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Three-dimensional metrology and fractal analysis of dendritic nanostructures
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Three-dimensional quantification and fractal dimension analysis are performed on a nanoscale dendrite,
grown by precipitation as a crystal from a glass matrix. In order to process the entire three-dimensional (3D)
volume and surface properties, a reconstruction from multiple projections has been achieved using electron
tomography. Digital evaluation of the 3D volume and surface of the reconstructed dendritic nanoparticle allows
quantifying its surface-volume ratio, convexity, solidity, and fractal dimension. The structure is found fractal
across much of the nanoscale, with a fractal dimension estimated to 2.4.
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I. INTRODUCTION

The science of fractal structures has always fascinated
researchers across multiple science disciplines. Besides some
obvious naturally fractal objects such as coastal border
lengths and snow flakes, fractality in practical materials of
engineering importance has recently gained interest, as dem-
onstrated in Refs. 1 and 2 and reviewed in Refs. 3 and 4.
Fractal objects are more common in the macroworld. A basic
requirement of an object to be fractal is its self-similarity
across a certain length scale.’ However, in the microscale
and nanoscale, frequently encountered fractal objects are
dendritic precipitates in their early stage of growth. These
hyperbranched structures can be fabricated by supersatura-
tion of a matrix, which cools faster than the precipitate itself,
therefore favoring growth along any existing protrusions
rather than spherical growth. The performances of these
structures depend strongly on their morphology and dendritic
growth directions. On the microscale, where the branches are
already well developed, Granasy et al.® reported on the in-
fluence of impurities and crystallization temperature on the
growth process, while Haxhimali et al.” demonstrated com-
putationally the complexity and diversity of possible den-
dritic growth directions.

Fractal analysis is often carried out to quantitatively char-
acterize the complex morphology of dendritic structures
from transmission electron microscope (TEM) images.3~'0
Advances in instrumentation allow better understanding of
the dendritic growth process with in situ TEM observation
and fractal dimension evolution of the structures, as reported
by Zhou et al.'! However, TEM images only provide two-
dimensional (2D) projections of dendritic structures, where
individual branches cannot be all reliably identified. Quanti-
tative parameters extracted from 2D images are not accurate
as they depend strongly on the initial orientation of the struc-
ture, and the relationship between the fractal dimension of a
three-dimensional (3D) object and the fractal dimension of
its 2D projections can only be computationally estimated for
simple morphologies.'?

For a true 3D quantitative characterization, we propose
here to use electron tomography (ET).!3 ET is a nondestruc-
tive technique which consists of reconstructing 3D volumes
from a series of 2D TEM images taken at different tilt
angles. ET has been recently transferred from biology'# to
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materials science for the 3D reconstruction of, e.g., crystal-
line particles of a few hundred nanometers in diameter, with
1-5 nm resolution.”>~!® ET is usually employed for the 3D
qualitative characterization of nanostructures. Recently, the
capabilities of ET to provide valuable quantitative informa-
tion have been demonstrated on block copolymers,'® meso-
porous silica,”’ and soot particles.?!

In this paper, we employ ET for the 3D reconstruction and
quantitative analysis of an isolated hyperbranched dendrite.
The 3D dendritic growth directions are evaluated visually by
surface rendering and slicing through the reconstructed vol-
ume. Several quantitative parameters of high relevance for
industrial applications of nanocomposites describing the sur-
face and volume properties of the dendrite are extracted from
the tomogram, and fractal analysis is employed to evaluate
the self-similarity and surface irregularities of the 3D struc-
ture.

II. MATERIALS AND METHODS

Precipitation of dendrites was induced by doping of an
alkali borosilicate base glass. The glass was prepared with
8.6 Na,0, 4.3 Li,O, 25.7 B,03, and 51.4 SiO, (mol %)
base glass matrix with 4.0 CeO,, 2.0 Cr,03, and 4.0 ZrO,
(mol %) dopants added. The glass was placed in a platinum
crucible and melted at 1400 °C for 5 h and annealed at
570 °C for 1 h, followed by a cooling to room temperature
at a rate of 1 °C/min. The bulk glass was ground in acetone
and the resulting suspended glass fragments were dropped
onto a carbon grid for their microstructural analysis. The
tomographic experiment was carried out in a JEM 2010F
field-emission gun TEM (Jeol, Japan) operating at 200 kV
with a 2 mm ultraresolution pole piece gap. We used annular
dark field scanning TEM (ADF-STEM) imaging mode for
the image acquisition as it has two advantages: (1) the inco-
herent nature of this mode fulfills the projection requirement,
i.e., linearity between the projected signal and the atomic
number density of the specimen, which is a prerequisite for
reliable tomography reconstruction and (2) the projected sig-
nal is proportional to nearly the square of the atomic number.
As there is a high atomic number difference between Ce and
the matrix glass, ADF-STEM images exhibit a high contrast,
as seen in the ADF-STEM image of a Ce-loaded borosilicate
glass in Fig. 1(a). Previous work?? showed that tomographic
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FIG. 1. (Color online) (a) Glass fragment with CeO, precipi-
tates. The dendrite encircled was selected for the tomographic
analysis at high magnification. (b), (c), and (d) are projections from
the tilt series of the dendrite at —20°, 0°, and +40°, respectively. All
images were recorded using ADF-STEM (Z contrast).

reconstruction of the whole fragment gives valuable informa-
tion about the size, volume fraction, and the distribution ho-
mogeneity of the CeO, precipitates. In this work, we were
interested in the detailed quantitative structural characteriza-
tion of the isolated 200-nm-diameter dendrite encircled in
Fig. 1(a). A tomography holder (Gatan model 912) was used
for the tilt series acquisition from —-70° to +70° with 5°
increment. The recorded images were then exported to IMOD
(Ref. 23) for cross-correlation alignment, and the tomogra-
phic reconstruction was achieved by the filtered back-
projection algorithm using the same software. Qualitative vi-
sual evaluation by surface rendering and slicing through the
tomogram was achieved using AMIRA software (Mercury
Computer Systems, USA), while the quantitative postpro-
cessing was done in Interactive Data Language (ITT Sys-
tems, USA). The reconstructed volume was binarized by
smoothing and global thresholding so as to separate the pix-
els that belong to the dendrite (pixel value 1) from those that
belong to the glass matrix (pixel value 0). The convex hull
V), of the binarized volume V,, defined as the smallest con-
vex set containing V,; was obtained by the shape-from-
silhouette (SFS) algorithm. We reprojected V,; from —90° to
+90° with 1° increment after applying a closing morphologi-
cal operation in order to remove the remaining noise and
regularize the boundary. The projections were then binarized
to obtain the silhouettes and back projected. The intersection
of all back-projected silhouettes defines the convex hull V.
We denote S, as the binarized central slice through V,; and S,
its convex hull. First, the area A, and the volume V,4 were
obtained by multiplying the total number of nonzero pixels
by the pixel and voxel dimensions in A and V,, respectively.
The perimeter P and surface S,4 of S, and V,; were extracted
from the edge-enhanced versions of S and V,;. Similar pro-
cessing was then applied to S}, and V), to estimate the convex
area Ay, and perimeter Py, and the convex volume V,; and
surface Sy,

In addition to surface and volume measurements, four ap-
propriate parameters were selected to assess the structure and
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FIG. 2. (a) Isosurface of the reconstructed dendrite and (b) a
slice through the tomogram showing the orientation of individual
branches.

texture of the selected 2D slice S, and the 3D overall den-
dritic structure V:

(i) Perimeter/area ratio (Pg/A,,) and surface/volume ra-
tio (Ag/V,q). This parameter, although not dimensionless, is
easy to measure and sensitive to all kinds of deviations of a
surface from a sphere, which would have minimum ratio. As
it indicates how much surface per unit volume of material is
generated, it is very widely used in surface active research
and industrial fields of applications, e.g., catalysis, and often
expressed as surface/mass.

(ii) Solidity. Defined as the area/(convex area) ratio in 2D
(A /Ag,) or volume/(convex volume) ratio in 3D (V,4/V.y),
this parameter quantifies the extent to which the feature area
or volume covers the convex hull area or volume. It is equal
to 1 for a convex particle and less for particles with concavi-
ties and as such measures the porosity or hollowness of ma-
terials. It differs from (i) as it is constant for different convex
shapes. Unlike (iii) below, it is not sensitive to the aspect
ratio of concavities.

(ili) Convexity. Defined as the (convex perimeter)/
perimeter ratio in 2D (Pgy/Py) or the (convex surface)/
surface ratio in 3D (Ag,/Ag), the convexity is similar to the
solidity parameter but is more sensitive to deep and narrow
intrusions as these significantly increase the perimeter (2D)
or surface (3D).

(iv) Fractal dimension. This parameter is used for quan-
titative analysis of the self-similarity of particles. The fractal
dimension Df is estimated here using the box counting
method, where the number N(L) of boxes of side length L
required to cover the 2D slice or the 3D tomogram is calcu-
lated as the boxes are made finer. If the particle is fractal, its
fractal dimension Df is nonintegral and defined as the slope
of the linear part of the log-log plot,

Df= log;o N(L)

= . 1
L—0 loglo(l/L) ( )

III. RESULTS AND DISCUSSION

Figures 1(b)-1(d) are the ADF-STEM images of the se-
lected dendrite at —20°, 0°, and +40° tilt angles, respectively.
These images show the branching morphology and the pre-
ferred growth directions of the dendrite. The isosurface rep-
resentation of the reconstructed tomogram is shown in Fig.
2(a) while the 2D central slice through the volume [Fig. 2(b)]
shows the high fractal fragmentation of the dendrite. The
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FIG. 3. (a) Binarized and (b) edge-enhanced versions of the
slice in Fig. 2(b). The convex hull of (a) was (c) extracted and (d)
edge enhanced.

volume can be rotated and sliced through different directions
and planes to allow a full qualitative assessment of the
growth directions and dendritic branching. This visual infor-
mation is unavailable on 2D TEM projections where indi-
vidual branches growing in different 3D directions are over-
lapped.

For the quantitative analysis of the dendrite structure,
smoothing with a median filter and binarization were applied
to the tomogram to extract the 3D dendrite from the glass
matrix. The segmented version of the 2D slice in Fig. 2(b) is
represented in Fig. 3(a), where the branches are now better
visible. A Sobel high-pass filter was applied to the segmented
tomogram, as seen in Fig. 3(b). The convex hull and its
edge-enhanced version were also determined by shape-from-
silhouette technique and Sobel filtering, respectively. Figure
3(c) is the convex hull of Fig. 3(a) while the edge-enhanced
version of Fig. 3(c) is the contour envelop of the structure
[Fig. 3(d)]. The quantitative data estimated for the segmented
2D central slice [Fig. 3(a)] and the 3D volume are summa-
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rized in Table I. The 2D parameters extracted from any
single slice through the volume can give insight into the
dendritic growth process in the chosen 2D plane. This quan-
titative information is specific to one single slice and is not
based on projections anymore. The perimeter/area ratio of
the 2D slice is found to be 0.25 nm~! while the surface/
volume ratio of the 3D tomogram is 0.26 nm~!. The corre-
sponding values for a circle and a sphere of 150 nm radius
would be 0.013 and 0.02 nm™!, respectively. The solidity
parameter was measured as 0.53 for the 2D slice and 0.48 for
the total volume. This important result quantifies the glass/
crystal ratio within the envelope of the dendrite to nearly
50% glass and 50% crystal. The dendrite has consequently
rather thick branches and sub-branches within each indi-
vidual branch to fill space, as a more finely architectured
(snowflakelike) dendrite would result in a solidity value
much smaller than 50%. This parameter however does not
distinguish between few thick and many dense small
branches (or deepness of intrusions). A more suitable param-
eter for quantifying the coarseness of the branches is the
convexity. This parameter was found equal to 0.27 for the 2D
slice and 0.36 for the 3D dendrite. These low values clearly
demonstrate that the branches enlarge contours by a factor of
4 (2D) or 3 (3D) compared to a spherical precipitate of the
same size. This corresponds to a diversity of individual
branches, with deep and narrow channels separating them
from each other. Low convexity values finally suggest that
the dendrite is possibly fractal, as this is a necessary condi-
tion for this type of structures. To answer this final charac-
teristic parameter, Figs. 4(a) and 4(b) present the box count-
ing plots of the 2D slice and the 3D dendrite, respectively.
The linear profiles of both plots, reliably including the range
of 3-50 nm, suggest that the limit in Eq. (1) is finite, which
is a proof of the fractal nature of the structures over this
length scale. The fractal dimension Df was found to be 1.6
for the 2D slice and 2.4 in 3D. In combination with direct
observation of the complex dendritic growth on Fig. 2(b)
with the nested structure of main branches and sub-branches,
we can confirm meaningful interpretation of the mathemati-
cal estimates for fractal dimension, which in itself would not
be sufficient to prove the fractal nature. To relate these re-
sults to those of nonfractal objects, the fractal dimension of
the convex support was estimated to be 1.94 and 2.96 for the
2D slice [Fig. 3(c)] and 3D volume, respectively. These val-
ues are very close to the ones of a regular square (Df=2) and
cube (Df=3), as expected visually from the shapes of the 2D

TABLE 1. Summary of the quantitative analysis of the 2D slice and the 3D dendrite.

Property 2D Property 3D
Area (nm?) 37050 Volume (nm?) 7576500
Perimeter (nm) 9188 Surface (nm?) 1992000
Convex perimeter (nm) 2525 Convex surface (nm?) 712300
Convex area (nm?) 69912 Convex volume (nm?) 15820000
Perimeter/area (nm™") 0.25 Surface/volume (nm™') 0.26
Solidity 0.53 Solidity 0.48
Convexity 0.27 Convexity 0.36
Fractal dimension 1.6 Fractal dimension 2.4
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FIG. 4. (a) 2D and (b) 3D box counting plots of log;y(n) vs
logo(1/L). The logarithms are base 10. Df values correspond to the
fractal dimensions obtained by estimating the slope of the linear
part of the curves (dashed lines). The fractality holds for a length
scale from 3 to 50 nm.

and 3D envelopes. The fractal analysis method presented
here will allow to study the 3D morphology development
during more extended annealing sequences as a function of
time and therefore learn about the nature of dendritic particle
growth at any convenient scale after completion of the nucle-
ation process.

The resolution of the ADF-STEM reconstruction is esti-
mated to 5 nm?®. Many factors certainly influence the accu-
racy of the parameters given in Table I. The limited angular
range in the tilt series acquisition (from —70° to +70°) in-
duces an elongation of the structure by a factor of 1.3 in the
missing directions, leading to an overestimation of the vol-
ume and surface values. As the SFS technique is also af-
fected by the missing wedge, this overestimation concerns
also the volume and surface values of the convex envelop.
The threshold value chosen for the volume segmentation
changes significantly the results in Table 1. Because of the
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noisy background representing the glass matrix [Fig. 2(c)], a
low-pass filtering was applied to the volume and a global
threshold value was chosen visually as a compromise be-
tween the background suppression (high threshold value) and
the inclusion of all voxels belonging to the material (low
threshold value). To estimate the thresholding error made on
the parameters in Table I, different threshold values were
chosen within the interval where the branches interconnec-
tivity was respected. The error on the surface and perimeter
was found to be 2.5% and 1.5%, respectively. By adding the
fractional uncertainties in quadrature, we found an error of
2.9% in the perimeter/area parameter, 3.5% in the solidity,
and 2.1% in the convexity. The fractal dimension is not as
much subject to the threshold fluctuations, as the box count-
ing method is based on averaging. This parameter is rather
affected by the evaluation of the slope in Fig. 4, which was
found to have an accuracy of =0.1. All the presented error
estimations were performed on the central cross section in
Fig. 2(b) but can be extended to all slices and ultimately to
the 3D parameters, as the back-projection algorithm recon-
structs the tomogram slice by slice. More robust noise filter-
ing and thresholding techniques'? are expected to reduce the
segmentation uncertainties in the results.

IV. CONCLUSION

Electron tomography was used for the 3D reconstruction
of a single dendrite embedded in a glass matrix. Appropriate
parameters were selected for the 3D analysis of the shape
and texture of such particles. Various branches were found to
be individually developed, with concavities at their surfaces.
The dendrite was also found to be of a fractal nature, with
self-similarities at different scales. In spite of the uncertain-
ties due to the segmentation technique, the 3D analysis of
dendritic structures by ET is more reliable than 2D quantifi-
cation on TEM projections. The 3D morphology of dendritic
crystals was shown to be more complex than expected.” Both
3D qualitative and quantitative information about these com-
plex structures will certainly complement computer simula-
tion for a better understanding and a more accurate predic-
tion of the dendritic growth in 3D.
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