA beam current. 

Credit: NIA (Dr. Sang-Hyon Chu)

NSF

Instruments, 3, 8 (2019), Peeples, Chu et al.



All images credit: NASA

Radiation Shielding Properties

Science 340 1080 (2013)

Spacecraft data nails down radiation risk 

for humans going to Mars
Nature News, May 30, 2013, Ron Cowan

Interviewed Sheila Thibeault at NASA Langley about the study 

published in Science

Mars Science Laboratory (MSL) during its cruise to Mars 

between 6 December 2011 and 14 July 2012  (253 days)

Mars Round Trip Dose Equivalent is 

around 0.66 Sievert

Figure: Interaction of the Space Shuttle with
the upper atmosphere creates a corona seen
at night due, in part, to atomic oxygen. The
left photograph is during the day, and the

right photograph is at night. Credit: NASA

MRS Bulletin 40 836 (2015)

Galactic Cosmic Ray (GCR) and produced Secondaries in lunar regolith

NASA/TM 2005-213688

Solar Particle Event (SPE)



Neutron Radiation Shielding Study

Materials

• Hydrogen, Boron, Nitrogen

• BN, BNNT, Gd

• Low density polyethylene (LDPE), polyimide (Kapton, CP2, (b-CN)APB/ODPA), polyurethane

Radiation Shielding Structural Materials

• In-situ polymerization under simultaneous sonication and shear

• Supercritical Fluid Infusion

Characterization

• Neutron Radiation Exposure Lab: Source: Am/Be 1Curie

• Moderated by borated polyethylene cylinder block (44mm thick):

45 mrem/hr thermal neutrons

• Sample: 2 x 2” polymer and BN polymer composites

• Detection Foil: 1.25” Indium Foil (0.5mm, 19 barns)

• RSMES: Radiation Shielding Materials Evaluation Software

115In(n, γ)116In 

Modeling

• OLTARIS

http://www.inp.nsk.su/bnct/introduction/introduction.en.shtml

neutron

Geiger-Mueller Tube

All images credit: NASA



Radiation Shielding Effectiveness of BNNT Composites

Neutron radiation
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LH2 Al Water BNNT      Polyethylene BNNT+5%H
Modeling 

OLTARIS

http://www.nasa.gov/pdf/716082main_ Thibeault_2011_PhI_Radiation_Protection.pdf (NASA NAIC Phase I Report)
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Summary

• High Temperature-Pressure BNNT synthesis method was introduced.

• BNNT dispersion was successfully achieved by thermodynamic approach using 

Hansen solubility parameters for single and co-solvent systems.

• Interfacial shear strength and fracture energy of BNNT with polymers were superior to 

those of CNT.  

• BNNT exhibited excellent thermal stability under a simulated planetary entry 

environment along with flame resistance and retardation properties

• BNNT  and BNNT polymer composites exhibited excellent piezoelectricity as well as 

electrostrictive behavior even without poling. 

• BNNT exhibited excellent neutron radiation shielding effectiveness and hydrogen 

containing BNNT showed superb shielding effectiveness against GCR and SPE. 
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