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Summary of Accomplishments/New Findings

1. Structural and Mechanical Properties of BNNTs in High Temperature Environments

The thermal-stability of boron nitride nanotubes (BNNTSs) that were produced using the HTP
(high-temperature pressure) method was characterized on both bulk and individual tubes basis by
using a variety of materials characterization tools, including AFM, TEM, TGA, XRD, optical and
Raman microscopy, and Hypersonic Materials Experiment Test System (HYMETS). The in situ
optical, Raman and XRD measurement results consistently show that bulk HTP-BNNTs were
capable of maintaining their structural integrity at up to 1000 °C in air (Fig. 1a). The AFM and
HRTEM measurements show that the tubular structure of individual dispersed BNNTs could
survive up to 900 °C in air (Fig. 1b). The mechanical integrity of thermally annealed HTP-BNNTs
was characterized by using AFM-based nanomechanical compression testing techniques. The
effective transverse elastic modulus of individual BNNTs is found to remain intact when the tubes
were thermally annealed at up to 850 °C in air (Fig. 1c). HYMETS test and analysis reveal that an
oxidation reaction occurred during the HYMETS tests (at Mach 5), but the sample kept its
mechanical integrity even after one minute hypersonic thermal test at 1300 °C. In summary, our
studies demonstrate that HTP-BNNTSs possess superior thermal stability in both structural and
mechanical properties, and are promising for high-performance multifunctional material
applications in high temperature environments, such as hypersonic applications.
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Figure 1: (a) Selected in situ optical images showing the morphology evolutions of one tested BNNT
microfibril being heated at different temperatures (the scale bar represents 20 um); (b) HRTEM images of
individual BNNTSs deposited on Ni grid after being heated at 850 ‘C and 900 °C in air for 10 mins. (c) The
dependence of the measured effective radial modulus of BNNTs on the tube’s outer diameter at room
temperature and after being annealed at 300, 600, 800 and 850 "C, respectively. The solid curves represent
the power-function fitting curves of the effective radial elastic moduli data of single- to quadruple-walled
BNNTSs at room temperature.

L]
& Treated =600 °C
+ Troawed = 800 °C
* Treaid = 850 °C

Effective Radial Modulus (GPa)

Nanotube Diameter (nm)

Publication:

1. Xiaoming Chen, Christopher M Dmuchowski, Cheol Park, Catharine C. Fay and Changhong Ke,
“Quantitative Characterization of Structural and Mechanical Properties of Boron Nitride Nanotubes in
High Temperature Environments,” Scientific Reports, Vol. 6, pp.11388, 2017.



2. Mechanical Strength of Boron Nitride Nanotube Polymer Interfaces

The strengths of the nanotube-polymer interfaces formed by individual BNNTs with epoxy
and poly(methyl methacrylate) (PMMA) were characterized by using in-situ electron microscopy
nanomechanical single-tube pull-out testing techniques (Fig. 2a). The nanomechanical
measurements show that the shear strengths of BNNT-epoxy and BNNT-PMMA interfaces reach
323 and 219 MPa, respectively (Fig. 2b&2c). It was discovered that BNNTSs can form substantially
stronger binding interfaces with polymers than comparable carbon nanotubes (CNTs) (Fig. 2d).
Molecular dynamics simulations show that the higher BNNT-polymer binding strength is partially
attributed to the strong electrostatic interaction on BNNT-polymer interfaces, which is originated
from the polarized electronic structure in BNNTs. The research findings on the mechanical
properties of BNNTs and BNNT-polymer interfaces demonstrate that BNNTSs hold great potential
(and are even better than CNTs) for innovative light-weight and high-strength multifunctional
aerospace materials.
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Figure 2: In situ SEM nanomechanical single-tube pull-out measurement. (a) 2D testing schematic; (b)
Selected snapshots of one representative single-tube pull-out measurement (scale bars 200 nm). (c¢) The
measured dependences of the pull-out load on the embedded length for both BNNT-PMMA and BNNT-
epoxy interfaces. The dashed lines represent the respective linear fitting curves to the data sets whose
embedded tube lengths are below or above the critical embedded length. (d) Comparison of the diameter-
weighted IFSS and IFE for four types of nanotube-polymer interfaces.

Publication:
1 Xiaoming Chen, Liuyang Zhang, Cheol Park, Catharine C. Fay, Xianqgiao Wang and Changhong Ke,

“Mechanical Strength of Boron Nitride Nanotube-Polymer Interfaces,” Applied Physics Letters, Vol.
107, 253105, 2015. (Editor’s pick, on the most read list).



3. Mechanical Strength of Carbon and Boron Nitride Nanotube Metal Interfaces

We performed exploratory studies on the reinforcing mechanism of nanotube-reinforced metal
nanocomposites. Specifically, we quantitatively characterized the mechanical strengths of the
nanotube-metal interfaces formed by individual carbon nanotubes (CNTs) and BNNTs with
aluminum (Al) and Titanium (Ti) by using in situ electron microscopy nanomechanical single-
tube pull-out testing techniques (Fig. 3a). The nanomechanical measurements show that the shear
strengths of CNT-Al and CNT-Ti interfaces reach about 28.7 MPa and 37.8 MPa, respectively.
(Fig. 3b-d). Thermal annealing is found to have a prominent impact on CNT-metal interfaces (Fig.
3c). The pilot study on testing the mechanical strength of BNNT-AI/Ti interfaces is in progress.
The research findings are useful to better understand the load transfer process on the nanotube-
metal interface and the reinforcing mechanism of nanotubes and ultimately contribute to the
optimal design and performance of nanotube-reinforced metal matrix nanocomposites.
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Figure 3: (a) Schematic of the in Situ nanomechanical single-tube pull-out testing technique inside a high
resolution scanning electron microscope. (b) Selected high-resolution SEM snapshots showing the key
processes in one representative single-tube pull-out measurement. (¢) The measured dependences of the
pull-out force on the embedded tube length for both as-prepared/non-treated (blue dots) and thermally
annealed (red dots) CNT-Al interfaces. (d) The measured dependence of the pull-out force on the embedded
tube length for CNT-Ti interfaces (solid red dots), which is contrasted with the measurement data reported
on CNT-Al interfaces (blue empty dots).

Publications:

1. Chenglin Yi, Xiaoming Chen, Feilin Gou, Christopher M Dmuchowski, Anju Sharma, Cheol Park, and
Changhong Ke, “Direct Measurements of the Mechanical Strength of Carbon Nanotube - Aluminum
Interfaces,” Carbon, Vol. 125, pp. 93-102, 2017.

2. Chenglin Yi, Soumendu Bagchi, Christopher M Dmuchowski, Feilin Gou, Xiaoming Chen, Cheol Park,
Huck Beng Chew, and Changhong Ke, “Direct Nanomechanical Characterization of Carbon Nanotube
- Titanium Interfaces,” Carbon, Vol. 132, pp. 548-555, 2018.

3. Soumendu Bagchi, Changhong Ke, and Huck Beng Chew, “Oxidation effects on the shear strength of
graphene on aluminum and titanium surfaces,” Physical Review B, Vol. 98, pp. 174106, 2018.



4. Mechanical Strength of Boron Nitride Nanotube Ceramic Interfaces

We performed exploratory studies on the reinforcing mechanism of BNNT-reinforced ceramic
matrix nanocomposites. Specifically, we performed the first direct measurement of the interfacial
strength by pulling out individual BNNTs from silica (silicon dioxide) matrices using in situ
electron microscopy techniques (Fig. 4a). Our nanomechanical measurements show that the
average interfacial shear stress reaches about 34.7 MPa (Fig. 4b-d). The fracture toughness of
BNNT-silica ceramic matrix nanocomposite is evaluated based on the measured interfacial
strength property, and substantial fracture toughness enhancements are demonstrated at even small
filler concentrations (Fig. 4¢). This study demonstrates that BNNTs are excellent reinforcing filler
materials for light, strong and durable ceramic matrix nanocomposites that may find usage in many

demanding applications, such as those that are involved with harsh thermal, chemical, and/or
radiation environments.
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Figure 4: (a) In situ SEM nanomechanical single-tube pull-out testing scheme; (b) SEM image of one
fractured silica/BNNT/silica thin-film composite with bridging, pulled-out and fractured BNNTs. (¢)
Selected SEM snapshots showing a typical single-nanotube pull-out experiment conducted on a BNNT-
silica composite sample. (d) The measured pull-out force versus the embedded tube length for BNNT-silica
interfaces (solid circle) with the bi-linear fitting curves (dashed lines). (¢) Theoretically predicted fracture
toughness improvement based on HTP-BNNTs that were employed in the present pull-out test.

Publication:

1. Chenglin Yi, Soumendu Bagchi, Feilin Gou, Christopher M Dmuchowski, Cheol Park, Catharine C.
Fay, Huck Beng Chew, and Changhong Ke, “Direct Nanomechanical Measurements of Boron Nitride
Nanotube - Ceramic Interfaces,” Nanotechnology, Vol. 30, pp. 025706, 2019.
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