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Boron nitride nanotubes (BNNTs) are promising fillers for reinforcing polymers toward lightweight and 
high‑strength nanocomposite materials. Understanding the interfacial load transfer mechanism is of 
importance to take advantage of the extraordinary structural and mechanical properties of BNNTs. Here, 
we investigate the mechanical properties of electrospun BNNT‑reinforced polymethyl methacrylate 
(PMMA) nanocomposite microfibers. The local load transfer on the BNNT–PMMA interface inside the 
nanocomposite microfiber is characterized based on in situ Raman micromechanical measurements. 
The effective interfacial shear strengths of 0.1%, 0.5%, and 0.65% BNNT‑PMMA microfibers are found 
to be about 78.4 MPa, 60.9 MPa, and 50.7 MPa, respectively, which correspond to the increases of 
Young’s modulus (tensile strength) of about 67% (25%), 108% (60%), and 133% (69%) from pure PMMA 
microfibers. The study reveals the constitutive role of the nanotube–polymer interfacial strength in 
the composite’s mechanical property enhancement. The findings contribute to a better understanding 
of the process–structure–property relationship and the reinforcing mechanism of nanotube‑based 
nanocomposites.

Introduction
The lightweight and high-strength characteristics of nanofiber-
reinforced polymer nanocomposites hold promise for a number 
of applications that benefit a wide range of industries such as aer-
ospace, automotive, and biomedical industries [1]. Boron nitride 
nanotubes (BNNTs) [2, 3] are a type of one-dimensional tubular 
structure composed of hexagonal lattice networks of covalent 
and partially ionic B–N bonds. BNNTs are a promising reinforc-
ing nanofiller material because of their low density and superior 
structural and mechanical properties. BNNTs possess an elastic 
modulus of up to 1.3 TPa and a tensile strength of up to 33 
GPa [4–13], which are on a par with carbon nanotubes (CNTs). 
Our recent studies reveal that BNNTs are superior to CNTs in 
reinforcing polymers because BNNTs can form much stronger 
binding interfaces with polymers than CNTs, thanks to their 

highly polarized electronic structures [14]. In addition, BNNTs 
possess excellent resistance to oxidations [15, 16], remarkable 
characteristics of thermal conductivities [17], chemical inertness 
and electrical insulation [2, 18], as well as irradiation shielding 
[19]. Therefore, BNNT-reinforced polymer nanocomposites are 
promising multifunctional engineering materials for tackling 
some of the most demanding applications, such as the body 
of aerospace vehicles. In contrast to an extensive literature on 
CNT-based nanocomposites, the reported studies about BNNT-
reinforced nanocomposites remain quite limited [20–24], which 
is, in part, due to the challenges in manufacturing high-quality 
BNNTs and the resulting limited availability of this material to 
the research community.

Generally, because the mechanical properties of nanotubes 
exceed those of polymers by two to three orders of magnitudes, 
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even a small addition could lead to a substantial property 
enhancement [25]. The envisioned property enhancement in 
nanotube-reinforced polymer nanocomposites is governed by 
the nanotube dispersion and alignment inside the matrix, the 
load transfer on the nanotube–matrix interface, and other fac-
tors. A nanotube’s large surface-to-volume characteristics enable 
more interfacial contact with the matrix, which is advanta-
geous to the interfacial load transfer and thus the bulk prop-
erty enhancement. On the other hand, nanotubes are prone to 
aggregation caused by the strong inter-nanotube van der Waals 
interaction, which results in structural nonidealities, such as 
nanotube bundling and networking. Even for nanotubes in 
initially well-dispersed solutions, mixing with a polymer resin 
makes their structural conformation inside the composite far 
from the ideal, particularly at large nanotube concentrations. 
The resulting conformational nonidealities negatively influence 
both the nanotube alignment as well as the effective load trans-
fer on the nanotube–matrix interface. Therefore, knowledge of 
how the nanotube alignment inside the matrix and the resulting 
effective load transfer characteristics influence the bulk property 
enhancement is essential to a complete understanding of the 
reinforcing mechanism and the optimal design and manufactur-
ing of nanotube-reinforced nanocomposites.

In this work, we investigate the bulk and local mechani-
cal properties of BNNT-reinforced polymethyl methacrylate 
(PMMA) nanocomposite microfibers and the constitutive rela-
tionship that governs the bulk composite properties enhance-
ment. BNNT-PMMA microfibers were manufactured using 
electrospinning techniques. The microfiber was produced by 
ejecting a BNNT-PMMA solution from a syringe pipette with 
the electrostatic force generated from an externally applied 
voltage. The viscous force in liquid flow facilitates the nanotube 
alignment along the longitudinal direction of the microfiber. 
The alignment of nanotubes inside the composite microfiber 
was quantified using polarized Raman microscopy techniques 
[26]. In situ Raman micromechanical measurements were per-
formed to quantify the mechanical loading of nanotubes inside 
the composite microfiber during tensile measurements. The 
effective interfacial shear strength (IFSS) of the BNNT–poly-
mer interface was calculated based on the measured critical 
strain values that correspond to the collective slip on the nano-
tube–polymer interface and the overall nanotube alignment 
inside the composite microfiber. The research reveals that add-
ing 0.1–0.65% of BNNTs in PMMA substantially enhances 
its bulk mechanical properties. The IFSS is found to decrease 
with nanotube loading and is well below the reported values 
obtained by single-nanotube pullout techniques. The compari-
son between micromechanics-based theoretical predictions of 
the bulk composite properties and experimental measurements 
reveals the constitutive role of the nanotube–polymer interfacial 
strength in the composite’s mechanical property enhancement. 

This work provides new insights into the nanotube reinforcing 
mechanism and the process–structure–property relationship of 
BNNT-reinforced nanocomposites that will be useful to fully 
exploit the potentials of BNNTs as reinforcing fillers for nano-
composite applications.

Results and discussion
Tensile measurements of electrospun PMMA 
and BNNT‑PMMA microfibers

Figure 1(a) shows a piece of BNNT puffballs that were employed 
in the manufacturing of BNNT-PMMA composite microfibers. 
Typical electrospun BNNT-PMMA microfibers form a mesh 
structure on the collector as shown in Fig. 1(b, c). Through 
adjusting the electrospinning parameters, the diameter of micro-
fibers can be widely tuned from sub-microns to a few hundreds 
of microns. For ease of handling, microfibers with diameters 
of 10–20 μm were chosen. Figure 1(d) shows the representa-
tive tensile testing curves of four microfibers with varying 
BNNT concentrations (i.e., 0%, 0.1%, 0.5%, and 0.65%). The 
displayed results show that the addition of BNNTs leads to a 
significant increase in Young’s modulus and tensile strength, 
and the property enhancement increases with BNNT loading. 
Figure 1(e) shows the broken surface of one fractured 0.65% 
BNNT-PMMA microfiber with some nanotubes protruding 
from the polymer matrix, and the protruding nanotube lengths 
are measured to be from ~ 0.3 to ~ 1.2 μm. The protrusions 
resulted from the debonding of the nanotube–polymer interface 
during the tensile tests and indicate the effective load transfer 
on the nanotube–polymer interface, which accounts for the 
observed enhancement of the bulk mechanical properties of 
BNNT-PMMA microfibers. The strong van der Waals interac-
tions cause some of the protruding nanotubes on the fractured 
surface to aggregate and bundle [Fig. 1(e) inset]. Figure 1(e) 
shows that the electrospun microfibers possess some degree of 
porosity, which weakens their mechanical properties.

The bulk mechanical properties of pure PMMA and 
BNNT-PMMA microfibers were obtained based on the ten-
sile measurement of six different specimens for each type 
of microfibers. The results are shown in Fig. 1(f ) and listed 
in Table 1. Young’s modulus and tensile strength of PMMA 
microfibers are measured to be ~ 1.2 GPa and ~ 18  MPa, 
respectively. The addition of 0.1% BNNT increases Young’s 
modulus and tensile strength of PMMA by about 67% and 
25% to ~ 2.0 GPa and ~ 22.5 MPa, respectively. The addition 
of 0.5% and 0.65% BNNT increases Young’s modulus (ten-
sile strength) of PMMA by ~ 108% (60%) and ~ 133% (69%), 
respectively. The results clearly show that a tiny addition 
of BNNTs can lead to significant improvements to the bulk 
mechanical properties of polymers. The property enhance-
ment is not linearly proportional to nanotube loading. The 
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property enhancement of Young’s modulus (tensile stress) on 
a per 0.1% BNNT basis for 0.1, 0.5, and 0.65% BNNT-PMMA 
composites is found to be about 67% (25%), 22% (12%), and 
20% (11%), respectively. The property enhancement on a 
per-unit nanotube loading basis is the greatest at the lowest 
nanotube loading and decreases with an increase in nanotube 
loading.

In situ Raman micromechanical measurements

In situ Raman micromechanical measurements were conducted 
on individual electrospun BNNT-PMMA microfibers to better 
understand the local interfacial load transfer inside the compos-
ite microfiber. Figure 2(a) shows the comparison of the Raman 
spectra of BNNTs, and electrospun PMMA and BNNT-PMMA 

Figure 1:  (a) A portion of the as-received BNNT puffballs (~ 16 mg) held by a tweezer; insets (upper dispersed BNNT solution; lower AFM image of 
a typical BNNT (~ 800 nm in length and ~ 3.2 nm in diameter, scale bar 200 nm); (b) Optical image and (c) SEM image of electrospun 0.1% BNNT-
PMMA composite microfiber meshes; (d) Tensile testing results of one PMMA and three BNNT-PMMA composite microfibers with different nanotube 
concentrations. (e) SEM image of the fractured surface of one tested 0.65% BNNT-PMMA microfiber and a zoom-in view (scale bar 500 nm). (f ) 
Comparisons of the mechanical properties of PMMA and BNNT-PMMA microfibers.
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microfibers. BNNTs show a characteristic peak at ~ 1369  cm−1 
[27, 28], which is attributed to its active E2g mode. The peak fre-
quency of this h-BN Raman band is sensitive to external strain 
that changes the B–N bond length. In comparison, the Raman 
spectrum of PMMA displays several characteristic bands, but 
no visible PMMA bands exist between the 1350 and 1377  cm−1 
range. Therefore, the 1369  cm−1 peak is considered the finger-
print of BNNTs in the composite microfiber. The spectrum of 
one 0.65% BNNT-PMMA microfiber [red curve in Fig. 2(a)] 
shows a BNNT peak at ~ 1368.5   cm−1. The slight downshift 
(~ 0.5  cm−1) of the BNNT peak indicates that the nanotubes 
in the composite were actually under tensile stress, which was 
likely introduced during the microfiber manufacturing and 
processing stages. The resulting elongation of the B–N bond 
leads to a bond softening and a lower Raman peak frequency. 
Figure 2(b) shows the selected in situ Raman spectra recorded 
for one tensile-stretched 0.1% BNNT-PMMA microfiber, which 
display a gradual downshift of the h-BN peak frequency from 
about 1367.5  cm−1 at zero strain to 1365.2  cm−1 at 1% strain. 
Then the peak shift remains little changed when the tensile 
strain increases to 1.9%. The continuous peak frequency down-
shift indicates that the nanotubes in the composite microfiber 
experience an increasing normal strain that results from the 
stress transferred through the nanotube–polymer interface. The 
little-changed peak frequency at large strains indicates strain 
(stress) saturation in the nanotubes. We conclude that the inter-
facial load transfer reaches a maximum limit, and the onset of 
slips occurs on the interface. Figure 2(c) shows the measured 
dependence of the h-BN peak frequency on strain for BNNT-
PMMA microfibers at various BNNT loadings. All three curves 
display a similar trend that comprises two distinct segments: 
the peak frequency first downshifts nearly linearly with strain, 
then stays in a narrow band with further increases of strain, the 
latter of which indicate the saturation of the load transfer at 
the nanotube–polymer interface. The strain at the joint of these 
two segments is considered to correspond to the onset of the 
collective slip on the nanotube–polymer interface and is named 
“critical strain” here. The critical strain is found to be ~ 0.97% for 
0.1%, ~ 0.68% for 0.5%, and ~ 0.55% for 0.65% BNNT-PMMA 

microfibers, which are shown in Fig. 2(d). The decrease of the 
critical strain indicates a smaller load transferred via the com-
posite interface at higher nanotube loadings, which is consistent 
with the aforementioned observation that the per-unit nanotube 
loading-based bulk property enhancement decreases with an 
increase in nanotube loading.

Polarized Raman microscopy measurements

The nanotube alignment inside the composite is an essential 
parameter in the quantitative understanding of the nanotube 
reinforcement and the bulk and local mechanical properties 
of nanotube-reinforced nanocomposites. The electrospinning 
technique facilitates the nanotube alignment along the longi-
tudinal direction of the microfiber via the viscous force–nano-
tube interaction during the solution ejection process. Here, 
polarized Raman microscopy (PRM) measurements were con-
ducted to characterize the overall alignment of BNNTs inside 
the composite microfiber. PRM techniques [29] use the one-
dimensional characteristics of nanotubes and the dependence 
of the nanotube’s Raman scattering intensity on the nanotube’s 
orientation angle to the incident polarized laser beam, as shown 
in Fig. 3(a). The Raman signal is strongest when the polari-
zation of the incident laser beam is parallel to the nanotube’s 
longitudinal axis and weakest along the nanotube’s transverse 
(radial) direction. Figure 3(b) shows selected PRM spectra for 
a 0.5% BNNT-PMMA microfiber. The h-BN peak intensity 
decreases monotonously as the microfiber orientation angle 
increases from 0 ◦ to 90◦ , which is consistently exhibited in the 
PRM measurements on three typical BNNT-PMMA microfib-
ers with various nanotube loadings [Fig. 3(c)]. The maximum 
Raman peak intensity reduction is found to be about 60% 
(0.1%), 70% (0.5%), and 75% (0.65%). The remarkable Raman 
peak intensity reduction indicates that the nanotubes inside the 
composite microfiber are preferably oriented along the micro-
fiber’s longitudinal direction. The overall orientation angle of 
the nanotubes inside the composite is calculated by interpreting 
the PRM measurements using the model reported by Gorman 

TABLE 1:  Summary of the experimentally measured and theoretically calculated/predicted parameters on the bulk mechanical properties and the inter-
facial shear strength of PMMA and BNNT-PMMA microfibers (ROM rule of mixtures; HT Halpin–Tsai).

Parameter Methodology PMMA 0.1% BNNT-PMMA 0.5% BNNT-PMMA 0.65% BNNT-PMMA

Young’s modulus (GPa) Experimental 1.2 ± 0.3 2.0 ± 0.3 2.5 ± 0.4 2.8 ± 0.4

Predicted ROM – 1.6 ± 0.3 3.1 ± 0.6 3.7 ± 0.7

HT – 1.4 ± 0.3 2.4 ± 0.6 2.8 ± 0.6

Tensile strength (MPa) Experimental 18 ± 2.7 22.5 ± 3.0 28.8 ± 3.2 30.4 ± 2.3

Predicted (ROM) – 21.8 ± 2.7 31.4 ± 3.0 32.1 ± 3.0

Critical strain (%) Experimental – 0.97 ± 0.15 0.68 ± 0.10 0.55 ± 0.08

Effective IFSS (MPa) Calculated – 78.4 ± 15.8 60.9 ± 11.9 50.7 ± 9.9
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et al. [29], in which the nanotube’s characteristic Raman peak 
intensity ( I ) is given as

where φ is the angle of the composite microfiber’s axis with 
respect to the incident polarized light, α is the angle of a nano-
tube’s axis with respect to the microfiber’s axis, and p is the 
mole fraction of the nanotubes whose axes are within ± α of the 
microfiber’s axis. The values of p and α are obtained through 
curve fitting the PRM measurement as shown in Fig.  3(c) 
using Eq. 1, and the results are summarized in Table 2. Our 
analysis shows that the measured Raman peak intensity data 
can be well-fitted using Eq. 1 with a p value within the range 
of 88.5–91%, and the corresponding α values are found to 
be ~ 5.6◦ for 0.1%, ~ 10.5◦ for 0.5%, and ~ 13.5◦ for 0.65% BNNT-
PMMA microfibers, respectively. The results confirm that the 

(1)

I(ϕ) ∝ p

∫ ϕ+α

ϕ−α

cos4 (ϕ)dϕ +
(

1− p
)

∫ π+ϕ−α

ϕ+α

cos4 (ϕ)dϕ,

electrospinning process facilitates the nanotube alignment 
inside the manufactured composite microfiber. A large major-
ity of the nanotubes orient within a reasonably small angle from 
the composite microfiber’s axis, and noticeably better nanotube 
alignment occurs in the composite microfibers with lower nano-
tube loadings, the latter of which can be attributed to weaker 
inter-nanotube interactions as a result of the statistically larger 
inter-nanotube spacing.

Micromechanics calculations of the interfacial shear 
strength

We investigate the local mechanical properties of BNNT-PMMA 
composites based on the bulk mechanical characterization and 
in situ Raman and polarized Raman measurements. As shown 
in Fig. 4(a), a simplified micromechanics model is established to 
quantify the interfacial load transfer inside the composite micro-
fiber. Several assumptions are made in this equivalent composite 
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Figure 2:  (a) Typical Raman spectra of PMMA, BNNTs, and 0.65% BNNT-PMMA microfibers. (b) Selected Raman spectra of a 0.1% BNNT-PMMA microfiber 
at different tensile strains. The dashed line indicates the trend of the BNNT peak intensity change. (c) The measured dependence of the BNNT peak 
intensity on the tensile strain for individual BNNT-PMMA microfibers. The solid curves are the bi-linear fitting lines to the respective measurement data. 
(d) The measured critical strain for BNNT-PMMA microfibers at various nanotube concentrations.
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system to the experimentally tested electrospun nanotube com-
posite microfiber: (i) all the nanotubes in the composite are 
straight and uniformly distributed across the cylinder-shaped 
composite and undertake the same orientation angle α from the 
composite’s longitudinal axis. (ii) The inter-nanotube interac-
tions are neglected because of relatively low nanotube loadings. 
The interfacial load transfer on the nanotube–matrix interface 
reportedly follows a shear lag effect [30]. The maximum inter-
facial shear stress (i.e., IFSS) occurs at the nanotube entry and 
exit positions and decays toward the center of the nanotube 
[Fig. 4(b)]. For a sufficiently long nanotube, the interfacial shear 
stress in the central portion of the nanotube is close to zero. 
The central portion of the nanotube has the same deformation 

(i.e., normal strain) as in the surrounding matrix. The interfacial 
shear stress distribution on the nanotube surface is given as [26]

where x is the coordinate along the nanotube’s longitudinal 
direction, l is the nanotube length, ǫ is the normal strain in the 
central portion of the nanotube, Ent is the nanotube’s Young’s 

modulus, n =

√

Em
Ent ·(1+vm)·log(Dm/Dnt )

 , in which Em and vm are 

the matrix’s Young’s modulus and Poisson’s ratio, respectively. 
The interfacial shear stress reaches the maximum value at 
x =  ± l/2 when the strain inside the central portion of the nano-
tube reaches the critical value ( ǫcr ) that corresponds to the onset 
of the collective interfacial slip and is given as 

(2)τ =
Entǫ cos

2 α · n

2

cos h
(

2n · x
/

Dnt

)

sin h
(

n · l
/

Dnt

) ,

Figure 3:  (a) Schematic of the experimental setup of the polarized Raman measurement. (b) Polarized Raman spectra of a 0.5% BNNT-PMMA microfiber 
at selected microfiber orientation angles. (c) The measured dependence of the BNNT peak intensity on the microfiber orientation angle. The solid 
curves are the respective fitting curves obtained based on Eq. 1.
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τmax =
Entǫcrcos

2α·n
2·tanh(n·l/Dnt )

.τmax  i s  ca lcu lated  to  be  about 
78.4 ± 15.8  MPa (0.1%), 60.9 ± 11.91  MPa (0.5%), and 
50.7 ± 9.9 MPa (0.65%). The calculations are based on the fol-
lowing parameters: Em = 1.2± 0.3GPa ; vm = 0.32 [31]; 
Dnt = 2.9nm ; Ent = 1.07± 0.11TPa [12] and l = 1000 nm ( τmax 
is found independent of l when l > 872 nm for nanotube loadings 
studied in this work considering a threshold shear stress of 
1 MPa); the diameter of the cylindrical matrix Dm = 105 nm 
(0.1%), 47 nm (0.5%), and 36 nm (0.65%) that are calculated 
based on the densities of PMMA (1.18 g/cm3) and BNNTs 
(1.35 g/cm3). The lower effective IFSS in composite microfiber 
with higher nanotube loadings indicates that the nanotubes 
undertake smaller loads, which is plausibly the reason (or at 
least one major reason) accounting for the under-proportional 
increase of the bulk mechanical properties. The pointwise inter-
facial shear stress distribution characteristics corresponding to 
the initiation of the interfacial slip are shown in Fig. 4(c). The 
correlations among the results of the IFSS, the nanotube align-
ment, and the critical strain show that a better nanotube align-
ment inside the composite leads to a larger critical strain, and 
these two factors result in a more effective interfacial load trans-
fer [23].

The mechanical strength of BNNT–PMMA interfaces was 
previously characterized using an in situ SEM nanomechani-
cal single-nanotube pullout technique [14]. In such a single-
nanotube pullout experiment, a single straight BNNT partially 
embedded into a PMMA matrix is stretched out using a pre-
calibrated atomic force microscopy cantilever. The tested inter-
face is formed between the single nanotube and the matrix and 
is free of nonidealities produced from manufacturing and pro-
cessing, such as nanotube bundling and networks, which often 
ubiquitously exist in bulk nanotube composites. The reported 
mechanical strength of this close-to-ideal BNNT–PMMA 
interface (~ 219 MPa) is significantly higher than the values 
(~ 50.7–78.4 MPa) obtained in this study. The low effective inter-
facial load transfer in the tested BNNT composite microfibers 
dwindles the reinforcing efficiency of strong nanotube fillers. 
Our analysis shows that the single-nanotube pullout value of 

IFSS corresponds to a much higher critical strain ǫcr , i.e., 2.68% 
(0.1%), 2.36% (0.5%), and 2.25% (0.65%). The quantitative data 
about the effective interfacial load transfer in bulk BNNT-rein-
forced polymer nanocomposites provide insights into how and 
why nanotube loading affects the bulk mechanical properties of 
nanotube-reinforced nanocomposites.

Micromechanics predictions of the bulk mechanical 
properties of BNNT‑polymer nanocomposites

Here, we use the micromechanics models to analyze and theo-
retically predict the bulk mechanical properties, specifically 
Young’s modulus and tensile strength of the BNNT-PMMA 
composite and compare them to experimental measurements. 
We first analyze the following three possible failure scenarios 
of the composite: fracture of the matrix, fracture of nanotubes, 
and interfacial failure (slip). Because the measured tensile strain 
that corresponds to interfacial failure (0.55–0.97%) is lower than 
the measured ultimate strain of PMMA (~ 3%) and the reported 
ultimate strain of BNNTs (~ 1–3%), interfacial failure is consid-
ered to occur before the fracture of the matrix or nanotubes. 
We use the rule of mixtures (ROM) model and the Halpin–Tsai 
(HT) model to predict Young’s modulus of the composite, while 
using the ROM model to predict its tensile strength.

Prediction of Young’s modulus

(a) Rule of mixtures (ROM) model Young’s modulus of the 
composite is given as Ec =

[

VntE
e
nt + (1− Vnt)Em

]

 , in 
which Vnt is the nanotube’s volume ratio. Eent is the 
effective modulus of the nanotube and is given by 
Eent =

(D2
nt−D2

nt−inner)

D2
nt

Ent , in which Dnt−inner is the 

nanotube’s inner diameter. The usage of Eent , in replace 
of Ent , is justified because BNNTs are of a hollow 
tubular structure, and only the tubular shells contribute 
to load-bearing. For double-walled BNNTs, the median 
inner diameter is calculated to be 2.22 nm by consider-

TABLE 2:  Summary of the nanotube 
alignment measurements of BNNT-
PMMA microfibers using polarized 
Raman spectroscopy techniques.

Sample no.

0.1% BNNT-PMMA 0.5% BNNT-PMMA
0.65% BNNT-

PMMA

p (%) α (°) p (%) α (°) p (%) α (°)

1 90 5.3 90.5 12.5 88.5 12.5

2 91 5.8 88.5 10.0 90 14.0

3 89.8 6.3 89 11.0 89 15.0

4 90 5.9 90.1 9.5 90 14.1

5 90 5.3 89.2 10.2 89 12.0

6 91 5.0 90 10.0 89.5 13.5

Average and RMS value 5.6 ± 0.5 10.5 ± 1.0 13.5 ± 1.1
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ing an interlayer BN distance of 0.34 nm, and Eent is 
calculated to be about 454 ± 46 GPa. This model, as well 
as other models in this section, assumes a perfect 
nanotube alignment inside the composite microfiber 
(i.e., α = 0°).

(b) Halpin–Tsai (HT) model Young’s modulus of the com-
posite is given as [32]

where the parameter η is given as η =
Eent

/

Em−1

Ent/Em+2l/Dnt
.

Figure 5(a) shows the theoretical predictions of Young’s 
modulus of the BNNT-PMMA composite based on these 
two micromechanics models and the comparison with 

(3)Ec = Em

(

1+ 2l
Dnt

ηVnt

1− ηVnt

)

,

experimental measurements, which are also listed in Table 1. 
For the 0.1% composite microfiber, the ROM-predicted 
Young’s modulus (1.6 ± 0.3 GPa) is closer to the experimental 
measurement (2.0 ± 0.3 GPa) as compared to the HT-predicted 
value (1.4 ± 0.3 GPa). Nonetheless, the mean experimental 
value is noticeably higher than both predicted values. For the 
composite microfibers with 0.5% and 0.65% nanotube load-
ings, the HT-predicted Young’s moduli (~ 2.4GPa and ~ 2.8 
GPa) are in good agreement with the respective experimental 
values (~ 2.5 GPa and ~ 2.8 GPa), while the ROM model pre-
dicts much larger values (~ 3.1 GPa and ~ 3.7 GPa). We want 
to highlight that the prior studies report that the added nano-
tubes are actively involved in polymerization in the vicinity 
of the nanotube–polymer interface in the CNT-reinforced 
PMMA composite [33], which likely leads to preferred poly-
mer chain alignments and increases the mechanical properties 
of nanocomposites. Because BNNTs have stronger binding 

Matrix

ForceForce

(c)

(b)(a)

0

≈

x (nm)
-500 -250 0 250 500

)a
P

M( ssertS raeh
S laicafretnI

-90

-60

-30

0

30

60

90
0.1% BNNT-PMMA 
0.5% BNNT-PMMA 
0.65% BNNT-PMMA 

Figure 4:  (a) Schematic of a single-nanotube composite in which the nanotube orients with an angle of α to the tensile force direction. (b) Schematic 
of the interfacial shear stress distribution on the surface of the nanotube that is concentrically embedded inside a same-length cylindrical polymer 
matrix. The blue arrows indicate the direction and magnitude of the interfacial shear stress. (c) The calculated interfacial shear stress distribution 
profiles at the respective critical strains for BNNT-PMMA microfibers with various nanotube loadings.
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interactions with PMMA than CNTs [14], such effects on 
polymer chains are expected to occur in BNNT-PMMA com-
posites and could lead to a higher measured Young’s modu-
lus than theoretical predictions (0.1 wt%). The results further 
emphasize the relevance of superior nanotube–polymer inter-
facial interactions to bulk composite properties, which may 
lead to property enhancements that reach or exceed theoreti-
cal predictions.

Prediction of the tensile strength

Interfacial failure occurs before the fracture of the matrix and 
the nanotube. Once interfacial slip initiates, the load is trans-
ferred to the nanotube and the resulting stress/strain in the 
nanotube reach saturated values, which is consistent with in situ 
Raman micromechanical measurements. The stress in the matrix 
can still increase up to its tensile strength σm . Based on the rule 
of mixtures, the tensile strength of the composite is given as

Figure 5(b) shows the predicted tensile strengths of the 
BNNT-PMMA composite microfibers using Eq. 4 and the 
comparison with experimental measurements. The predicted 
tensile strengths ~ 21.8  MPa (0.1%), ~ 31.4  MPa (0.5%), 
and ~ 32.1 MPa (0.65%) agree reasonably well with the exper-
imentally measured values. Equation 4 shows that the criti-
cal strain ǫcr plays an important role in governing the tensile 
strength of the composite. The tensile strength of the BNNT-
PMMA composite could be further improved substantially 
through maximizing the interfacial load transfer by means 
of employing better materials processing and manufacturing 
techniques. For example, for 0.65% BNNT-PMMA compos-
ite microfibers, assuming that the critical strain ǫcr reaches 
the value corresponding to the single-nanotube pullout IFSS 
(i.e., ǫcr = 2.25%) and keeping all other parameters intact, the 
predicted tensile strength (~ 76.0 MPa) exceeds the reported 
experimental value in this study (~ 30.4 MPa) by about 150% 
and is over a fourfold increase as compared to pure PMMA 
microfibers (~ 18 MPa). The findings highlight the impor-
tance of exploiting the synergy of nanocomposite manufac-
turing in enhancing the interfacial load transfer to maxi-
mize the bulk property performance of nanotube-reinforced 
nanocomposites.

Conclusion
In this paper, the bulk and local mechanical properties of 
electrospun BNNT-PMMA nanocomposite microfibers are 
investigated. The study shows that a small fraction of BNNTs 
can mechanically enhance the polymer, which is attributed to 
an effective interfacial load transfer on the nanotube–polymer 

(4)σc = VntE
e
ntǫcr + (1− Vnt)σm.

interface and a decent nanotube alignment inside the compos-
ite microfiber. The study reveals that interfacial load transfer 
in the bulk nanotube-reinforced polymer nanocomposite is 
more effective at a lower nanotube loading. Nonetheless, the 
measured interfacial shear strength remains well below the 
value obtained from single-nanotube pullout experiments 
performed on the close-to-ideal nanotube–polymer interface. 
The comparison between micromechanics-predicted bulk 
composite properties and experimental measurements reveals 
the prominent role of the nanotube–polymer interface in bulk 
property enhancement that may reach or exceed theoretical 
predictions. The findings further demonstrate that BNNTs are 
a promising reinforcing filler for polymer nanocomposites and 
contribute to a complete understanding of the process–struc-
ture–property relationship and the reinforcing mechanism of 
nanotube-based nanocomposites.

Materials and methods
The employed BNNTs were synthesized using a high tempera-
ture/pressure (HTP) method [34] and purchased from BNNT 
materials. The as-received BNNT materials were in the form 
of dry white puffballs [Fig. 1(a)] with an h-BN purity > 99% 
based on the manufacturer’s datasheet. HTP-BNNTs report-
edly possess a length of up to a few hundred microns and 
are mostly double-walled with a polydispersed diameter of 
1–6 nm and a median diameter of about 2.9 nm [14, 35]. The 
BNNT-PMMA composite microfibers were manufactured by 
first dispersing BNNTs in a mixture of dimethylformamide 
(DMF) and acetone (1:1 weight ratio) at about 0.4–2.6 mg/
ml using ultrasonication for 2 h [Fig. 1(a) upper inset]. The 
typical lengths of the dispersed nanotubes are found within 
a few hundred nm to a few microns by atomic force micro-
scopic (AFM) imaging, as exemplified by the nanotube 
shown in Fig. 1(a) lower inset. PMMA (120,000 in molecular 
weight purchased from Sigma-Aldrich) was added into the 
dispersed BNNT solution or the mixed DMF/acetone solvent 
at a weight concentration of about 32%. The mixture was 
stirred at room temperature to achieve a uniform solution. 
PMMA and BNNT-PMMA microfibers were manufactured 
using a customized in-house built electrospinning setup with 
an Acopian power supply (5 kV), 18-gauge blunt-tip stainless 
steel needles, and a grounded aluminum sheet as the target 
(collector) that was placed at a distance of 16 cm from the 
needle tip. After manufacturing, microfibers were dried at 
70 °C inside a vacuum oven for 12 h before measurements. 
Composite microfibers with three BNNT weight concentra-
tions of 0.1%, 0.5%, and 0.65% were manufactured. Unless 
specified otherwise, all nanotube loading values in this paper 
refer to weight concentration.
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Tensile measurements of PMMA or BNNT-PMMA micro-
fibers with diameters of about 10–20 μm were performed 
using a universal tensile tester from ADMET with a 5 N load 
cell, a gauge length of about 6 mm, and a strain rate of 1 µm/s. 
In  situ Raman micromechanical measurements were con-
ducted using a Linkam tensile tester with a 20 N load cell and 
a strain rate of 1 µm/s and a Renishaw inVia Raman micro-
scope with a 532 nm laser and a 20× objective lens. The Raman 
spectra were acquired, in situ, at each 0.1% tensile strain mark. 
Polarized Raman spectroscopy measurements were conducted 
inside the Renishaw microscope with a polarizer, a 785 nm 
laser, and a 100 × objective lens. A Zeiss scanning electron 
microscope (SEM) was used to image microfibers and the 
fracture surface of composite microfibers. An XE-70 AFM 
from Park Systems was used to image the dispersed BNNTs 
on silicon substrates.
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