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ABSTRACT: We have utilized bright field conventional transmission electron microscopy (BF-CTEM)
tomography and annular dark field scanning transmission electron microscopy (ADF-STEM) tomography
to characterize a well-defined carbon black (CB) filled polymer nanocomposite with known CB volume
concentration. For both imaging methods, contrast can be generated between the CB and the surrounding
polymermatrix. The obtained volume reconstructions were analyzed and theCB volume concentrations were
carefully determined from the reconstructed data. For both imaging modes the measured CB volume
concentrations are substantially different: the CB volume concentration measured in BF-CTEM tomograms
exceeds by about 40%, whereas the one measured in ADF-STEM tomograms equals to a good approxima-
tion the concentration actually used to synthesize the composite.We critically discuss possible reasons for this
significant difference in relation to the characteristics of the imaging technique arguing that, at least in the
considered case of low electron scattering materials as polymer systems, ADF-STEM tomography provides
good contrast between the components and volume data sets most suitable for further reliable quantification
of nanofiller concentrations and filler distributions in polymer nanocomposite systems.

Introduction

Electron tomography provides a mean to reconstruct 3D
volumes from TEM specimens with a resolution down to at least
one nanometer in the three dimensions.1,2 Researchers in life
sciences have been using transmission electron microscopy
(TEM) tomography for more than a decade to obtain three-
dimensional volume information on biological structures; more
recently, electron tomography has been applied in materials
science to characterize the 3D nanostructure of a variety of
different materials, too.3-9 In particular it has been applied
intensively to characterize the three-dimensional structure of
polymer materials.10,11 The three-dimensional structural infor-
mation is reconstructed digitally from a tilt-series of two-dimen-
sional projections. A large number of images projected from the
same specimen volume are acquired by tilting the specimen over
themaximal achievable tilt rangewhile simultaneously correcting
for image shift and focus changes. The tilt-series is then processed
off-line using back projection techniques to reconstruct the
original volume of the specimen under investigation.12

Most tomography studies of polymer systems are based on
bright-field conventional transmission electron microscopy
(BF-CTEM) tilt-series, mainly relying on phase contrast with a
slight underfocus to improve contrast between the polymer
components e.g. in block copolymers10 or blends13 (possibly after
staining the specimens) or the filler and the polymer matrix
material. Scanning transmission electron microscopy (STEM)
as an incoherent imaging technique14 is rarely applied for the
investigation of polymer systems. In STEM, contrast mainly is
achieved by variations of the total elastic scattering cross-section

which varies roughly asZ3/2 (Z=atomic number). Because poly-
mers mostly consist of carbon and other light elements, STEM
imaging is mainly performed on filled or stained systems, where
the contrast is created by the Z variations between the filler or
staining agent and the polymer matrix, or in case of polymeric
multi phase systems, in which an element with higher Z in the
polymer chains substantially contributes to the contrast forma-
tion, e.g. the Si in PDMS15-17 or sulfur in ionomers.18 However,
recently we have demonstrated that annular dark field STEM
(ADF-STEM) successfully can be applied for imaging even
purely carbon-based polymer systems without staining; contrast
between the phases is created by their differences in density and to
a certain extent their crystalinity.19

As stated in ref 19, in particular for the investigation of low
electron scattering materials like polymers, and in particular for
multiphase systems such as block copolymers, polymer blends or
polymer composites filled with carbon nanofillers (e.g., carbon
black, carbon nanotubes, or graphene), ADF-STEM imaging
and tomography offers several advantages when compared with
BF-CTEM. Imaging artifacts inherent to coherent imaging (e.g.,
Fresnel fringes, contrast reversal, or weak contrast at low spatial
frequency) disappear in ADF-STEM20 and potential staining
artifacts are prevented because sufficient contrast is created
already without staining.19 Further, the ADF-STEM signal
intensity varies monotically with specimen mass-thickness,
therefore fulfilling the so-called “projection criterion”.8

Modern microscopy provides not only images, volume
“images” in case of tomography, but aims at the quantification
of the obtained data. This requires that the input data have as
little as possible imaging artifacts, which is generally the case with
STEM imaging. In the present study we demonstrate the benefit
of ADF-STEM tomography for the characterization of polymer*Corresponding author. E-mail: j.loos@tue.nl.



Article Macromolecules, Vol. 43, No. 3, 2010 1445

systems. As a specific example a well-defined polymer nano-
composite filled with carbon black (CB) nanoparticles. We
demonstrate for our chosen system that ADF-STEM tilt-series
provide very reliable input data for further volume quantification
of, e.g., filler concentration and distribution.

Experimental Section

The conductive CB filled nanocomposite sample was kindly
provided by The Dow Chemical Company. It consists of a
polyethylene/polyacryl matrix material (density of 0.92 kg/m3)
and is filled with 16 vol % CB nanoparticles (density of 1.85
kg/m3).About 100 nmthin specimenswere sectioned at cryogenic
temperature using a cryo-ultramicrotome (Reichert-Jung Ultra-
cutE,Germany). Subsequently, the thin sectionswere transferred
on a copper TEM grid. Ten different volumes of the sample were
analyzed for each imaging technique to provide statistical rele-
vant data.

The BF-CTEM and ADF-STEM experiments here presented
were performed on a Titan 80-300 (FEI Company, The Nether-
lands) equipped with a Fischione 3000 high-angle annular dark
field (HAADF) detector at 300 kV acceleration voltage. The
detector’s “black level” was adjusted by blanking the beam (so
that no electron hits the detector) then adjusting the detector
offset such that the signal was just a few counts above zero
(negligible compared to the detector dynamic range digitized to
16 bits). The detector gain was adjusted after unblanking the
beam and making sure all levels of intensity within the scanned
image were within the dynamic range of the detector.

All tilt-series were acquired, aligned and reconstructed via the
Xplore3D/Inspect3D software suite (FEICompany, TheNether-
lands). The applied tilting range was always (70� with tilt angle
steps of 1�. The typical dose used over a STEM tilt-series is in the
range 106 to 107 electron/nm2. Beam damage may be caused
locally by long exposure to the beam; more subtle beam damage
may cause specimen shrinkage during the tilt-series acquisition.

In the present case, this shrinkage isminimizedbypre-exposure to
the scanning beam.We are aware that mainly the polymermatrix
shrinks, which will increase the relative volume of the CB-phase;
however, this principle experimental error accounts for both
imaging techniques and was reduced by applying low electron
doses. Alignment of the tilt-series was realized with the bead-
tracking procedure implemented in Inspect3D. About 20 gold
beads were selected and tracked automatically over the entire tilt-
series with subsequent manual correction. The bead tracking
procedure determines the 3D coordinate of each selected bead
in space and compares it to the position of bead projections
tracked on each image of the tilt-series. This procedure is iterated
five times including optimization of alignment parameters like
shift and rotation. The program refines the beads’ 3D coordinate
between each iteration.8 The distance in pixels between the
projection of the computed 3D coordinate (so-called solution)
and the tracked bead position on each image is used to judge
the alignment accuracy. The alignment is considered accurate
enough when the error averaged over all beads and all images
is less than one pixel. The reconstruction algorithm used is
SIRT (simultaneous iterative reconstruction technique) with 20
iterations.

Visualization and quantification was done via ResolveRT
(Mercury Computer System, FEI Edition). Color rendering
was obtained by segmentation: selecting and coloring voxels
(3Dpixels) of a gray value above a given threshold corresponding
to the filler intensity in the reconstructed volume. Volume
quantification was performed by surface-rendering and subse-
quent relating the rendered phase to the whole volume investi-
gated.

Results and Discussion

For our study, we have selected a CB filled conductive
nanocomposite, which is an interesting polymer system because
understanding of structure-property relations of such “smart”
nanocomposite materials is currently a research objective of high
importance, mainly focused on specific electrical and mechanical
properties. Figure 1 shows images of a selected nanocomposite
material acquired in BF-CTEM. The identification of individual
CB particles is made difficult due to the lack of contrast when
imaging the specimen in focus, only aggregates show strong
contrast. In particular, the interface between the CB particles
and the polymer matrix appears vague (Figure 1a); however,
when operating the BF-CTEM under slight underfocus condi-
tions (-6 μm, which is optimized defocus for the chosen
magnification) we are able to substantially increase the contrast
between the CB and the surrounding matrix (Figure 1b), which
facilitate the identification of individual as well as aggregated CB
particles in the polymer matrix.

When applying defocus to increase the contrast we modify the
contrast transfer function (CTF) of the TEMoptical system such

Figure 1. BF CTEM images of the CB nanocomposite acquired for
(a) in-focus and (b) slight underfocus conditions.

Figure 2. (a) BF-CTEM image of the CB nanocomposite specimen acquired at slight underfocus, the frame indicates about the volume which is
reconstructed, (b) corresponding volume reconstruction showing mainly the CB, and (c) surface-rendering of the CB phase.
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that local variations in specimen density, i.e., local variations of
the electron density between CB particles and polymer matrix,
induce phase contrast. However, defocusing impacts resolution
as effects such as contrast reversal, delocalization, granularity, or
Fresnel fringes alter the image contrast.21 Underfocus is com-
monly utilized when imaging polymer systems and/or acquiring
tilt-series used for tomographic volume reconstruction; the opti-
mum defocus depends on the optical system of the microscope
and the applied magnification but always results in creation of
similar artifacts.

We have acquired BF-CTEM tilt-series in underfocus over
a(70� tilt rangewith 1� steps. Figure 2a shows the 0� tilt image of
the tilt-series and the frame indicates the area/volume as used for
subsequent volume reconstruction. For the chosen imaging
conditions distinct contrast between the CB particles and the
polymer matrix is obtained. The volume reconstruction is pre-
sented in Figure 2b. The features visible in the volume are the CB
particles and clusters; the threshold for visualization is set such
that the polymer matrix becomes transparent. Some landmarks
clearly can be identified both in the original two-dimensional
image (Figure 2a) and in the reconstructed volume, which proves
that the reconstructed volume correlates with the original tilt
series. Because our aim is to determine the volume concentration
of the CB in the nanocomposite, the next step is the identification

of the CBparticles in the reconstructed volume. For this purpose,
the so-called iso-surfaces at the interfaces between CB particles
and the polymer matrix are created and the CB phase is defined.
Figure 2c shows the same volume as in Figure 2b but after
surface-rendering and determination of the CB phase. Again,
some landmarks easily can be identified in the volume rendering,
which proves consistency of our image processing treatments.
Because some of the CB particles lay at the surface of the
constructed volume, in the iso-surface visualization, such parti-
cles appear cut with a closed sectioned surface area (a video file
of the tomography reconstructions is available as Supporting
Information).

After surface-rendering and determination of the CB volume
phasewe are able to calculate the volume concentration of the CB
phase with respect to the whole reconstructed volume analyzed.
In the case of the present data set the CB volume concentration
measured is about 23.6 vol %, which exceeds by more than 40%
the known 16 vol % CB loading of the sample; some statistical
relevant data can be found in Table 1. The definition of the CB
phase relies on setting a somewhat subjective threshold between
the CB phase and the polymer matrix; however, we have tested
the obtained CB volumes by varying systematically the threshold
and the results systematically gave ameasuredCBconcentrations
significantly too high when applying BF CTEM tomography.

Table 1. CB Volume Concentrations As Obtained by BF-CTEM and ADF-STEM Tomography Reconstruction
a

carbon black concentration of 10 different volumes measured per technique (vol %)

imaging
technique

average
(vol %)

standard deviation
(vol %)

BF-CTEM 27.3 19.1 26.6 24.8 27.0 23.6 (3.0
23.4 21.5 25.2 22.1 18.8

ADF-STEM 17.4 13.4 17.1 13.3 15.7 15.7 (2.1
16.2 18.2 11.6 18.3 15.9

aFor both imaging modes results of 10 independent measurements are shown and the average volume concentration and standard deviation is
calculated.

Figure 3. BF-CTEM images of CB particles imbedded in the polymer matrix and a gold bead deposited on the surface of the specimen for (a) in-focus
and (b) slight defocus conditions (-1 μm); parts d and e showdetails of the specimen area which is marked by a frame in parts a and b. (c) ADF-STEM
image of the same specimen area as shown in parts a and b and (f) the corresponding high-magnification image. The diameter variations of the gold
bead and one CB particle dependent on the imaging conditions applied. The big particle at the right side of parts a-c most probably is an inorganic
impurity.
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In the following, wewould like to discuss the possible origin for
the overestimation of the CB volume concentration when quan-
tifying tomographic volume data acquired by BF-CTEM in
phase contrast conditions. One possible reason is that imaging
in BF-CTEM defocus conditions generates image artifacts like
Fresnel fringes, delocalization or granularity, as already de-
scribed, which in turn cause image distortion. Considering
Fresnel fringes formed at an edge, the distance from the edge
to the first fringe in proportional to

√
(λΔf), where λ and Δf

are respectively the wavelength and defocus.22 The spherical
aberration of the TEM optical system should also contribute to
the “delocalization”. Figure 3 presents a series of images of
the same specimen area obtained in BF-CTEM in focus
(Figures 3a/d) and at slight defocus (Figures 3b/e). For the given
nanocomposite sample, the electron optical conditions used and
the chosen magnification, we selected the defocus such that a
balance could be established between visualizing clear interfaces
and minimize artifacts. When magnifying the marked area by
digitally zooming the image in, the CB filler particles and a gold
bead can be identified; however, in case of in-focus imaging, the
contrast at the interface between theCBparticles and the polymer
matrix is very low, making measurement of the exact CB particle
diameters practically impossible. Only the gold bead can be
distinguished because of its high atomic number and resulting
scattering contrast; its diameter is 20 nm.

When defocusing, the contrast between the CB particles,
the polymer matrix and the gold bead increases (Figure 3, parts
b and e). In the magnified image the interface between CB
particles and polymer matrix can easily be allocated but image
artifacts are also visible. The diameter of a typical CB particle is
about 44.5 nm, the diameter of the same gold bead already
measured in focus is now about 23 nm, or a 15% increase in
diameter.

However, because of the reasonable good contrast between the
CB and the surrounding polymer matrix in the tomographic
volume data when acquired in BF-CTEM for slight defocus
conditions, definition and segmentation of the two phases is
straightforward. Figure 4a shows a part of the reconstructed
volume before segmentation with high magnification, and the
corresponding intensity line profile, which indicates a sharp
interface between the CB and the matrix. Similar results for data
acquired by ADF-STEM are shown in Figure 4b. These results
demonstrate that for both imaging modes binarization has been
performed accurately.

For comparison, parts c and f of Figure 3 show corresponding
ADF-STEM images of the same specimen area. In a recent study,
we have demonstrated that by applying ADF-STEM we see
contrast in various (unstained) polymer systems, and we have
discussed some specific advantages of ADF-STEM when com-
pared with BF CTEM.20,21 One observation was that local
variations of the density can be utilized to create ADF-STEM
images with high contrast and high signal-to-noise ratio even for
density differences as low as 0.05 g/cm3 so that staining, which
may cause artifacts, is not needed. Moreover, all images are
acquired in focus and formed through incoherent signal collec-
tion, which reduces above-mentioned artifacts affecting phase
contrast. It was also demonstrated that ADF-STEM is able to
image electron beam sensitive polymer crystals so that it could be
considered as a kind of low electron dose imaging technique.

In parts c and f of Figure 3, a clear contrast between the CB
particles and the polymer matrix is achieved, and in particular
measurement of the CB and gold bead diameters can be
performed accurately: the diameters of the same CB particle as
measured in Figure 3e and the gold bead are 38.5 and 20 nm,
respectively. Because ADF-STEM images are acquired in focus,
the diameter of the gold bead is equal to that measured in BF-
CTEMin focused condition; the diameter of the sameCBparticle
defocused (Figure 3e) is substantially smaller.

In summary, the contrast obtained between the CB particles
and the polymer matrix is insufficient to measure the size of the
CB particles and clearly distinguish their interfaces with the

Figure 4. Ortho-slices taken from the (a) BF-CTEM and the (b) ADF-
STEM volume reconstructions and the corresponding intensity line
profiles (insets) along the indicated lines crossing the interface between
polymermatrix andCBparticle allowing straightforward assignment of
the CB phase and the matrix.

Figure 5. (a) ADF-STEM tomography volume reconstruction showing the CB particles only and (b) the corresponding surface rendering of the CB
phase.
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polymer matrix when focused in BF-CTEM. The contrast can be
increased by defocusing. The diameters of typical features in the
few tens nanometer range (corresponding to CB particles and
gold beads) are, however, overvalued by about 15% with the
defocus used in Figure 3e; the defocus is chosen such that clear
contrast between the CB and the polymer matrix is created but
imaging artifacts are minimized (actually, the required defocus
value depends strongly on the optical system of the microscope
and the magnification used). In contrast, ADF-STEM imaging
increases the contrast between the CB particles and the polymer
matrix and yet allows accurate measurement or the imaged
features.

Looking at the tilt-series obtained in BF-CTEM, the corre-
sponding volume reconstruction and CB phase volume calcula-
tion, a similar increase in CB particle diameters will result in an
increase by more than 40% of the CB volume. Such volume
increase is in the same order as the difference between the known
CB volume concentration and the one measured from the BF-
CTEM tomogram.

Consequently, we have acquired tilt-series of the same CB
filled nanocomposite sample by utilizing ADF-STEM, recon-
structed the imaged volume (Figure 5a) and defined theCBphase
(Figure 5b, (a video file of the tomography reconstructions is
available as Supporting Information). As in the case of BF-
CTEM tomography, we have acquired 10 different ADF-STEM
tilt-series at different sample locations, aligned the images,
reconstructed the volume and calculated the average volumes
concentration of the CB phase (Table 1). The average CB
concentration of 15.7 vol % is close to the specified CB concen-
tration of about 16 vol %. The standard deviation of the CB
volume concentration is almost similar for both imaging techni-
ques, reflecting the heterogeneity of the local CB loading within
the sample at the scale of the investigated volumes.

Conclusions

We have reconstructed the volume of a carbon black filled
conductive polymer nanocomposite by applying BF-CTEM to-
mography in slight defocus condition and ADF-STEM tomo-
graphy. After alignment of the tilt-series, volume reconstruction
and CB volume phase determination, we have measured average
CB volume concentrations and standard deviations for both
imaging modes and compared the data with the known CB
volume concentration of the nanocomposite. For the BF-CTEM
tomography data only defocusing provides enough contrast
between the CB particles and the polymer matrix for allocating
the CB phase in the tomographic volume reconstruction. How-
ever, the average CB volume concentration is much larger than
the known concentration. Imaging artifacts and consequent
distortion of the particle sizes make the obtained data sets
unreliable for further quantification. On the other hand, volume
concentration data obtained by ADF-STEM tomography are
close to the known CB loading. In both imaging modes, the
standarddeviation of theCBvolume concentration is comparable
and reflects the heterogeneity of the sample under investigation at
the length scale we have observed. In summary, ADF-STEM

imaging is able to create good contrast between different phases in
polymer systems without the need of staining and it introduces
fewer artifacts because of its incoherent nature so that volume
data sets based on this imaging technique are very reliable for
further quantification. Potential applications of ADF-STEM
investigations can be found in the research fields of block
copolymers, polymer blends, or polymers composites filled with
low electron scattering nanoparticles such as the CB discussed in
this study, carbon nanotubes or graphene, to name but a few.
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