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Abstract
Granules for die pressing applications prepared by means of spray drying need to possess specific properties defined by

the end-application. The internal structure of the granules is therefore an important quality-determining property
because it influences both the processing properties of the loose granules and the defect distribution in the sintered
ceramic part.

In this paper, an optimized, artifact-free, gentle and reproducible preparation method based on ion beam technology
for exposing the internal granule structures is presented. Model Al2O3 granules are used to demonstrate the possi-
bilities for imaging via high-resolution scanning electron microscopy and quantification of the granules in terms of
porosity as well as particle and additive distribution.
Keywords: Granule, microstructure quantification, ion beam preparation, porosity, particle distance

I. Introduction
Handling, dosage and processing of ceramic powders

with particle sizes in the submicron and nanometer ranges
are only possible after an agglomeration step. One of the
most common processes for preparing granules with tai-
lored processing properties e.g. for die pressing is spray
drying 1, 2. During the die pressing step the granules have
to disintegrate completely into primary particles to form
homogeneous structures of the green body. Besides oth-
er parameters, the internal granule structure has a strong
influence on the deformation behavior of single granules
and accordingly on the resulting compact quality. De-
fined granule structures suitable for the planned subse-
quent processing steps can be achieved through adaptation
of the suspension properties and the spray parameters.

The development and characterization of the granule
structure as a decisive property of ceramic spray granules
has been described qualitatively in various publications in
the last few decades. Correlations related to this are de-
scribed by Soottitantawat et al. 2 and Walton et al. 3. A
direct relationship between granule structure and granule
density, strength and resultant flow properties is report-
ed. The development of various granule shapes over the
course of drying is described by Masters 4. The effect of
particle mobility on the resultant internal granule struc-
ture is summarized by Walker et al. 5.

The granule structure has been characterized qualitative-
ly by means of scanning electron microscopy (SEM) or
subjective description. A complete, reproducible and ob-
jective method for internal granule structure characteriza-
tion is lacking. Development of methods for gentle, repro-
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ducible preparation and image-analysis-based quantifica-
tion of internal granule structures is hence the focus of this
paper.

The relationship between suspension properties, gran-
ule structure, deformation properties, pressed green body
structure and part strength is discussed in publications by
Fries 6, Hotta et al. 7, Bertrand et al. 8, 9, Lukasiewicz 10,
Abe et al. 11 and Tsubaki et al. 12.

A quantitative method for structure characterization is a
prerequisite for the formulation of scientifically founded
correlations between process parameters, granule struc-
ture and product or processing properties.

II. Structural Characterization – State of the Art
The state of the art in the description of the granule and

green body structures is the generation of optical micro-
scope or SEM images of outer, fracture and cut surfaces.
Usually, the results are evaluated subjectively, or a qual-
itative comparison of the particle size distributions and
porosities of test specimens is performed 13, 14. Baklouti et
al. 15 used SEM images to illustrate that the binder distri-
bution can separate during spray drying. They detected a
binder shell around the granule, with the shell thickness
calculable on the basis of various simplifying assumptions.
Tanaka et al. 16 observed clear differences in the behavior
and distribution of the additives in a qualitative compari-
son of spray granules. They also determined the effect of
the binder distribution on the deformation properties of
the granules.

Mechanical preparation of granule sections is difficult.
Information on the internal morphology can be obtained
through mechanical section preparation with prior infil-
tration of the granules with organic embedding agents.
However, this preparation method creates artifacts such
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as pullouts of the loosely bound hard ceramic particles or
smearing of the particles in the soft organic embedding ma-
terials. The organic additives in the granules are overpow-
ered by the embedding matrix and thus cannot be visu-
alized. Adequate characterization of the internal granule
structure is hence often not possible.

Mercury porosimetry can be used for the evaluation of
the microstructure’s total porosity, average pore size and
pore size distribution 17. Interpretation of mercury poros-
ity data is problematic, mainly owing to the problems in
differentiating between the intragranular macroporosity
and the porosity between the granule junctions. Quanti-
tative analysis of the structure, the porosity and the solids
distribution has not yet been achieved 3, 16, 18.

Another technique for characterization of porous struc-
tures is the immersion liquid technique (ILT) 19-24. This
method is based on the reduced light reflection at the in-
terface between the powder particles and the surrounding
medium in the presence of a liquid immersion medium.
Uematsu et al. 19 and Kim et al. 20 showed that this method
could be used to image internal granule regions at the reso-
lution of an optical microscope.

In a publication by Zhang et al. 21, binder segregation at
the surfaces of binder-enriched Al2O3 granules was de-
scribed. Inhibition of the densification of Al2O3 particles
owing to the high binder content was demonstrated with
polarized light microscopy and ILT by Uematsu et al. 22.
The combination of ILT with IR microscopy for direct in-
vestigation of a pressed Al2O3 body was described by Ue-
matsu et al. 23. An increase in resolution was found to be
achieved with the combination of a confocal laser scan-
ning microscope 24. The publications showed that with
ILT, macropores and density gradients could be identified
in granules. However, the method does not allow for quan-
titative statements to be made about particle relationships
on the submicron and nanometer scales. Organic compo-
nents and their distribution can only be shown if they are
present in the specimen in sufficiently high amounts.

In recent times advances made in computer tomogra-
phy (CT) have enabled new approaches for characteriza-
tion of porous structures. The technique is used especial-
ly for macroscopic pore quantification 25-29. The limiting
factor here is the resolution of the computer tomograph.
Farber et al. 26, 27 utilized computer tomography to exam-
ine the structure and porosity of pharmaceutical granules.
Results of mercury porosimetry measurements performed
for comparison purposes were in good agreement for the
large pores. The small pores were not detected owing to
the limited resolution of the CT. Resolutions of up to 1 μm
could be achieved by Salvo et al. 28 using synchrotron ra-
diation as a radiation source. A latest-generation high-per-
formance computer tomograph was used as an aid for eval-
uating CaCO3 granules in various conditions by Rahma-
nian et al. 29. Granule structures could be reconstructed
from the images at resolutions of less than 1 micron.

The state of the art presented shows that no methods
currently exist for visualizing the granule structures at

sufficient resolution for reproducible and objective im-
age-analysis-based characterization. Imaging of structures
on the submicron and nanometer scales is possible with
the field emission scanning electron microscope (FESEM).
The sample preparation technique must be adapted to the
specific requirements of quantitative structural characteri-
zation and especially be suitable for reproducible and true-
to-original imaging of solid particle, pore and binder dis-
tributions. Ion beam sputtering represents a gentle method
of exposing the analysis surface of highly porous granule
structures without introducing mechanical damage. The
applicability of the technique for structural imaging of ce-
ramic granules as well as green and sintered bodies has
been published in earlier papers 6, 30-32.

III. Ion Beam Preparation
Sputtering of the surfaces of solids by ion beam irradia-

tion was discovered back in the middle of the 19th century
by Grove 33 and Plücker 34, when they observed a loss in
cathode material in a gas discharge. Ion-assisted processes
have been established in the semiconductor and electron-
ics industry since the end of the 1980s. One application
area is the structuring of surfaces for defined adjustment
of geometries down to the nanometer scale 35, 36. Ever fin-
er structures on microelectronics components necessitat-
ed the development of new preparation methods for pin-
pointed exposure of components on the submicron and
nanometer scales. The focused ion beam (FIB) technique
could achieve this 37. A major disadvantage of FIB is the
size of the prepared surface. In a reasonable amount of
time, only a few μm² can be prepared and this is usually
insufficient for quantitative analysis.

For material removal over large surface areas for prepa-
ration of samples for transmission and scanning electron
microscopy, ion sources with high current densities are
required 38-40. In this case, the broad ion beam technique
(BIB) is referred to in the literature. It is possible to ad-
just the removal conditions specifically and to direct the
ion beam either nearly field-free or selectively accelerated
or decelerated by a specifically applied DC field onto the
sample surface, leading selectively to etching or removal.

This method for low-defect preparation of sections
through ceramics can hence serve as a basis for quanti-
tative structural determination of granules and is used in
this study for preparation.

IV. Materials and Methods

(1) Preparation of model granules
Five model granules were chosen for the investigation

of different methods of quantification of internal granule
structures.

Suspensions were prepared from Al2O3 raw material
(Nabalox NO 713-10, Nabaltec, Germany) by means of
milling and homogenization in an agitation ball mill. Citric
acid was used as dispersant for samples 1 to 4 (0.25 wt%)
during the homogenization process. No dispersant was
used for sample 5.
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Table 1: Suspension properties and spray-drying conditions.

Units Granule 1 Granule 2 Granule 3 Granule 4 Granule 5

Solid content [wt%] 71.2 50.2 62.1 49.9 44.4

Viscosity [Pas(240min-1)] 29 7.2 285.8 27.3 154.6

pH value [-] 9.05 9.11 2.33 6.68 9.5

Density of suspension [g/cm3] 2.06 1.57 1.62 1.39 1.4

T (inlet) [°C] 180 200 190 200 190

T (exit) [°C] 85 85 84 86 90

Suspension mass flow [kg/h] 5.80 4.60 4.84 4.45 2.42

For all samples, an organic binder (polyvinyl alcohol
(PVA), 1 wt%) was added to improve stability during
preparation, handling and processing steps. The sus-
pension properties and accordingly the resulting granule
structures were changed by variation of the solids content
between 50.0 wt% and 71.2 wt%. A very high amount of
citric acid was added for suspension 3, resulting in very
high viscosities compared with those of the other suspen-
sions and accordingly homogeneous internal structures.
These variations resulted in different granule structures
(Figs. 1, 8, 10 and 11).

Samples 4 and 5 were used for the preparation of two
granules with different binder distributions within the
granule microstructures. Comparably high amounts of
binders were added (zinc stearate, 5 wt% for sample 4 and
an acrylate binder “Duramax B1000”, 7.5 wt% for sam-
ple 5). The aim of these tests was the visualization and
quantification of different binder distributions.

All suspensions were characterized concerning solids
content, pH value, viscosity and density. The results are
summarized in Table 1.

The suspensions were spray dried under comparable
conditions (Table 1) using a small-scale spray dryer (Mo-
bil Minor, GEA Niro A/S, counter-current flow).

For all suspensions, a two-component nozzle with com-
pressed air as the atomization gas was chosen. The drying
gas was air in all cases and the nozzle pressure and the dry-
ing gas rate were kept as constant as possible (nozzle pres-
sure between 0.2 bar and 0.3 bar, drying gas rate between
76 kg/h and 81 kg/h).

(2) Microstructural preparation using ion beams

The granule charges were prepared using the BAL-TEC
RES101 ion beam etching system. Argon was used as the
working gas. The system is equipped with two saddle field
ion sources, which face each other and which have pow-
ers that can be varied over the range of approx. 1 W to
25 W. The sample rotates during the ion sputtering pro-
cess. A Peltier element situated on the sample holder is
available for temperature measurement and monitoring. A
schematic diagram of the test setup is shown in Fig. 2.

For structural characterization, three test setups were
used:
– For analysis of the organic components, the gran-

ules cannot be stabilized by means of resin infiltration
because it cannot be distinguished from the embed-
ding materials in the FESEM. Through gluing of the
granules on the sample holder and then performing
ion beam preparation in the equatorial plane, artifact-
free structural imaging is possible (Fig. 3a). Ion beam
preparation is a multistep process. The main material
removal step is performed at a steep angle of incidence
to the sample surface. This is followed by preparation
steps at small, nearly parallel angles of incidence to
the surface for the purposes of smoothing the analysis
surface.

For quantitative micro- and macrostructural characteri-
zation in accordance with Section IV(4), embedding of
the specimens in epoxy resin is useful, since it prevents
the deeper specimen regions from being included in the
grayscale detection process (cf. Fig. 4b).
– For sample preparation in the equatorial plane

(Fig. 3b), the granules are applied as a fractionated
monolayer on the sample holder, covered with epoxy
resin and infiltrated under a vacuum. For reduction of
the preparation time, the sample is ground with SiC
P2500 grinding paper to approx. 10 μm from the equa-
torial plane. Through subsequent gentle removal using
ion beams, the equatorial plane is approached, with
the process being monitored in an optical microscope.
The sample area thus obtained is free of artifacts such
as pullouts and smeared particles.

– In the preparation of fractionated loose granules
(Fig. 3c), the samples are infiltrated with epoxy resin
and then also mechanically pre-ground. Subsequent
ion removal is performed analogously to the prepara-
tion of granules in the equatorial plane.

(3) SEM and EDX analysis
For visualization of the prepared structures, the NVi-

sion 40 (Carl Zeiss SMT AG) FESEM was used. The device
is a dual-beam microscope and also has an FIB unit, which
was used for preparation with a comparable distribution of
organic additives. An EDX detector (INCA Energy 350,
OXFORD Instr.) was available for chemical analysis.
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Fig. 1: Surface images: a) granule 1; b) granule 2; c) granule 3; d) granule 4; e) granule 5.

The macroscopic images were taken at a magnification of
150X with the QBSD detector (4-quadrant backscattered
electron detector). At this magnification, it was possible
to image the macroscopic pore surface appropriately with-
out also detecting the microscopic pore fraction (Fig. 4a).
Documentation of the microstructure was performed at
a magnification of 20 000X (Fig. 4b) with the EsB detec-
tor (in-lens backscattered electron detector). For detection
of the organic additive components, the SE detector (in-
chamber detector) was used (Figs. 8 and 10-12).

(4) Quantitative structural analysis
For the investigations performed, the size fraction

45-63 μm was used for all granules; this fraction corre-
sponded to the d50 value of the prepared model granules.
Most of the structural parameters were determined using
image analysis methods with the program AnalySIS FIVE
(Olympus Soft Imaging Solutions GmbH).

Fig. 2: Schematic diagram illustrating the test setup for the ion sput-
tering process.

Fig. 3: Test setups for structural characterization: a) Scattered, frac-
tionated monolayer for analysis of organic additive distribution, b)
embedded granule fraction cut in equatorial plane, c) embedded
scattered granule fraction.

For quantitative description of the internal granule struc-
ture, it is useful to differentiate between the macrostruc-
ture and the microstructure. Table 2 as well as Figs. 5 and 6
provide an overview of the main structural parameters
used.
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Table 2: Macroscopic and microscopic parameters for granule characterization.

Parameter Description

Macrostructural Pmacro Macroscopic porosity (void in granule)

Ptotal Total porosity

S Average shell thickness of granule fraction

H Average ratio of hollow area to total surface area in equatorial plane

Mhomo,
Mhollow,
Minter

Number-weighted fraction of solid (H ≤ 0.01), hollow (H ≤ 0.1)
and intermediate granule forms (0.01 < H ≤ 0.1)

Microstructural Pmicro Interparticle porosity

Dnn-surf Primary particle surface spacing (indirect: pore size distribution)

dparticle Primary particle diameter/distribution

Fig. 4: Detectors and magnifications on FESEM for quantitative analysis of a) macrostructure: QBSD detector, 150X and b) microstructure:
ESB detector, 20 000X.

Stereology can be used to determine the volume fraction
from the surface area fraction by means of a planar pol-
ished section through loose granules (cross-sectional area
– “cs”). This makes it possible to determine the macro-
scopic porosity Pmacro from the area fraction of macrop-
ores Avoid-csand the total area of the granules Atotal-cs us-
ing equation (1).

(1)

A cut through the equatorial plane (“e”) is necessary for
precise determination of the distribution of macropores in
the granules. The images produced can be used for deter-
mination of the shell thickness S of the hollow granules. In
addition, the parameter H is defined; this parameter is de-
termined on granules cut in the middle as the quotient of
the sum of all macroscopic voids in the analyzed granules
Avoid-eand the sum of all granule areas Atotal-e, including
pores,according to equation (2).

(2)

An H value of 1 % means 1 % of the equatorial gran-
ule area is represented by the void. According to the cal-
culated H values for every granule, granules are classified
into three classes (homogeneous, intersection and hollow
(Table 2)), which are yielded from the respective granule
counts (Nhomo, Ninter and Nhollow) in the measurement
plane and can be calculated using equations (3) to (6).

(3)

(4)
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(5)

(6)

The primary particles are statistically cut with a cut
through the equatorial plane. Thus, the stereological prin-
ciples are fulfilled for the quantitative characterization of
the primary particles, the microporosity and the interpar-
ticle spacings. Therefore, the microscopic porosity Pmicro
can be determined using equation (7).

(7)

From equations (1) and (7), the total porosity Ptotal of the
fractionated granule charge can be determined.

(8)

Identification of gradients in the microstructure was
made possible by means of analysis in different areas
of the granules (Fig. 7). Hollow granules (Fig. 7a) were
investigated in the region of the granule surface (1.0 ≤
rgranule ≤ 0.90; labeled “R”), in the middle of the solid
shell (0.8 ≤ rgranule ≤ 0.7; labeled “¾R”) and in the direct
region of the inside surface (0.6 ≤ rgranule ≤ 0.5; labeled
“½R”). For solid granules (Fig. 7b), structural charac-
terization was performed in the region near the granule
surface (1.0 ≤ rgranule ≤ 0.90; labeled “R”), in the region of
half the granule radius (0.6 ≤ rgranule ≤ 0.5; labeled “½R”)
and at the granule center (0.1 ≤ rgranule ≤ 0; labeled “0R”).
All averages were volume-weighted.

The primary particle size dparticle was determined as a
further microscopic structural parameter. The character-
ization parameter for this is the equivalent circle diameter
(ECD). This should provide information about any parti-
cle migration across the granule cross-section.

Fig. 5: Graphical illustration of defined macroscopic structural parameters in the cross-section and equatorial area.
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Fig. 6: Graphical illustration of defined microscopic structural parameters.

Because not only the porosity but also the pore size
distribution plays a decisive role in the granule proper-
ties, a possibility for describing these parameters must be
found. One approach is the determination of spatial re-
lationships between the particles via the surface spacing
Dnn-surf,which can be described in simplified form with
equation (9) with the help of the center of gravity spacing
Dcenter and the diameters of two particles (dparticle-Aand
dparticle-B).

(9)

Because both nearest-neighbor and other spatial rela-
tionships must be considered, an algorithm from Voronoi
(tessellation) 41 and Delaunay (triangulation) 42 was used
as the basis for analysis for precise assignment of next par-
ticle neighbors.

Fig. 7: Analysis areas for microscopic structural parameters for a)
hollow granules and b) solid granules.

V. Results and Discussion

(1) Microstructural visualization and EDX analysis
The macroscopic and microscopic structures of granules

1 to 3 are shown in Fig. 8. It is evident from the macro-
scopic images that granules 1 and 2 are made up of homo-

geneous and hollow granules and granule 3 primarily of
solid granules.

Regarding the microstructure, granule 3 exhibited a con-
siderably looser primary particle structure than granules 1
and 2 did. Visualization of the organic components was
not possible for any of the three granules, even at high
magnifications. Assumption of a complete and homoge-
neous wetting of the primary particles with the organic
binders (rPVA ≈ 1.3 g/cm3) yielded a coating thickness of
approx. 1 nm with a specific surface for the starting pow-
der of Sm = 7.66 m2/g and an organic additive content in
the granule of 1 wt%. Hence, it is clear that SEM imaging
of the binder is only possible if it is inhomogeneous, for ex-
ample, as a shell structure at the outer surface, in junctions,
or as islands. With EDX carbon line analysis, the binder
could be detected. Using the example of granule 3, Fig. 9
shows an increased binder concentration at the outer gran-
ule surface.

To facilitate visualization of the organic additives, gran-
ules with increased organic concentrations were prepared.
The internal structure of granule 4 is shown in Fig. 10. It
can be seen that the zinc stearate used here was distributed
homogeneously in the granules but was present as particles
or agglomerates and exhibited a flake-like structure. SEM
imaging of the binder system in the granule was success-
ful for granule 5. In Fig. 11, it can be seen that the acrylate
used was inhomogeneously distributed. This result was
confirmed for several granules of this charge as well as in
comparative FIB investigations (Fig. 12).

(2) Thermogravimetric investigations

Heating of the samples occurs during sample prepara-
tion with ion beams and can result in evaporation and
sublimation. For the purposes of determination of the
mass changes in the samples as a function of tempera-
ture, thermogravimetric investigations (STA 429, Net-
zsch-Gerätebau GmbH) under comparable conditions
were performed in an argon atmosphere/vacuum (pgas <
3 mbar) at a heating rate of 5 K/min.
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Fig. 8: Granule structures: a) granule 1; b) granule 2; and c) granule 3.

Fig. 9: EDX line analysis using the example of a granule from charge 3.

Fig. 10: Structure of granules in charge 4: a) and b) image of overall structure; and c) detailed image.
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Fig. 11 : Structure of granules in charge 5: a) image of overall structure; b) area with low PVA concentration; c) area with high PVA concentration;
and d) EDX point analysis at marked locations.

Fig. 12: Results of FIB preparation for a granule from charge 5: a) image of overall structure and b) detailed image.

As can be seen in Fig. 13, a relative mass loss of
mrel ≤ 0.1 wt% up to a temperature of 100 °C and a rela-
tive mass loss of mrel ≤ 0.2 wt% at 150 °C were found for
all granule charges. The low initial mass loss for granule
charge 4 can be accounted for by a smaller zinc stearate
surface area owing to inclusion in the granules in the form
of clusters or possibly to different kinetics of heating. It

can be concluded from this that the ion beam preparation
regime must be controlled in such a manner that during the
preparation process a maximum temperature of approx.
100 °C is not exceeded. These boundary conditions can be
ensured by adaptation of the removal rate, introduction
of preparation pauses and cooling of the sample holder
during preparation, among other things.



84 Journal of Ceramic Science and Technology —S. Höhn et. al. Vol. 2, No. 2

(3) Quantitative macrostructural analysis
The results of the macrostructural quantification of gran-

ules 1 to 3 are presented in Table 3 below.

Table 3: Classification of granules 1-3 and quantification
of macrostructural parameters Pmacro and S.

Mhollow
[%]

Minter
[%]

Mhomo
[%]

Pmacro
[%]

S
[μm]

Granule 1 36.5 ± 0.3 27.9 ± 0.3 35.6 ± 0.3 2.2 ± 0.1 19.5 ± 0.2

Granule 2 39.1 ± 0.3 27.0 ± 0.3 33.9 ± 0.3 3.1 ± 0.1 18.5 ± 0.2

Granule 3 4.8 ± 0.3 12.3 ± 0.3 82.9 ± 0.3 0.2 ± 0.1 23.5 ± 0.3

It can be seen that the subjective impression that the gran-
ules in the investigated granule charge 3 are more homo-
geneous can be proven with these results. At 82.9 %, the
amount of homogeneous granules for sample 3 is much
higher than for samples 1 and 2. The low amount of ho-
mogenous granules in granule 1 and 2 is accompanied by
lower calculated average shell thicknesses. These calculat-
ed average shell thicknesses S of the granules can be a start-
ing point for correlation between macrostructural param-
eters and measured mechanical properties of the granules.
This is one topic for further research work.

The results presented are based on the assumption that
the granules are cut in the middle, i.e. exactly along the
equatorial plane. If the cut deviates by the value y, there is
a relative error for porosity srel, which can be mathemati-
cally described by equation (10).

(10)

Fig. 14 illustrates how high srel becomes when the gran-
ules are analyzed at planes other than the equatorial plane.

It can be seen that for granules with small macropores, the
granules must be cut precisely in the middle.

Fig. 13: Results of thermogravimetric analysis for granule charges 1,
4 and 5.

Fig. 14: Visualization of relative error for porosity for granule cut
for various divergences from equatorial plane.

(4) Quantitative microstructural analysis

Table 4 summarizes the results of microstructural analy-
sis of granules 1 to 3.

Table 4: Quantification of Pmicro, Dnn-sur and dparticle of granules 1-3.

Classification Parameter Analysis Area

OR ½R ¾R R Ø

Granule 1 Homogeneous Pmicro [%] 30.6 ± 0.4 30.7 ± 0.4 - 30.5 ± 0.4 30.6 ± 0.4

Dnn-sur [nm] 80 ± 2 78 ± 2 - 79 ± 2 79 ± 2

dparticle [nm] 165 ± 5 162 ± 5 - 178 ± 5 172 ± 5

Hollow Pmicro [%] - 37.6 ± 0.5 34.6 ± 0.4 34.8 ± 0.4 35.3 ± 0.4

Dnn-sur [nm] - 96 ± 3 86 ± 3 90 ± 3 90 ± 3

dparticle [nm] - 169 ± 5 176 ± 5 149 ± 4 162 ± 5

Granule 2 Homogeneous Pmicro [%] 37.2 ± 0.4 34.9 ± 0.4 - 31.5 ± 0.4 32.9 ± 0.4

Dnn-sur [nm] 96 ± 3 87 ± 3 - 79 ± 2 82 ± 3

dparticle [nm] 160 ± 5 163 ± 5 - 180 ± 5 174 ± 5

Hollow Pmicro [%] - 37.0 ± 0.4 32.4 ± 0.4 34.7 ± 0.4 34.4 ± 0.4

Dnn-sur [nm] - 90 ± 3 77 ± 2 83 ± 2 82 ± 2

dparticle [nm] - 171 ± 5 175 ± 5 167 ± 5 170 ± 5

Granule 3 Homogeneous Pmicro [%] 44.0 ± 0.5 45.2 ± 0.5 - 44.7 ± 0.5 44.8 ± 0.5

Dnn-sur [nm] 115 ± 3 118 ± 4 - 114 ± 3 115 ± 3

dparticle [nm] 166 ± 5 166 ± 5 - 172 ± 5 170 ± 5
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Granule 3 exhibits an average microporosity of
Pmicro = 44.8 %, the highest of the three analyzed granules.
In granule charge 3, a homogeneous internal structure
could be detected along the granule cross-section, con-
firmed by both the Pmicro value and the values of Dnn-surf
and dparticle. The same result was obtained from analysis
of the solid granules from charge 1, with primary particle
sizes (dparticle = 178 nm) at the surface being larger than 0R
(dparticle = 165 nm) and ½R (dparticle = 162 nm). A different
tendency was found for the solid granules from charge 2.
The packing density was found to be considerably higher
at the granule center (Pmicro = 31.5 %) than at the granule
surface (Pmicro = 37.2 %). However, the primary particle
size was also larger at the surface (dparticle = 180 nm) than
at the granule center (dparticle = 160 nm).

In the case of the hollow granules from charges 1 and
2, a slightly lower density was found in the sample area
adjacent to the central macropore than at the outer granule
surface. The primary particle sizes for granule 1 at the
surface (dparticle = 149 nm) were considerably smaller than
¾R (dparticle = 176 nm) and ½R (dparticle = 169 nm) were.
For granule 2, particle migration of small particles to the
granule surface was found to be minimal.

The investigations also yielded higher packing densities
for solid granules from charges 1 and 2 than for hollow
granules. The solid granules from charge 1 had a Pmicro of
30.6 %, the lowest intergranular porosity of all analyzed
samples. The microstructural investigations revealed dif-
ferences in granule structure, especially between granule
charges 1, 2 and 3 in an objective and quantitative way.

(5) Total porosity analysis

In Table 5, the values calculated for total porosity for
granule charges 1 to 3 in analyzed size fraction 45 – 63 μm
from microstructural qualification are listed. The results
for granules 1 and 2 were on the same order of magnitude.
Despite having the lowest macroscopic porosity, granule 3
had the highest total porosity. This suggests that Pmicro has
a greater influence on Ptotal than Pmacro does.

Table 5: Summary of porosity measurements of granules
1-3.

Pmacro
[%]

Pmicro
[%]

Ptotal
[%]

PHg
[%]

Granule 1 2.2 ± 0.1 33.0 ± 0.4 34.5 ± 0.4 35.8 ± 0.5

Granule 2 3.1 ± 0.1 33.7 ± 0.4 35.8 ± 0.4 36.7 ± 0.5

Granule 3 0.2 ± 0.1 44.8 ± 0.5 44.9 ± 0.5 43.0 ± 0.6

Comparison of the values for Ptotal with the porosity val-
ues from mercury porosimetry measurements (PHg) re-
vealed only slight deviations from the porosities obtained
from image analysis. Thus, the results could be confirmed
with a second analysis method. The differences could be
attributed to the fact that exact separation between indi-
vidual granule porosity and porosity of the bulk by mer-
cury porosimetry is very difficult, as shown in Fig. 15 for
granules 1 and 3. Determination of macroscopic structural

parameters by high-resolution CT at resolutions of < 1 μm
in the future should yield better results.

As a result of the investigations three defined different
granule structures were characterized. Granule charge 1
was observed as round granule with dense packed shells
and high number of homogeneous granules. Granule 2 like
granule 1 consists of a combination of homogeneous and
hollow granules whereas granule 3 showed a high number
of homogeneous granules and a loose-packed microstruc-
ture. With the developed characterization method these
subjective impressions could be quantified – for granule
charge 3 the highest amount of homogeneous granules
(macrostructure) and highest primary particle distances in
combination with highest microporosity (microstructure)
could be measured. In contrast to this, for granule charge 1
a much higher amount of hollow granules (macrostruc-
ture) in combination with lower primary particle distance
and porosity (microstructure) could be detected.

All investigations on the model specimens were per-
formed on a d50-like granule fraction of 45 – 63 μm. In
the future it should be determined if the results gained
are confirmed for all fractions or if there are dependences
regarding granule size and structure.

Fig. 15 : Hg porosimetry curves for granule charges 1 and 3.

VI. Summary
In this paper, an ion-beam-based preparation method for

highly porous ceramic granules was presented and tested
on five model Al2O3 granules. This enabled internal gran-
ule structures to be prepared reproducibly and gently as
a prerequisite for image-analysis-based quantification. It
was shown that, apart from high-resolution SEM visual-
ization and quantification of particle and pore structures
(samples 1-3), imaging of the additives and their local dis-
tributions in the granule cross-sections (samples 4, 5) is
possible.

Analysis of macroscopic and microscopic structural pa-
rameters was performed on granule charges 1-3. Gran-
ule classification, shell thickness analysis and macropore
analysis could be performed and shows quantitative dif-
ferences between the investigated samples. Localized anal-
ysis of microstructural parameters such as primary par-
ticle size, interparticle porosity and particle spacings en-
abled structural gradients along the cross-section for gran-
ule charges 1 and 2 as well as a homogeneous structure for
charge 3 to be identified. Comparisons with established
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techniques such as mercury porosimetry yielded results
that were in agreement in terms of total porosity.

Key structural parameters are the microscopic poros-
ity Pmicro and the macroscopic porosity Pmacro, from
which the total granule porosity Ptotal is calculated. Re-
sults obtained with the technique for determination of
direct spatial relationships between primary particles cor-
related with the porosity values. In addition, classification
into granule types and hollow granule shell thickness rep-
resent decisive criteria for granule characterization and
future correlation between granule structure and mechan-
ical characteristics. Determination of primary particle dis-
tributions in various regions in the granule cross-section
delivers information on possible particle migration during
the spray granulation process.

Additionally, granule charge 4 was used to demonstrate
that the zinc stearate was distributed in the granule cross-
sections in flake form. Granule charge 3 exhibited a higher
additive concentration at the surface and granule charge 5
was shown to have a very inhomogeneous additive distri-
bution in the granules.

With the methods for quantitative structural characteri-
zation of granules described in this paper, new possibili-
ties for analyzing and describing the effects of particle and
suspension properties as well as process conditions during
spray drying on the resultant granule structure in greater
detail were compiled. The new methodological building
blocks yield improved possibilities for the optimization of
the granule preparation and processing steps and the spe-
cific adjustment of green bodies and part properties.
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