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Figure 1.  Estimated pressure maximums vs temperature for a selection of proposed mission destinations.7 
 
 The actuators that are needed for robotic exploration include lander pedal motors, drive/steering motors, 

manipulator joint motors, latching and deployment motors and sampling tool motors.  The requirements on these 
actuators are very restrictive due to the mass, volume and power envelopes imposed by space applications.  A schematic 
diagram showing some of these actuators which may be used in space exploration missions is shown in Figure 2.   
Except for the extreme high pressure region, of these restrictions (Pressure, static g, dynamic g, Temperature, Radiation 
Hardiness) high temperature operation in particular is the most restrictive.  Operating at 460 oC as is found on the 
surface of Venus is an extreme challenge.  Shielding, damping, sealing, heating can be incorporated in designs to 
account for many of these environmental factors however working in a high temperature environment for extended 
times is a very difficult technical challenge.   Active cooling using one-shot chemical cooling or powered refrigeration 
techniques can ameliorate the problem for drive electronics and batteries however the actuators, bearings, 
cabling/insulation, solders, and control sensors may have to be located external to any environmentally controlled 
space.  It is feasible that some of these components may be located intermediate between the high and controlled 
temperature regions and operated at a temperature below 460 oC.     This paper will discuss the use of high temperature 
actuation materials and the various actuators that can be made from these materials including piezoelectric motors with 
substantial torque, fine position actuators with nm position resolution and power ultrasonic tools for sampling. 
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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 
1/6 Earth gravity

Mars surface
-126 to 21˚C
Sand storm
Radiation
Entry, Descent, & Landing

Deep space
2.7K
Radiation
Microgravity

Artemis Program: Send 1st Woman & 
next Man to the Moon by 2024 (about 
$40B), and then Mars and Beyond



: Landing Humans On the Moon in 2024
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All Images Credit: NASA

Sustainable Power
Lunar Dust Mitigation
ISRU
Extreme Environments
Extreme Access
Surface Excavation and Construction



ISRU Landing Pad: Multipurpose Cassegrain System

https://www.youtube.com/watch?v=mpXdY2v5FDI&feature=youtu.be

Video Credit: NASACredit: Bob Moses, Sang H Choi (NASA LaRC)

https://www.youtube.com/watch?v=mpXdY2v5FDI&feature=youtu.be


https://cms.nasa.gov/directorates/spacetech/game_changing_development/projects/RAMPTRapid Analysis and Manufacturing Propulsion Technology (RAMPT)

Space Technology Mission Directorate 
Game Changing Development Program 

Nalional Aeronaulics and 
Space Administralion 

Rapid Analysis and Manufacturing 
Propulsion Technology (RAMPT) 

Integrated Additive-Composite Technology 

Project Description: The RAMPT project is maturing 
novel design and manufacturing technologies to increase 
scale, significantly reduce cost, and improve performance 
for regeneratively-cooled thrust chamber assemblies, 
specifically the combustion chamber and nozzle for 
government and industry programs. 
The high level RAMPT goals are to: 
1) Develop additive and advanced manufacturing 
methods and design processes that enable new 
regeneratively-cooled thrust chamber assembly 
technology. 
2) Identify and optimize additive manufacturing design 
and fabrication processes that reduce production lead 
times and analysis life cycle and 
3) Engage academic, government and industry 
investments through public-private partnerships to 
facilitate infusion of technology and provide process 
development data and technology improvements 
across the propulsion and commercial industries. 

Bimetallic 

~._ -. 

All Images Video Credit: NASA

Space Launch System

Large-Scale 3D Printing for Rocket Engines
https://www.youtube.com/watch?v=_JHqdVU9Ebo&t=3s

https://www.youtube.com/watch?v=_JHqdVU9Ebo&t=3s


BNNT

0

200

400

600

800

1000

0 20 40 60 80 100 120 140 160 180

Sp
ec

ifi
c 

M
od

ul
us

, G
Pa

/(
g/

cm
3 )

Specific Strength, GPa/(g/cm3)

IM7

M46J

M46J
CFRPAl 2219

SiC/Be

TiFoamSand
BeAl

Al2O3/AlTiAl
IM7 CFRP
AlFoam

Nt/P

Nt/Al

0

50

100

150

200

250

300

0 0.5 1 1.5 2 2.5 3 3.5

Sp
ec

ifi
c 

M
od

ul
us

, G
Pa

/(
g/

cm
3 )

Specific Strength, GPa/(g/cm3)

Baseline Materials 

5-10 years  (TRL = 4-6)

10-20 years +  (TRL = 1-3)

Charlie E. Harris, M. J. Shuart, H. Gray, NASA/TM-2002-211664

Motivation: Properties of Materials for Vehicle Structure

@ RT

Nanotube values are theoretical.

(theoretical)

CNT



BNNT

0

200

400

600

800

1000

0 20 40 60 80 100 120 140 160 180

Sp
ec

ifi
c 

M
od

ul
us

, G
Pa

/(
g/

cm
3 )

Specific Strength, GPa/(g/cm3)

Baseline Materials 

5-10 years  (TRL = 4-6)

10-20 years +  (TRL = 1-3)

Charlie E. Harris, M. J. Shuart, H. Gray, NASA/TM-2002-211664

SiC/Be

TiAl

0

50

100

150

200

250

300

0 0.5 1 1.5 2 2.5 3 3.5

Sp
ec

ifi
c 

M
od

ul
us

, G
Pa

/(
g/

cm
3 )

Specific Strength, GPa/(g/cm3)

@ 700⁰C

Nanotube values are theoretical.

(theoretical)

Motivation: Properties of Materials for Vehicle Structure



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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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
C or 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

High Temperature Pressure (HTP) BNNT



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
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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)

7 
 

American Institute of Aeronautics and Astronautics 
 

Figure 7 shows the same CARS signal intensity data graphed on a log-log axis as a function of temperature, 
with colors indicating different pressures. (The colors in Figures 6 and 7 are unrelated.) As with Figure 6, the data 
appear linear on this log-log graph, indicating a power law relationship. Consistent with Figure 6, the CARS signal 
is observed to continuously decrease with temperature. Given the apparent similarity between experimental and 
theoretical pressure scalings, a least-squares power law fit was implemented in Excel to fit the data. The squared 
residuals were weighted (divided by) by the square of the value of the fit for each data point to prevent larger signals 
from dominating the fit. The resulting scaling law based on data in the range of: 0.5 < P < 14×105 Pa and 298 < T < 
1400 K was: 

 
CARS Intensity Relative to STP  =  1.7×108 P1.67T-3.31         (for P in Pascals, T in Kelvin)  (6) 

   
The standard error in the fit was ~36% of the measured values at each fitted point. This law compares well with the 
computed scalings in Equation 4 and 5 and supports their validity, at least in the range of the measurement. The 
uncertainty in the exponents, estimated to be <10%, was determined by repeatedly fitting the data after removing 
various groups of data points (for example, by excluding a set of measurements having one temperature).  
Importantly, the measurements cast uncertainty on the validity of using the theoretical scaling of Equation 5 above 
14×105 Pa. However, it is possible that an experimental issue, such as beam steering, could be limiting the signal 
above that pressure. Further experimentation is needed to determine the pressure scaling above 14×105 Pa.   

 

 
Figure 7. CARS signal intensity versus temperature, for different gas pressures.  Only measurements for P < 

14×105 Pa are plotted.  Solid lines are theoretical curves based on Equation 6.  
 
Four typical averaged processed N2 spectra are shown in Figure 8; O2 spectra are not shown since the BNNT 

manufacturing environment is oxygen free and since CARFSFT only has the MEG model implemented for N2. The 
N2 spectra change shape as environmental conditions vary. As temperature increases, more rotational-vibrational 
lines appear in the spectrum. As the pressure increases, collisional narrowing occurs, resulting in fewer rotational-
vibrational lines being observed. An N2 spectrum at room conditions is provided for comparison. Also shown in 
these figures is the CARSFT calculation at the nominal measured pressure. For the first three cases, the calculation 
is at the thermocouple-measured temperature; for the fourth case, the temperature was adjusted for best fit.  
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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)

Temperature Exceeding
Boron Melting Point

T, K

4800
4600
4400
4200
4000
3800
3600
3400
3200
3000
2800
2600

 
 

 
 
rising, cooling plume is available to feed nucleation of BNNTs. As pressures continue to rise for a fixed laser power 
input, the dissociation of nitrogen is suppressed and mass flow rates of BN slowly diminish. 

Defining the optimum environment requires understanding the nucleation mechanisms for growing BNNTs. Here a 
fundamental question regarding the conditions that promote growth of long nanotubes as opposed to more amorphous 
aggregations of boron and BN solids. Two mechanisms are postulated. The first, a tip-growth mechanism, would involve 
rapid nucleation of a nanotube from a supersaturated BN plume that continues until the tip closes or the BN reservoir in 
the plume is depleted. The second, a root -rowth mechanism23, 52 would involve growth of the crystal from a “micro-
droplet” of boron. This mechanism is suggested from TEM observations in which nanotubes are often connected to a 
hardened droplet of boron. These micro-droplets may be formed from condensation as gaseous boron rises and cools, or 
they may be ejected from the surface of the large, irradiated boron droplet hanging from the fiber bundle. This ejection 
mechanism is proposed from the observation of the ejection of material formed when the hanging boron droplet is 
jostled by the mechanical advancement of the receding fiber bundle back into the path of the laser. In this mechanism, 
BN molecules are formed or adsorbed on the micro-droplet surface. As the micro-droplet rises and cools within the 
plume the crystal is drawn out from the reservoir of BN building blocks along the surface. Micro-droplet radius and 
cooling rates would be key parameters affecting nanotube length in this scenario. Options for molecular dynamics scale 
modeling of these potential mechanisms are currently being evaluated. 

Optimizing production rates based on knowledge of the actual nucleation physics will be aided by simulation of the 
plume environment. For example, consider the temperature environment in the rising plume from the irradiated droplet 
presented in Figure 7. The temperature scale starts at 2600 K, the approximate melting point of boron at 1.38 MPa (200 
psig), in order to highlight distinct temperature zones in the plume. Assuming both axisymmetric flow and buoyancy 
effects, for simplification, the plume rises vertically in the closed chamber. Atomic nitrogen is formed in the red zone 
near the droplet surface. Rising micro-droplets, if any, will tend to cool and solidify as they rise above the green and 
cyan zones in the plume and give up latent heat from their interior. Considering the effects associated with a cooling jet 
of nitrogen directed from below the droplet, this could promote recirculation of micro-droplets through the hot, red zone 
rich in nitrogen and BN for adsorption. A cooling jet in association with higher laser power could extend the length and 
time of residence in the green zone, while stabilizing the hanging droplet under conditions of larger energy input. Other 
scenarios could be envisioned, and simulation will guide how they may be implemented to obtain optimum 
environments as identified by both experiment and molecular dynamics simulations.  

 
Figure 7. Temperature and streamlines surrounding irradiated droplet of boron at 1.39 MPa (200 psig) in nitrogen. 

 

Proc. of SPIE Vol. 9060  906006-10

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/16/2014 Terms of Use: http://spiedl.org/terms

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

Peter Gnoffo (D305)
Aerothermodynamics Branch
LAURA Code
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BNNT Scale-Up and Various Forms of BNNT

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)

sections while the PAN/BNNT-5 based carbon fibers exhibit certain
amount of nanosized voids. The low mechanical performance of
PAN/BNNT-5 based carbon fiber may be attributed to the lower
oriented PAN chains and nanosized voids. The voids are possibly
related to the presence of the h-BN and boron impurities (~50%)
produced during the synthesis. TEM images of PAN/BNNT based
carbon fibers are shown in Fig. 7. In PAN/BNNT based carbon fibers,
PAN based carbon structure, BNNT and impurities from BNNT are
observed. For PAN/BNNT-5 based carbon fibers, some nanosized
voids are observed. HR-TEM images of the PAN/BNNT based carbon
fibers clearly show the different PAN based carbon structure in the
vicinity of BNNT and away from the BNNT (Fig. 8). In PAN based
carbon region, which is far away from the BNNT, turbostratic
crystallites are observed. However, a highly ordered graphitic re-
gion is observed surrounding the BNNT. In these carbon fibers, up to
10 graphitic layers are developed beyond the BNNT, which clearly
shows the formation and growth of the BNNT templated graphitic
structure. The graphitic formation around CNT in PAN/CNT based
carbon fibers was reported in the previous study [8]. This tem-
plating phenomenon in BNNT or CNT based carbon fibers is
attributed to the fact that a BNNT is structurally close analogues of a
CNT. During the carbonization process, the first layer of templated
graphitic structure is formed from the surface of each BNNT and
then they will grow to multiple layers. Due to the dispersion issue
of BNNT in PAN fiber, BNNT bundle containing several individual
BNNTs are observed. The graphitic structure around single BNNT
will impinge upon the neighboring BNNT's template graphitic
structure and thus the graphitic regions are formed around the
BNNT bundle. The composition of impurity was also analyzed. As

shown in Fig. 9, EFTEM images show different distribution of car-
bon, boron and nitrogen. For the impurity area, boron and nitrogen
is dominant elements while the surrounding area is mainly carbon

Fig. 8. HR-TEM transverse cross-sectional images of PAN/BNNT based carbon fibers. (a) PAN/BNNT-1 and (b) PAN/BNNT-5. (Direct evidence of graphitic templating and epitaxial
growth at the outside most surface of the BNNT is observed). (A colour version of this figure can be viewed online.)

Fig. 7. TEM images of PAN/BNNT based carbon fibers. (a) PAN/BNNT-1 and (b) PAN/
BNNT-5. (A colour version of this figure can be viewed online.)

Fig. 9. Energy-filtered TEM images of impurity in the carbonized PAN/BNNT fiber. (a)
Zero-loss, (b) Carbon map, (c) Boron map, (d) Nitrogen map, and (e) composite image
of carbon, boron, and nitrogen. (A colour version of this figure can be viewed online.)

H. Chang et al. / Carbon 147 (2019) 419e426 425

NASA Spinoff (2016)

Figure 6. Plasma jet synthesis of BNNTs. (a) Schematic of a DC plasma jet system developed for BNNT synthesis. (b)–(d) TEM images of
the as-produced BNNTs. Synthesis condition: BN sintered disk (1.5 cm in diameter); plasma gas Ar-H2 5 vol. %; 8 kW DC plasma power at
100 torr (13.3 kPa). Reprinted from [32], with permission of AIP Publishing.

Figure 7. (a) Schematic of the hydrogen-assisted boron nitride nanotube synthesis (HABS) process developed for the scalable synthesis of
BNNTs. (b), (c) Photographs of as-grown BNNT materials after an 11 h operation. In total, 192 g of BNNT material was synthesized in a
single experiment, demonstrating a high-yield rate approaching 20 g h−1. (d)–(f) SEM and TEM images of as-produced BNNT materials. The
walls of the BNNTs are defect-free, demonstrating their high structural quality. (g) Zero-loss energy-filtered image of a BNNT and its
elemental maps. Synthesis condition: h-BN powder (avg. 70 nm) at 0.5–1.0 g min−1; carrier gas Ar at 3 L min−1; plasma gas Ar at
30 L min−1, sheath gas Ar/N2/H2 at 45/55/20 L min−1; 50 kW plasma power at 93 kPa. Reproduced from [14], copyright 2014 American
Chemical Society.

8

Semicond. Sci. Technol. 32 (2017) 013003 Topical Review

180g BNNT

Semicond. Sci. Technol. 32 013003(2017)

All images credit: NASA



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

δt
2 = δd

2 +δp
2 +δh

2

Hansen Solubility Parameters (HSP)
(dd, dp, dh): “like dissolves like”

dt2: 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
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transmission electron microscopy (TEM)]. HR-
SEM revealed that the fiber consists of well-
aligned, thin CNT fibrils (Fig. 3, A and B) (typical
diameter of 10 to 100 nm and length >50 mm),
similar to wet-spun 0.5-mm CNT fibers (14), as
well as high-strength polymeric fibers (32). WAXD
showed sharp reflections at 2q = 25.3° (Fig. 3C
and fig. S14), due to planes perpendicular to the
nanotube axis (15). The azimuthal scan of this
peak gave a full width at half maximum (FWHM)
of 9.4° (which corresponds to a Herman orien-
tation factor of 0.986), averaged over four different
points along a single fiber (lowest and highest
values were 7.3° and 11.2°). Electron diffraction
on isolated single fibrils (peeled off the fibers)
displayed better order (FWHM = 5°), indicating
slight misalignment of fibrils within the fiber (Fig.
3C). This compares to FWHM = 31° for wet-spun
0.5-mm CNT fibers (14) and FWHM between 10°
and 14° for solid-state spun fibers (33). We also
quantified packing fraction by calculating a max-
imum theoretical packing density of 1.5 g/cm3

from high-resolution TEM on the starting CNT
material (15). Hence, the fiber density (1.3 g/cm3)
is ~90% of the theoretical close-packed density.
We verified the high packing fraction by visual-
izing the fiber cross section. The images showed
occasional ~100-nm voids, but no larger voids
(Fig. 3, D and E). This packing density for neat
carbon nanotube fibers compares with 78% for
wet-spun 0.5-mm CNT fibers (14) and ~50%
for solid-state fibers (3).

To understand the relative effect of CNT
alignment, packing, and doping on the conduc-
tion mechanism in these fibers, we studied the
temperature-dependent conductivity of annealed
fibers and isotropic films, as well as acid-doped
and iodine-doped fibers (differing in extent of
doping). All samples show two regimes (Fig. 4A):
At low temperature the conductivity rises with
temperature (semiconducting behavior), whereas
at high temperature the conductivity drops (me-
tallic behavior). The crossover temperature (in-
dicated by an arrow) is highest in the annealed
fiber and film and lowest in the iodine-doped
fiber. The low-temperature behavior can be un-
derstood in terms of carrier hopping or tunneling,
i.e., inter-CNT transport, which can be substan-
tially affected by mismatch of CNT types (metallic
versus semiconducting) and degree of alignment.
The high-temperature, metallic behavior reflects
diffusive, intra-CNT transport, for which the con-
ductivity is limited by electron-phonon scattering.
Each temperature-dependent curve can be well
fitted (15) by an equation (table S2) that com-
bines the two regimes (34), as shown in Fig. 4A.
The annealed fiber is ~3.5 times more conductive
than the annealed film. This is due to the CNT
alignment in the fiber, which increases CNT den-
sity and overlap and decreases their spacing, fa-
cilitating inter-CNT transport. Doping the fiber
by residual acid or iodine further improves the
conductivity by ~5- to 10-fold because doping
increases the intra-CNT conductivity of the semi-

conducting CNTs and also increases disorder
that helps relax the momentum conservation
required for inter-CNT transport (35). These ad-
vantages of doping seem to prevail over the con-
ductivity loss due to enhanced electron-impurity
scattering.

Above ~1 K, the thermal conductivity is dom-
inated by phonon transport and hence not close-
ly correlated to the electrical conductivity (Fig.
4B). We observe in a macroscopic sample a cross-
over (at 250 to 300 K) from impurity-phonon
scattering to three-phonon Umklapp scattering,
similar to the behavior of a single multiwalled
carbon nanotube (MWNT) (36). The conductivity
is about 20% of the single-MWNT value, possibly
due to quenching by the inter-CNT coupling,
but 10 to 100 times that of other macroscopic
CNT samples, usually limited by weak inter-CNT
transport due to misalignment. Acid removal by
annealing roughly doubles the fiber thermal con-
ductivity, presumably due to reduced phonon-
impurity scattering; surprisingly, annealing in the
presence of iodine yields comparable improve-
ment (15), showing that both high electrical
and thermal conductivity can be attained on the
same fiber.

We demonstrate the multifunctional prop-
erties of our fibers by supporting and wiring a
light-emitting diode (LED, 46 g) and by fabricat-
ing cold electron-emitting cathodes. The LED
was supported by two CNT fibers [(24 T1)-mm
diameter, Fig. 4C]. The stress in each fiber was

Fig. 3. (A) High- and (B) low-magnification SEM showing the typical mor-
phology of CNT fibers composed of ~100-nm-thick fibrils aligned along the
fiber axis. (C) Single-fiber x-ray diffraction (inset) and azimuthal scan show-
ing the high fiber alignment. (D and E) SEM images showing fiber’s cross

section after cutting by focused ion beam. There are no micrometer-sized
voids and few hundred-nanometer–sized voids. (F) Single-fibril TEM mi-
crograph and electron diffraction (inset) showing near-crystalline packing
within a fibril.
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Dispersion and Purification

BNNTs were found to be more stable under the electron
beam relative to CNTs and graphene in similar conditions43

with negligible electron-beam radiation damages observable at
the BNNT/CSA interface despite relatively long exposure to
the e-beam (about 50 e/Å2).
EELS analysis (see the Supporting Information) was

conducted on TEM grids, dried from BNNT/CSA solution
(see Experimental Section) to determine whether the BNNTs
were irreversibly functionalized upon exposure to CSA. Sharp
σ* and π* peaks arising from the B−K edge and a weak energy
loss peak from the N−K edge at 188 and 401 eV, respectively,
are characteristic of the electronic structure of hexagonal boron
nitride, with boron and nitrogen having sp2 hybridization.51

This is consistent with a previous electron diffraction study by
Smith et al., which indicated that the HTP BNNT material has
a hexagonal crystal structure, with basal planes parallel to the
tube surface.45 Presence of an O−K edge loss peak in the EELS
spectra of h-BN may originate from acid residues, the
surrounding atmosphere, or possibly from reactor contami-
nation. Since oxygen tends to adsorb chemically or physically
on more defective areas, we observe it on h-BN structures with
exposed edges, rather than on the BNNT surface.
Dissolving BNNTs in CSA without damage for direct

observation of individual BNNTs by cryo-TEM opens a new
approach for experimental characterization of the relative purity
and structural damage. The following sections discuss in detail
the characterization of BNNT solutions in CSA by cryo-TEM.
BNNT Defects. By cryo-TEM, we observe spontaneous

filling of BNNTs with CSA, similarly to previous observations
with CNTs.42 Figure 3a shows both filled (black arrow) and
empty (white arrow) BNNTs with significant contrast
differences. The centers of empty BNNTs are much lighter
than the surrounding acid matrix, because heavier sulfur and
chlorine atoms in the CSA scatter electrons much more
effectively than the lighter boron and nitrogen atoms.
Conversely, filled BNNTs show little contrast relative to the
background. Most of the imaged BNNTs are filled, implying
the presence of defects along the walls, or open ends. A close-
up view of a damaged end is shown in Figure 3b.
We find no correlation between BNNT diameter and the

filling effect (within 3.5 to 5 nm range of diameters in the

sample). Our images show that acid fills a BNNT whenever an
open end or a damaged wall is present. As such, cryo-TEM
imaging of BNNTs in CSA provides coarse material quality
control for individual BNNTs. It is well-known that the
presence of defects in nanometer-sized structures modifies their
electronic and mechanical properties. Particularly, in the case of
BNNTs, structural defects alter the band gap and chemical
stability.52,53 Figure 4a displays some clearly observed damaged

BNNTs, e.g., partially unzipped (black arrow), bent (black
arrowhead), and open BNNTs filled with acid. Although
previous reports indicate Lewis bases at elevated temperature
damage BNNTs through unzipping,54,55 there is no indication
that Brønsted acids at room temperature with no additional
treatment would similarly damage BNNTs. In fact, the
previously discussed EELS analysis of BNNT on TEM grids
after coagulation and drying from BNNT/CSA solution
eliminates the possibility that CSA damages the BNNTs.
This finding is consistent with the high chemical resistance of
BNNTs, with oxidation and cleavage known to occur only
when sufficient energy is provided via high temperatures
exceeding 700 °C,56 plasma,57 or ultrasonication.58

Figure 2. Cryo-TEM image of individualized BNNTs in CSA. The
BNNTs appear as darker threads in the CSA matrix (white arrows).

Figure 3. Cryo-TEM images, showing spontaneous filling. (a) Empty
(white arrow) and filled (black arrow) BNNTs. (b) Damaged end of
BNNT emerging from the vitrified acid. The opened end allows CSA
to enter the tube. Scale bars = 20 nm.

Figure 4. Cryo-TEM images of deformed and damaged BNNTs. (a)
Black arrow points to a partially unzipped BNNT; black arrowheads
show visible damage in the BNNT bent wall; white arrow points to
electron beam damage at the CSA/BNNT interface. Scale bar = 50
nm. (b, c) Faceted structures in the studied BNNT batches. Scale bars
= 20 nm.
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BNNTs were found to be more stable under the electron
beam relative to CNTs and graphene in similar conditions43

with negligible electron-beam radiation damages observable at
the BNNT/CSA interface despite relatively long exposure to
the e-beam (about 50 e/Å2).
EELS analysis (see the Supporting Information) was

conducted on TEM grids, dried from BNNT/CSA solution
(see Experimental Section) to determine whether the BNNTs
were irreversibly functionalized upon exposure to CSA. Sharp
σ* and π* peaks arising from the B−K edge and a weak energy
loss peak from the N−K edge at 188 and 401 eV, respectively,
are characteristic of the electronic structure of hexagonal boron
nitride, with boron and nitrogen having sp2 hybridization.51

This is consistent with a previous electron diffraction study by
Smith et al., which indicated that the HTP BNNT material has
a hexagonal crystal structure, with basal planes parallel to the
tube surface.45 Presence of an O−K edge loss peak in the EELS
spectra of h-BN may originate from acid residues, the
surrounding atmosphere, or possibly from reactor contami-
nation. Since oxygen tends to adsorb chemically or physically
on more defective areas, we observe it on h-BN structures with
exposed edges, rather than on the BNNT surface.
Dissolving BNNTs in CSA without damage for direct

observation of individual BNNTs by cryo-TEM opens a new
approach for experimental characterization of the relative purity
and structural damage. The following sections discuss in detail
the characterization of BNNT solutions in CSA by cryo-TEM.
BNNT Defects. By cryo-TEM, we observe spontaneous

filling of BNNTs with CSA, similarly to previous observations
with CNTs.42 Figure 3a shows both filled (black arrow) and
empty (white arrow) BNNTs with significant contrast
differences. The centers of empty BNNTs are much lighter
than the surrounding acid matrix, because heavier sulfur and
chlorine atoms in the CSA scatter electrons much more
effectively than the lighter boron and nitrogen atoms.
Conversely, filled BNNTs show little contrast relative to the
background. Most of the imaged BNNTs are filled, implying
the presence of defects along the walls, or open ends. A close-
up view of a damaged end is shown in Figure 3b.
We find no correlation between BNNT diameter and the

filling effect (within 3.5 to 5 nm range of diameters in the

sample). Our images show that acid fills a BNNT whenever an
open end or a damaged wall is present. As such, cryo-TEM
imaging of BNNTs in CSA provides coarse material quality
control for individual BNNTs. It is well-known that the
presence of defects in nanometer-sized structures modifies their
electronic and mechanical properties. Particularly, in the case of
BNNTs, structural defects alter the band gap and chemical
stability.52,53 Figure 4a displays some clearly observed damaged

BNNTs, e.g., partially unzipped (black arrow), bent (black
arrowhead), and open BNNTs filled with acid. Although
previous reports indicate Lewis bases at elevated temperature
damage BNNTs through unzipping,54,55 there is no indication
that Brønsted acids at room temperature with no additional
treatment would similarly damage BNNTs. In fact, the
previously discussed EELS analysis of BNNT on TEM grids
after coagulation and drying from BNNT/CSA solution
eliminates the possibility that CSA damages the BNNTs.
This finding is consistent with the high chemical resistance of
BNNTs, with oxidation and cleavage known to occur only
when sufficient energy is provided via high temperatures
exceeding 700 °C,56 plasma,57 or ultrasonication.58

Figure 2. Cryo-TEM image of individualized BNNTs in CSA. The
BNNTs appear as darker threads in the CSA matrix (white arrows).

Figure 3. Cryo-TEM images, showing spontaneous filling. (a) Empty
(white arrow) and filled (black arrow) BNNTs. (b) Damaged end of
BNNT emerging from the vitrified acid. The opened end allows CSA
to enter the tube. Scale bars = 20 nm.

Figure 4. Cryo-TEM images of deformed and damaged BNNTs. (a)
Black arrow points to a partially unzipped BNNT; black arrowheads
show visible damage in the BNNT bent wall; white arrow points to
electron beam damage at the CSA/BNNT interface. Scale bar = 50
nm. (b, c) Faceted structures in the studied BNNT batches. Scale bars
= 20 nm.
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Dispersion in a Superacid (Chlorosulfuric acid)

Purification: Wet Thermal Oxidation

Here, we demonstrate purification and assembly of BNNTs
into macroscale articles via solution processing with chloro-
sulfonic acid (CSA) as a solvent. A recent study indicated that
CSA acts as a true solvent for BNNTs.28 In the current study,
the preferential solubility of BNNTs compared to h-BN and
other byproducts is used to extract BNNTs without surfactants
or sonication. Furthermore, we show the formation of
submicron BNNT layer films, millimeter thick mats, and
centimeter-scale BNNT aerogels by using CSA.
All the BNNTs used in this report were synthesized by the

high-temperature-pressure (HTP) process and supplied by
NASA.12 Our initial analysis by high-resolution scanning
electron microscopy (HR-SEM), X-ray photoelectron spectro-
scopy (XPS), and X-ray diffraction (XRD) (presented in the
Supporting Information) indicated that the starting material
contains elemental boron, h-BN, and boron oxide (B2O3) in
addition to BNNTs.
Infrared spectroscopy (attenuated total reflectance-IR (ATR-

IR)), X-ray photoelectron spectroscopy (XPS), and thermo-
gravimetric analysis (TGA) were used to determine any
possible reactions of CSA with BNNTs (details in the

Supporting Information). As-synthesized BNNTs were mixed
with CSA (Sigma-Aldrich) at 0.7 wt % to form a gray slurry.
The slurry was then filtered through a 25 mm diameter, 20 nm
pore-size alumina filter (Whatman Anodisc 25), and formed a
wet disc. Chloroform (Sigma-Aldrich) was added to precipitate
the BNNT solids and remove CSA. This was followed by
washing with ethyl alcohol (Fisher Scientific) and water to
remove chloroform, sulfuric acid, hydrochloric acid, and other
CSA−chloroform reaction byproducts. It was then dried in
vacuum at 35 °C for 48 h. The ATR-IR data from the CSA-
treated BNNT material showed some broadening and a small
shift of the B−N peaks with no new spectral features. Although
XPS indicated that residual sulfur and chlorine are present in
the CSA-treated BNNT material, this is due to residual acid.
The absence of new spectral features attributable to BNNT
functionalization indicates that no permanent chemical
reactions between BNNTs and CSA occurred, in agreement
with previous electron energy loss spectroscopy.28 In addition
to permitting analysis of the BNNT−CSA interactions, this
process also illustrates one route to form structurally stable
BNNT mats.

Figure 1. (A) Secondary electron HR-SEM of a thin film of BNNTs from the supernatant after centrifugation. The white arrow points to example
nanotubes, while the arrowhead points to a star-shaped structure commonly observed. (B) Secondary electron HR-SEM of the self-supporting film.
Insets show the macroscopic appearance of the material imaged by HR-SEM.

Figure 2. (A) HR-SEM cross-section micrograph of the freestanding BNNT film. The thickness ranges from 1 to 1.5 μm. (B) HR-SEM micrograph
at a tear in the freestanding BNNT film. Arrows point to BNNT fibrils crossing the torn area.
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transmission electron microscopy (TEM)]. HR-
SEM revealed that the fiber consists of well-
aligned, thin CNT fibrils (Fig. 3, A and B) (typical
diameter of 10 to 100 nm and length >50 mm),
similar to wet-spun 0.5-mm CNT fibers (14), as
well as high-strength polymeric fibers (32). WAXD
showed sharp reflections at 2q = 25.3° (Fig. 3C
and fig. S14), due to planes perpendicular to the
nanotube axis (15). The azimuthal scan of this
peak gave a full width at half maximum (FWHM)
of 9.4° (which corresponds to a Herman orien-
tation factor of 0.986), averaged over four different
points along a single fiber (lowest and highest
values were 7.3° and 11.2°). Electron diffraction
on isolated single fibrils (peeled off the fibers)
displayed better order (FWHM = 5°), indicating
slight misalignment of fibrils within the fiber (Fig.
3C). This compares to FWHM = 31° for wet-spun
0.5-mm CNT fibers (14) and FWHM between 10°
and 14° for solid-state spun fibers (33). We also
quantified packing fraction by calculating a max-
imum theoretical packing density of 1.5 g/cm3

from high-resolution TEM on the starting CNT
material (15). Hence, the fiber density (1.3 g/cm3)
is ~90% of the theoretical close-packed density.
We verified the high packing fraction by visual-
izing the fiber cross section. The images showed
occasional ~100-nm voids, but no larger voids
(Fig. 3, D and E). This packing density for neat
carbon nanotube fibers compares with 78% for
wet-spun 0.5-mm CNT fibers (14) and ~50%
for solid-state fibers (3).

To understand the relative effect of CNT
alignment, packing, and doping on the conduc-
tion mechanism in these fibers, we studied the
temperature-dependent conductivity of annealed
fibers and isotropic films, as well as acid-doped
and iodine-doped fibers (differing in extent of
doping). All samples show two regimes (Fig. 4A):
At low temperature the conductivity rises with
temperature (semiconducting behavior), whereas
at high temperature the conductivity drops (me-
tallic behavior). The crossover temperature (in-
dicated by an arrow) is highest in the annealed
fiber and film and lowest in the iodine-doped
fiber. The low-temperature behavior can be un-
derstood in terms of carrier hopping or tunneling,
i.e., inter-CNT transport, which can be substan-
tially affected by mismatch of CNT types (metallic
versus semiconducting) and degree of alignment.
The high-temperature, metallic behavior reflects
diffusive, intra-CNT transport, for which the con-
ductivity is limited by electron-phonon scattering.
Each temperature-dependent curve can be well
fitted (15) by an equation (table S2) that com-
bines the two regimes (34), as shown in Fig. 4A.
The annealed fiber is ~3.5 times more conductive
than the annealed film. This is due to the CNT
alignment in the fiber, which increases CNT den-
sity and overlap and decreases their spacing, fa-
cilitating inter-CNT transport. Doping the fiber
by residual acid or iodine further improves the
conductivity by ~5- to 10-fold because doping
increases the intra-CNT conductivity of the semi-

conducting CNTs and also increases disorder
that helps relax the momentum conservation
required for inter-CNT transport (35). These ad-
vantages of doping seem to prevail over the con-
ductivity loss due to enhanced electron-impurity
scattering.

Above ~1 K, the thermal conductivity is dom-
inated by phonon transport and hence not close-
ly correlated to the electrical conductivity (Fig.
4B). We observe in a macroscopic sample a cross-
over (at 250 to 300 K) from impurity-phonon
scattering to three-phonon Umklapp scattering,
similar to the behavior of a single multiwalled
carbon nanotube (MWNT) (36). The conductivity
is about 20% of the single-MWNT value, possibly
due to quenching by the inter-CNT coupling,
but 10 to 100 times that of other macroscopic
CNT samples, usually limited by weak inter-CNT
transport due to misalignment. Acid removal by
annealing roughly doubles the fiber thermal con-
ductivity, presumably due to reduced phonon-
impurity scattering; surprisingly, annealing in the
presence of iodine yields comparable improve-
ment (15), showing that both high electrical
and thermal conductivity can be attained on the
same fiber.

We demonstrate the multifunctional prop-
erties of our fibers by supporting and wiring a
light-emitting diode (LED, 46 g) and by fabricat-
ing cold electron-emitting cathodes. The LED
was supported by two CNT fibers [(24 T1)-mm
diameter, Fig. 4C]. The stress in each fiber was

Fig. 3. (A) High- and (B) low-magnification SEM showing the typical mor-
phology of CNT fibers composed of ~100-nm-thick fibrils aligned along the
fiber axis. (C) Single-fiber x-ray diffraction (inset) and azimuthal scan show-
ing the high fiber alignment. (D and E) SEM images showing fiber’s cross

section after cutting by focused ion beam. There are no micrometer-sized
voids and few hundred-nanometer–sized voids. (F) Single-fibril TEM mi-
crograph and electron diffraction (inset) showing near-crystalline packing
within a fibril.
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Mechanical and Thermal Properties
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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).  
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polarized nature of B-N bonds, both van der Waals (vdW)
and Coulomb interactions contribute to the BNNT-polymer
binding strength. In the MD simulation, we investigate the
binding interactions of a double-walled BNNT of 6 nm in
length and 3.1 nm in outer diameter with PMMA and epoxy.
Instead of using a large volume of polymer matrices that
makes simulations prohibitively expensive, our MD study
focuses on the interfacial binding interaction between one
BNNT and a short model polymer chain. Figure 3(a) shows
the employed model PMMA (eight monomer units, 122
atoms in total) and epoxy (two Epon 828 units and one cur-
ing agent unit, 114 atoms in total) chains. The MD simula-
tions are carried out by using the OPLS-AA force field33 and
based on the following non-bonded interaction potential:
Enonbonded ¼

P
ij½qiqj=rijþ 4eijððrij=rijÞ12&ðrij=rijÞ6Þ', where

the first term in the series represents the Coulomb energy, and
the second term represents the vdW energy that is calculated
based on 12–6 Lennard-Jones (L-J) potential. rij is the distance
between two atoms i and j, eij is the depth of the potential
well, and rij is the distance corresponding to zero inter-atom
potential. qi and qj are the electrical charges on atom i and j,
respectively. Lorentz-Berthelot mixing rules are employed to
calculate the L-J coefficients, which are given as rij ¼
ðriiþrjjÞ=2 and eij ¼

ffiffiffiffiffiffiffiffi
eiiejj
p

. The following L-J coefficients
are employed for C, B, and N atoms: rC¼0.337nm;
rB¼0.345nm; rN¼0.337nm; eC¼2.64meV; eB¼4.16meV;
and eN¼6.28meV.34–36 The charges on BNNTs qB ¼ 0:37e
and qN ¼&0:37e are employed.37,38 The partial charges on
the model PMMA and epoxy chains are adopted from prior
MD studies,39–42 and are shown in Figure S2.43

Figure 3(b) shows the respective trajectories of the inter-
facial binding energy during the relaxation of the model ep-
oxy and PMMA chains on the BNNT surface. The results
show that both polymer chains react spontaneously to the
binding interaction with the BNNT surface and reach steady-
state binding energy state within 5 ps (for PMMA) and 20 ps
(for epoxy). The steady-state binding energy is found to be
about &82.6 kcal/mol for epoxy and about &65.1 kcal/mol
for PMMA. The vdW interactions contribute to about 85.2%
of the total binding energy on the BNNT-epoxy interface,
and the remaining 14.8% is contributed by the Coulomb
interactions. Similar binding energy contributions are also
observed for the BNNT-PMMA interface. On a per-atom ba-
sis, the BNNT-epoxy binding energy is found to be 35.8%
higher than the BNNT-PMMA binding energy, which is con-
sistent with the experimental observation.

The MD simulations also provide insights into the bind-
ing mechanism on BNNT-polymer interfaces that possess
higher strength as compared with interfaces formed with
CNTs. Figure 3(c) shows the comparison of the respective
steady-state interfacial binding energies of the model
PMMA and epoxy chains with the same-diameter BNNT
and CNT. The data show that the total binding energy on
BNNT-epoxy interfaces is 71.7% higher than that of CNT-
epoxy interfaces, the latter of which is based purely on vdW
interactions. It is noted that 46.4% of the observed increase
is attributed to the higher vdW interaction on BNNT-epoxy
interfaces, while the remaining 25.3% increase is ascribed to
the Coulomb interaction. Similar phenomena are also exhib-
ited in the comparison of BNNT-PMMA and CNT-PMMA

FIG. 3. (a) The molecular structures of
the model epoxy and PMMA chains
and the BNNT that are employed in
the MD simulation. (b) The calculated
trajectories of the intermolecular inter-
action energy between the model ep-
oxy and PMMA chains and the same
BNNT during the polymer relaxation
process. The dashed lines indicate the
average steady-state binding energies.
(c) Comparison of interfacial binding
energy of the model BNNT and CNT
with the model PMMA and epoxy
chains.
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BNNT Tensile Test Results
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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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polarized nature of B-N bonds, both van der Waals (vdW)
and Coulomb interactions contribute to the BNNT-polymer
binding strength. In the MD simulation, we investigate the
binding interactions of a double-walled BNNT of 6 nm in
length and 3.1 nm in outer diameter with PMMA and epoxy.
Instead of using a large volume of polymer matrices that
makes simulations prohibitively expensive, our MD study
focuses on the interfacial binding interaction between one
BNNT and a short model polymer chain. Figure 3(a) shows
the employed model PMMA (eight monomer units, 122
atoms in total) and epoxy (two Epon 828 units and one cur-
ing agent unit, 114 atoms in total) chains. The MD simula-
tions are carried out by using the OPLS-AA force field33 and
based on the following non-bonded interaction potential:
Enonbonded ¼

P
ij½qiqj=rijþ 4eijððrij=rijÞ12&ðrij=rijÞ6Þ', where

the first term in the series represents the Coulomb energy, and
the second term represents the vdW energy that is calculated
based on 12–6 Lennard-Jones (L-J) potential. rij is the distance
between two atoms i and j, eij is the depth of the potential
well, and rij is the distance corresponding to zero inter-atom
potential. qi and qj are the electrical charges on atom i and j,
respectively. Lorentz-Berthelot mixing rules are employed to
calculate the L-J coefficients, which are given as rij ¼
ðriiþrjjÞ=2 and eij ¼

ffiffiffiffiffiffiffiffi
eiiejj
p

. The following L-J coefficients
are employed for C, B, and N atoms: rC¼0.337nm;
rB¼0.345nm; rN¼0.337nm; eC¼2.64meV; eB¼4.16meV;
and eN¼6.28meV.34–36 The charges on BNNTs qB ¼ 0:37e
and qN ¼&0:37e are employed.37,38 The partial charges on
the model PMMA and epoxy chains are adopted from prior
MD studies,39–42 and are shown in Figure S2.43

Figure 3(b) shows the respective trajectories of the inter-
facial binding energy during the relaxation of the model ep-
oxy and PMMA chains on the BNNT surface. The results
show that both polymer chains react spontaneously to the
binding interaction with the BNNT surface and reach steady-
state binding energy state within 5 ps (for PMMA) and 20 ps
(for epoxy). The steady-state binding energy is found to be
about &82.6 kcal/mol for epoxy and about &65.1 kcal/mol
for PMMA. The vdW interactions contribute to about 85.2%
of the total binding energy on the BNNT-epoxy interface,
and the remaining 14.8% is contributed by the Coulomb
interactions. Similar binding energy contributions are also
observed for the BNNT-PMMA interface. On a per-atom ba-
sis, the BNNT-epoxy binding energy is found to be 35.8%
higher than the BNNT-PMMA binding energy, which is con-
sistent with the experimental observation.

The MD simulations also provide insights into the bind-
ing mechanism on BNNT-polymer interfaces that possess
higher strength as compared with interfaces formed with
CNTs. Figure 3(c) shows the comparison of the respective
steady-state interfacial binding energies of the model
PMMA and epoxy chains with the same-diameter BNNT
and CNT. The data show that the total binding energy on
BNNT-epoxy interfaces is 71.7% higher than that of CNT-
epoxy interfaces, the latter of which is based purely on vdW
interactions. It is noted that 46.4% of the observed increase
is attributed to the higher vdW interaction on BNNT-epoxy
interfaces, while the remaining 25.3% increase is ascribed to
the Coulomb interaction. Similar phenomena are also exhib-
ited in the comparison of BNNT-PMMA and CNT-PMMA

FIG. 3. (a) The molecular structures of
the model epoxy and PMMA chains
and the BNNT that are employed in
the MD simulation. (b) The calculated
trajectories of the intermolecular inter-
action energy between the model ep-
oxy and PMMA chains and the same
BNNT during the polymer relaxation
process. The dashed lines indicate the
average steady-state binding energies.
(c) Comparison of interfacial binding
energy of the model BNNT and CNT
with the model PMMA and epoxy
chains.
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focuses on the interfacial binding interaction between one
BNNT and a short model polymer chain. Figure 3(a) shows
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atoms in total) and epoxy (two Epon 828 units and one cur-
ing agent unit, 114 atoms in total) chains. The MD simula-
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based on the following non-bonded interaction potential:
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facial binding energy during the relaxation of the model ep-
oxy and PMMA chains on the BNNT surface. The results
show that both polymer chains react spontaneously to the
binding interaction with the BNNT surface and reach steady-
state binding energy state within 5 ps (for PMMA) and 20 ps
(for epoxy). The steady-state binding energy is found to be
about &82.6 kcal/mol for epoxy and about &65.1 kcal/mol
for PMMA. The vdW interactions contribute to about 85.2%
of the total binding energy on the BNNT-epoxy interface,
and the remaining 14.8% is contributed by the Coulomb
interactions. Similar binding energy contributions are also
observed for the BNNT-PMMA interface. On a per-atom ba-
sis, the BNNT-epoxy binding energy is found to be 35.8%
higher than the BNNT-PMMA binding energy, which is con-
sistent with the experimental observation.

The MD simulations also provide insights into the bind-
ing mechanism on BNNT-polymer interfaces that possess
higher strength as compared with interfaces formed with
CNTs. Figure 3(c) shows the comparison of the respective
steady-state interfacial binding energies of the model
PMMA and epoxy chains with the same-diameter BNNT
and CNT. The data show that the total binding energy on
BNNT-epoxy interfaces is 71.7% higher than that of CNT-
epoxy interfaces, the latter of which is based purely on vdW
interactions. It is noted that 46.4% of the observed increase
is attributed to the higher vdW interaction on BNNT-epoxy
interfaces, while the remaining 25.3% increase is ascribed to
the Coulomb interaction. Similar phenomena are also exhib-
ited in the comparison of BNNT-PMMA and CNT-PMMA
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the model epoxy and PMMA chains
and the BNNT that are employed in
the MD simulation. (b) The calculated
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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	
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optics	for	
imaging

50µm

Simulated Micrometeorite Impact Test NASA
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Credit: 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
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BNNT: No Oxidation at 800˚C in Air 

TGA

Nanotechnology, 20 505604 (2009)

EDL Hot 
Structure

Leading Edge
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Thermal Properties of BNNT

All images credit: NASA
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Hypersonic Materials Experiment Test System (HyMETS)

American Institute of Aeronautics and Astronautics 
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V. Thermal Analysis 
The Fully Implicit Ablation and Thermal Response (FIAT) code13 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
• 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)
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FT-IR Analysis  of BNNT mat
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Video Clip: BNNT mat under a hypersonic test
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Superior Structural and Mechanical Properties of 
BNNTs in High Temperature Environments
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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. 

Scientific Reports, 7, 1138 (2017)Credit: Binghamton U (Prof. Ke)
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In-situ Optical and Raman Spectroscopy of BNNT



BNNT Metal Matrix Composite (MMC)
BNNT Ceramic Matrix Composite (CMC)

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)
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lengths to the desirable level (less than 2 μm) [39].
Figure 1(d) shows a typical straight BNNT of about 1.2 μm in
length and about 2.9 nm in diameter, which was spin-coated
on an electron-beam deposited silica film with an average
grain size of about 25.8 nm. Figure 1(e) shows the fractured
surface of a BNNT-silica thin-film nanocomposite bridged by
BNNT fibers. In this partially fractured sample, many of the
protruded tubes resemble cantilevered or crack-bridging
structures, indicating they were pulled out from the ceramic
matrix. Figure 1(f) shows the cantilevered tubes protruding
from a halved ceramic matrix. As shown by the TEM image
in figure 1(g), the protruded tube structures possess pristine
surfaces without noticeable matrix residue, suggesting that the
BNNT cleanly separates from the silica matrix during pull-
out. This conclusively shows that nanotube pull-out is one
major failure and energy dissipation mechanism in BNNT-
silica nanocomposites.

Figures 1(h)–(j) show three selected SEM snapshots that
were recorded during one representative pull-out measure-
ment. The tip of a calibrated AFM probe was first controlled
to approach the free end of a selected protruding tube, as
shown in figure 1(h). Electron beam induced deposition of Pt
[40] was employed to weld the tube’s free end to the AFM tip

to ensure a firm attachment, as shown in figure 1(i). Subse-
quently, the gripped tube was stretched by means of gradually
displacing the AFM cantilever until it was fully pulled out of
the ceramic film. It is noted that the pull-out test is essentially
a force-controlled measurement. The nanotube pull-out event
occurred when the pulling force reached a threshold value,
which is denoted as the pull-out force, and was observed as a
catastrophic failure of the tube-ceramic interface. For the
tested sample shown in figure 1(j), the applied pull-out force
and the embedded tube length were measured to be 158 nN
and 536 nm, respectively.

We have tested a number of BNNT-silica samples, and
successful single-nanotube pull-out phenomena similar to the
one displayed in figure 1(j) were observed for the majority of
our pull-out measurements. However, interface failure sce-
narios resulting in fracturing of nanotubes and telescopic pull-
out were also observed, as displayed in the selected SEM
snapshots in figure 2. The observed tube fracture occurred in
its free-standing cantilevered portion. For the telescopic pull-
out, the outermost shell(s) of the nanotube was broken by the
stretching force and subsequently the inner tube shell(s) was
pulled out. Both these two scenarios suggest a strongly-
bonded tube-matrix interface, which allows for effective load

Figure 1. In situ SEM nanomechanical single-tube pull-out testing scheme (a) and sample preparation and characterization (b)–(f): (b) SEM
image of an as-received HTP-BNNT sample. (c) TEM image of a double-walled BNNT of about 3.2 nm in outer diameter. (d) AFM image of
one deposited BNNT on an electron beam evaporated silica surface by using spin-coating. (e) SEM image of one fractured silica/BNNT/
silica thin-film composite with bridging, pulled-out and fractured BNNTs. (f) SEM of one fractured silica/BNNT/silica thin-film composite
with protruding BNNTs that were employed in the pull-out measurements. (g) TEM image of a protruding BNNT of about 3.2 nm in outer
diameter from a silica matrix. (h)–(j) Selected SEM snapshots showing a typical single-nanotube pull-out experiment conducted on a BNNT-
silica composite sample.
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lengths to the desirable level (less than 2 μm) [39].
Figure 1(d) shows a typical straight BNNT of about 1.2 μm in
length and about 2.9 nm in diameter, which was spin-coated
on an electron-beam deposited silica film with an average
grain size of about 25.8 nm. Figure 1(e) shows the fractured
surface of a BNNT-silica thin-film nanocomposite bridged by
BNNT fibers. In this partially fractured sample, many of the
protruded tubes resemble cantilevered or crack-bridging
structures, indicating they were pulled out from the ceramic
matrix. Figure 1(f) shows the cantilevered tubes protruding
from a halved ceramic matrix. As shown by the TEM image
in figure 1(g), the protruded tube structures possess pristine
surfaces without noticeable matrix residue, suggesting that the
BNNT cleanly separates from the silica matrix during pull-
out. This conclusively shows that nanotube pull-out is one
major failure and energy dissipation mechanism in BNNT-
silica nanocomposites.

Figures 1(h)–(j) show three selected SEM snapshots that
were recorded during one representative pull-out measure-
ment. The tip of a calibrated AFM probe was first controlled
to approach the free end of a selected protruding tube, as
shown in figure 1(h). Electron beam induced deposition of Pt
[40] was employed to weld the tube’s free end to the AFM tip

to ensure a firm attachment, as shown in figure 1(i). Subse-
quently, the gripped tube was stretched by means of gradually
displacing the AFM cantilever until it was fully pulled out of
the ceramic film. It is noted that the pull-out test is essentially
a force-controlled measurement. The nanotube pull-out event
occurred when the pulling force reached a threshold value,
which is denoted as the pull-out force, and was observed as a
catastrophic failure of the tube-ceramic interface. For the
tested sample shown in figure 1(j), the applied pull-out force
and the embedded tube length were measured to be 158 nN
and 536 nm, respectively.

We have tested a number of BNNT-silica samples, and
successful single-nanotube pull-out phenomena similar to the
one displayed in figure 1(j) were observed for the majority of
our pull-out measurements. However, interface failure sce-
narios resulting in fracturing of nanotubes and telescopic pull-
out were also observed, as displayed in the selected SEM
snapshots in figure 2. The observed tube fracture occurred in
its free-standing cantilevered portion. For the telescopic pull-
out, the outermost shell(s) of the nanotube was broken by the
stretching force and subsequently the inner tube shell(s) was
pulled out. Both these two scenarios suggest a strongly-
bonded tube-matrix interface, which allows for effective load

Figure 1. In situ SEM nanomechanical single-tube pull-out testing scheme (a) and sample preparation and characterization (b)–(f): (b) SEM
image of an as-received HTP-BNNT sample. (c) TEM image of a double-walled BNNT of about 3.2 nm in outer diameter. (d) AFM image of
one deposited BNNT on an electron beam evaporated silica surface by using spin-coating. (e) SEM image of one fractured silica/BNNT/
silica thin-film composite with bridging, pulled-out and fractured BNNTs. (f) SEM of one fractured silica/BNNT/silica thin-film composite
with protruding BNNTs that were employed in the pull-out measurements. (g) TEM image of a protruding BNNT of about 3.2 nm in outer
diameter from a silica matrix. (h)–(j) Selected SEM snapshots showing a typical single-nanotube pull-out experiment conducted on a BNNT-
silica composite sample.
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(Figure 6C). Figure 6E shows a Fast Fourier Transform 
(FFT) of the selected area (A) of the nanotubes. The (002) 
plane for BNNT verifies that the embedded nanotubes are 
BNNTs. After oxidation, there are still undamaged nano-
tubes inside the nano‐composites, as seen from the SEM 
image (Figure 6B) and the TEM image (Figure 6D). XRD 
analysis (Figure 6G) before and after oxidation at 900°C in 
air for 1 hour reveals the (002) and (101) peaks for hexago-
nal boron nitride, indicating the presence of BNNTs in both 
oxidized and un‐oxidized samples. The FFT of the selected 
area (B) of the nanotubes reveals the (002) plane for BNNT 
(Figure 6F), also verifying that BNNTs survive in the nano‐ 
composites after oxidation at 900°C, which makes the 
nano‐composites thermally stable.

3.3 | Thermal conductivity analysis of 
BNNT‐PDC nano‐composites

3.3.1 | Thermal conductivity results at room 
temperature
The thermal conductivity of the BNNT‐PDC nano‐compos-
ites was studied as a function of volume fraction of BNNTs, 
which is illustrated in Figure 7. The thermal conductivity 
increased with increasing BNNT content. When the volume 
fraction of BNNTs is low, the thermal conductivity of the 
BNNT‐PDC nano‐composites increased slowly with the in-
crease of BNNT content. There is a significant increase in 
thermal conductivity when the BNNT content is higher than 
22.2 vol.%, indicating a percolation transition (Figure 7).

The thermal conductivity of BNNT‐PDC nano‐compos-
ites (reinforced with 35.4 vol.% BNNT) was measured as 
4.123 W/(m·K) at room temperature, which is a 2100% in-
crease compared to that of the pristine PDC, as illustrated 
in Figure 8. The BNNT‐PDC nano‐composites exhibit an 
improved thermal conductivity than other types of PDC com-
posites reinforced with carbon fiber (Cf) and/or CNT11 as 
seen in Figure 8.

3.3.2 | Theoretical model of composite 
material on thermal conduction
The transport properties, electrical conductivity (σ),24‒27 
magnetic permeability (µ)27 as well as thermal conductively 
(κ), and diffusivity (D) of binary composites in relation to 
the volume fraction φ and topology, can be described by 
a range of mixing rules (Effective Media Models). For a 
particular class of these composites, which undergo a per-
colation transition, the percolation equations can be used. 
Percolation systems are characterized in which the plots 
of log σ (or ε, κ, D or µ) versus φ are sigmoid shaped. A 
rapid change in log σ (or ε, κ, D or µ) occurs at the critical 
volume fraction (percolation threshold) φc. The classical 
percolation equations can only be fitted to the data below 
and above the percolation equations separately, while the 
Single Exponent Phenomenological Percolation Equation 
(SEPPE) also known as the General Effective Medium 
Model (GEM) and the Two Exponent Phenomenological 
Percolation Equation (TEPPE)24‒27 can be used in the entire 
ranges of φ. For the TEPPE, the curvature in the regimes 
below and above φc is characterized by the two exponents 

F I G U R E  7  The boron nitride nanotube (BNNT)‐polymer 
derived ceramic (PDC) nano‐composites fitted to the Single Exponent 
Phenomenological Percolation Equation (SEPPE). The SEPPE is 
obtained by putting the same value for the exponents s and t in the Two 
Exponent Phenomenological Percolation Equation (TEPPE) [Color 
figure can be viewed at wileyonlinelibrary.com]

F I G U R E  8  Room temperature thermal conductivity of pristine 
polymer derived ceramic (PDC) and 35.4 vol.% boron nitride nanotube 
(BNNT)‐PDC nano‐composites reported in this work compared to 
other PDC composites11 (45 vol.% Cf/PDC, 45 vol.% Cf + 10 vol.% 
CNT(short)/PDC, 45 vol.% Cf + 10 vol.% CNT(long)/PDC) [Color 
figure can be viewed at wileyonlinelibrary.com]
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Results: Piezoelectricity under Deformation
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The Molecular Dynamics (MD) model is successful in representing the piezoelectric properties of BNNTs
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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) 
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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

SWCNT film electrode

SWCNT film electrode

BNNT active layer



All-Nanotubes Actuator/Sensor Film: In-Plane Strain
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composites[36] which have only been reported for energy har-
vesting (Table S2, Supporting Information). The large |d33| of 
BNNT/PDMS composites indicate substantial potential for 
future use as a flexible, conformable actuator material even at 
elevated temperatures (>200  °C) since BNNTs will not depo-
larize[13] and PDMS remains thermally and chemically stable.[37]

Uniquely, the stretchable nature of the BNNT/PDMS com-
posite (Movie S2, Supporting Information) can be exploited to 
align BNNTs reversibly by application of strain. 2 wt% BNNT/
PDMS composites can tolerate strains of up to 60% without 
failure or plastic deformation. The final orientation of a BNNT 
dispersed in a strained stretchable matrix (θf) is given by 
Equation 1:

f oθ θ ε( )( )= + 
−cot cot 11 3/2  (1)

where θo is the initial angle of the BNNT and ε is the applied 
strain.[16] Given a uniform distribution of initial tube angles, 
reducing to an initial average BNNT angle, θave, of 45°, appli-
cation of a 60% strain results in rotation of tubes to lower 
angles to become more parallel to applied strain, reducing θave 
to approximately 33° (see Alignment Model in the Supporting 
Information). It is possible to confirm this predicted reorienta-
tion using polarized Raman spectroscopy as the ratio of Raman 
signals resulting from 0° polarized and 90° polarized light 
I IF F( )/90 0  incident on a bundle of BNNTs is given by Equation 2:

FF F/ cos( )/cos(90 )90 0
2

I I ave aveθ θ[ ]= −  (2)

where I corresponds to the Raman signal intensity (see Pre-
dicted Effect of Tube Alignment on Raman Signal in the 
Supporting Information). Carrying out polarized Raman spec-
troscopy on a 2 wt% sample of the BNNT/PDMS composite 
at 0% and 60% strain (see Polarized Raman Measurement in 
the Supporting Information), we note a polarization-dependent 

Raman signal on strained samples that is not apparent on 
unstrained samples (Figure 4a). The observed variation in the 
polarized Raman signal is consistent with predicted variation in 
Raman intensity (predicted I IF F =/ 2.490 0 , observed I IF F =/ 2.290 0 , 
Table S3, Supporting Information) confirming that strain reori-
ents BNNTs in PDMS.

Having confirmed that strain successfully realigns BNNTs 
in PDMS, we explored the effect of BNNT alignment on the 
|d33| of BNNT/PDMS composites. Performing laser Doppler 
vibrometry measurements on strained then electroded sam-
ples of 2 wt% composite (see Figure S8a and |d33| Measure-
ments on Strained Samples in the Supporting Information),  
we note a linear increase in |d33| by approximately five 
times (≈0.04 to ≈0.2 pm V−1) on increasing applied strain  
(∆Strain  = 55%, Figure  4b, red curve). Repeating this experi-
ment with 9 wt% BNNT/PDMS, we note that at a 5% strain, the 
measured displacement (180 pm, ≈0.4 pm V−1) is nine times 
larger than the displacement of 2 wt% composites at 5% strain  
(≈20 pm, 0.04 pm V−1, Figure S8b, Supporting Information). This 
is consistent with the previously observed ratio in the |d33| of the two 
materials (≈2 pm V−1 for 2 wt% samples, ≈18 pm V−1 for 9 wt%  
samples, Figure  3c). Furthermore, the enhancement in piezo-
electric displacement increasing applied strain, ∆Strain  =  10%, 
on the 9 wt% composite (≈0.4 to ≈0.7 pm V−1, Figure  4b blue 
curve and inset) is consistent with the enhancement in |d33| 
observed by increasing applied strain 10% on 2 wt% samples 
(≈85% increase on both samples). This indicates that strain-
driven tube alignment effectively increases the piezoelectric 
response of BNNT/PDMS composites by allowing tubes to 
deform in unison with more effective load transfer along 
the tubes. Moreover, this |d33| enhancement is similar to the 
enhancement of |d33| by alignment of BNNTs through plastic 
deformation previously observed with BNNT/polyimide com-
posites.[13] However, our deformation is elastic and therefore 
reversible (Movies S1 and S2, Supporting Information) allowing 
for application of piezoelectric BNNT/PDMS in applications 
which require stretchability and permitting strain controlled 

Figure 3. Enhancement of piezoelectric response of BNNT/PDMS composites. a)  Fourier transform of surface displacement data resulting from 
5 kHz, 500 V peak to peak, Vpp, excitation of piezoelectric actuators with different wt% BNNT, collected using laser Doppler vibrometry. A positive 
control of PVDF (TE Sensor Solutions Product: 2-1003702-7, |d33| = 33 pm V−1) was included to confirm accuracy of the measurement. b) Magnitude of 
peak piezoelectric displacement while sweeping excitation frequency for piezoelectric actuators with different wt% BNNT/PDMS composites and PVDF.  
c) |d33| as a function of BNNT wt%. The inset corresponds to displacement as a function of voltage data used to extract |d33| including the PVDF control.
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indicating a high-quality dispersion (Figure S1c, Supporting 
Information). BNNT-infiltrated PDMS resin was then mixed 
with PDMS cross-linker and cure accelerator in a 10:1:1 ratio 
and cast into arbitrary shapes (see Composite Curing and Film 
Casting in the Supporting Information) forming a stretchable 
BNNT/PDMS composite (Figure  1) which maintains optical 
clarity and stretchability (Figure S2 and Movies S1 and S2, Sup-
porting Information). Furthermore, as dispersion is carried out 
at room temperature with minimal energy input and without 
reactive or caustic chemicals, BNNTs are expected to remain 
chemically unmodified as indicated by the preserved and mini-
mally shifted characteristic BNNT peaks observed by infrared 
spectroscopy at ≈1370 and ≈800 cm−1 (see Figure S3 in Infrared 
Spectroscopy, Supporting Information). This uniformity of dis-
persion combined with the preserved stretchability of PDMS 
indicates that the developed co-solvent method is capable of 
producing high-quality BNNT/PDMS composites. We note that 
the maximum BNNT wt% dispersion prepared in this work 
was 10 wt% leading to a maximum composite wt% of 9 wt%, 
after accounting for addition of curing agent and accelerator. 
Preparing higher wt% composites is difficult as the high vis-
cosity of these mixtures results in bubble entrapment which 
can compromise sample quality. Furthermore, at excessive 

BNNT wt% resultant composites become excessively stiff 
compromising the desired stretchability of the BNNT/PDMS 
composite.

We gauged the quality of the dispersion of BNNTs in PDMS 
by preparing dispersions at various wt% BNNT and curing 
them in thin film format (see Film Casting in the Supporting 
Information). Macroscale analysis using UV–Vis spectros-
copy (Figure 2a) shows consistent reduction in light transmis-
sion through cured composites with increasing BNNT wt%. 
This consistency in the increase in absorption is confirmed 
by extracting absorptivity (ε) from these transmission spectra 
(Figure 2a inset) using the Beer–Lambert law (see Absorptivity 
Calculation in the Supporting Information). We note rela-
tive constancy of ε regardless of BNNT wt%, which indicates 
that dispersion quality remains consistent for all BNNT wt%. 
Furthermore, scanning electron microscopy (SEM) imaging 
of the surface of fractured BNNT/PDMS composite samples 
shows that BNNTs are separated at the microscale without large 
agglomerates, appearing as white specks which increase in con-
centration with BNNT wt% (Figure S4a,b, Supporting Informa-
tion). Close examination of the BNNT specks at the nanoscale 
indicates that BNNTs are isolated into small (<50  nm) bun-
dles which bridge across the fracture surface (Figure 2b(i)) or 

Figure 2. Dispersion quality and augmentation of PDMS properties with added BNNTs. a) UV–Vis transmission spectra through BNNT/PDMS com-
posites with different wt% BNNT. The inset shows extracted absorptivity (ε) from the UV–Vis spectra in (a). b) SEM images of: (i) isolated and unfurled 
bridging BNNTs or (ii)  emitting single BNNTs on fracture surfaces of BNNT/PDMS composites. c) Young’s modulus of BNNT/PDMS composites 
as a function of BNNT wt% as measured by nano-indentation (blue) and as predicted from a Halpin–Tsai model (orange). d) Thermal conductivity of 
BNNT/PDMS composites as a function of BNNT wt% as measured by a transient plane source method (blue) and predicted using effective medium 
theory (orange).
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indicating a high-quality dispersion (Figure S1c, Supporting 
Information). BNNT-infiltrated PDMS resin was then mixed 
with PDMS cross-linker and cure accelerator in a 10:1:1 ratio 
and cast into arbitrary shapes (see Composite Curing and Film 
Casting in the Supporting Information) forming a stretchable 
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porting Information). Furthermore, as dispersion is carried out 
at room temperature with minimal energy input and without 
reactive or caustic chemicals, BNNTs are expected to remain 
chemically unmodified as indicated by the preserved and mini-
mally shifted characteristic BNNT peaks observed by infrared 
spectroscopy at ≈1370 and ≈800 cm−1 (see Figure S3 in Infrared 
Spectroscopy, Supporting Information). This uniformity of dis-
persion combined with the preserved stretchability of PDMS 
indicates that the developed co-solvent method is capable of 
producing high-quality BNNT/PDMS composites. We note that 
the maximum BNNT wt% dispersion prepared in this work 
was 10 wt% leading to a maximum composite wt% of 9 wt%, 
after accounting for addition of curing agent and accelerator. 
Preparing higher wt% composites is difficult as the high vis-
cosity of these mixtures results in bubble entrapment which 
can compromise sample quality. Furthermore, at excessive 

BNNT wt% resultant composites become excessively stiff 
compromising the desired stretchability of the BNNT/PDMS 
composite.

We gauged the quality of the dispersion of BNNTs in PDMS 
by preparing dispersions at various wt% BNNT and curing 
them in thin film format (see Film Casting in the Supporting 
Information). Macroscale analysis using UV–Vis spectros-
copy (Figure 2a) shows consistent reduction in light transmis-
sion through cured composites with increasing BNNT wt%. 
This consistency in the increase in absorption is confirmed 
by extracting absorptivity (ε) from these transmission spectra 
(Figure 2a inset) using the Beer–Lambert law (see Absorptivity 
Calculation in the Supporting Information). We note rela-
tive constancy of ε regardless of BNNT wt%, which indicates 
that dispersion quality remains consistent for all BNNT wt%. 
Furthermore, scanning electron microscopy (SEM) imaging 
of the surface of fractured BNNT/PDMS composite samples 
shows that BNNTs are separated at the microscale without large 
agglomerates, appearing as white specks which increase in con-
centration with BNNT wt% (Figure S4a,b, Supporting Informa-
tion). Close examination of the BNNT specks at the nanoscale 
indicates that BNNTs are isolated into small (<50  nm) bun-
dles which bridge across the fracture surface (Figure 2b(i)) or 

Figure 2. Dispersion quality and augmentation of PDMS properties with added BNNTs. a) UV–Vis transmission spectra through BNNT/PDMS com-
posites with different wt% BNNT. The inset shows extracted absorptivity (ε) from the UV–Vis spectra in (a). b) SEM images of: (i) isolated and unfurled 
bridging BNNTs or (ii)  emitting single BNNTs on fracture surfaces of BNNT/PDMS composites. c) Young’s modulus of BNNT/PDMS composites 
as a function of BNNT wt% as measured by nano-indentation (blue) and as predicted from a Halpin–Tsai model (orange). d) Thermal conductivity of 
BNNT/PDMS composites as a function of BNNT wt% as measured by a transient plane source method (blue) and predicted using effective medium 
theory (orange).

Adv. Mater. 2020, 2004607

© 2020 Wiley-VCH GmbH2004607 (6 of 8)

www.advmat.dewww.advancedsciencenews.com

tuning of |d33|. This contrasts with the non-stretchable and 
non-tunable nature of current piezoelectric actuator materials 
including previously reported BNNT/polymer composites.[13] 
We note that the |d33| of strained, adhered samples were much 
lower than those measured for unstrained, unconstrained sam-
ples. We attribute this reduction in |d33| to the clamping effect 
of stretching samples over an electrode, in lieu of an evaporated 
lower electrode, and holding the material down with adhesive 
at the ends of the samples (see |d33| Measurements on Strained 
Samples, in the Supporting Information) which restricts out-of-
plane motion and may interrupt the electric field by reducing 
contact between the bottom electrode and sample. By opti-
mizing electrode design and sample constraints, it may be pos-
sible to further increase the |d33| of stretchable BNNT/PDMS 
composites beyond that of commercial, piezoelectric polymers.

BNNTs and their composites should also demonstrate direct 
piezoelectricity,[26] generating voltage when deformed, moti-
vating our exploration of BNNT/PDMS composites as active 
materials for vibration detection and energy harvesting. BNNT/
PDMS composites were fabricated into cantilever-type vibration 
harvesters (see Vibration Harvesting in the Supporting Infor-
mation) based on the design of piezoelectric acoustic detectors 
which generate voltage in response to sound-induced cantilever 

oscillation[38] (Figure S9a, Supporting Information). Cantilevers  
were then subject to kHz frequency range sound, 1, 5, and 
7.5  kHz, which is relevant for structural and voice vibration 
monitoring.[39] Collecting generated voltage and taking a Fou-
rier transform, (Figure  4c) we note that cantilevers composed 
of 2 wt% BNNT/PDMS generate a clear voltage response (0.1 V) 
at a vibration frequency of 7.5 kHz that exceeded background 
noise. Analyzing a 9 wt% BNNT/PDMS sample, we note the 
strength of the voltage signal increases (0.2 V at 7.5 kHz). Fur-
thermore, at lower frequencies we note a higher generated 
voltage (0.4 V at 1  kHz, 9 wt% sample). Regardless of excita-
tion frequency, the voltage response increases with increasing 
BNNT content confirming that measured voltage results from 
piezoelectric properties of the BNNTs. Further analysis of non-
piezoelectric controls of PDMS and piezoelectric controls of 
PVDF (Figure S9b, Supporting Information) shows that pris-
tine PDMS produces minimal voltage regardless of frequency, 
further confirming that voltage generated by BNNT/PDMS 
composites arises from BNNTs, while PVDF does produce a 
voltage signal. While the voltage signal from PVDF dwarfs 
BNNT/PDMS’s response at high frequencies (7.5 kHz), at low 
frequencies (1 kHz), the response of 9 wt% to the BNNT/PDMS 
approaches that of PVDF. The enhanced voltage response of 
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• Due to the lower dielectric constant of BNNT, capacitance of BNNT composite was lower than 
that of pristine PDMS.
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• 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
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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
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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)

4

1.2  Radiation Shielding With Materials

The following two main points are illustrated here: (1) The annual dose equivalent from GCRs 
dominates the 1989 SEP dose beyond regolith shielding depths of ≈10 cm, and (2) these depth-dose 
curves flatten considerably as the shielding depth increases. The reason is that GCR protons and heavy 
nuclei break up through nuclear interactions and produce cascades of secondary particles rather than 
stopping by ionization as most SEPs do (fig. 4). Many of the shielding calculations available in the 
literature assume the cosmic rays are normally incident on a slab of material, which is a reasonable way 
to compare different materials. In nature, the cosmic-ray flux is isotropic, so three-dimensional calcula-
tions are required to predict the dose in spacecraft or surface habitats. Those calculations generally have 
steeper depth-dose curves (Simonsen, 1997).
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Figure 4.  Calculation of primary cosmic rays and produced secondaries 
 in lunar regolith (Armstrong, 1991).

Figure 4 illustrates the composition of the radiation within lunar regolith as a function of depth.  
It can be seen that the incident fluxes of GCR primary protons and heavy ions quickly generate large 
fluxes of neutrons, gamma rays, and other secondaries that diminish only slowly with depth. These  
penetrating secondaries are what cause the slow fall-off of the dose equivalent seen in figure 3.

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

NASA/TM 2005-213688

Solar Particle Event (SPE)



Radiation Tests: LaRC Radiation Exposure Test Facility
Neutron Source
• Radioactive Source:  Am/Be (1 Curie) source produces fast neutron (4.5 MeV) and 

thermal neutrons (<0.5 eV) by borated PE cylinder (44 mm thick)
• Sample: 2”x 2” 
• Detection Foil: 1.25” Indium Foil (0.5mm, 19 barns),  115In(n, γ)116In 

Low Dose Rate
(45 mrem/hr, dose equivalent rate)

48

Am → Np!"
#"$ +!%

#&' He(α)#&

He(α)#& + Be&! → C('# + n(4.5	MeV))' + γ(5.71	MeV)

Geiger-Mueller 
Detectors

(#2) (#1)

Geiger-Mueller
Counters

Control Laptops

High Dose Rate
(800 mrem/hr, dose equivalent rate)

AmBe Neutron Source

Lead Bricks

hBN disk

Sample holder

PRESCILA proton 
recoil scintillator 
probe

Dose Equivalent Rate Measurement
• Neutron survey meter: Ludlum Portable Survey, Model 2363 
• Probe: PRESCILA proton recoil scintillator probe (Model 42-

41L) 
• Detection range: 0.1 mrem/hr to 1 rem/hr

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

neutron



Radiation Shielding Effectiveness of BNNT Composites

Neutron radiation
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http://www.nasa.gov/pdf/716082main_ Thibeault_2011_PhI_Radiation_Protection.pdf (NASA NAIC Phase I Report)
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OLTARIS: GCR Lunar and Mars Surface Environment 
Parameters
Environment Selection: GCR, Lunar Surface
Mission Definition: Select historical Solar Min/Max
Historical Min/Max: August 1972 (King)
Mission Duration Days: 365
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Parameters
Environment Selection: GCR, Mars Surface
Mission Definition: Select historical Solar Min/Max
Historical Min/Max: August 1972 (King)
Mission Duration Days: 365
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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 polymer, metal, and ceramic matrices 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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