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We investigate the mechanical strength of boron nitride nanotube (BNNT) polymer interfaces by

using in situ electron microscopy nanomechanical single-tube pull-out techniques. The nanome-

chanical measurements show that the shear strengths of BNNT-epoxy and BNNT-poly(methyl

methacrylate) interfaces reach 323 and 219 MPa, respectively. Molecular dynamics simulations

reveal that the superior load transfer capacity of BNNT-polymer interfaces is ascribed to both the

strong van der Waals interactions and Coulomb interactions on BNNT-polymer interfaces. The

findings of the extraordinary mechanical strength of BNNT-polymer interfaces suggest that

BNNTs are excellent reinforcing nanofiller materials for light-weight and high-strength polymer

nanocomposites. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4936755]

The quest for light, strong, and durable composite mate-

rials is of importance for a number of industries, such as the

aerospace and automobile industries. The interfacial load

transfer capacity of nanofiller-polymer interfaces plays a

critical role in the bulk performance of fiber-reinforced poly-

mer nanocomposites, and thus a primary factor in the selec-

tion of reinforcing nanofiller materials. This is because

adequate load transfer from polymer to fibers demands a

strong fiber-polymer interface.1,2 Boron nitride nanotubes

(BNNTs)3,4 are a type of light, strong, thermally and chemi-

cally stable tubular nanostructure, and have received increas-

ing attention among all types of reinforcing nanofillers that

are investigated for polymer nanocomposites.5 Research has

shown that BNNTs possess a Young’s modulus of up to 1.3

TPa and a tensile strength of up to 33 GPa,6–15 both of which

are comparable with their pure carbon counterpart, carbon

nanotubes (CNTs). Conceptually, it is envisioned that

BNNTs are capable of forming strong binding interfaces

with polymers, which is partially due to their highly polar-

ized electrical characteristics,16 and the resulting strong

Coulomb interactions with polymers. However, the mechani-

cal strength of BNNT-polymer interfaces remains largely

unexplored to date. Here, we investigate the mechanical

strength of BNNT-polymer interfaces by using in situ elec-

tron microscopy nanomechanical single-tube pull-out techni-

ques. The nanomechanical measurements reveal superior

interfacial load transfer capacity on BNNT-epoxy and

BNNT-poly(methyl methacrylate) (PMMA) interfaces.

Molecular dynamics (MD) simulations are performed to pro-

vide insights into the BNNT-polymer interfacial binding

mechanism.

Figure 1(a) illustrates the in situ electron microscopy

nanomechanical single-tube pull-out scheme, which was

demonstrated in our recent studies of CNT-polymer interfa-

ces.17,18 In this testing scheme, the BNNT-polymer interface

is engineered inside a sandwiched polymer-tube-polymer

thin-film composite. A protruding tube is stretched by an

incrementally displaced atomic force microscopy (AFM)

cantilever until the embedded tube segment is pulled out of

the polymer matrix. To ensure a pure-stretching pull-out,

only those protruding tubes that are oriented parallel to the

stretching force direction are selected for pull-out measure-

ments. The nanomechanical pull-out tests were performed

inside an FEI Nanolab 600 scanning electron microscope

(SEM). Silicon AFM probes (model CSG 01, NT-MDT)

were employed as the force sensors, and their spring con-

stants were calibrated individually and are within the range

of 0.04–0.09 N/m. The AFM sensor was mounted to a 3D

piezo stage that possesses 1 nm displacement resolution in

the X-Y-Z axes.

The BNNTs employed in this study were synthesized

using High-temperature Pressure (HTP) methods,19,20 and

were separated/dispersed in deionized (DI) water by ultraso-

nication with the aid of ionic surfactants.21,22 AFM studies

show that a majority of the dispersed BNNTs are less than

2 lm in length and maintain reasonable straightness when

deposited on flat substrates. The diameters of the dispersed

tubes are found to be polydispersed, as shown by the histo-

gram in Figure 1(b). The median tube diameter is 2.9 nm,

and >80% of the tubes have diameters within the range of

1.9–3.9 nm, which are well-correlated with the diameter of

double-walled BNNTs.22 Surface chemistry of the dispersed

BNNTs were examined using Fourier transform infrared

(FTIR) and Raman spectroscopy, and no noticeable chemical

groups on BNNT surfaces were detected (see Figure S1 in

supplementary material43). Epon 828 epoxy resin with curing

agent EPIKURE 3200 aminoethyl piperazine (AEP)

(Momentive Specialty Chemicals Inc.) and PMMA (50 000

in molecular weight, Sigma-Aldrich) are the two types of
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polymer matrices employed in this study. The tested BNNT-

polymer interfaces were prepared inside sandwiched poly-

mer/tube/polymer thin-film composites by following a previ-

ously reported protocol.17,18 In brief, the polymer was first

dissolved in organic solvent, and then spin-coated on a clean

silicon wafer to form the first polymer layer. Subsequently, a

dispersed BNNT solution was deposited on top of the poly-

mer layer, followed by a deposition of another polymer layer

on top. After curing or drying, the BNNT-embedded thin-

film composite was broken to expose the embedded tubes as

straight free-standing cantilever structures, as exemplified by

the SEM image shown in Figure 1(c) as well as the high re-

solution transmission electron microscopy (HRTEM) image

shown in Figure 1(d). HRTEM measurements confirm that

those protruding structures are individual tubes, whose diam-

eters are consistent with the values obtained from AFM

measurements.

The nanomechanical single-tube pull-out tests were con-

ducted on a number of BNNT-PMMA and BNNT-epoxy

samples that were prepared using the same batch of dis-

persed BNNTs. A representative single-tube pull-out mea-

surement is exhibited in Figure 1(e). An AFM tip was first

controlled to approach and subsequently welded, by means

of electron beam induced deposition (EBID) of Pt,23 to the

free end of a protruding BNNT from a BNNT-epoxy com-

posite sample. Subsequently, the grabbed tube was fully

pulled out of the polymer. The applied pull-out load (P) and

the embedded tube length (l) are measured to be 253 nN and

563 nm, respectively. It is noticed that the surface of the

originally protruding segment of the tube was also covered

by Pt by diffusion during the Pt deposition. The resulting no-

ticeable increase of the diameter of the protruding structure

facilitates the measurement of the actual embedded tube

length.

Figure 2(a) shows the respective dependences of the

pull-out load on the embedded length for both BNNT-

PMMA (n¼ 23) and BNNT-epoxy (n¼ 23) interfaces, both

of which exhibit a similar trend. The pull-out load first

increases with the embedded length and reaches a plateau,

and then remains constant with a fairly narrow force fluctua-

tion range even with a several-fold increase of the embedded

length. The observed P versus l relationship is a clear sign of

the shear lag effect on the BNNT-polymer interfaces.17,18,24

The shear lag effect describes the failure mechanism of the

tube-polymer interface by considering the nanotube pull-out

as an interfacial debonding process through crack initiation

and propagation. When the embedded length exceeds a

threshold value named as “critical embedded length,” the

interfacial debonding leads to a plateau in the measured P
versus l curve. By fitting the experimental data set using a

two-segment linear-fitting curve, the critical embedded

length lc, which is defined at the junction of the two linear

fitting lines, is measured to be about 210 nm for BNNT-

PMMA interfaces and about 195 nm for BNNT-epoxy inter-

faces. The pull-out load for l> lc is found to be 193 6 10 nN

(for BNNT-PMMA, n¼ 15) and 246 6 16 nN (for BNNT-

epoxy, n¼ 15). Assuming that the tested tubes on both types

FIG. 2. (a) 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 em-

bedded tube lengths are below or above the critical embedded length. (b)

Comparison of the diameter-weighted IFSS and IFE for four types of

nanotube-polymer interfaces. The values on CNT-PMMA and CNT-epoxy

interfaces are calculated based on the data reported in Refs. 17 and 18,

respectively. All quantities are normalized with respect to the values of

BNNT-epoxy interfaces.

FIG. 1. In situ SEM nanomechanical single-tube pull-out measurement. (a)

2D testing schematic and (b) diameter distribution of the dispersed BNNTs

measured by AFM (n¼ 550). (c) A BNNT-epoxy thin-film composite sam-

ple with protruding BNNTs (scale bar 500 nm), (d) HRTEM images of three

protruding BNNTs (scale bars 10 nm), and (e) selected snapshots of one rep-

resentative single-tube pull-out measurement (scale bars 200 nm).
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of interfaces have the identical diameter distribution, the

pull-out load of BNNT-epoxy interfaces is 27.5% higher

than that of BNNT-PMMA interfaces on an average basis,

indicating that BNNTs can form stronger binding interfaces

with epoxy than PMMA.

We calculate the interfacial shear strength (IFSS) and

interfacial fracture energy (IFE) of BNNT-polymer interfa-

ces to better understand their mechanical strengths, in partic-

ular, through comparison with data reported on other types

of tube/fiber-polymer interfaces. Two types of IFSS quanti-

ties are calculated here, including the average IFSS and the

maximum IFSS. The average IFSS is calculated based on the

whole bonded interfacial area, and is given as save ¼ P
p�l�Dnt

,

in which Dnt is the nanotube outer diameter. Due to the shear

lag effect, the average IFSS is only meaningful for l< lc, for

which P increases nearly linearly with l. Based on the data

shown in Figure 2(a), save¼ 111 6 35 MPa (for BNNT-

PMMA) and 145 6 20 MPa (for BNNT-epoxy), both of

which are calculated using the measured median tube diame-

ter, i.e., Dnt¼ 2.9 nm. It is noted that the diameters of indi-

vidual tubes approach the spatial measurement resolution

limit of the electron beam, and thus could not be measured

precisely during the nanomechanical tests. Therefore, the

median tube diameter is employed to evaluate the relevant

interfacial strength quantities, which are regarded as the

most representative values of BNNT-polymer interfaces.

The maximum IFSS occurs at the tube entry position, and is

given as25,26

smax ¼
2P� s

p� Dnt
2 � tanh 2s� l=Dntð Þ ; (1)

where s is a parameter given by s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Em

Ent� 1þ�mð Þ�log t=Dntð Þ

q
, in

which Ent is the nanotube’s Young’s modulus, t is the poly-

mer film thickness, and Em and �m are the Young’s modulus

and Poisson’s ratio of polymers, respectively. The IFE of the

tube-polymer interface is given as27

Gc ¼
2

p2

1þ csch2 2s� l=Dntð Þ
� �

Ent � Dnt

P

Dnt

� �2

: (2)

The following parameters are employed in the calculation of

IFSS and IFE: Ent¼ 1.07 TPa;14 tPMMA¼ 1.6 lm and tEpoxy

¼ 2 lm; Em-PMMA¼ 2.0 GPa and �m-PMMA¼ 0.32;28 Em-Epoxy

¼ 2.8 GPa;29 and �m-Epoxy¼ 0.33.30 Based on the median tube

diameter, the maximum IFSS for l> lc is found to be about

219 6 11 MPa (for BNNT-PMMA) and 323 6 21 MPa (for

BNNT-epoxy). Gc is calculated to be 290 6 30 mJ/m2

(for BNNT-PMMA) and 470 6 60 mJ/m2 (for BNNT-epoxy).

The IFSS and IFE values are also calculated based on the

upper and the lower bounds (1.9 nm and 3.9 nm) of the BNNT

diameter range, and are listed in Table I. It can be clearly seen

that BNNT-epoxy interfaces possess consistently higher inter-

facial strengths than BNNT-PMMA interfaces. The IFE of

BNNT-epoxy interfaces exceeds that of BNNT-PMMA inter-

faces by about 62%, while it is about 31% for the average

IFSS and about 47% for the maximum IFSS.

CNTs and carbon nanofibers (CNFs) are two types of

widely used carbon-based reinforcing additives for polymer

nanocomposites. Here, we compare the mechanical strengths

of BNNT-polymer interfaces with the reported data in the lit-

erature on interfaces formed by using CNTs and CNFs. In

particular, the comparison focuses on the data reported on

CNT-PMMA17 and CNT-epoxy18 interfaces that were recently

characterized by using the same nanomechanical pull-out tech-

nique. The utilization of double-walled CNTs (2–4.2 nm in

outer diameter and 3.1 nm in median diameter) with compara-

ble structure and diameters of the BNNTs employed in the

present study and of the same protocols in sample preparation

and measurements enables a convincing comparison of the

mechanical strengths among these four types of tube-polymer

interfaces. To account for the difference in the diameter distri-

bution of the employed CNTs and BNNTs, we calculate and

compare the diameter-weighted interfacial strength quantities

by using C� ¼
P
½PðDntÞ � CðDntÞ�=

P
PðDntÞ, where C

refers to one of the interfacial strength quantities and C� is the

corresponding diameter-weighted value; PðDntÞ is the nano-

tube diameter distribution probability function within the

lower and the upper bounds of the measured tube diameter

range. Figure 2(b) shows the comparison of the mechanical

strengths among the four types of interfaces formed by

BNNT/CNT with PMMA/epoxy based on the diameter-

weighted IFSS and IFE on a normalized basis. For all three

interfacial strength quantities, the data of BNNT-polymer

interfaces are statistically higher than those of the comparable

CNT-polymer interfaces. For example, the maximum IFSS of

BNNT-PMMA interfaces is found to be 35% higher than that

of CNT-PMMA interfaces, while a 19.5% increase is observed

on BNNT-epoxy interfaces as compared with CNT-epoxy

interfaces. Similar phenomenon is also observed in the com-

parisons with the reported data in the literature that were

obtained using different testing techniques. For example, both

the average and the maximum IFSS of the BNNT-epoxy

interfaces are substantially higher than those of the compara-

ble interfaces formed with CNFs (save¼ 106 MPa and smax

¼224 MPa).31 The average IFSS of BNNT-epoxy interfaces is

substantially higher than the data (6–30 MPa) on CNT-epoxy

interfaces reported by Wagner et al.24 and Lou et al.32 All

these findings consistently show that BNNTs are capable of

forming stronger binding interfaces with polymers than CNTs

or CNFs, indicating a superior load transfer capacity of

BNNT-polymer interfaces.

The strength of nanotube-polymer interfaces is ulti-

mately determined by the interfacial binding interaction

between nanotubes and polymer matrices. Due to the

TABLE I. The calculated interfacial fracture energy and shear strengths of

the BNNT-PMMA and BNNT-epoxy interface based on the in-situ nanome-

chanical single-tube pull-out measurements.

Polymer

matrix

BNNT outer

diameter (nm)

Interfacial

fracture energy (J/m2)

Interfacial shear

strength (MPa)

smax save

PMMA 1.9 1.03 6 0.11 493 6 26 169 6 54

2.9 0.29 6 0.03 219 6 11 111 6 35

3.9 0.12 6 0.01 125 6 6 82 6 26

Epoxy 1.9 1.67 6 0.22 728 6 48 222 6 30

2.9 0.47 6 0.06 323 6 21 145 6 20

3.9 0.19 6 0.03 183 6 12 108 6 15
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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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interfaces. The higher vdW binding interactions observed on

BNNT-polymer interfaces can be attributed to the fact that

both B and N atoms possess deeper potential wells as com-

pared with C atoms. The MD simulations results support the

experimentally observed higher strength of BNNT-polymer

interfaces, as compared with CNT-polymer interfaces.

In summary, we report experimental measurements on the

strength of BNNT-polymer interfaces using in situ nanome-

chanical single-tube pull-out techniques. Our nanomechanical

measurements reveal that BNNTs can form much stronger

binding interfaces with polymers than comparable CNTs and

that the interfacial strength of BNNT-epoxy interfaces is higher

than that of BNNT-PMMA interfaces. The observed superior

load transfer capacity of BNNT-polymer interfaces is ascribed

to both the polarized nature of B-N bonds and the high bonding

potentials of B and N atoms, which are supported by MD simu-

lations. The findings of extraordinary load transfer capacity of

BNNT-polymer interfaces suggest that BNNTs are excellent

reinforcing nanofiller materials for light-weight and high-

strength polymer nanocomposites.
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