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Astronomers using NASA's Hubble Space Telescope
have assembled a comprehensive picture of the evolving
universe – among the most colorful deep space images
ever captured by the 24-year-old telescope.

Researchers say the image, in new study called the
Ultraviolet Coverage of the Hubble Ultra Deep Field,
provides the missing link in star formation. The Hubble
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Webb’s First Deep Field
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President Joe Biden unveiled this image of the galaxy cluster SMACS 0723 during a White House event on July 11, 2022
(https://images.nasa.gov/details-
White%20House%20Briefing%20to%20Unveil%20Imagery%20from%20James%20Webb%20Space%20Telescope%20J
One year later, the James Webb Space Telescope has changed the way we see the universe. From new views of old subjec
(https://www.flickr.com/photos/nasawebbtelescope/52439693830/in/photolist-2nVLjwR-2o3hyLq-2nTUfKo-2nTV91f-2oCo
2oCqzfm-2oCqzf6-2oCkfE9-2nK1gxH) to discoveries on the chemical composition of exoplanets
(https://www.flickr.com/photos/nasawebbtelescope/52862002049/), Webb has helped us gather clues about the origins of
system and beyond.
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Proxima b, an Earth-size planet right outside our solar
system in the habitable zone of its star, may not be able to
keep a grip on its atmosphere, leaving the surface exposed
to harmful stellar radiation and reducing its potential for
habitability.

At only four light-years away, Proxima b is our closest
known extra-solar neighbor. However, due to the fact that it
hasn't been seen crossing in front of its host star, the

This artist’s impression shows a view of the surface of the planet Proxima b orbiting the red dwarf star Proxima Centauri, the closest star to the solar
system. Credit: ESO/M. Kornmesser

Related news items

 

NEWS | July 31, 2017

An Earth-like atmosphere may not
survive Proxima b's orbit
By Lina Tran,
NASA's Goddard Space Flight Center

Building blocks of
life's building
blocks come from
starlight

This artist’s impression shows a view of the surface of the planet Proxima b 
orbiting the red dwarf star Proxima Centauri, the closest star to the solar 
system. Credit: ESO/M. Kornmesser (Movie Avatar1: Unobtainium in Pandora)

Fast facts

Are we alone in the universe?
So far, the only life we know of is right here on our planet Earth. But
we’re looking.

The big question – Is there life beyond Earth? – comes with an ironic asterisk: we don't
really have a universally accepted definition of life itself. That said, we might not need
one. We need only detect the telltale signs of life in an exoplanet atmosphere, and we
have a better understanding of what those look like here on Earth.

An artist's concept of what Kepler-1649c could look like from its surface. Credit: NASA/Ames Research Center/Daniel
Rutter
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An artist's concept of what Kepler-1649c could look like from its surface. 
Credit: NASA/Ames Research Center/Daniel Rutter 

Are We Alone in Universe?

Images Credit: NASA

Exoplanet (Habitable zone for complex life)

Astrobiology 18, 663 (2018)
Astrophysical J 19, 878 (2018)



Near-Earth Asteroid 2011 UW158 (300 m in diameter)
Closest distance: 2.4x106 km in 2015 (6 times of Earth and Moon)
$5.4 Trillion worth of platinum (estimated by planetary resources)

600 x 300 m2

NASA JPL

July 19, 2015

Hayabusa (JAXA: Japan Aerospace Exploration Agency)
Landed on Small (550 x 180 m2) asteroid 25143 Itokawa 
(1998 SF36) and returned safely to the Earth on June 13, 
2010 (with less than 1mg sample)

Hatabusa225143 Itokawa

Hayabusa2 (JAXA) was launched on December 3, 2014, 
arrived at the asteroid Ryugu in June 2018, stayed around 
there for one and half years before leaving the asteroid Nov 
2019, and returned to Earth in Dec 2020 safely with 
asteroid sample (delivered to NASA in Nov 2021)

Can We Harness Energy and Resources From Outer Space?

Rosetta

Images Credit: NASA
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The Double Asteroid Redirection Test (DART
(https://www.nasa.gov/planetarydefense/dart/dart-news)),
which will help determine if intentionally crashing a
spacecraft into an asteroid is an effective way to change
its course, is scheduled to launch no earlier than 1:21
a.m. EST Wednesday, Nov. 24 (10:21 p.m. PST Tuesday,
Nov. 23) on a SpaceX Falcon 9 rocket from Vandenberg
Space Force Base in California.

This illustration is of the DART spacecraft and the Italian
Space Agency’s (ASI) LICIACube prior to impact at the
Didymos binary system.

DART is the agency’s first planetary defense test mission
and the target asteroid is not a threat to Earth.

Learn more about social media and other activities for the
mission (https://www.nasa.gov/press-release/nasa-tv-to-
air-dart-prelaunch-activities-launch-0).

Image Credits: NASA/Johns Hopkins, APL/Steve Gribben
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Double Asteroid Redirect Test (DART) spacecraft 
successfully collided with Dimorphos (minor-planet moon of 
the asteroid Didymos) to change the orbit (Sept 26, 2022)

›

›
› ›An artist's concept of ESA’s (European Space Agency) 

Rosetta (top) and Philae (middle) spacecraft, and comet 
(bottom). Credit: ESA–C. Carreau/ATG medialab. Spacecraft 
launched on Mar 2, 2004 and the comet orbiting and landing 
mission ended on Sept 30, 2016 successfully.

Moon

3He: Over 1M ton on the Moon surface à 10 times more 
energy of total earth energy resources

2H + 3He → 4He + 1p + 18.3 MeV

https://en.wikipedia.org/wiki/Minor-planet_moon
https://en.wikipedia.org/wiki/65803_Didymos
https://en.wikipedia.org/wiki/Electronvolt
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Extreme Environments in Space Exploration

Hypersonic heat flux at atmospheric entry: Heat fluxes often exceeding 1 kW/cm2 
Hypervelocity impact: MicroMeteoroids Orbital Debris (MMOD), > 20 km/sec, plume ejecta
Extreme temperatures: Lower than −240˚C and Exceeding +460˚C 
Thermal cycling: Cycling between temperature extremes outside of the military standard range of −55˚C to +125˚C
High Vacuum: 10-12 torr
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

Image credit: NASA
Lunar surface
-173˚C to 127˚C
-247˚C (25K) at pole
Sharp abrasive edge dust
Radiation 
1/6 Earth gravity

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

Deep space
2.7K
Radiation
Microgravity

 
 
 

 
 
 
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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Primary Hazards to Humans During Spaceflight

Space Radiation
Acute In-flight Effects
Long-term Cancer Risk
Cardiovascular Disease
Central Nervous System Risks

Altered Gravity Fields
Muscle Atrophy/Bone Loss
Balance Disorders
Fluid Shifts
Cardiovascular Deconditioning

Hostile/Closed Environments
Vehicle Design
Environmental CO2 Levels
Toxic Exposures, Water, Food
Decreased Immune Function

Isolation/Confinement
Behavioral Impacts
Sleep Disorders
Team Dynamics

Distance From Earth
Requires “Autonomous” Medical Care
Communication Delays
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Space Radiation Challenges
Galactic Cosmic Rays (GCR) 
High energy ionized atoms
Most HZE* ions are harmful
Predictable

Solar Particle Events (SPE)
Mostly high energy protons
More readily shielded
Unpredictable

Van Allen Belt
Trapped energetic particles 
Inner belt: mostly proton
Outer belt: mostly electron
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Induce microelectronics errorsSecondary radiation: neutron, gamma, etc. Damage or mutate DNA
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MISSE 2 PEACE Polymers Experiment 
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*HZE (high atomic number (Z) energy) 



GATEWAYGATEWAY MARS TRANSITMARS TRANSIT

PRESSURIZED 
ROVER
PRESSURIZED 
ROVER

HUMAN LANDING 
SYSTEM 

HUMAN LANDING 
SYSTEM 

Mobile ExpeditionMobile Expedition

Fission Surface PowerFission Surface Power

Long Durations in Zero GravityLong Durations in Zero Gravity

Autonomous Robotics Systems 
for Science & Contingency 

Crew Transportation  

Autonomous Robotics Systems 
for Science & Contingency 

Crew Transportation  

LUNAR
TERRAIN
VEHICLE 

LUNAR
TERRAIN
VEHICLE 

In-Situ Resource UtilizationIn-Situ Resource Utilization

Partial Gravity OperationsPartial Gravity Operations

SURFACE
HABITAT

SURFACE
HABITAT

Moon to Mars Exploration Architecture
Operations and Science on and around the Moon will help prepare for the first human mission to Mars
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Construction of  
Consumables Depots for
Crew and Power (O2, H2)

Habitat, Hangars, Dust Free

and Road Construction

Propellant Processing with  
Lander & Pad Infrastructure

Resource Prospecting –
Looking for Resources

Excavation & Regolith  
Processing for O2  
Production, Binders &  
Aggregates

Thermal Energy Storage  
Construction

24 Au ust 2015Zones, Landing PadsS,paBceErnmvir,o

Lunar Surface In-Situ Resource Utilization (ISRU) Concepts

Choi et al., NASA/TM-20205009040 (2020)
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I. INTRODUCTION 

The first step to a Deep Space Gateway is lunar exploration that plans to establish lunar 
habitats and onsite production facilities for water, propellants and raw construction materials 
under the In-Situ Resources Utilization (ISRU) program. To initiate and sustain the activities of 
ISRU on the Moon, several challenges need to be identified and clarified with technical 
understandings and eventually to suggest potential solutions as precursory preparation 
guidelines. Under the defined guidelines, ISRU infrastructure is planned by introducing the 
concepts of functional elements, designs, fabrications, constructions, and validation tests 
considered under a full consideration of lunar environmental conditions prior to deployment. 
Prior to the establishment of lunar bases with habitats and onsite production facilities of water, 
oxygen, propellants, and raw construction materials, we anticipate numerous shuttle operations 
of cargo transportation from Earth to the Moon by rockets. In such operations, major problems 
and technical issues and needs related to the flying dust of regolith by rocket plume, the harvest 
of volatiles and water molecules, the mining and production of raw construction materials must 
be illustrated with accurate analyses. The Apollo era database related to lunar environmental 

conditions identifies several challenges to be properly considered, such as the interaction of 
rocket exhaust gas plume and regolith, the contamination by electrostatically charged fine 
regolith dusts, the harvesting of lunar volatiles at extremely high vacuum, and so on. The 
landing and launching of rockets carrying astronauts and payloads on lunar surface create 
repeatedly rocket plume interaction with the surface regolith.  An abrasive cloud of ejecta and 
electrostatically charged regolith dust harms nearby equipment and crew during launch and 
landing operations. Regolith is lunar soil with very fine particles, negatively charged [1], and can 
be easily dislodged at high velocity and spread widely by the blast wave of rocket plume due to 
the composition of very fine particles (4μm - 250μm) [2], low gravity, and very high vacuum (~ 
10-12 torr). Figure 1 shows a rough estimation of lunar soil composition. The major components 
of the regolith are oxides of silicon, aluminum, magnesium, calcium, iron, and others, 
comprising approximately 60 atomic % (At%) of pure elements and 40 At% of oxygen. The 
remainder are pure elements, containing 17.36 At% silicon, 7.70 At% aluminum, 5.25 At% 

Figure 1.  Lunar dust composition. 

70%
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Magnesium, Calcium, Iron
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Solar Wind
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Lunar Regolith Composition

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

Lunar Surface innovation Consortium (LSIC)
http://lsic.jhuapl.edu

Images Credit: NASA
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Advanced Materials for Extreme Space Environments

Structures and Materials Figures of Merit

• Performance Reliability and Sustainability
• Perform without failure (crushing, cracking, buckling…)
• Perform with minimum maintenance
• Durable for planned life in space environment

• Low Mass 
• High specific strength and specific stiffness
• Gear ratio for deep space magnifies importance

• Low Cost 
• Manufacturability, verifiable, life cycle cost
• Recyclable, reusable, repurposable
• Cost of materials is usually small if available (ISRU)

• Multifunctionality
• Mechanically durable/Wear resistant/Dust mitigation
• Sensing/Actuating/Energy harvesting/Health monitoring
• Thermal management/Thermal protection
• Radiation shielding/Radiation resistance
• MMOD and plume ejecta protection
• Self sterilization/CO2 sequestration/Fuel conversion
• Waste recovery/Water recycle

Advanced Materials

• Lightweight Mechanically Strong Materials
• Nanocomposites (PMC, MMC, and CMC)
• High entropy materials

• Materials for Extreme Temperatures and Cycles
• Phase change material

• Lunar Dust Mitigation
• Wear and abrasion resistant materials
• Dust adhesion mitigation material

• Radiation Shielding and Radiation Resistant Materials
• Low Z and high absorption cross-section materials

• Recyclable, Reusable, Repurposable Materials

• Rapid Manufacturable Processes and Materials
• Additive manufacturing in space environment

• Flame Resistant/Retardant Materials
• Space suit, habitat and crew module interior 
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BNNT Polymer Matrix Composite (PMC)
BNNT Metal Matrix Composite (MMC)
BNNT Ceramic Matrix Composite (CMC)



https://cms.nasa.gov/directorates/spacetech/game_changing_development/projects/RAMPT
Additive Manufacturing: Rapid Analysis & 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 

~._ -. 

Images and Video Credit: NASA

Space Launch System

Large-Scale 3D Printing for Rocket Engines
https://www.youtube.com/watch?v=_JHqdV
U9Ebo&t=3s
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chamber 
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CAMX, Dallas, TX (2021)
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Solving the Challenges of Long Duration Space
Flight with 3D Printing
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NASA Astronaut Barry (Butch) Wilmore holds a ratchet wrench
created in 2014 with the 3D printer aboard the International
Space Station using a design file transmitted from the ground.
Credits: NASA
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NASA, ICON Advance Lunar Construction
Technology for Moon Missions

(/sites/default/files/thumbnails/image/1_icon_olympus_multi-purpose_isru-
based_lunarconstructionsystem_concept-render_nov2022_for_icon_release.jpg)
A new award from NASA will support ICON in developing construction technology that could be used on the
Moon and Mars.
Credits: ICON/BIG-Bjarke Ingels Group

As NASA plans for long-term human exploration of the Moon under Artemis
(https://www.nasa.gov/specials/artemis/), new technologies are required to meet the
unique challenges of living and working on another world.

NASA has awarded ICON, located in Austin, a contract to develop construction
technologies that could help build infrastructure such as landing pads, habitats, and
roads on the lunar surface.

"In order to explore other worlds, we need innovative new technologies adapted to
those environments and our exploration needs," said Niki Werkheiser, director of
technology maturation in NASA's Space Technology Mission Directorate (STMD).
"Pushing this development forward with our commercial partners will create the
capabilities we need for future missions."

The award is a continuation
(https://www.nasa.gov/centers/marshall/news/releases/2020/nasa-looks-to-
advance-3d-printing-construction-systems-for-the-moon.html) of ICON's work under
a Small Business Innovation Research (SBIR) dual-use contract with the U.S. Air
Force, partly funded by NASA. The new NASA SBIR Phase III award will support the
development of ICON's Olympus construction system, which is designed to use local
resources on the Moon and Mars as building materials. The contract runs through
2028 and has a value of $57.2 million.
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NASA will support ICON in developing construction 
technology that could be used on the Moon and Mars
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Multipurpose Cassegrain System
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Boron nitride nanotube (BNNT)
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ISRU Landing Pad: Multipurpose Cassegrain System

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

Video Credit: NASACredit: Bob Moses and Sang H. Choi (NASA Langley Research Center (LaRC))
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Nanotube Comparison (Theoretical)

Carbon Nanotubes Boron Nitride Nanotubes

Electric Properties Metallic or semiconducting Wide band gap (about 6.0 eV) 
Insulation, corrosion resistant

Mechanical Properties
(Young’s Modulus)

1.33 TPa
(very stiff)

1.18 TPa
(very stiff)

Thermal Conductivity >3000 W/mK
(highly conductive)

~300–3000 W/mK
(highly conductive)

Thermal Oxidation Resistance
Stable up to
300-400 °C in air

Stable to over
900 °C in air

Neutron Absorption
Cross-Section C = 0.0035 barn

B = 767 barn (B10 ~3800 barn)
N = 1.9 barn
Excellent radiation shielding

Polarity No dipole Permanent dipole Piezoelectric 
(0.25-0.4 C/m2) 

Surface Morphology Smooth
Corrugated
Better interfacial strength for 
composites, ionic bonding

Color Black White
(can be colored)

Coefficient of
Thermal Expansion

-1 x10-6 K-1

(very low)
-1 x 10-6 K-1

(very low) 17



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.
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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)

Images Credit: NASA
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Continuous BNNT fiber (AFOSR/Rice 
U)

Raman: Degree of Alignment

Nature Communications, 13, 3136 (2022)

Purified BNNT

PAN: polyacrylonitrle



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

J. Phys. Chem. C 120 3509 (2016)
J. Phys. Chem. C 122 15266 (2018)
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15% BNNT/Epoxy Composite
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Metal Matrix Composite (MMC) Processing (Bulk and Coating)

• MMC Trusses and Joints (Bulk Fabrication and Coating Methods)
o Bulk: Vacuum Hot Press (VHP) / Stir-Cast / Hot-Rolling / Liquid Pressing Process / Plasma Spray Metal Foils / Spart Plasma Sintering
o Coating: Thermal Spray Coating and Polymer-Derived Ceramic (PDC) Coating

BNNT-Al sample after vacuum hot pressing

Vacuum Hot Press  at B1205
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RF Plasma Spray Facility at B1205 (Image Credit: 
NASA/TP-2016-219194) 
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Particles

Images Credit: NASA

MOOSE Plasma Spray Coating of Ti64 MMC
Credit: Thermal Spray Solutions Inc.



B4C-Al6061: Mechanical, Tribological, and Thermal Tests

• In collaboration with Marshall Space Flight Center (MSFC) 
KIMS, and FIU
o Test samples : B4C-Al6061 (0-50 vol%)
o Significant wear resistance 

2.4 times wear volume reduction from 5 vol% B4C
6.5 times wear volume reduction from 50 vol% B4C

o Minimal change in COF < 2%
0.43 (0 vol% B4C), 0.42 (5 vol% B4C), 0.42 (50 vol% B4C)

o The addition of B4C into Al6061 tends to increase the strength and hardness of 
the material and as a result the wear volume is seemed to be decreasing 
considerably

B4C and Al 6061 MMC
0, 5, 10, 20 vol%: Melt-Stirring and Hot-Rolling
30, 50 vol%: Liquid Pressing 
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5 vol% B4C-Al6061 10 vol% B4C-Al6061 20 vol% B4C-Al6061

30 vol% B4C-Al6061 50 vol% B4C-Al6061
Credit: KIMS

Significant improvement in 
wear resistance
5 vol%: 2.4x wear volume 
decrease
50 vol%: 6.5x wear volume 
decrease

WEAR SCAR IMAGES  AND SCAR PROFILES

Al6061 20 vol%B4C/Al6061 30 vol.% B4C/Al6061 10 vol.% B4C/Al6061 50 vol.% B4C/Al6061 5 vol.% b4c/Al6061

WEAR SCAR IMAGES  AND SCAR PROFILES

Al6061 20 vol%B4C/Al6061 30 vol.% B4C/Al6061 10 vol.% B4C/Al6061 50 vol.% B4C/Al6061 5 vol.% b4c/Al6061

Wear Test

Credit: Florida International University (FIU), Korea Institute of Materials Science (KIMS)
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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 and Ceramic Matrix Composite

J. Phys. Chem. C 120 3509 (2016)
J. Phys. Chem. C 122 15266 (2018)
Nanotechnology, 30 25706 (2019) BNNT-ceramic interfacial strength
Credit: Prof. Agarwal, Florida International University (FIU)

J. Mater. Res. 37 4582 (2022)

BNNT-Al

Al

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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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]

J. Am. Cer. Soc. 109 7584 (2019) 

2000% increase

Interfacial strength of BNNT is greater than that of CNT 
for all PMC, MMC, and CMC
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due to the increased hardness with BNNTs additions. BNNT-Ti 
showed a smoother worn surface compared to pristine Ti. !e 
di"erence became more signi#cant in the higher magni#cation 
shown in Fig. 4(c and d). !is is due to the increased hardness 
in the BNNT-Ti sample, which required higher energy for the 
embedment to occur. Both samples identi#ed signs of plow-
ing, suggesting that the zircon simulant particles did not roll 
but slid between the aluminum oxide ball and metal surfaces. 
!e additional plowing observed in both samples, especially in 
the BNNT-Ti sample, increased the lateral resistance during 
the wear test. Hence, the coe%cient of friction for both sam-
ples increased compared to the wear tests without regolith. No 
signs of tribo-#lm or any other lubricating mechanisms were 
detected from BNNTs. !e increased hardness, strength, and 
anchoring e"ect are the main contributions of BNNTs. !us, 
BNNT-Ti exhibited better wear resistances with and without 
lunar regolith simulant.

Yield strength of Ti and BNNT-Ti MMCs using 
profilometry-based indentation plastometry (PIP)

Yield strength and plasticity are responsible for the di"erent 
wear behaviors between pristine Ti and BNNT-Ti MMCs. !e 
representative tensile responses from Ti and BNNT-Ti compos-
ite are presented in Fig. 5. Compared to the yield strength (YS) 
of wrought Ti in tension, reported between 880 and 990 MPa in 
the literature [27], the spark plasma-sintered (SPS-ed) Ti in the 
present investigation exhibited yield stress of 921 ± 31 MPa. !is 
attests to the high degree of densi#cation of greater than 98%. 
For the same reason, compared to an ultimate tensile strength 
(UTS) of around 1008 MPa in wrought condition, SPS-ed Ti 

exhibited a UTS of 1029 ± 18 MPa. A signi#cant strengthen-
ing was achieved in the BNNT-Ti composite due to the dis-
persion and integration of these high-strength reinforcements. 
!e yield strength increased by 21.6% to 1120 ± 25 MPa, while 
the UTS increased by 10.7% to 1139 ± 18 MPa. However, this 
strengthening does come at the expense of the amount of strain 
the composite can sustain. !e strain till necking in BNNT-Ti 
was reduced to 0.1, a 37.5% reduction than 16 in Ti (Fig. 5). 
!e greater ductility explained the severe plastic deformation 
in pristine Ti samples during wear.

Radiation shielding properties of BNNT-Ti MMCs

Our previous work showed that the reduction of SPS tempera-
ture played a substantial role in the retention and survival of 
BNNTs in the Ti matrix. Bustillos et al. have observed remark-
able survival of BNNTs at a sintering temperature of 750 °C [18]. 
Since BNNT is the e"ective component for radiation shielding, 
a lower sintering temperature, 750 °C, was selected to preserve 
BNNTs during sintering [23–25]. At a higher sintering tem-
perature, 950 °C, many BNNTs reacted with the Ti matrix and 
formed TiB whiskers. !e improved survival of BNNTs does 
come at the cost of a reduction in densi#cation, which could 
deteriorate the mechanical performances of BNNT-Ti compos-
ites. Hence, the sintering temperature of 750 °C was not adapted 
for the mechanical and tribological evaluations. Table 2 summa-
rizes the geometric information on both pristine Ti and BNNT-
Ti samples.

!e neutron radiation results can also be found in Table 2. 
Both linear and mass absorption coe%cients are calculated to 
elucidate the e"ect of BNNTs on neutron radiation shielding. 
!e results were further normalized against pristine Ti (750 °C) 
to highlight the changes in all samples (Fig. 6). Both pristine 
Ti samples showed the same radiation shielding e"ectiveness. 
!e only di"erence between the two pristine Ti samples is the 
overall densi#cation. Ti with lower sintering temperatures has 
higher porosity. !e increased porosity did not play any signi#-
cant role in radiation shielding. !e highest neutron attenuation 
was measured in the case of BNNT-Ti (750 °C), where 45 and 
50% improvement in linear and mass absorption coe%cients 
were obtained with only 1 wt% of BNNT. When sintered at 
950 °C, the BNNT-Ti sample with the same amount of BNNTs 
showed only a 10% improvement in the neutron radiation 
shielding performance. As the sintering temperature of the SPS 
process increased, the interfacial reactions became progressively 
aggressive, resulting in the loss of the BNNT phase and thus 
lower radiation attenuation. Due to the possible residual oxide 
present in the metal and BNNT, boron elements in the BNNT 
phase, including amorphous boron impurities, can be oxidized, 
forming boron oxides. Boron trioxide,  B2O3, is a stable form of 
boron oxide with a melting point of 450 °C and boiling point 

Figure 5:  Representative bulk tensile plasticity of Ti and Ti-BNNT 
measured by PIP technique. The yield strength of the BNNT-Ti composite 
improved by 21.6% to 1120 MPa, while the UTS was enhanced by 10.7% 
to 1139 MPa. On the other hand, the ductility till necking was reduced by 
37.5% to 0.1 in the BNNT-Ti composite.
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BNNT-Ti increased by 8.73 and 17.9%, respectively. Neverthe-
less, adding the BNNT successfully improved the wear resistance 
of the MMCs in the wear experiments with lunar regolith simu-
lants. Compared to the pristine Ti sample, a 25.5% reduction in 
wear volume was achieved in the BNNT-Ti sample. !e reduc-
tion in wear volume loss was the direct outcome of increased 
hardness in the BNNT-Ti sample and the anchoring e"ect from 
BNNTs, as shown in Fig. 3(f). !e COF of BNNT-Ti did not 
show as pronounced improvement as the one in wear volume 
reduction; only a 3.13% di"erence was obtained between pris-
tine Ti and BNNT-Ti samples.

SEM images (Fig.  4) of the wear tracks with simulants 
revealed the wear track to be almost double the width of those 
without stimulants. In Fig. 4(a and b), both wear tracks are more 
chaotic than the wear tests without stimulants in Fig. 3. Notably, 
the accumulation and embedding of zircon simulant particles 
are mainly on the edges of the wear scars in both samples, indi-
cating the particles were dragged along the sides. !e embedded 
zircon simulant particles in the Ti sample were more pointy and 
edgy than those in the BNNT-Ti sample, which were relatively 
"$at." A higher degree of crushing and fragmentation of zir-
con simulant particles in the BNNT-Ti sample was expected 

TABLE 2:  Geometric 
characterization of pristine Ti and 
BNNT-Ti with di!erent sintering 
temperatures.

Sample name Thickness (mm) Density (g/cm3)
Linear adsorption 

coe! µx  (mm−1)
Mass adsorption 
coe! µm  (cm2/g)

Pristine Ti (750 °C) 4.03 4.37 (97.1%) 0.0424 0.097
BNNT-Ti (750 °C) 3.46 4.23 (95.5%) 0.0615 0.145
Pristine Ti (950 °C) 3.60 4.45 (98.8%) 0.0431 0.097
BNNT-Ti (950 °C) 4.18 4.36 (98.4%) 0.0464 0.106

Figure 4:  SEM images of wear tracks in lunar simulant presence. Overall wear tracks for (a) Ti and (b) BNNT-Ti composites. (c) Plowing is observed in 
pristine Ti. (d) A smoother wear surface is observed in BNNT-Ti.
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SEM images (Fig.  4) of the wear tracks with simulants 
revealed the wear track to be almost double the width of those 
without stimulants. In Fig. 4(a and b), both wear tracks are more 
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zircon simulant particles in the Ti sample were more pointy and 
edgy than those in the BNNT-Ti sample, which were relatively 
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Figure 4:  SEM images of wear tracks in lunar simulant presence. Overall wear tracks for (a) Ti and (b) BNNT-Ti composites. (c) Plowing is observed in 
pristine Ti. (d) A smoother wear surface is observed in BNNT-Ti.

Wear tracks

Wear volume and coefficient of friction decreased 
with BNNT with Lunar regolith simulant

 
Fig. S1 Methodology for tribological testing of BNNT-Titanium composites with the Lunar 
Regolith Simulant Zircon. (a) A cup-shaped fixture is attached to the tribometer stage, where the 
sample is secured. (b) Zircon is poured into the cup to cover the BNNT-Titanium composites 
during the wear testing 

S2. Zircon SEM morphology and composition analysis  
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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

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
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Hypersonic Materials Experiment Test System (HYMETS)

Sample: BNNT Mat (as grown, nonwoven)
• Fabricated by a vacuum filtration process
• Diameter: 25 mm, Thickness: 2 mm, Density: ~ 0.3 g/cm3

HYMETS Test Conditions
• Test duration: 1 min 
• Surface temperature: 2400 oF (1315 oC)

After    Before

FT-IR Analysis  of BNNT mat

Front

Middle

Back

Thermal
Flux

#

Before After

Video Clip: BNNT mat under a hypersonic test

Front

Middle

Back
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Multifunctional BNNT Polymer Composites

• Electroactive Properties
• Radiation Shielding Properties

Conceptual Venus Exploration Conceptual Mars Exploration

Images Credit: NASA
Comp. Mater. Sci., 95 362 (2014)
ACS Nano 9 11942 (2015)  

MRS Bulletin 40 836 (2015)
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Results: Piezoelectricity under Deformation

Zig-zag stretch

Armchair twist

e11

e14

Armchair   ->   Chiral     ->    Zig-zag

Twist,

Stretch,

e11=0.090

e11

e14

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

 pz (stretch) = e11εs
pz (twist) = e14εt


P

ε14

ε11

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

MWBNNT

Comp. Mater. Sci., 135 29 (2017) 
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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) Images credit: NASA

SWCNT film electrode

SWCNT film electrode

BNNT active layer
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SWCNT: Single Wall Carbon Nanotube



All-Nanotubes Actuator/Sensor Film: In-Plane Strain
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Field induced strain (e33) 

d33: piezoelectric (PE) coefficient 
M33: electrostrictive (ES) coefficient
E: applied electric field 
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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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that dispersion quality remains consistent for all BNNT wt%. 
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centration with BNNT wt% (Figure S4a,b, Supporting Informa-
tion). Close examination of the BNNT specks at the nanoscale 
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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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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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Figure 4. Advanced functionality of BNNT/PDMS composites. a) Polarized Raman measurements of strained (60%) and unstrained 2 wt% BNNT/
PDMS composites tracking the intensity of the characteristic BNNT Raman peak at 1370 cm−1 as a function of polarization angle. b) Strain-driven 
enhancement of |d33| of 2 wt% (red curve) and 9 wt% (blue curve). Inset corresponds to zoom in on enhancement in |d33| up to 10% strain of BNNT/
PDMS composites. c) Fourier transform of voltage generated by vibration excitation of 2 wt% and 9 wt% BNNT/PDMS composites at different excita-
tion frequencies. Transforms are offset vertically for clarity.
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Alignment Effect & Vibration Sensing of BNNT/PDMS

Credit: Dr. Peter Snapp (NASA GSFC) and Professor SungWoo Nam Advanced Materials, 32, 2004607(2020)
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All images credit: NASA

Radiation Shielding Properties

Science 340 1080 (2013)

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 2005213688 (2005)

Solar Particle Event (SPE)
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Radiation Shielding Structural Materials

Objective: To develop multifunctional lightweight structural materials to reduce spacecraft weight 
and offer greater environmental protection in addition to radiation shielding.

Solar and Cosmic micrometeoroidSolar and Cosmic 
Rays

micrometeoroid
DOUBLE-BARRELED SOLAR 
EVENT (JANUARY 20, 2012)

SUPERNOVA PARTICLE 
EJECTION

Primary Hazards in Space

• Galactic Cosmic Radiation (GCR)
- Protons, High Energy Charged Particles

Space Radiation Risks

Risk to: Examples of Risks

Humans Acute risks (e.g. acute radiation syndrome form SPE)
Ch i i k ( C f GCR(low flux): MeV – GeV

• Solar Particle Events (SPE) (Solar Flares)
- Mostly Protons (high flux): 100MeV – GeV

• Neutrons

Chronic risks (e.g. Cancer from GCR

Electronics Single event effects (ex. Latch errors)

Materials Degradation

• Micrometeoroids and Orbital Debris

Nobury et al, NASA LaRC Space Radiation Roadmap



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)
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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 

 

 
 
Figure 3. Setup of neutron shielding test at NASA Langley Research Center using the Am-Be 
neutron source, PE moderator block, and indium circular foil.   

 
2.3. Modeling  
In addition to experimental studies, we used the On-Line Tool for Assessment of Radiation in 
Space (OLTARIS) developed by NASA Langley Research Center (LaRC) to model B4C-Al MMCs 
under various space radiation environments. The space radiation shielding effectiveness of the 
B4C-Al samples were modeled for GCR and SPE radiations, using the deterministic code from 
NASA LaRC, HZETRN (High Z and Energy TRanNsport) based on the Boltzmann transport 
equation [15]. The web-based OLTARIS allowed us to utilize the most up-to-date version of 
HZETRN and the nuclear physics model such as NUCFRG2 (NUClear FRaGmentaion2) to 
improve the contributions from secondary nuclear fragmentations of nucleons and light ions 
[16,17]. For space radiation environments provided by OLTARIS, the Badhwar-O’Neill (BON) 
2014 spectrum [18] and the August 1972 King proton spectrum [19] were selected for the GCR 
and SPE models, respectively, and used for free space, Lunar, and Martian surface cases.  
 
3. Results and Discussion 
B4C-Al MMC samples with various B4C concentrations (5, 10, 20, 30, and 50 vol.%) were 
examined with SEM to assess the quality of dispersion, which is shown in Figure 4. The first three 
samples (5, 10, and 20 vol.%) were prepared by the stir casting and hot rolling process, and the 
rest (30 vol.% and 50 vol.%) were prepared by the liquid pressing process. The B4C inclusions 
were uniformly distributed without any noticeable agglomerates for all samples. The samples 
prepared by the stir casting and hot rolling process appear slightly aligned along the hot rolling 
direction (Figures 4a-c). The stir cast samples before hot rolling showed homogeneous dispersion 
without preferred alignment [14, Figures 1a-c therein]. 
 

Radiation source 

PE moderator 

Sample 

     Neutron beam 

 Indium foil 

Heat
10B 11B

Nuclear 
Capture

4He
!		particles

7Li

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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Each material is 30 cm thick

(On-Line Tool for the Assessment of Radiation in Space)
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Neutron Shielding Test and OLTARIS Modelling for Bulk MMC

• Performance Evaluations
o Space Radiation Shielding Test: Neutron Shielding Test at LaRC
o Excellent Neutron Shielding Effectiveness with B4C reinforcement

0

500

1000

1500

2000

2500

3000

0 20 40 60 80 100 120

Co
un

t

Time
(min)

Foil AA Bare Foil

Al 6061

5% vol

10% vol

20% vol

30% vol

50% vol

B4C-Al6061
Neutron Radiation Shieldingç

50 v% B4C =  75 % 

Al6061 =  1 % shielding 

5 v% B4C =  29 % 

10 v% B4C =  45 % 

20 v% B4C =  61 % 

30 v% B4C =  69 % 

% Shielding 

Neutron shielding effectiveness of 
50%B4C-Al6061 is 70 times over Al 
alloy

o Space Radiation GCR Shielding and OLTARIS Modeling for Lunar Surface

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

0 100 200 300 400 500 600 700 800 900 1000

Do
se

 E
qu

iv
ae

nt
(m

Sv
/d

ay
)

Areal Density
(g/cm2)

BON-14 GCR Model on Lunar Surface with 1977 Solar Min. Incident on Vehicles 
with varying thickness

Zero Shield (mSv/day)

Al6061
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B4C 30% vol
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B4C 70% vol
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Boron
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Zero Shield

Parameters
Environment Selection: GCR, Lunar Surface
Mission Definition: Select historical Solar Min/Max
Historical Min/Max: August 1972 (King)
Mission Duration Days: 365

• Al6061 indicated adverse effect on shielding effectiveness around 150 g/cm2 due 
to secondary radiation.

• The adverse effect was substantially suppressed by the presence of boron and no 
adverse effect was predicted at 20 vol% B4C-Al6061.

• Mg(BH4)2 shows shielding effectiveness equivalent to polyethylene.NASA/TM-20230003044 (2023)
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Lifetime Limit

The total dose equivalent for a roundtrip mission (21 months duration) is significantly lower for vehicles with higher boron and hydrogen content 
materials. From 60 vol.% B4C and on the total dose equivalent falls below the 1000 mSv astronaut lifetime limit established by Johnson Space Center. 
This decrease in dose equivalent could increase a mission period by up to 409 more days leading to the execution of vital research. 

Total Dose Equivalent for a Roundtrip Mars Mission 
Using Various Materials (25 g/cm2)



Summary

• Current NASA missions and extreme space environments were introduced.

• High Temperature-Pressure (HTP) BNNT and BNNT composites were introduced.

• 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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