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A new 3D-microscopy method, focused ion beam-nanotomo-
graphy (FIB-nt), has been applied to the statistical particle
shape analysis and for topological characterization of granular
textures in cement samples. Because of its high resolution (15
nm), FIB-nt reveals precise microstructural information at the
submicrometer scale, which cannot be obtained with convention-
al tomography methods. It is demonstrated that even from com-
plex granular textures with dense agglomerates, it is possible to
identify the individual sub-grains. This is the basis for reliable
statistical shape analysis. For this purpose, moments of inertia
were determined for particles from five different grain size frac-
tions of a given cement, which provides important input data for
future modeling of rheology and hydration processes. In addi-
tion, FIB-nt was used for topological characterization of the
particle–particle interfaces in the dense and fine-grained gran-
ular textures. The unique 3D-data obtained with FIB-nt thus
open new possibilities for quantitative microstructure analysis
and the data can be used as structural input for object-oriented
modeling.

I. Introduction

MANY materials science disciplines such as concrete tech-
nology, ceramics, metallurgy, and colloid science are deal-

ing with the micromechanical behavior of particulate systems
and with the optimization of the corresponding material prop-
erties. An increasing number of investigations aim for a theo-
retical and/or numerical treatment of these systems, e.g., by
modeling processes such as granular flow by discrete element
methods.1,2 For example, a promising approach to model vis-
cous flow in cement pastes is based on dissipative particle dy-
namics (DPD).3 So far, this method has allowed to follow the
motion of particles in a sheared liquid medium and to deter-
mine, in the absence of surface forces among the particles, the
plastic viscosity of suspensions as a function of particle volume
fraction and particle size distribution (PSD). In contrast to
many other object-oriented models, these DPD investigations
allow to handle particles of any desired shape rather than only
idealized geometries as spheres or ellipsoids.

Thus, computational models are reaching the stage where
they will allow simulation of the role of shape in the complex
behavior of granular medium. It is recognized that a range of
properties are affected by shape, as illustrated in Table I.4–6

However, the quality of these simulations will depend not only
on how well physical laws dictating particle interactions can be

implemented but also on the quality of the three dimensional
(3D) shape descriptions they will use.

This is of particular concern for particulate systems in which
the fine fraction plays a significant role in macroscopic proper-
ties (reactivity, agglomeration, etc.). Indeed, X-ray tomography,
which might appear as the prime method for 3D shape charac-
terization, provides a voxel resolution of approximately 0.5 to 1
mm and consequently only the morphology of particles larger
than 15 mm can be reconstructed with this technique.7 This is
clearly insufficient to handle agglomerating systems as well as
reactive ones such as portland cement (PC), in which particles
below 10 mm represent about 90% of the specific surface.

As an alternative to X-ray tomography, 3D microscopy serial
sectioning has been used, whereby the microstructural recon-
struction is based on stacks of successive images acquired from
depth profiles after mechanical polishing. In such investigations,
the resolution of mechanical serial sectioning techniques is lim-
ited by the precision and thickness of the layer-by-layer erosion,
which is in the micrometer range. As the spacing between the
images is usually much larger than the pixel resolution of the
images in the stack, object recognition must be carried out first
in two dimensional (2D) space. The subsequent 3D-reconstruc-
tion is then based on a correlation of the identified 2D objects
into the third direction. Thus, in contrast to non-destructive X-
ray tomography techniques, it is hardly possible to obtain a
voxel-based data volume with conventional serial sectioning be-
cause of the coarse interlayer spacing.

Advanced serial sectioning with much smaller interlayer spac-
ings can be achieved by means of ion milling with the focused
ion beam (FIB) technique. The so-called FIB tomography meth-
od was introduced for the reconstruction of submicrometer-
sized particles within FeAl-based nanocomposites, whereby an
interlayer spacing in the range of 100 nm could be reached.8,9

However, with the single-beam FIB technique, the stage has to
be tilted and repositioned between each in-plane erosion and
out-of-plane imaging step. Thereby, the mechanical tilting of the
stage induces imprecisions that limit the resolution and repro-
ducibility of the interlayer spacings. As a result, the data are not
suitable for quantification of microstructural features at the
submicrometer scale.

To some extent, this limitation has been overcome with the
more recent dual-beam FIB machines, which consist of an ion
column for milling and an electron column for SEM imaging.
Such machines, which make stage tilting and repositioning dur-
ing the serial sectioning obsolete, bring erosion thickness down
to below 100 nm in automated serial sectioning procedures.10

However, the alternation of milling and imaging is very time
consuming and over such long acquisition times instabilities of
sample, stage, electronics of the optical columns induce remark-
able shift components that compromise the data quality for
erosion thickness below 100 nm. Hence, without automated
drift-correction procedures, the data from high-resolution FIB
serial sectioning are affected by uncontrolled drift sources that
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reduce the precision and the reproducibility of the final quan-
titative microstructure analyses.

In this paper, we overcome these limitations with an im-
proved automated serial sectioning procedure that we have de-
veloped for dual-beam FIB with integrated drift correction for
each slicing and imaging cycle.11 With this method, called FIB-
nanotomography (nt), a reproducible spacing of 15 nm can be
achieved. As the slicing distance has a similar length scale as the
pixel resolution in the imaging plane, the entire stack of images
can be transformed directly into a voxel-based data volume, and
all image analysis procedures can be performed directly in 3D
space. FIB-nt is thus capable of providing unique and accurate
3D data at resolutions of 15 nm, which, at the moment, can
neither be achieved with X-ray tomography nor with conven-
tional FIB tomography or with mechanical serial sectioning
methods.

In this study, we have applied FIB-nt to characterize PC.
High-resolution 3D data of cement particles are of particular
interest, as the predictability of the properties of cementitious
materials is currently unsatisfactory and thereby the use of ide-
alized particle shapes is often listed as one limitation of existing
models. In terms of rheology, the role of fine particles in ag-
glomeration and shape in plastic viscosity as well as the number
of contacts is certainly essential. In terms of reactivity, 90% of
the surface area is accounted for by particles smaller than 10
microns, whereas the corresponding volume fraction is only
about 40% (as determined for the cement used in this study
with laser granulometry). Thus, predictive models for properties
of cementitious materials can certainly benefit from enhanced
quality of 3D imaging that FIB-nt can deliver. Various other

advantages of the FIB-nt method are also illustrated in the paper
as for instance the ability to identify internal fractures and cor-
responding subgrains from larger, fragmented particles or the
ability to characterize the topology of particle–particle interfaces.

II. Materials and Sample Preparation

FIB-nt analyses were performed with different grain size frac-
tions of an ordinary portland cement (PC) (OPC CEM I 32.5R,
Lafarge Cement UK, Oxon, UK). The grain size fractions were
separated from the dry cement powder by air classification (Al-
pine MRZ2, Hosokawa, ALPINE AG, Augsburg, Germany).
For each fraction, 10%, 50%, and 90% fractiles, as obtained by
laser diffractometry (Malvern Zetasizer 4, Worcestershire, UK),
are given in Table II (5 min ultrasonic treatment in ethanol). The
samples for FIB analysis were prepared by compacting the dry
powders (fractions 1 to 5) at moderate pressures in a small cyl-
inder (5 mm diameter, 10 mm height). Subsequently, the cylin-
drical samples were impregnated with Wood’s metal (Bi 50%,
Pb 25%, Sn 12.5%, Cd 12.5%; melting point 701C). Metal im-
pregnation was performed in order to increase the imaging con-
trast, which reduces segmentation problems during data
processing.12 For impregnation, the samples were placed in a
bed of Wood’s metal granules in a vacuum container and heated
up to 851C. After heating and melting of the metal, pressures up
to 3 kbars were applied in order to fill the pores with the metal.
The subsequent grinding and polishing steps were identical to
those used when preparing SEM samples.13 Finally, the samples
were glued onto an aluminum stub and a Pt layer was deposited

Table I. Classification and Phenomenology of Particulate Systems (Modified after Scott
4
)

Increasing complexity

of particle systems

Individual particles and

their surfaces

Multigrain features

‘‘Loose’’ particle systems ‘‘Solidified’’ particle systems

Scale(s) Nano –4micro Nano–meso–micro (Sub-)micro–macro nano–micro–macro

Topological
features and
parameters

Particle size
Particle shape/
moments of inertia
Surface topogr.
Conformation of
adsorbed surfactant

Agglomerates
Fragments
Interface between
the primary particles
Contact normal
vector and contact
curvature

Particle packing in dry
powders 1 size
distribution (PSD)
Particle structures
in suspensions
No. of contacts
Percolation threshold

Topology of solid granular
textures (ceramics, mortar,
concrete, metals)
PSD and grain shape
Topology of cracks and
or porosity

Examples of
properties and
processes

Surface properties,
chemical potentials
Adsorption,
Desorption,
Topotactic crystal
growth, Dissolution

Contact mechanics
Particle interaction and
interpart. forces
Agglomeration,
attraction/repulsion,
fragmentation

Granular mechanics
Flow properties
Particle packing
Network formation
of connected particles
and restructuring

Fracture mechanics
Continuum properties
such as strength, elasticity,
optical density, conductiv.
Grain boundary migration
during sintering
Crack propagation

Examples of
analytical
techniques

Laser diffraction
for particle size
distribution (PSD)
AFM for surface
topography
TOF-SIMS or auger
spectroscopy f.
surface chemistry

FIB-tomographyw for
topology of
agglomerates
AFM for force
measurements

Rheometry for viscosity
measurement
(macroscopic)
FIB-tomographyw for
topological characteri-
zation of particle
packing at submicro-
meter scale

Macroscopic tests of
mechanical, electrical,
optical, thermal, and
chemical properties
Microscopic characteri-
zation of granular
textures, eg. with FIB-
nanotomography.w

wUsed in this study. PSD, particle size distribution.
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by sputtering. In order to avoid mechanical stage drift during
the FIB slicing procedure, the sample dimensions were kept as
small as possible (edge lengths of a few millimeters).

As the samples for 3D analysis represent grain-supported
textures, they include geometrical information about the spatial
distribution of particles in a solid material, i.e., about the entire
granular texture. The quality of such 3D data thus goes far be-
yond the counting statistics of conventional particle analysis
methods such as light scattering of suspensions (e.g., laser
diffractometry) and projections of particles on filtrates (e.g.,
2D microscopy with SEM or TEM). For the future, it is in-
tended to use this kind of information to study particle interac-
tions in suspensions by stabilizing the microstructures with cryo
techniques.

III. Three-Dimensional Particle Analysis with FIB-nt

As mentioned in the introduction, FIB-nt provides the means to
perform high-resolution 3D imaging of samples on and above
the mm scale. The specialty of the FIB-nt method is the combi-
nation of drift-corrected high-resolution 3D imaging (voxel res-
olution o20 nm) with the ability to analyze relatively thick
samples above the mm scale. This provides new possibilities for
quantitative characterization of fine-grained microstructures,
such as networked granular textures and pore structures. In
the following sections, the FIB-nt procedure is briefly summa-
rized, with a special focus on its application to particle analysis.
A more general description of the FIB-nt method has been given
in a previous publication.11 The procedure was implemented on
a dual-beam FIB (FEI Strata DB235) using the AutoScript lan-
guage for FEI workstations.14

(1) Principles of Image Acquisition with FIB-nt and
Subsequent 3D Reconstruction

The FIB-nt procedure includes the following steps: (a) prepara-
tion of a cube of suitable size, (b) application of reference marks
and calibration of ion-beam shift (V/mm) for automated drift
correction, (c) serial sectioning and acquisition of a stack with
hundreds of images including drift correction after each cycle of
imaging and erosion, and (d) off-line data processing (alignment
of image stack, 3D reconstruction, segmentation, visualization,
and quantification).

The geometrical relationships for cube preparation (a) and
serial sectioning (c) are shown in Fig. 1. The sample was placed
at the eucentric point where the ion beam and the electron beam
converged at an angle of 521. The ion beam (y-direction) was
used to prepare the imaging planes (x–y sections), while the im-
ages were acquired with the scanning electron column. During
the automated serial sectioning procedure, thin layers of the x–y
planes were eroded with the ion beam and imaged with the elec-
tron beam in an alternating process. In this way, a stack with

hundreds of images was produced, while moving through the
sample in the z-direction.

A major challenge for the serial sectioning method is achiev-
ing a reproducible spacing between the individual images. Here,
the thickness of the layers should be of the same magnitude as
the pixel resolution of the SEM images (i.e., a few nm) so that
the stack of 2D images can be transformed into a voxel-based
data volume and subsequent computational analysis (segmen-
tation and quantification) can be performed directly in 3D
space. As the duration of the slicing procedure spans over sev-
eral hours, uncorrected beam, stage, and sample drift in the z-
direction can greatly affect the reproducibility of FIB-nt results.
For this reason, an automated drift-correction procedure is im-
plemented. Drift components in the x and z directions are meas-
ured after each slicing and imaging loop. For this purpose,
reference marks on the sample surface (x–z plane) are localized
by means of automated pattern recognition. The position of the
ion beam is then corrected according to the measured displace-
ment. The remaining drift components of the electron beam in
the x and y-directions are corrected during off-line data process-
ing by applying least square fitting algorithms to achieve align-
ment of the images in the stack.

As an illustration of the raw data, a selection of 10 SEM im-
ages from grain size fraction 3 with a z-spacing of 60 nm is
shown in Fig. 2. The imaging planes (x–y sections) exhibited a
grain-supported texture of the cement powder. This example
documents the slow but distinct changes that occur over a dis-
placement of 600 nm in the z-direction. For 3D reconstruction
of the microstructure, a specific region of interest (ROI) was
selected from these raw data images, as indicated by the black
frame in Fig. 2, slice no. 150.

The subsequent off-line data processing of the image stacks
included preprocessing (background leveling and alignment),
segmentation, quantification, and visualization. For particle
analysis based on 3D data volumes, special attention must be
given to the accurate identification of individual particles, which
is a segmentation problem, and to the stereological correction
for particle truncation at the intersection with the cube bound-
aries. Specific segmentation techniques for particle identification
have been developed during this study. The computational
methods for object recognition and stereological correction of
the truncation effects at the cube boundaries are described in
more detail in a separate publication—see part II.15

All algorithms were programmed in the working environment
of Matlab 7.0, and they operated in 3D space. For fast inspec-
tion and visualization of the results, Amira 3.1 software was
used. Examples of the resulting 3D representations are shown in
Fig. 3: after preprocessing (upper cube), after segmentation

Table II. Particle Size Analyses with Laser Diffractometry

Grain size

fraction

Rotation velocityw

(� 103)

10% fractile

(mm)

50% fractile

(mm)

90% fractile

(mm)

Bulk OPC – 2.16 19.35 73.58
1 420 0.32 0.91 2.41
2 15–20 0.37 2.1 4.63
3 10–15 0.58 4.76 8.79
4 5–10 0.86 8.63 15.02
5 3.5–5 7.44 14.16 23.97
6 2.5–3.5 12.58 21.36 34.01
7 2.2–2.5 18.39 30.52 45.54
8 o2.2 32.51 54.25 89.17

Eight grain size fractions of cement powder were separated by air classification

from an ordinary portland cement. Fractions 1–5 were analyzed with FIB-nt.
wRotation velocity for air classification. FIB-nt, focused ion beam-nanotomo-

graphy.

Fig. 1. Schematic illustration of the focused ion beam-nanotomo-
graphy (FIB-nt) serial sectioning procedure with dual-beam FIB.

August 2006 FIB-nt of Particulate Systems—Part I 2579



(middle cube), and as a semitransparent visualization with color
labeling of the different objects (bottom cube). This example
shows well how, in contrast to conventional X-ray tomography,
FIB-nt allows the morphology of particles below the micrometer
scale to be resolved.

(2) Specific Imaging Problems for 3D Particle Analysis:
Representativity versus Resolution

Amajor problem for particle analysis with 3D microscopy is the
inherent conflict between resolution and representativity.16–18

The ideal resolution depends mainly on the average particle size,
although the resolution should be high enough to also charac-
terize accurately the smallest objects of interest. In addition, a
large number of particles should be enclosed within the data
volume in order to yield statistically representative analyses.
Consequently, relatively large data volumes with a high voxel
resolution would be ideal for quantitative 3D microscopy. How-
ever, this results in a large voxel matrix that can easily exceed the
capabilities of FIB-nt. The limitations of FIB are given by the
pixel matrix of the SEM images (1024� 884) and by the acqui-
sition time for serial sectioning (a maximum of 300 images can
be acquired during one FIB session). Consequently, for particle
analysis with FIB-nt, voxel matrix, voxel dimensions (magnifi-
cation), and the size of the analyzed volume must be optimized
according to particle size and heterogeneity of each sample and
also according to the technical limitations of FIB.

Figure 4 shows the dimensions of the analyzed volumes for
grain size fractions 1 through 5. The cubes represent the regions
of interest, which were cropped from the raw data for 3D re-
construction and particle analysis. This was the first time that
FIB-nt was applied over such a wide range of magnifications.
The size of the analyzed volumes ranges from 81 mm3 for sample
1 (voxel resolution 12 nm) up to more than 100 000 mm3 for
sample 5 (voxel resolution 116 nm). More detailed data regard-
ing the voxel dimensions and the voxel matrix are given in Table
III.

IV. Results and Discussion

The reconstructed granular textures of the five image stacks
from FIB-nt (Table III) are shown as a 3D scale model in Fig. 5.
Between 1200 and 3800 individual particles were present within
each of the analyzed cubes. The particle size ranged from 100
nm up to 50 mm. For statistical analysis based on microscopic
data, it is crucial that each particle is recognized as a single ob-
ject. However, like many other fine-grained granular materials,
cement powders exhibit very heterogeneous and irregular parti-
cle structures. The particles are affected by fragmentation and
they tend to form agglomerates. Consequently, the identification

Fig. 2. Selection of 10 consecutive electron images (slices no. 141 to 150) from the raw data stack of cement fraction 3 (slicing distance: 60 nm). The
cement grains appear dark gray, and the matrix in light gray represents porosity, which has been filled with Wood’s metal.

Fig. 3. Three dimension (3D) reconstructions of image stacks from
grain size fraction 3: Upper cube—raw data after alignment and pre-
processing. Middle cube—after segmentation. Bottom cube—semitrans-
parent 3D visualization, each particle is labeled with a specific color
value. Cube size: 23.5� 19.2� 9.5 mm/voxel resolution: 30� 38� 60 nm/
no. of particles: 2236 (total), 1404 (inside).
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of individual particles is a difficult task that impedes the appli-
cation of any particle analysis method. These problems are
briefly illustrated in the following section for 2D microscopy
with SEM. Subsequently, the potential of FIB-nt for accurate
descriptions of individual objects within these complex granular
structures is described at a qualitative level. The precise object
recognition is then the basis for further statistical particle anal-
ysis. The corresponding computational procedures are particu-
larly discussed in part II of this article.15

(1) Precise Object Recognition from Complex Granular
Textures

Figure 6 shows an example of agglomerated particles from frac-
tion 3, captured in the ESEM after ultrasonic treatment (5 min)
and filtration from a very dilute suspension in alcohol. The for-
mation of such agglomerates is considered to be the product of
hydration processes that took place when the powder was stored
under ambient conditions. With the automated particle analysis
in ESEM, where segmentation is based on simple thresholding,
the object in Fig. 6 was treated as a single entity. However, vis-
ual inspection clearly shows that the object is a composite of
distinct parts and that some of these pieces (1,2,3y) should be

1

1: 5 x 5 x 3 µm / Ø voxel: 12 nm / P.1659 (total) 937 (inside)

2: Ø voxel: 32 nm / P.3767 (total) 2439 (inside)

3: Ø voxel: 41 nm / P. 2236 (total) 1404 (inside)

4: Ø voxel: 74nm
P. 1236 (total) 786 (inside)

Øvoxel size: 
116 nm

Particles: 
1953 (total) 
1238 (inside)

4

5

2

3

65 µm

39 µm

24 µm

21 µm

Fig. 5. Scale models for visualization of the relative cube dimensions from grain size fractions 1 to 5. Each particle is labeled with a distinct color value.

5

4

3

2

1

Ref. 12 

10 µm

Cube size
(ROI):

4:  39x22x13 µm

3:   24x19x10 µm

2:     21x17x6 µm

1:         5x5x3 µm
Ref SiO  : 4x4x3 µm

Particle
size: 
50% 

fractile

8.6  µm

4.8  µm
2.1  µm

0.91 µm

0.68 µm
12 
32 

74 

Ø Voxel
size in nm:

14.2 µm

14.2 µm

41 

5:  65x46x34 µm 116

x

y

z

Fig. 4. Visualization of the relative size of sample volumes (ROI
cropped from the raw data) for grain size fractions 1 through 5 and
for an SiO2 reference sample. The yellow spheres represent the particle
size of the 50% fractile of each powder fraction as obtained with laser
diffractometry.

Table III. Summary of 3D-data Volumes Acquired with FIB-nt from different Grain Size Fractions

Grain size

fraction Magnification � 103

Voxel dimensionsw Voxel matrix Dimensions of data volume Particles

X (nm) Y (nm) Z (nm) Øsize (nm) X (–) Y (–) Z (–) Total (106) X (mm) Y (mm) Z (mm) Total (mm3) Totalz Inside

1 35 8.5 10.8 17 12 607 505 170 52.1 5.2 5.4 2.9 81 1659 937
2 10 29.7 37.7 30 32 690 439 183 55.4 20.5 16.5 5.5 1860 3767 2439
3 10 29.7 37.7 60 41 793 509 159 64.2 23.5 19.2 9.5 4307 2236 1404
4 5 59.4 75.4 90 74 654 291 145 27.6 38.8 21.9 13.1 11 112 1236 786
5 3.5 84.9 107.7 170 116 769 429 199 65.7 65.3 46.2 33.8 101 992 1953 1238

wVoxels are not isometric: the average voxel size (Øsize) is defined as the edge length of a cube of equivalent volume. zTotal includes particles that are truncated at the

volume boundary. FIB-nt, focused ion beam-nanotomography.
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classified as individual particles. A further complication could be
observed in particle no. 1, which is subdivided into several frag-
ments (a, b, and c) due to internal microcracks. This fragmen-
tation can be attributed to the thermal (rapid cooling) and
mechanical treatment (milling) of the powder. Processes such
as cement hydration are kinetically controlled by the surface
area that is accessible to the pore solution. Hence, grain frag-
mentation may need to be taken into account when modeling
such processes. From the example in Fig. 6, it becomes evident
that 2D information from an SEM projection is insufficient for
the localization of the subgrain boundaries. For this purpose,
high-resolution 3D-information is required.

The potential of FIB-nt to resolve the details of multi-grain
features below the mm-scale is documented for two examples in
Fig. 7. Both examples originate from selected areas that were
enlarged from the image stack of sample 3. The left series of
images represents agglomerated particles, which form a dense
intergrowth. The right series shows a strongly fragmented do-
main, where a larger particle has disintegrated into numerous
small subgrains. FIB analyses revealed 19 individual objects in
the agglomerate (bottom left) and 37 small subgrains in the
fragmented domain (bottom right). In both cases, 2D micros-
copy would not be capable of resolving the numerous subgrains
and would therefore treat the entire features as single objects.
Also, conventional 3D techniques such as X-ray tomography
would not be able to resolve these details. The potential of FIB-
nt to detect these small particles is based on the higher quality of
3D data and combination with more sophisticated segmentation
techniques; see Munch et al.15 Thus, the particular potential of
FIB-nt is the reliable identification even of tiny objects from
within complex granular textures. This is a prerequisite for ac-
curate statistical description of PSD and particle shape.

(2) Particle Shape Analysis: Moments of Inertia

The predictability of the workability of concrete and cementit-
ious material as a whole is a subject of growing interest with
significant practical application. In this context, the proper sim-
ulation of cement paste is a challenge that needs to be met. This
involves many difficulties, among which the statistical descrip-
tion of particle shapes is of major importance. As noted in the

introduction, DPD simulations by Martys3 are now at the stage
that allows following the motion of particles of complex shapes
in a shear flow.

We have shown in the previous sections that FIB-nt is a
technique that can provide detailed 3D characterization of the
shape of cement (or any other) particles down to sizes that can-
not be performed by other techniques. However, there is prac-
tical interest in reducing the extent of experimental work
necessary to characterize a given powder before running such
simulations. In particular, the question of whether shape factors
changes significantly with particle size needs to be addressed.

In this context, the most pertinent parameter to examine ver-
sus size for rheology simulations is moment of inertia. For a 3D
particle volume with a given mass density distribution r(r), the
inertia tensor becomes

J ¼
Z
V

rðrÞ
y2 þ z2 �xy �xz
�yx x2 þ z2 �yz
�zx �zy x2 þ y2

0
@

1
Ad3r (1)

The symmetric tensor exhibits real eigenvalues, wherefore an
orthogonal main axis system composed of the eigenvectors can
be defined as a rough particle shape estimator yielding an inertia

Fig. 7. Two examples illustrating the extraordinary potential of fo-
cused ion beam-nanotomography (FIB-nt) to detect individual particles
in complex granular textures. The left series of images shows an ag-
glomerate that consists of 19 distinct particles (top: FIB–SEM grayscale
image, middle: same image after segmentation, bottom: 3D reconstruc-
tion of the agglomerate). The right series represents a strongly frag-
mented domain with 37 subgrains (top: FIB–SEM grayscale image,
middle: same image tilted, bottom: 3D reconstruction of fragmented
domain superimposed on segmented and tilted image). Both agglomer-
ation and fragmentation are frequently observed features in cement
powders.

Fig. 6. Secondary electron image (ESEM) of a complex cement particle
after filtration from a very dilute suspension in alcohol from grain size
fraction 3. The image documents the tendency of cement particles to
form agglomerates. Particle no. 1 has fragmented into several subgrains
(a, b, c) along internal microcracks. Agglomeration and fragmentation
represent major problems for the identification of individual objects,
which impedes any particle analysis approach.
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tensor of J ¼ diagðJ1; J2; J3Þ, as is commonly known. The re-
sulting three main moments of inertia J1; J2; J3 comprise the
minimal as well as the maximal moment Jmin and Jmax. Their
aspect ratio rminmax ¼ Jmax=Jmin is considered to be a first meas-
ure for shape estimation.

For this study, the moments of inertia were determined for all
particles in grain size fractions 1 to 5. Particles that are affected
by truncation at the cube boundaries were neglected. Figure
8(a–c) shows the aspect ratio rminmax versus the particle size (i.e.,
the volume-equivalent spherical diameter). For all five fractions,

the average rminmax was within a relatively narrow band of
around 2.770.5. This implies that the aspect ratio rminmax did
not seem to be size dependent. With respect to chemical and
mineralogical variations, it is well known that there is a size-
dependent fractionation of phase contents (e.g., the relative en-
richment of gypsum in the fine fraction of OPC). But our results
indicated that the average aspect ratio rminmax over the entire
size range was not noticeably affected by the phase-fractionation
phenomena. For each fraction, however, there was a trend of
decreasing rminmax with increasing particle size (rminmax of frac-
tions 1 and 2 decreased from 3.2 to 2.6; from 2.6 to 2.4 in frac-
tions 3 and 4; and from 3.1 to 2.7 in fraction 5). As this trend
was observed for all fractions, systematic reasons may be ex-
pected. A possible explanation is the fact that particles are more
likely to be affected by boundary truncation if their aspect ratio
rminmax is large. Moreover, the probability to become truncated
by the boundary planes rises for increasing particle size. Com-
bined, large particles with high aspect ratio rminmax indicating a
weak isometry are more likely to undergo boundary truncation
and thus to be withdrawn from the statistics. Consequently, the
mean rminmax of the cement particles to the left sides of the par-
ticle diameter bands (values around 3) are more reliable than
rminmax to the right sides. In addition, the standard deviations sr

of rminmax (dashed lines) were fairly large for all fractions. This
implies that working with a set of ellipsoids of just one single
average size may produce misleading results for rheological
models. On average, the ratio rminmax and the standard devia-
tion sr exhibited similar features and comparable characteristics
for all 5 particle fractions. Consequently, a dramatic reduction
in the degree of characterization of particle shape is justified
before simulating the flow of cement suspensions.

(3) Topological Characterization of Granular Textures with
FIB-nt—An Outlook

As discussed in the introduction, there are numerous micro-
structural features that have so far hardly been characterized
with conventional experimental techniques in granular materials
and even more so when agglomerated: the number of contacts,
contact curvatures, or percolation of networked particle struc-
tures. High-resolution 3D microscopy with FIB-nt provides new
possibilities to describe these complex microstructural features
precisely .

Figure 9 shows an example of the reconstruction of the in-
terfaces between neighboring particles in a grain-supported tex-
ture. The upper left cube represents a selected area from the cube
of sample 3, which contains approximately 150 particles. The
red, curved areas (top right) show the contact surfaces between
the particles. In order to illustrate the relationship of the contact
surfaces with the granular textures, 30 particles were selected
(bottom left) and superimposed on the contact surfaces (bottom
right). The example illustrates the potential of FIB-nt to describe
topological details of particle interfaces. This is of particular in-
terest, as macroscopic properties of granular materials are
strongly related to the microscopic interface characteristics. Fu-
ture research activities with FIB-nt in the field of granular ma-
terials will focus on a quantitative description of the interface
topology and agglomerated features and on an elaboration of
their quantitative relationship with macroscopic materials prop-
erties, such as mechanical properties (strength, elasticity) in solid
granular materials or flow properties in loose particle systems by
means of cryo-fixation techniques (see Table I).

V. Conclusions

FIB-nt is a novel high-resolution 3D-microscopy method. Be-
cause of the automated drift-correction procedure, a reproduc-
ible interlayer spacing of 15 nm can be achieved. In contrast,
conventional FIB serial sectioning without drift correction will
be affected by mechanical and electronic instabilities. Therefore,
at high resolutions, only the drift-corrected FIB-nt can reveal
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Fig. 8. Particle shape analysis for cement grain size fractions 1 to 5
showing the aspect ratio rminmax of the minimal and maximal moment of
inertia versus particle size (i.e., volume-equivalent particle diameter). For
the mean ratio of each size class, 200 particles are averaged, respectively.
In (a) blue line, blue dashed lines, and blue circles represent mean aspect
ratio, standard deviation bands sr, and data points of fraction 1, red
lines and crosses represent fraction 2. In (b): blue lines and circles5 frac-
tion 3, red lines, and crosses5 fraction 4. In (c): blue lines and cir-
cles5 fraction 5, red lines, and crosses5all fractions.
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accurate 3D data that are suitable for quantitative microstruc-
ture analysis.

In this study, the potential of FIB-nt for detailed character-
ization of particles and granular textures has been demonstrated
convincingly. Currently, there is no other method that can reveal
morphological particle information at 15 nm resolution from
within relatively thick samples. Hence, even from dense and
complicated granular textures, the grain boundary and surface
geometry of the individual objects can be reconstructed and used
for statistical particle analysis. From the shape analysis of the
investigated PC, it follows that the average moment of inertia
was similar for all five grain size fractions, i.e., no size depend-
ency was observed. The average aspect ratio of maximum to
minimum principal axis was close to 3, although standard de-
viations were very large. Furthermore, the surfaces of interpar-
ticle contacts could be extracted from within dense granular
textures. This provides the possibility to quantify number of
contacts and contact curvatures.

For further statistical analysis, particularly for determination
of the PSD, the data have to be corrected for truncation effects
at the boundary, which preferentially affect the larger and non-

isometrical particles. The stereological correction of the bound-
ary truncation is the issue of a second, forthcoming publication
about particle analysis based on FIB-nt.15 Further exploitation
of the FIB-nt method for particulate systems, both underway
and planned, involves comparing PSD with those obtained by
other techniques, computation of coordination numbers and
comparison with predictive rheological models for simplified
geometries, and incorporation of irregular particle shapes into
hydration models.
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