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Abstract
The interfacial load transfer is of paramount importance to the bulk mechanical properties
enhancement in nanotube-reinforced nanocomposites. Recent single-nanotube nanomechanical
pull-out studies report quantitative interfacial load transfer characteristics of nanotube-matrix
interfaces in close-to-ideal interfacial binding configurations. However, the elucidation of the
actual interfacial load transfer in bulk nanotube nanocomposites remains a significant challenge
due to the presence of many complex and inevitable nanotubes’ conformational nonidealities,
such as nanotube misalignment and aggregation/entanglement. Here we quantitatively
investigate the interfacial load transfer in electrospun carbon nanotube poly(methyl
methacrylate) (PMMA) nanocomposite microfibers by using in situ Raman micromechanical
characterization techniques. The micromechanical measurements capture the critical tensile
strain in the composite microfiber that initiates collective interfacial slip. The nanotube
alignment inside the microfiber is characterized by using polarized Raman spectroscopy. The
equivalent maximum interfacial shear stress in the tested nanotube-PMMA composite
microfibers, which takes into account the nanotube alignment, is quantified using shear-lag
micromechanics models and is found to be substantially lower than the reported values from
single-nanotube pull-out measurements. The reported findings are helpful to better understand
the effect of nanotube conformational nonidealities produced from processing on the interfacial
stress transfer characteristics and the strengthening efficiency in nanotube-reinforced
nanocomposites.
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1. Introduction

The light, strong, and tough properties of nanofiber-reinforced
polymer nanocomposites are appealing to a number of engin-
eering applications and industries [1]. The envisioned superior
mechanical properties of these nanocomposites rely critic-
ally on effective interfacial load transfer on the nanofiber-
matrix interface in order to make the most of the extraordinary
structural and physical properties of reinforcing nanofillers,
such as one-dimensional carbon and boron nitride nanotubes
[2, 3] and two-dimensional graphene [4] and hexagonal boron
nitride [5] nanosheets. This is because nanofillers have orders
of magnitude larger surface to volume ratios as compared to
microscale or macroscale fillers. Therefore, the mechanical
strength of the nanofiber-matrix interface is of importance
to the bulk mechanical property performance of nanofiber-
reinforced nanocomposites [6, 7] and has been under intensive
study for various nanofiber-reinforced polymer nanocompos-
ite systems during the past two decades. From a scientific point
of view, single-nanofiber pull-out tests [8] are ideal measure-
ments to directly and quantitatively characterize the interfa-
cial load transfer and the binding interaction on the interface
of individual nanofibers with matrix materials, which is free
of many nonidealities, such as fiber misalignment and aggreg-
ation/entanglement, inside the matrix. The tested nanofiber-
matrix interface in composite specimens for single-nanofiber
pull-out measurements is typically manufactured differently
from those in traditional bulk nanocomposites, and only those
individual and straight nanofibers in desired orientations are
selected for pull-out measurements. Therefore, the quantitat-
ive single-nanofiber pull-out measurement data are useful to
understand the interfacial load transfer and the molecular level
binding interactions between nanofibers and matrix materials
in a close-to-ideal interfacial binding configuration.

However, there are challenges and limitations of apply-
ing single-nanofiber pull-out measurements towards the study
of the interfacial load transfer in nanotube nanocomposites.
First, single-nanofiber pull-out experiments are highly chal-
lenging and have been conducted only by a handful of research
groups worldwide. For instance, in single-nanotube pull-out
experiments, it is desired that the embedded portion of a nan-
otube in a matrix stays straight and along the pulling force
direction in order to avoid any bending effect. It is tech-
nically difficult to stretch the free end of the nanotube and
to quantify the pulling force and monitor the mechanical
response of the tested nanotube at sufficient force and spa-
tial resolutions [9]. Due to these technical challenges, reports
on direct, quantitative, and microscopic single-nanotube/fiber
measurements of the interfaces in polymer nanocomposites
reinforced by nanotubes or nanofibers remain quite limited

[8–18], even after more than a decade of research. Second, the
actual interfacial load transfer in bulk nanotube nanocompos-
ites is influenced by the presence of the aforementioned com-
plex and inevitable nanotubes’ conformational nonidealities
and may differ from those in single-nanotube pull-out meas-
urements. It is well established that the nanotube alignment
has a prominent influence on the bulk mechanical properties
of nanotube composites. Only a fraction of loads can be trans-
ferred to and sustained by misaligned nanotubes as com-
pared to those that are oriented perfectly along the stretching
force direction, which leads to a reduction of their reinfor-
cing efficiency. Due to their characteristics of large surface to
volume ratios and high aspect ratios and the resulting strong
inter-nanotube van derWaals interactions, even nanotubes that
are fully dispersed and separated in solvent tend to aggreg-
ate and form entangled networks when mixed with polymer
molecules, which is a long-standing and yet unsolved prob-
lem in the manufacturing of nanotube-polymer nanocompos-
ites [19]. Aggregated/entangled nanotubes or nanotube net-
works may form vacancies and prevent a seamless contact on
the nanotube-matrix interface, which results in a much weaker
nanotube-matrix interface as compared to an ideal interfacial
binding configuration with seamless contacts. It is noted that
the nanotube misalignment alone does not alter the interfa-
cial load transfer characteristics, but needs to be accounted for
in order to evaluate how other nanotube nonidealities, such
as nanotube aggregation/entanglement, influences the stress
transfer on the nanotube-matrix interface. It is noted that sub-
stantial efforts have been made to extract and evaluate the
interfacial load transfer from bulk mechanical measurements
of nanofiber-reinforced polymer nanocomposites as well as
measurements by using various microscopic and spectroscopy
techniques, such as scanning electron microscopy (SEM)
and transmission electron microscopy (TEM), Raman spec-
troscopy/microscopy, and atomic force microscopy (AFM)
[20–26]. However, a vast majority of these bulk mechan-
ical measurements and microscopic/spectroscopic character-
ization provide at most qualitative and indirect evaluation
on the interfacial load transfer characteristics of nanofiber-
reinforced polymer nanocomposites, which is in part due to
the technical challenges in controlling and/or quantifying the
nanotube alignment inside the matrix materials. The lack of
scientific understanding of the interfacial load transfer on the
nanofiller-matrix interface remains one of the major chal-
lenges in realizing the reinforcing potentials of these nano-
fillers in polymer nanocomposites, whose bulk performance
remains substantially below the anticipated level based on the
rule of mixtures [27].

In this paper, we quantitatively investigate the bulk inter-
facial load transfer characteristics of nanotube-reinforced
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polymer nanocomposites by using in situ Raman micromech-
anical characterization techniques. A nanotube-polymer nano-
composite system that comprises double-walled carbon nan-
otubes (CNTs) and polymethyl methacrylate (PMMA) is
employed in this study due to the wide-spread usage of this
polymer composite system and the availability of their mech-
anical properties in the literature for the purpose of compar-
ison [24]. In particular, the interfacial strength of CNT-PMMA
nanocomposites has been previously investigated using single-
nanotube pull-out techniques [18] as well as atomistic simula-
tions [28]. The CNT-PMMA nanocomposite is manufactured
in the form of microfibers using electrospinning techniques,
which reportedly facilitate the nanotube alignment along the
fiber axis as a result of the viscous flow of polymer solutions in
the fiber manufacturing process [29, 30]. The interfacial load
transfer in the electrospun nanotube composite fibers is quan-
tified based on in situ Raman micromechanical measurements
in conjunction with quantitative nanotube alignment meas-
urements obtained using polarized Raman spectroscopy tech-
niques. The equivalent maximum interfacial shear stress in the
tested CNT-PMMA microfibers, which takes into account the
nanotube alignment, is quantified using shear-lag micromech-
anics models and is found to be substantially lower than the
reported values that were obtained from single-nanotube pull-
out measurements. The presented experimental and theoretical
methodologies can be readily extended to study the bulk inter-
facial load transfer characteristics of other nanotube-polymer
composite systems, such as those reinforced with boron nitride
nanotubes (BNNTs) [17, 31].

2. Materials and methods

2.1. Sample preparation

The employed PMMA (50 000 g mol−1 in molecular
weight, purchased from Sigma-Aldrich Co.) was dissolved
in acetone at a concentration of about 23%. The employed
double-walled carbon nanotubes, which were acquired from
Sigma-Aldrich Co., were manufactured using chemical
vapour depositionmethods with a purity of∼65% and a length
of ∼50 µm per the datasheet from the manufacturer. The dia-
meters of CNTs were characterized by AFM in our prior
studies and are found to be polydispersed and mostly within
the range of 2.0–4.2 nm with 3.1 nm in median diameter [18].
The as-received nanotubes, which were in the form of dry
powders, were first separated in dimethylformamide (DMF)
using ultrasonication. The dispersed nanotube solution was
then mixed with PMMA solutions to form two CNT-PMMA
solutions with CNT weight concentrations of 0.1% and 0.5%,
respectively. Microfibers were electrospun from pure PMMA
solutions and CNT-PMMA solutions using an electro-spray
printer [32, 33] with an applied voltage of 10 kV, a solution
rate of about 10 µl min−1, a glass nozzle size of 20–80 µm in
diameter, and a nozzle-substrate separation of about 20 mm.
The same CNT-PMMA solutions were also cast into thin-
film control specimens. All of the manufactured polymer and
composite microfiber and thin-film specimens were dried in a

vacuum oven at room temperature for 12 h before mechanical
and Raman measurements.

2.2. Sample characterization

The in situRaman micromechanical characterization was con-
ducted using a TST350 tensile tester from Linkam Scientific
Instrument that is integrated with a Renishaw In-via Raman
microscope using a 785 nmwavelength excitation laser, a grat-
ing of 1200 grooves per mm and a 0.55/50× objective lens.
The tensile measurements were conducted at a strain rate of
1 mm s−1 and were held for about two minutes at each 0.25%
strain mark for in situ Raman spectroscopy measurements.
Polarized Raman spectroscopy measurements were conduc-
ted by using the same Renishaw Raman microscope that is
equipped with polarization analyzers and a 785 nm laser. The
scanning electron microscopy characterization was carried out
using a Supra 55 SEM from Zeiss.

3. Results and discussion

3.1. In situ Raman micromechanical characterization of
CNT-PMMA microfibers

Figure 1(a) illustrates the in situ Raman micromechanical
characterization scheme. In this testing scheme, a doubly-
clamped microfiber sample is incrementally stretched inside
a tensile tester and a Raman laser beam is carefully posi-
tioned and focused on the outer surface of the strained fiber.
Three types ofmicrofibers were characterized in this study that
included pure PMMA microfibers and two types of nanotube
PMMA composite microfibers with CNT weight concentra-
tions of 0.1% and 0.5%, respectively.

The tested microfibers were manufactured using electro-
spinning techniques [34], whose setup and operating prin-
ciple are schematically illustrated in figure S1 (available online
at stacks.iop.org/JPD/53/365302/mmedia) in supplementary
materials and are briefly summarized here. The electrospin-
ning setup is composed mainly of a syringe, a collecting sub-
strate, and a high voltage power source [30]. There are also
two electrodes in the system, one of which is attached to the
substrate and the other one is inside the needle of the syr-
inge and is in contact with the liquid solution. By applying a
voltage between the two electrodes, an electric field is formed
between the syringe needle and the substrate and the result-
ing electrostatic force drives the droplet to a conical shape
droplet that is known as a Taylor cone [35] through balancing
its surface tension. When the electrostatic force exceeds the
surface tension force, the droplet is ejected from the needle
tip toward the substrate and continuous fibers are thus formed
and accumulated on the substrate. The added nanotubes, which
are originally in random orientations, tend to orient along the
liquid flow direction driven by the liquid viscous force inside
the Taylor cone. It is noted that the electrospun fibers have
a solid circular cross section and their diameters are control-
lable from sub-micron to ∼100 microns through adjusting
the nozzle size of the syringe needle as well as the applied
electric field. For ease of handing for mechanical testing, the
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Figure 1. (a) Schematic of in situ Raman micromechanical characterization of nanotube-reinforced polymer nanocomposite fibers. (b) SEM
image of one typical CNT-PMMA microfiber (0.1 CNT wt.%). (c) SEM image of one 0.5 wt.% CNT-PMMA fiber with several CNTs on the
fiber’s outer surface. (d) Representative stress–strain curves obtained on pure PMMA fibers and CNT-PMMA fibers. (e) The dependence of
the microfiber’s mechanical properties on the added CNT concentration. (f) SEM image of the fractured cross-sectional surface of one
tested CNT-PMMA fiber that shows protruding nanotubes from interface debonding/pull-out (red coloring is added to aid visualization).

reported data in this paper are based on measurements that
were conducted on microfibers of about 10–50 microns in dia-
meter. Figure 1(b) shows an SEM image of one representative
0.1 wt.% CNT-PMMA microfiber. The SEM characterization
shows that a majority of the manufactured microfibers have
uniform circular cross sections and smooth surfaces. Occa-
sionally, CNTs were also observed on the fiber’s outer sur-
face, as exemplified by the one shown in figure 1(c). A close
examination reveals that those CNTs on the fiber’s outer sur-
faces are preferably oriented along the fiber’s longitudinal dir-
ection, which is direct evidence that the added CNTs possess a
preferred orientation inside the electrospun fibers. Figure 1(c)
also shows that the nanotubes are overall well-dispersed with
varying lengths from a couple of microns to about 10 microns;
however, it is also visible that some nanotubes aggregate and
entangle together.

Figure 1(d) shows typical engineering stress-strain curves
obtained on both pure PMMA fibers and CNT-PMMA fibers.
The plots in figure 1(d) show that the added CNTs lead to a
substantial increase of the Young’s modulus and the ultimate
tensile strength of the polymer fiber. The tensile measurement
data based on six specimens of each type of fibers are sum-
marized in figure 1(e) and also listed in table 1. The results
show the pure PMMA fibers possess a Young’s modulus of

about 1.28 GPa and a tensile strength of about 16.31MPa. The
addition of 0.1 wt.% CNT results in an increase of the Young’s
modulus by about 49.1% to about 1.91 GPa and an increase
of the ultimate tensile strength by about 32.1% to about 21.55
MPa. The addition of 0.5 wt.% CNT results in an increase of
the Young’s modulus by about 71.9% to about 2.2 GPa and
an increase of the tensile strength by about 66.7% to about
27.19 MPa. The data show that both the Young’s modulus
and the tensile strength increase with CNT loading, but not
in a linearly proportional manner. It is noticed that the ulti-
mate tensile strain decreases with an increase in CNT load-
ing. The SEM image displayed in figure 1(f) shows the frac-
tured cross-sectional surface of one tested CNT-PMMA fiber
with a number of sparsely distributed protruding nanotubes,
which resulted from interface debonding and nanotube pull-
out. Figures 1(d)–(f) clearly show that the effective interfacial
load transfer on the CNT-polymer interface is responsible for
the observed mechanical properties enhancement in the com-
posites fibers.

During the sequential tensile loading, we also recorded the
in situ Raman spectrum of the composite microfiber under test
to understand the local interfacial loading characteristics of the
embedded CNTs. Raman spectroscopy has been widely used
to characterize the mechanical properties of CNT reinforced

4



J. Phys. D: Appl. Phys. 53 (2020) 365302 O Q Alsmairat et al

Table 1. Summary of the experimentally measured and theoretically calculated parameters on the mechanical properties of CNT-PMMA
microfibers.

Pure PMMA fiber 0.1 wt.% CNT 0.5 wt.% CNT

Young’s modulus (GPa, exp.) 1.28 ± 0.16 1.91 ± 0.18 2.2 ± 0.08
Ultimate stress (MPa, exp.) 16.31 ± 2.83 21.55 ± 2.37 27.19 ± 1.57
Critical strain (%, exp.) — 1.11 ± 0.11 1.02 ± 0.03
Maximum IFSS (MPa, cal.)

Gaussian distribution model — 92 ± 9 94 ± 3
Step-function model — 89 ± 9 83 ± 3

polymer composites [33]. Prior studies have demonstrated a
reliable correlation between the mechanical strain in a CNT
and the Raman peak shift of its characteristic bands [26].
Generally speaking, CNTs possess four primary characteristic
bands in their Raman spectra (see figure S2): the Radial breath-
ing mode (RMB) at 160–300 cm−1, which is related with the
symmetric movement of carbon atoms in CNTs in radial dir-
ection; the D band at 1250–1450 cm−1, which originates from
the defects in CNTs; the G band at 1500–1605 cm−1, which is
associated with the tangential vibrations of carbon atoms; and
the 2D band at 2500–2700 cm−1; which is the second-order
mode of the D band [36]. When a uniaxial strain is applied
to a CNT, the elongation of the covalent C-C bond results
in a downward shift of its Raman G and 2D bands [37]. As
shown in Figure S3, our studies reveal that the strain-induced
downward shifts of these two bands show a similar trend, but
the 2D band is more sensitive to strain change than the G band.
Therefore, the Raman 2D band spectrum is employed here to
characterize the local straining of CNTs inside the microfiber.

Figure 2(a) shows the typical Raman 2D band spectra
of CNT-PMMA composite fibers that were recorded on a
0.1 wt.% CNT-PMMA microfiber under zero and a 1.5%
strain. The applied strain results in a downshift of about
20 cm−1 in the CNT’s 2D band peak frequency. As a com-
parison, typical Raman 2D band spectra of 0.1 wt.% CNT-
PMMA composite films are also displayed in figure 2(a),
which shows a downshift 2D band peak frequency of about
10 cm−1. The results clearly indicate that the interfacial load
transfer between CNTs and polymer matrices are more effect-
ive in fiber samples than in film samples, even though they are
essentially made from the same composite materials.

It is noted that the recorded Raman spectrum and the
observed characteristic Raman band peak frequency shift
are based on the collective scattered Raman signals from
all the nanotubes that are inside the light–matter interaction
volume. Here we estimate the number of nanotubes inside
the interaction volume based on the laser beam spot diameter
(=1.22λ/NA), where λ is the wavelength of the laser beam
and NA is the numerical aperture of the employed microscope
objective. For a 785-nm laser and a 0.55/50x objective, the
laser spot diameter is calculated to be about 1.9µm. By assum-
ing the interaction volume as a semisphere and nanotubes of
3.1 nm in outer diameter, the number of nanotubes inside the
interaction volume is calculated to be about 125 (625) for 0.1
(0.5) wt.% CNT-PMMA fibers. Because the nanotubes have
diverse orientations in the fiber, the mechanical strains inside

the nanotubes vary. It is noted that the strain in a nanotube is
a cosine function of its orientation angle to the fiber axis or
the applied tensile force direction. The recorded Raman spec-
tra as shown in figure 2(a) show the aggregate Raman signal
through superimposing the scattered signals from all the nan-
otubes that interact with the laser beam, as illustrated in figure
2(b). Therefore, the peak frequency corresponds to those nan-
otubes under median strains.

Figure 2(c) shows representative 2D band peak frequency
shift as a function of the applied strain for both 0.1 wt.% and
0.5 wt.% CNT-PMMA composites fibers. The data show a
consistent downshift of the peak frequency, in a nearly linear
trend, with an increase in strain and then the peak frequency
formed a plateau even with substantial further strain increases.
The downshift of the 2D band peak frequency can be attributed
to increasingly straining of CNTs in the microfiber through the
interfacial load transfer on the CNT–polymer interface and the
resulting weakening of C–C bond interactions due to the bond
elongation [38–41].

The observed plateau shows that the strain in the CNTs
reaches an overall saturated stage and the interfacial load trans-
fer on the CNT–polymer interface reaches its physical limits,
which indicates that slip occurs on the CNT–polymer inter-
face. We fit the measured 2D band peak frequency shift curves
by using a bilinear fitting curve that comprises a linear segment
for small strains and a constant segment for large strains. The
strain at the junction of the two fitting segments is considered
a critical strain in the fiber where the CNT–polymer interface
starts to slip. The critical strain for 0.1 wt.% CNT-PMMA
fibers is found to be 1.11 ± 0.11%, while 1.02 ± 0.03% for
0.5 wt.% CNT-PMMA fibers, based on measurements of five
specimens of each type of fibers. It is noted that the measured
critical strain coincides well with the proportional strain limit
(i.e. the strain at the end of the linear segment in the stress-
strain curve) in the recorded stress-strain curves of the com-
posite microfibers shown in figure 1(d). This observation sug-
gests that the nonlinear stress–strain behavior in the composite
fiber, which is beyond the initial linear segment, is accompan-
ied by interfacial slips on CNT-polymer interfaces.

The full width at half maximum (FWHM) of the recorded
Raman 2D band spectra is also measured, as exemplified by
the inset plot in figure 2(c), and is found to remain in a nar-
row range, which indicates a uniform stress distribution inside
the nanotubes during the stretching process [26]. Scattering of
the Raman peak frequency data is exhibited in figure 2(b) and
can be attributed to a few sources, such as the multi-walled
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Figure 2. (a) Representative in situ Raman spectra of 0.1 wt.% CNT-PMMA fibers (top) and films (bottom) under zero and 1.5% strain.
(b) Schematic of strain-induced Raman peak shift in nanotube composites; (c) representative in situ Raman CNT 2D band peak frequency
shift as a function of strain. The circle-dotted (square-dotted) curves are experimental measurements recorded on two CNT-PMMA fiber
(film) samples (red: 0.1 wt.% and blue: 0.5 wt.%). The solid curves are the bilinear fitting curves to the respective measurement data sets.
(d) The quantified critical strains for the tested CNT-PMMA fibers.

characteristics of the employed nanotubes [42], misalignment
of the nanotubes in the fiber [43], and the uncertainties in pos-
itioning and focusing the laser beam onto the same spot on the
fiber surface during the in situ measurements.

For the electrospun nanotube composite fibers, the nan-
otubes are preferably aligned along the fiber axis direction,
which is confirmed by our polarized Raman measurements
(see section 3.2 for details). In contrast, the nanotubes are ran-
domly oriented in comparable composite film specimens. It is
expected that a fiber specimen should possess a much lower
critical strain than a comparable film specimen, which is con-
firmed by the control experimental data shown in figure 2(c).
The critical strains in 0.1 wt.% and 0.5 wt.% CNT-PMMA
film specimens are quantified to be about 1.7% and about
1.8%, respectively. The results further show that the measured

Raman peak frequency shift is an indication of the interfacial
load transfer in the CNT–polymer composites.

3.2. Quantification of the nanotube alignment in microfibers
by using polarized Raman spectroscopy

The in situ Raman measurements indicate that nanotubes have
better alignment in microfiber specimens than in film speci-
mens and the tube alignment in microfibers is also affected
by the CNT concentration. In order to obtain the interfa-
cial load transfer characteristics of CNT-polymer microfibers,
it is essential to quantify the nanotube alignment inside
such fibers. Here we quantify the nanotube alignment in
microfibers by using polarized Raman spectroscopy. In gen-
eral, polarized Raman spectroscopy provides information
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about the molecular orientation of the bond vibration, in addi-
tion to the typical chemical information provided by regular
Raman spectroscopy.

Due to the one-dimensional characteristics of CNTs, their
Raman scattering intensities exhibit orientation dependen-
cies [44]. The polarized Raman spectroscopy techniques have
been previously employed in probing the nanotube align-
ment in bundled fibers [45] and polymer nanocomposites
[46, 47]. Gommans et al [48] reported that the Raman scat-
tering intensity (vertical/vertical (VV) polarizers) of the polar-
ization geometry with a parallel analyzer is dependent upon
the sample angle with respect to incident polarized light (φ),
which is given as VV(φ)∝ cos4(φ). For a CNT-polymer fiber
geometry as illustrated in figure 3(a), given a certain fiber ori-
entation angle φ with respect to the incident laser beam, the
intensity of the CNT’s characteristics band peak is propor-
tional to:

VV(φ)∝ p

φ+θˆ

φ−θ

cos4(φ)dφ + (1− p)

π+φ−θˆ

φ+θ

cos4(φ)dφ, (1)

where p is the mole fraction of the nanotubes that lie within
±θ of the fiber axis, while the remainder (1−p) are dis-
tributed among all other outside angles, which range from
θ to π−θ. Assuming that the nanotubes are preferably ori-
ented along the fiber axis direction, the intensities for all
CNT’s characteristics bands should diminish with an increas-
ing fiber orientation angle φ. Here we pick the G band of
CNTs (peak frequency ∼1592 cm−1) to characterize their
alignment in microfibers because their G band spectra possess
the highest intensities among all of their characteristic bands
(see figure S2).

For both 0.1 wt.% and 0.5 wt.% CNT-PMMA microfibers,
polarized Raman measurements were taken at certain selected
angles with respect to the incident polarization as shown in
figure 3(a). Repeat acquisitions were obtained to account for
both local variations in CNT concentration and CNT align-
ment within the fiber, and sample landmarks were used to
ensure consistency when the fiber was rotated. The selec-
ted typical polarized Raman spectra displayed in figure 3(b),
which were recorded on a 0.5 wt.% microfiber, show the
G band peak intensity diminishes at increasing angles with
respect to the incident light. It is noted that only Raman peaks
associated with the C-C bonds in CNTs diminish in pro-
portions as predicted by the model described above, while
those bands associated with chemical bonds in polymer chains
remain independent of the orientation change. Figure 3(c)
shows the dependence of the recorded intensity of the G
band peak frequency on the fiber orientation measured on a
0.5 wt.% microfiber. As a control, polarized Raman spectro-
scopy measurements were also conducted on CNT-PMMA
film specimens, as exemplified by the inset plot in figure 3(c).
As expected, the intensity of the G band peak for the film
sample remains largely independent of the orientation angle,
which indicates that the added nanotubes do not possess any
preferred orientation alignment inside the composite film. The

measurement results shown in figure 3(c) clearly demonstrate
that the nanotubes in electrospun microfibers are preferably
aligned along the fiber axis direction. The measured peak
intensity data points for microfiber specimens are curve fit-
ted using equation (1) to obtain the values of p and θ. From
the data shown in figure 3(c), p and θ are found to be about
95.4% and 17◦ respectively for the tested 0.5 wt.% microfiber.
We have performed a number of polarized Raman spectro-
scopy measurements on the CNT-PMMA microfiber speci-
mens and the alignment results based on six specimens of
each CNT concentration are displayed in figure 3(d) and also
listed in table 2. For the 0.1 wt.% CNT-PMMA microfibers,
θ is found to range from 7◦ to 14◦ with a mean value of
about 10.3◦ and a standard deviation of 2.3◦. In comparison,
the 0.5 wt.% CNT-PMMA microfibers are found to possess
a much higher nanotube alignment angle (θ = 21.3 ± 3.3◦).
The results clearly demonstrate that the nanotubes are over-
all more preferably aligned along the fiber axis in microfibers
with lower nanotube concentrations, which can be attrib-
uted to a larger separation of nanotubes in lower nanotube
concentration polymer solutions and weaker inter-nanotube
interactions during the viscous force-driven nanotube align-
ment process. It is noted that the measured nanotube align-
ment by using polarized Raman spectroscopy is consist-
ent with prior reports by using small-angle x-ray scattering
(SAXS) [26].

It is noted the nanotube alignment data that are obtained
from the analysis of the polarized Raman spectroscopy meas-
urements are still in a collective form. In order to employ such
data to evaluate the interfacial load transfer characteristics of
CNT-PMMAmicrofibers, we have to make assumptions about
the nanotube distribution profiles. Here we consider two dis-
tribution models: (1) Gaussian (or normal) distribution: the
orientations of all the nanotubes in a fiber are assumed to
follow a Gaussian distribution within the angle of 0 to 90◦.
Figure 3(e) shows the nanotube orientation distribution pro-
file by using this Gaussian distribution model based on the
polarized Raman measurement shown in figure 3(c) with a
probability-weighted mean nanotube alignment angle of about
6.7◦. Using the nanotube alignment data shown in figure 3(d),
the probability-weighted nanotube alignment angle is found to
be 3.6◦ ± 1.1◦(0.1 wt.%) and 8.4◦ ± 1.8◦ (0.5 wt.%), respect-
ively, both of which are displayed in figure 3(f) and also lis-
ted in table 2. (2) Step-function distribution: the orientations
of all the nanotubes are assumed to be either the value of
θ that is obtained from curve fitting of the polarized Raman
measurements or 90◦, the latter of which implies that these
tubes are aligned perpendicular to the fiber axis and does not
contribute to the polarized Raman band intensity. Therefore,
all the nanotubes are assumed to be oriented with the same
angle of θ (i.e. θ = 10.3◦ ± 2.3◦ (21.3◦ ± 3.3◦) in 0.1 wt.%
(0.5 wt.%) fibers) under this step-function distribution model.
It is clear that the Gaussian distribution model gives a much
smaller average nanotube alignment angle as compared to the
step-function model, while the step-function model provides
an upper limit on the possible nanotube alignment angle in
a fiber.
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Figure 3. Quantification of the nanotube alignment inside the electrospun nanocomposite fibers by using polarized Raman spectroscopy:
(a) schematic of polarized Raman experimental setup on a nanotube-polymer fiber with varying orientation angles. (b) Polarized Raman
spectra of one 0.5 wt.% CNT-PMMA composite fiber recorded at selected orientation angles. (c) The dependence of the CNT peak intensity
at 1590 cm−1 on the fiber orientation angle recorded for one 0.5 wt.% CNT-PMMA composite fiber. The solid curve is the fitting curve by
using equation (1). (d) Calculated alignment angle θ of CNTs along the axial direction of CNT-PMMA fibers. (e) Prediction of the nanotube
alignment angle distribution based on the Gaussian distribution model for the tested microfiber shown in (d). (f) Probability-weighted
average nanotube alignment angle. The dashed lines in (d) and (f) indicate the average values of the respective data sets.
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Table 2. Summary of the nanotube alignment measurements in CNT-PMMA microfibers by using polarized Raman spectroscopy.

0.1 wt.% CNT 0.5 wt.% CNT

Sample # p (%) θ (◦)

Probability-weighted average
angle—Gaussian distribution
model (◦) p (%) θ (◦)

Probability-weighted average
angle—Gaussian distribution
model (◦)

1 97.96 10 3.4 95.4 17 6.7
2 96.42 14 5.3 96.42 22 8.2
3 98.98 7 2.1 97.45 21 7.5
4 98.98 10 3.1 95.92 20 7.8
5 96.43 11 4.2 92.86 27 11.9
6 97.96 10 3.4 95.92 21 8.2
Average 97.79 ± 1.15 10.3 ± 2.3 3.6 ± 1.1 95.66 ± 1.54 21.3 ± 3.3 8.4 ± 1.8

3.3. Quantification of the interfacial load transfer
characteristics of CNT-PMMA microfibers

The polarized Raman spectroscopy measurement results
indicate that the orientation of the nanotube fillers in a
microfiber specimen is polydispersed, as illustrated by the
left drawing in figure 4(a). In order to obtain the overall
local interfacial load transfer characteristics of CNT-PMMA
microfibers, we first obtain an equivalent nanotube-polymer
composite system in which all the nanotube fillers are assumed
to possess the same orientation angle, as illustrated by the right
drawing in figure 4(a). The equivalent nanotube orientation
angle with respect to the fiber axis, α, is assumed to be the
experimental-informed nanotube alignment angle from polar-
ized Raman measurements. Figure 4(b) illustrates an equi-
valent single-nanotube composite configuration in which a
nanotube of a diameter Dnt and a length 2l is concentrically
embedded into a same-length cylindrical polymer matrix with
an outer diameter of Dm, and inter-nanotube interactions are
assumed to be negligible due to low nanotube concentrations.
This equivalent single-nanotube composite configuration in
conjunction with the adoption of the same continuummechan-
ics model will facilitate the comparison of the interfacial shear
stress (IFSS) values obtained from this study with previously
reported values obtained based on single-nanotube pull-out
measurements. Prior studies show that the IFSS distribution on
the CNT-polymer interface is governed by the shear lag effect
and is highly non-uniform in nature. The IFSS possesses its
maximum at the nanotube ends and starts to decreases toward
the central interface region. With the nanotube under an axial
stretching forceF that is transferred via the CNT-PMMA inter-
face, the shear stress on the CNT-PMMA interface is given
as [49]

τ =
F · n
2Ant

cosh(2n · x/Dnt)

sinh(2n · l/Dnt)
, (2)

where x is the coordinate along the nanotube axial direction
with x = 0 at the nanotube middle length point, Ant is
the nanotube’s cross-sectional area, and n is given by n=√

Em
Ent·(1+vm)·log(Dm/Dnt)

, in which Em and vm are the Young’s

modulus and the Poisson’s ratio of the matrix, respectively.
In the equivalent CNT-PMMA microfiber configuration as

shown in figure 4(b), with the microfiber under an axial strain
of ε, the axial force exerted on the nanotube is given by

F= AntEntεcos
2α, (3)

where Ent is the Young’s modulus of CNTs
When the axial strain in the microfiber reaches the critical

strain εcr, the IFSS on the CNT-PMMA interface reaches its
maximum at the nanotube ends (i.e. x=±l), which is given as,

τmax =
Entεcrcos2α · n

2 · tanh(2n · l/Dnt)
. (4)

Based on the measured critical strain εcr (see table 1) and
the p-valued weighted average nanotube alignment angle (see
table 2), the equivalent τmax in the microfibers is calculated
and listed in table 1. The calculations are based on the fol-
lowing parameters: Em = 1.28GPa; vm = 0.32; Dnt = 3.1 nm;
Ent = 1 TPa [18] and l = 1000 nm. Furthermore, the diameter
of the polymer cylinder in the single-nanotube composite con-
figuration Dm is calculated to be about 105 nm (47 nm) for
0.1 (0.5) wt.% CNT-PMMA fibers by considering a density
of 1.18 g cm−3 for PMMA and a density of 1.35 g cm−3 for
CNTs. It is noted that τmax becomes independent of l when l
exceeds a certain value, which is found to be about 500 nm
based on the parameters used here. The equivalent τmax is
found to be about 92 MPa (0.1 wt.%) and about 94 MPa
(0.5 wt.%) based on the nanotube alignment angle from the
Gaussian distribution model, both of which are higher than the
respective values (i.e. 89 MPa and 83 MPa) obtained based
on that from the step function model. The results show that
the nanotube concentration does not have a significant impact
on the equivalent τmax, which indicates that the IFSS that is
quantified with the correction of the nanotube misalignment
is on par for the two types of composite fibers tested in this
study. It is noted that the level of the interfacial shear stress on
CNT-PMMA interfaces obtained in this study as well as our
prior single-nanotube pull-out study could not be fully attrib-
uted to weak van der Waals interactions. Therefore, our res-
ults suggest the existence of strong chemical bonds on the
nanotube–polymer interface, such as covalent bonding pre-
dicted by Bagchi et al [50]. In addition, the effect of the nan-
otube alignment angle on the bulkmechanical properties of the
composite is shown in equation (3) that the transferred load
to the nanotube via the nanotube-polymer interface is linearly
proportional to the cosine-squared function of the nanotube
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Figure 4. (a) Schematics of the general configuration of a short-nanotube polymer composite fiber (left) and its equivalent configuration
(right). (b) Schematic of the single-nanotube polymer composite configuration. (c), (d) Theoretically predicted (c) interfacial shear stress
distribution and (d) normal stress distribution on the CNT-polymer interface in the equivalent nanotube-polymer composite fiber. The
nanotube length and diameter are assumed to be 2000 nm and 3.1 nm respectively in the calculation. (e) The dependence of the theoretically
calculated maximum CNT-polymer interface load on the embedded nanotube length.

alignment angle. Therefore, the decent nanotube alignments in
the tested microfibers in this study have a positive contribution
to the observed Young’s modulus and strength enhancements
of the composite microfibers.

The pointwise IFSS distribution profiles along the nan-
otube axis on the onset of the interfacial slip are shown in

figure 4(c), while the corresponding normal stress distribu-
tion is shown in figure 4(d), by assuming l = 1000 nm and
using the p-value weighted nanotube angle obtained from the
Gaussian distribution model. The results show a quite rapid
decay in the nanotube end region and the effective load trans-
fer occurs only at a length of about 400 nm at each tube end. In
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contrast to the IFSS, the maximum normal stress in the nan-
otube occurs in the central tube segment and is found to be
about 11.1 GPa (10.0 GPa) for 0.1 (0.5) wt.% CNT-PMMA
fibers. Our analysis shows that the maximum load that can
be transferred on the nanotube-polymer interface is depend-
ent on the nanotube’s embedded length, as displayed in figure
4(e). The results show that the maximum interfacial load first
increases with the nanotube length and then reaches a satur-
ated level. Therefore, it is of advantage to use sufficiently long
nanotubes in composites in order to achieve better interfacial
load transfer and thus bulk mechanical properties.

As a comparison, recent single-nanotube pull-out exper-
imental studies that used an in situ nanomechanical char-
acterization technique report a value of about 155 MPa for
CNT-PMMA interfaces, which is substantially higher than
the values obtained in the present study. The results show
the equivalent maximum IFSS in the microfibers with decent
nanotube alignment remains substantially lower (∼41–54%)
than the ideal value. The lower interfacial load transfer in
the nanotube composite microfiber can be attributed to nan-
otube dispersion/separation issues, such as nanotube aggrega-
tion and entanglements, which are evidenced by the nanotubes
staying on the outer surface of the microfiber (figure 1(c)).
Even though the importance of the nanotube alignment and
dispersion/separation on the mechanical property enhance-
ment of nanotube-polymer nanocomposites has been well doc-
umented in the literature [51], the present study is among
the first to report quantitative assessment on the substantial
impact of nanotube’s conformational nonidealities produced
from nanotube and composite processing on the local inter-
facial load transfer characteristics. The findings here further
emphasize the necessity of avoiding or minimizing the nan-
otube nonidealities in the manufacturing of nanotube-polymer
composites in order to maximize the reinforcing potentials
of nanotube fillers in the bulk mechanical properties of nan-
otube composites.Wewant to highlight that the polymer nano-
composite microfibers with enhanced and tunable mechanical
properties can be useful for a wide range of applications, such
as rawmaterials for functional fabrics [52] and air flow sensing
elements in hearing aid devices [53].

4. Conclusion

The bulk interfacial load transfer characteristics of electro-
spun carbon nanotube-polymer nanocomposite microfibers
are investigated using an in situRamanmicromechanical char-
acterization technique in conjunction with polarized Raman
spectroscopy measurements. The results reveal that the nan-
otube concentration in the composite fiber has a noticeable
influence on the nanotube alignment, but has much less impact
on the local interfacial stress transfer. The maximum inter-
facial shear stress in the microfiber that is obtained by tak-
ing into account the nanotube misalignment is substantially
lower than the reported values obtained from single-nanotube
pull-out experiments. The results reveal that the interfacial
load transfer characteristics are substantially influenced by

those processing-induced nanotube nonidealities, such as nan-
otube aggregation and entanglement. The presented experi-
mental and theoretical methodologies are readily applicable to
study the bulk interfacial load transfer characteristics of other
nanotube composites systems. The reported findings are help-
ful to better understand the effect of nanotube misalignment
and other nanotube conformational nonidealities produced
from processing on the interfacial stress transfer character-
istics and the strengthening efficiency in nanotube-reinforced
nanocomposites.
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