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Characterizing filled nanocomposites is an active area of research in order to predictively modify their
properties. The dispersion of nanofillers has a direct influence on these properties, and therefore the
precise characterization of dispersion is essential in establishing a complete understanding of composite
behavior. In this study, we have developed a methodology for using laser scanning confocal microscopy
to quantitatively assess the three-dimensional dispersion of carbon nanotube bundles within a
composite material in situ. Furthermore, we applied this methodology to directly visualize in real-time
the subsurface mechanical failure of a carbon nanotube-filled composite.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Dispersing a sufficient quantity of nanofillers such as nanoclays
[1], nano-oxides [2], metal nanopowders [3], carbon blacks [4], gra-
phene [5] and carbon nanotubes (CNTs) [6] into a polymer matrix
results in a composite that typically offers improved properties
compared to the host polymer in pristine form. The extent of
improvement, however, depends not only on the concentration
of the filler but also its dispersion quality, aggregation tendency
and alignment distribution.

For nanocomposite materials, the term dispersion generally
refers to the distribution of individual fillers in a matrix. However,
this definition needs to be adjusted for nanocarbons (e.g. CNT and
graphene) that possess an inherent thermodynamic drive to create
physical entanglement with neighboring particles via van der
Waals forces and form an aggregated morphology called bundles
[7]. Therefore, a dispersion state considered as “uniform” or “good”
for nanocarbons in the nanoscale does not necessarily reflect the
dispersion state at the micro- and macroscales. This distinction is
especially important when predicting a particular property of a
composite, which requires an understanding of filler dispersion
at different length scales [8].

While there have been significant advances in the homogeneous
dispersion of nanocarbons in polymers (e.g. see a review by Ma
et al. [8] for CNTs), there are currently limited methodologies
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for quantifying the dispersion state of these fillers at different
length scales. Measuring the percolation threshold is a common
technique to semiquantitatively probe the state of nanoscopic
dispersion in polymers, which is defined as the minimum concen-
tration of conductive particles required to create a continuous
interconnecting network of particles that results in an abrupt
insulator-to-(quasi)conductor transition [9]. However, a higher
percolation threshold filler can have significantly better dispersion
than a lower percolation threshold filler as bundling can reduce the
percolation threshold [10]. As such, nanoscopic and microscopic
visualization techniques are an essential means toward a deeper
and more direct insight into the nature of aggregate dispersion in
filled composites.

Different techniques such as atomic force, scanning and trans-
mission electron microscopy (AFM, SEM and TEM, respectively)
have been used to visualize inclusions at different length scales.

AFM, which collects images of a specimen surface by moving a
probe over that surface in a raster scan pattern, provides images
with a resolution on the order of fractions of a nanometer, allowing
the visualization of the objects as small as individual CNTs [11].
However, its application is limited to surface imaging, and its rela-
tively slow rate of scanning results in thermally drift-distorted
images that need to be corrected using enhancement techniques
[12].

SEM, in contrast, scans a specimen with a focused beam of elec-
trons. A particular SEM imaging mode named the charge-contrast
SEM imaging allows the 3D construction of the microstructure
of a specimen to a depth of up to one micron. In this mode,
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microscopic objects charged by a high-accelerating voltage are vis-
ible due to emitting enriched secondary electrons [13]. Zhao et al.
[14] recently used this imaging mode combined with stereo
imaging to obtain a several-hundred-nm deep 3D view into the
microstructure of CNT-polyimide composites. However, a disad-
vantage of using this mode is that insulating materials such as
polyimide or polyvinyl chloride (PVC) undergo a charge buildup
when exposed to high-voltage electrons. Consequently, at too high
of a voltage a threshold contrast is not produced and the conduc-
tive filler cannot be distinguished from the noise of background
fluctuations and the insulating matrix, yielding low-resolution
images.

TEM forms images from the interaction of a beam of electrons
passing through an ultra-thin specimen. It can provide very high-
resolution images to a scale of 0.2 nm and has proven particularly
effective in measuring the average bundle size, as well as bundle
density. Since sections are at most tens of nm thick, there is not
much depth information within one section. Serial thin sectioning
(also known as TEM tomography) resolves this issue by aligning
the images of a great number of thin sections. However, the 3D
reconstruction of a specimen hundreds of microns thick using this
technique would require a prohibitively-laborious procedure to
obtain hundreds to thousands sections and align their images [15].

Other techniques such as scanning acoustic microscopy and
particle-sizing methods are not suitable to characterize the mor-
phological features of CNT-filled polymer composites. Scanning
acoustic microscopy, which uses short high-frequency acoustic
pulses to scan a specimen on a millimeter scale, is not well-
suited for polymers due to the significant attenuation of ultrasonic
waves in viscoelastic materials that limits the penetration depth
[16]. Particle-sizing methods such as laser diffractometry, which
are based the assumption that the filler particles are primarily
spherical in shape, have been shown to be inaccurate in determin-
ing the size of extremely non-spherical particles such as CNTs in
suspension form before they are embedded in a polymer matrix
[17]. Furthermore, laser diffractometry requires that the light is
able to travel through the entire sample, which can pose a problem
with carbon based nanocomposites due to carbon’s substantial
light absorption in the visible spectrum. Additionally, diffractiom-
etry lacks positional information of the aggregates within the
sample. The survey above demonstrates the technical limitations
and difficulties involved in using the microcopy techniques
described for the subsurface imaging (also known as depth
profiling) of filled composites.

Laser scanning confocal microscopy (LSCM) is a light
microscopy technique which creates 3D reconstructions, with up
to 300 nm resolution. In conventional microscopes, the light is
transmitted through the entire specimen thickness, requiring that
the sample is capable of transmitting light, and that bundles do not
obscure one another. LSCM circumvents this limitation by utilizing
light in the reflected light path, while also blocking any out-of-
focus light, creating an image as thin as 300 nm axially, referred
to as an optical section. By collecting a series of optical sections
along the optical axis (Z-axis), one can generate a 3D reconstruc-
tion of a volume within an intact specimen.

Previous studies have used LSCM to assess 3D nanofiller
dispersion by looking at direct laser reflection off of CNT bundles
in poly(methyl methacrylate) [18]. While reflected light LSCM
can give an approximate 3D image, it has several limitations when
it comes to assessing 3D dispersion. First, only surfaces that are
approximately perpendicular to the objective will reflect light back
into the objective. This means that steeply inclined portions of a
bundle surface, and the entire back side of the bundle are not vis-
ible with this technique. Additionally, bundles closest to the objec-
tive will obscure bundles deeper in the material, resulting in an
underestimation of bundle density deeper within the specimen.

In order to address the limitations of the above methods, we
report the development of a practical LSCM technique for the rapid
3D characterization of the dispersion and distribution of CNT bun-
dles in situ using host polymer autofluorescence. Additionally, with
the use of a manual tensioning stage, we were able to apply our
method to characterize the subsurface failure mechanism of a
CNT filled nanocomposite. Non-autofluorescent materials could
also benefit from this technique by incorporating trace amounts
of a fluorescent dye into the host polymer.

2. Methods
2.1. Materials and sample fabrication

PVC plastisol was used as the host polymer for the composites
investigated in this study. A multi-walled CNT (MWCNT) with
the properties as given in Table 1 was used as the filler. An auxil-
iary plasticizer (bis(2-ethylhexyl) phthalate) was used to lower
the melt viscosity of the composite. The MWCNT was first dis-
persed into the plasticizer at a weight ratio of 1:24 using a probe
sonicator operating at a power of 55W for a net duration of
60 min using a 50% pulse mode. The ratio was determined as per
the viscosity and processablity requirements in the geosynthetics
industry. The resulting blended material was subsequently mixed
with the plastisol at a ratio of 1:7 to make samples filled with
0.5wt.% MWCNT. This filler concentration corresponds to the
upper bound of the percolation region of the composite where
conductivity begins to plateau to a value a few orders of magni-
tude closer to that of the filler. Specifically, a conductivity of
34x10°°S/m was measured for pure plastisol specimens
(i.e. CNT%=0), while the PVC composite filled with 0.5 wt.%
MWCNT had a measured conductivity of ~10™* S/m. Subsequently,
the composite was compression-molded using 1 MPa pressure at
180°C for 15 min to fabricate samples for microscopy analysis.
The pressure was sustained while the samples were allowed to
cool down gradually to room temperature (typically, 23 °C) at a
typical rate of 2.5 °C/min.

2.2. Transmission electron microscopy (TEM)

Samples were cryosectioned at 150 K (—123 °C) with a section
thickness of ~100 nm. The sections were mounted on 600 mesh
hexagonal grids and imaged in bright field on a JEOL 2000FX trans-
mission electron microscope at an accelerating voltage of 200 kV.

2.3. Laser scanning confocal microscopy (LSCM)

Test samples were imaged using a Leica SP8 laser scanning
confocal microscope. The PVC was found to autofluoresce with
UV excitation, so the samples were imaged using a 405 nm diode
laser, and the emission intensity was measured between 446 nm
and 554 nm.

High resolution 3D images of the CNT bundles were acquired
using a 63 x 1.4 NA oil immersion objective. Oil immersion was
chosen primarily because the refractive index of immersion oil,
1.52, is similar to that measured for PVC [20], helping to reduce
optical aberrations that would otherwise compromise our
resolution.

2.4. Imaging samples under tensile load

The samples were imaged under tensile strain using a modified
tensioning microscope stage (Micro-Vice Holder, ST Japan-USA,
LLC). Test samples were first loaded onto the vice at a starting
length of 11.0 mm. The samples were then imaged via a series of
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Table 1

Properties of the MWCNT used in this study (as measured, or provided by the supplier).

MWCNT supplier ID  Outer diameter (nm) Length (um) Aspect ratio

Carbon purity (%)

D/G ratio from Raman  Surface area (m?/g) Density, pr (g/cm?)

SWeNT® SMW-100 7.8 74 95 >98

1.52 250 2.045

optical sections from the sample surface to 200 um below the
sample surface, measuring the UV excited autofluorescence with
a 10 x 0.3 NA objective. The samples were then put under increas-
ing tensile strain in 2.0 mm increments, and imaged at the same
position at each increment, until sample failure. The pinhole aper-
ture was opened to 6.00 Airy units to enable the use of a lower
laser intensity, which helped to mitigate photobleaching while
imaging. When tears within the material were observed, they were
imaged in three dimensions by acquiring a series of optical
sections in the Z direction with the pinhole aperture closed to
1.00 Airy units for better axial resolution.

High-resolution images of fractured CNT bundles were acquired
on samples that had been pulled to failure. 3D images were
acquired using a 63 x 1.4 NA oil immersion objective, imaging
the UV excited autofluorescence.

2.5. Image processing and quantification

In order to better delineate the boundaries of the bundles in the
high-resolution 3D images, the image series were deconvolved
using an adaptive point-spread function over 10 iterations (Auto-
Quant X v3.0.3 64-bit) (Fig. 1b, Supplementary Fig. 1).

The boundary of each bundle was then determined by inverting
the deconvolved image intensities (yielding bright bundles on a
dark background) and then generating an isosurface within each
image, delineating the bundles from the surrounding PVC
(Imaris x 64 v8.0.1) (Fig. 1, Supplementary Movie 3), allowing for
a quantitative 3D analysis of dispersion. The same isosurface
threshold was used for every image to ensure that the samples
were comparable.

The volume and position of each bundle within an image was
quantified by measuring the volume and centroid of each isosur-
face within an image (Imaris x 64 v8.0.1). The distribution of bulk
carbon within each image was measured by binarizing an image
series, such that a voxel containing carbon had an intensity of 1
while PVC had an intensity of 0 (ImageJ v1.49 m). The percentage
amount of the total volume of a 3D bin that was occupied by CNTs
was calculated as:

% total volume # of voxels containing CNTs
4 =

(1)

total # of voxels

Statistical analysis and plotting was performed using R (R x64
v3.1.2).

3. Results and discussion

CNTs are known to have high absorption in the UV range [21],
which is also the wavelength we found that could efficiently excite
autofluorescence in our host polymer, polyvinyl chloride (PVC).
The absorption proved problematic when trying to image deep into
composite samples, and especially when resolving the side of the
CNT bundles opposite the objective. To resolve this issue, the sam-
ples were imaged starting 100 pm below the surface of the sample
with a 27 ps exposure time per voxel, and were then imaged back
toward the surface of the sample closest to the objective. The direc-
tion of the imaging resulted in photobleaching of the PVC closest to
the objective giving a uniform image intensity, where the decreas-
ing amount of UV absorption by the CNTs was offset by increasing
photobleaching of the PVC as the sample was imaged closer to the
surface (Fig. 1a, Supplementary Fig. 1). The total volume imaged for
each test sample was 246 pm x 246 pm x 104 um with a voxel
dimension of 480 nm x 480 nm x 480 nm.

We were also able to detect autofluorescence from within the
CNT bundles (Fig. 2a, Supplementary Movie 3), revealing that the
CNT bundles were optically translucent rather than completely
opaque. In order to confirm that the CNTs were organized in a
manner to allow for the visualization of PVC within the composite,
TEM was used to observe CNT composition within CNT bundles
(Fig. 2b and c). We found that the bundles were a loose tangle of
CNTs impregnated with PVC, confirming our observation of PVC
fluorescence within the bundles via LSCM. Because of the translu-
cent nature of the bundles, sufficient light was transmitted through
the bundles for the full 3D structure of each bundle to be imaged
via LSCM, including the side of the CNT bundles opposite the direc-
tion of illumination (Fig. 1, Supplementary Fig. 1).

Since the CNT bundles would have been stochastically sheared
during sonication, we expected the volume distribution of the
bundles to have a log-normal distribution [22], which has also
been observed in previous studies of CNT dispersion by sonication
[23]. A histogram of bundle volumes within our images confirmed
a log-normal distribution (Fig. 3c, Supplementary Fig. 2a-c).
Corresponding probability plots confirmed that the majority of

Fig. 1. 3D Imaging of CNT bundles. (a) Orthogonal sections from a 3D image of PVC autofluorescence in a CNT composite sample. The white lines show where the
corresponding orthogonal sections are located in each image. The region immediately below the CNT aggregates was visible with only a slight shadow (arrowhead). (b) Image
a post-deconvolution. The lower boundaries of the CNT bundles are more discrete (arrowhead). (c) Orthogonal views of the entire 3D image with an isosurface rendering
around each bundle. Scale bars = 50 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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[

Fig. 2. CNT bundles are optically translucent with PVC impregnation into CNT bundles (a) a single optical section of a CNT bundle (white). PVC (black) is clearly visible within
the bundle itself. Scale bar = 20 pm. (b) A TEM micrograph of a CNT bundle showing that the bundles are a loosely entangled cluster of CNTs impregnated with PVC. Scale
bar =1 pm. (c) A magnified view from b. Scale bar = 200 nm.
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Fig. 3. Distribution of CNT bundles in PVC. (a) Plots showing the distribution of individual bundle volumes (box plots) as well as the bulk distribution of CNTs (dashed line)
along the X, Y and Z axes of the image in Fig. 1. (b) A schematic showing how the total 3D image was divided into 5 bins along each axis in a, with the side of the image that
was closest to the objective facing up. (c) Histogram of the distribution of the of bundle volumes, with the line showing the corresponding log-normal distribution. (d)
Probability plot showing the distribution of bundle volumes relative to a log-normal distribution. Dashed lines = 95% confidence interval. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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the bundle volumes were log-normally distributed with 95% confi-
dence (Fig. 3d, Supplementary Fig. 2d-f). The probability plots also
revealed that the distribution of bundle volumes below 1 pm? in
volume were not normally distributed (Fig. 2d), which we
expected as 1 pm> was the smallest volume we could accurately
resolve given our voxel dimensions. Additionally, we tested for
normality using the Kolmogorov-Smirnov test and the chi-square
test, both of which verified the null hypothesis that the samples
had a normal distribution.

Having validated our methodology for 3D quantitative imaging
of the bundles within the sample, we then measured the spatial
distribution of CNT bundles within the composite, determining if
there was a positional dependence in bundle volume distribution
and/or total carbon distribution. To answer this question, each
image was divided into five equal bins along the X, Y and Z axes
(Fig. 3b). The quality of dispersion was assessed through two
different metrics. First, the distribution of the individual bundle
volumes along each image axis was quantified (Fig. 3a, Supplemen-
tary Fig. 3 — box plot). Second, we measured the fraction of the
total volume of each bin that was filled with CNT bundles
(Fig. 3a, Supplementary Fig. 3 - line graph). While the distribution
of bundle volumes was not significantly different throughout the
sample, the bulk CNT content was dominated by the largest aggre-
gates within the image, resulting in local concentrations in carbon
content.

LSCM also offered a unique opportunity to observe the subsur-
face effects of tension on a composite material. Previous studies
have assessed CNT nanocomposite material failure mechanisms
based on the surface topology of strained samples via SEM
[24,25] and LSCM [26,27]. The capacity of LSCM to image subsur-
face features also allows for monitoring the internal deformation
of a composite sample while under a dynamic load [28]. Since
our imaging method also allowed us to observe the CNT bundles

73%

a _Strrairn: 0%_‘_ -
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up to 100 um below the sample surface, we combined these
techniques in our study by using LSCM to investigate both the sur-
face topography as well as the subsurface CNT bundle deformation
while the composite samples were under an increasing tensile
load.

Specifically, dogbone test samples were loaded onto a tension-
ing microscope stage (Supplementary Fig. 4), and tightened until
there was no slack in the sample (0% strain). The samples were then
tensioned and imaged down to 200 pm below the surface of the
material in 18% strain increments. We found that the largest CNT
bundles fractured first between 18% and 36% strain (Fig. 4a, arrow-
head, Supplementary Movie 1), which is close to the range of strain
at failure reported for CNTs and graphene at room temperature (i.e.
8-20% [29,30]). As the tensile load increased, smaller bundles
within the sample progressively fractured. Eventually, a single tear
predominated at the surface, resulting in the mechanical failure of
the sample (Supplementary Movie 1, arrowheads). In order to bet-
ter understand the formation mechanism of these tears, we
acquired 3D images of the tears that formed preceding the failure
of the material (Fig. 4c). At the base of these tears, we found large,
fractured bundles of CNTs (Fig. 4c, arrowhead). The polymer near
the tear was also raised relative to the rest of the sample, suggesting
that as the material began to fail, there was a resulting local reduc-
tion in stress. We then imaged six test samples in total at a different
relative position each, and found that the sequential bundle ruptur-
ing occurred across the entire sample, independent of positon. The
host polymer was also observed to have a low concentration of
non-autofluorescent particles (Fig. 4a, Supplementary Movie 2);
however, these particles did not fracture under tensile strain.

In order to study the exact nature of the bundle fractures, we
performed high resolution 3D imaging of the CNT bundles
after the test samples had been tensioned to failure (Fig. 4b,
Supplementary Movie 4). Only bundles within ~1 mm of the

254%

Fig. 4. Failure mechanics of the composite material under tensile strain. (a) Maximum intensity projections of test samples with and without CNTs under increasing strain.
Arrowheads show where new fractures have formed within the CNT bundles. Scale bar = 200 pm. Arrows show direction of tensile loading. (b) A single optical section and 3D
rendering of a fractured CNT bundle after tensile loading. Scale bar = 20 pm. (c) A 3D grayscale image and colorimetric surface profile of a large tear forming in a composite
sample under tensile load, with a fractured CNT bundle clearly visible at the base of the tear (arrowhead). Scale bar = 200 pm. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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failure site remained visibly fractured, and had ruptured perpen-
dicular to the direction of tension, suggesting a brittle-like fracture.
This observation was in agreement with previous studies that have
also shown that increased CNT concentration within composite
materials resulted in ductile host polymers becoming brittle [31].

This data collectively gives a potential model of how CNT bun-
dles in ductile materials can lead to a localized failure of the mate-
rial. Since the CNT bundles are local subregions of greatly increased
CNT concentration, this causes the polymer/CNT composite to
become locally brittle. As the tensile loading of the material leads
to increased strain, stress becomes focused at the brittle CNT bun-
dles, which ultimately fracture, with the largest bundles fracturing
first, followed by smaller bundles. As tensile loading continues to
increase, the host polymer proceeds to tear at the site of largest
fracture(s), ultimately leading to the failure of the material.

We believe this serves to illustrate the capability of the imaging
technique reported in this paper to further illuminate the influence
of changes in the distribution of fillers and their subsequent
rupture on the mechanical properties of nanocomposites. This
microscopic information (i.e. the changes in interparticle/
interbundle distances) could in turn be used to develop and vali-
date models that are able to predict the properties (e.g. electrical
resistance due to electron tunneling effects) of nanocomposites.
Further applications could include improving carbon electrome-
chanical actuators by observing their real-time microstructural
changes due to temperature or a source of energy (e.g. electric cur-
rent [32]). In addition, the technique could be utilized to explain
the contradictory mechanical behaviors observed in CNT-filled
composites made from different host polymers (e.g. [33]).

4. Conclusions

In this study, the subsurface images of CNT-filled PVC composites
were used to demonstrate the capability of LSCM for quantitative
imaging and detailed characterization of filled nanocomposites. This
technique lays the foundation to precisely correlating specific
dispersion metrics with desired composite properties and under-
standing their connection with the composite’s microstructure.
Additionally, due to the already wide availability of LSCM, this imag-
ing technique could be readily adopted in an array of nanocomposite
research studies, especially composites filled with particles of
higher dimension (e.g. graphene).
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