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Abstract  In the most industrial processes nano-sized particles aggregate during 
their synthesis and the subsequent drying step forming aggregates with sizes in the 
order of several micrometers. The properties of these aggregates for application 
or further processing are specified by particle characteristics such as morphology, 
size, size distribution, bonding mechanism and structure of primary and secondary 
particles. In this study, the effect of the process parameters during particle syn-
thesis and the following drying step on the structure formation and the resultant 
product and processing characteristics of precipitated nano-structured silica aggre-
gates were investigated. For this purpose, the educts concentrations, stabilizing 
additives, mechanical energy input, pH-value and precipitation temperatures were 
varied during the precipitation process. In addition to the structure formation dur-
ing precipitation, the resultant micromechanical aggregate properties of spherical 
silica model aggregates with a well-defined aggregate structure were characterized 
via nanoindentation and related to the aggregate structure and the interparticulate 
interaction forces. The micromechanical properties of these model aggregates 
were modelled depending on their structure using a modified form of the elemen-
tary breaking stress model of Rumpf. Since the characterization of particle-particle 
interactions in the nanometer size range is hardly possible, this effect on the aggre-
gate fracture and deformation behavior was investigated by simulating the nanoin-
dentation measurement of single aggregates using the “discrete element method”.
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1 � Introduction

In the last years, the industrial mass production of nano-particulate products via 
pyrolysis or precipitation processes which are commonly used in the chemical, 
pharmaceutical, food and dye industry increases continuously. For these processes, 
the nano-sized particles typically aggregate during their synthesis and the subse-
quent drying step to aggregates with sizes on the order of several micrometers. 
The application of nanoparticle-based products is specified by the characteristics 
of the nanoparticle’s resulting primary and secondary particles (Fig. 1). Thus, mor-
phology, size, size distribution, bonding mechanism, and structure of primary and 
secondary particles are crucial factors, for determining possible applications [4]. 
These characteristics depend on the physicochemical properties of the particles 
as well as on the process parameters during synthesis and the subsequent drying 
step. Typically, a redispersion is necessary to obtain separately dispersed primary 
particles or defined aggregate sizes. The influential factors for such a dispersion 
process can be classified into the formulation of the homogenous phase, the stress 
mechanisms, intensity and frequency of the dispersing device, and the mechanical 
aggregate properties generated during particle synthesis [31, 41].

In order to obtain an optimized and economical dispersion process as well as 
the desired product properties, extensive knowledge of the structure formation 
during particle synthesis and its effect on the mechanical aggregate properties is 
necessary. This includes the surface modification, particle-particle interactions, the 
formation of solid bridges, the porosity, and the size distribution of the primary 
particles and aggregates. Currently, very little information is available regarding 
the relationship of the process and formulation parameters of the particle synthesis 
and the resulting aggregate structure properties on the one hand, and the microme-
chanical aggregate properties and the dispersion behavior on the other hand. This 

Fig. 1   Effect of process parameters on the processing and application properties
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process-structure-property relationship is the main contribution within this study 
[6, 21, 25–27, 32, 34–39, 42]. Here, we discuss the following questions:

1.	 How do the process and formulation parameters during particle synthesis affect 
the primary particle formation, aggregate structure, and solid bridge formation?

2.	 What is the relationship between the micromechanical properties and the aggre-
gate structure? How does one obtain/receive detailed information about particle 
interactions, solid bridges, and the behavior of deformation and fracture?

3.	 Can stress-strain relationships be derived from a series of indentation experi-
ments, e.g. with the help of the discrete elements method?

4.	 Is it possible to relate micromechanical aggregate properties to application 
properties such as the dispersion process?

2 � Structure Formation During Precipitation

In this project, a semi-batch silica precipitation process from inorganic solvents was 
investigated. Due to economic reasons and the well-known aspects of this silica syn-
thesis, this process is established for mass production of silica in industrial processes. 
The precipitation process, especially those of water-soluble silicates are summarized 
extensively by Hinz [12], Iler [13], and Bergna [7]. By continuously adding sulphuric 
acid and sodium silicate to a buffer solution of water and sodium silicate, simultane-
ous primary processes take place. These process include the primary processes such 
as mixing, reaction and condensation of monomers, phase separation and primary 
particle growth, as well as the secondary processes such as aggregation, fragmenta-
tion, reorganization and aging [15] (see Fig. 2). These physicochemical processes and 

Fig.  2   Primary and secondary processes during silica precipitation process according to 
Schlomach and Kind [43, 44] (condensation, phase separation, growth and aggregation, gelation, 
fragmentation and reorganization)
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the resultant processing and application properties of the finished product, e.g. the 
depressibility in further processing, are related to the various formulation and process 
parameters in a complex way [36]. An extensive investigation of process and formula-
tion parameters of the specific set-up used in this work is given by Schlomach, Kind 
and Quarch [24, 43, 44]. However, the effect of these parameters on further process-
ing and the micromechanical product characteristics has not been sufficiently inves-
tigated until now. Hence, in this project, the effect of formulation parameters, e.g. 
ion concentration, supersaturation, additives, and process parameters, e.g. precipita-
tion temperature, pH-value, precipitation time, stirrer tip speed, supply of mechanical 
energy for fragmentation, and flow rate was investigated [30, 36, 37].

Figure 3 illustrates an example of the effect of mechanical energy input by differ-
ent process units on the precipitated product. The stress mechanism, the stress inten-
sity and stress frequency of the processing unit influence the primary (e.g. mixing 

Fig.  3   Effect of mechanical energy input during silica precipitation on the resulting particle 
size distribution, aggregate structure and mechanical properties (particle size distribution 
measured via static and dynamic light scattering immediately after the point of gelation and at 
the end of the precipitation experiment; SEM images of the aggregate structure; representative 
force-displacement curves measured via nanoindentation)
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and reaction of educts, phase separation and primary particle growth) and especially 
secondary growth and structure formation (e.g. aggregation, fragmentation, reor-
ganization and aging). Typically, precipitation processes are investigated with respect 
to the mechanical energy input using a stirrer of varying stirrer type or tip speed 
or T-mixers and ultrasonic homogenizers during various precipitation processes 
[11, 17, 29, 47, 49]. In this study, the effect of mechanical energy input was inves-
tigated for turbulent shear flow using a stirred 4 L tank, equipped with a propeller 
mixer (Eurostar Euro-ST P CV, company IKA Labortechnik) and a dissolver, which 
has a process chamber volume of 1  l (toothed lock washer, company Getzmann). 
Moreover, the compression and shear stress between the surfaces was investigated 
by integrating a basket mill, which was based on the dissolver set-up (company 
Getzmann) inside the precipitation reactor, or by using a stirred media mill as pre-
cipitation unit (PM1, company Bühler) [30]. Consequently, by using various stirrer 
and mill types during precipitation, the primary particles and aggregated structures 
are stressed by different stress mechanisms, stress intensities, and frequencies. For 
example, in basket mills or stirred media, the stress intensity acting on the aggregates 
is inversely proportional to the third power of the particle size. Thus, the stress inten-
sity increases strongly with increasing product fineness [18–20, 40]. In contrast, by 
using stirred precipitation units, the stress intensity is independent of the aggregate 
size or even decreases with decreasing aggregate size [16].

In case of the semi batch precipitated silica, the concentration and the solubil-
ity of monomeric sodium silicate are the crucial factors for the nuclei formation 
and growth, and not the mechanical energy input. Aggregation, fragmentation and 
reorganization processes are, however, significantly affected by different stress 
mechanisms, stress intensities and frequencies during the precipitation process 
(Fig. 3). Typically, when using a mechanical energy input by turbulent shear flow 
using stirrers or discs, the aggregate size distribution is shifted to smaller particle 
sizes and broader particle size distributions with increasing precipitation time after 
the point of gelation. The higher the mechanical energy input of the stirrer, the 
more decisive its effect on fragmentation and reorganization processes is. Quarch 
et al. derived a semi-empiric model for the minimum median aggregate size fol-
lowing the point of gelation [25]. Here, the maximum aggregate fineness is deter-
mined as a function of the fluid density and viscosity as well as the power input 
of the stirrer. Since various stress mechanisms as a function of aggregate size and 
the stirrer geometry are not considered, this semi-empiric model is not applicable 
for other dispersing units such as T-mixers, ultrasonic homogenizers, basket mills 
or stirred media mills. For basket mills and stirred media mills, the effect of the 
operating parameters on the maximum median aggregate size during precipitation 
can be described by the frequency of stress events between the grinding media. 
Thus, according to Schilde et al. [37], the equation for the stress frequency, which 
depends on the grinding media diameter, grinding media density, tip speed and 
filling ratio, is applicable for the calculation of the resulting aggregate sizes.

Generally, the higher the mechanical power input the higher the product fine-
ness at the end of the precipitation process. Due to high stress intensities and fre-
quencies between the grinding media, a high product fineness and narrow particle 
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size distributions are obtained using a stirred media mill as the dispersing unit. 
The effect of grinding media on aggregate formation and mechanical aggregate 
properties (see nanoindentation results in Fig.  3) is discussed in more detail by 
Schilde et al. [37]. In summary, the aggregate size and structure at the end of the 
silica precipitation process depends on:

•	 Properties of the fluid phase: Additives, temperature, pH-value, ion concentra-
tion, and concentration of precursors

•	 Properties of the generated gel structure at the point of gelation: Structure, pri-
mary, coordination number, porosity, strength of solid bonds or type of particle-
particle interactions

•	 The dispersing unit: Operating parameters, geometry, stress mechanism.

3 � Effect of the Aggregate Structure on the Mechanical 
Properties

In addition to the structure formation during the precipitation process, the relation-
ship between the resultant deformation and fracture behavior, the aggregate struc-
ture, and the interparticulate interaction forces was investigated. The effect of the 
process temperature, the mechanical energy input, various additives to the aggregate 
structure, and solid bridges formation during the precipitation process as well as the 
resultant aggregate deformation behavior is described by Schilde [30]. However, 
since the precipitated silica aggregates are broadly distributed and inhomogeneous 
in structure, a relationship between specific aggregate structure properties and the 
deformation and fracture behavior is hardly possible. For this reason, silica model 
aggregates with different monomodal primary particle sizes between 50 and 400 nm 
produced from Stöber synthesis (ISC, Würzburg, Germany) were investigated using 
Tetraalkoxysilane and water as precursors [10, 48]. A narrow aggregate size distribu-
tion of homogeneous, spherical aggregates between 5 and 50 µm was obtained by a 
spray drying process; the classification of aggregates less than 5 µm was acquired 
using a cyclone (spray dryer, company Büchi). The aggregate structure for a primary 
particle size of 50 nm is shown in Fig. 4. Due to the spray drying process, a small 
amount of aggregates contains undesirable void volumes in the aggregate center [51].

The micromechanical properties of the silica aggregates were measured via 
a displacement controlled deep-sensitive normal force measurement, which 
used a complete automated nano-mechanical testing system (TriboIndenter® 
TI 900, company Hysitron Inc.). The silica model aggregates were stressed at a 
constant loading rate of 100 nm per second (loading and unloading) using a Flat 
Punch specimen. To guarantee an indentation displacement less than 10 % of the 
aggregate size which is equivalent to a minimized influence of the substrate, a 
maximum indentation displacement of 500 nm was chosen. Moreover, the confi-
dence level was increased and the measurement artifacts due to different aggre-
gate sizes were avoided by stressing aggregates in a size range between 10 and 
15 micrometers [38, 39]. Further specifications as well as a detailed description 
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on the working principle of the nanoindentation device and the sample prepara-
tion (precise calibration regarding parallelism between sample and indenter tip and 
sample preparation via the dry dispersing device RODOS, company Sympatec) are 
summarized by Schilde [30] and Arfsten [3]. Since the model of Oliver and Pharr 
(calculation of Young’s modulus or hardness) is not applicable for materials with 
high viscoplastic deformation behavior, the maximum indentation force as well as 
plastic and elastic deformation energies were determined as characteristics for the 
micromechanical aggregate properties [36, 39, 42]. Typically, the measurement of 
these micromechanical properties approached a constant median value as well as a 
constant standard deviation of approximately 40 single measurements [42].

Figure  5 shows the maximum indentation force and standard deviation as a 
function of the number of measured silica model aggregates. A constant stand-
ard deviation is determined by the inherent distribution of the micromechanical 
properties of the aggregated system [42]. In contrast to the distribution of the 
micromechanical properties of individual particles or single crystals, which can 
be described by Weibull statistics [14, 50], the distributions of aggregates can be 
described by a log-normal distribution [42]. Consequently, the specification of the 
log-normal fit can be used for the characterization of the measured system.

In accordance with Schönert and Rumpf [28, 45], an increase in the strength 
of aggregates and their resistance against fragmentation into smaller sized aggre-
gates was observed with decreasing primary particle size [30]. This effect is due 
to a reduction of defects within the particulate structure and a smaller decrease in 
the bonding forces compared to other forces [33]. Figure 6 shows the logarithmic 

Fig. 4   Combined SEM-FIB images of silica model aggregates with a primary particle size of 
50 nm (top right aggregate with void volume; bottom without void volume)
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breakage force distributions of the silica model aggregates with various primary 
particle sizes. At a constant aggregate size, the fracture force increases with 
decreasing primary particle size. This characteristic micromechanical proper-
ties obtained from the load-displacement curves of fractured aggregates can be 

Fig. 6   Logarithmic breakage force distributions of the silica model aggregates with various pri-
mary particle sizes [30]

Fig. 5   Maximum indentation force and standard deviation as a function of the number of meas-
ured silica model aggregates (xprimary = 50 nm) using a flat punch indenter geometry [39]
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used for the correlation of process properties, e.g. the stress energy distribution 
obtained from DEM-CFD simulations with dispersion kinetics. First correlation 
between the fracture force distribution, the stress conditions during stirred media 
milling and the dispersion results is presented by Schilde et al. [32] and Beinert 
et al. [5, 6]. Based on the stress energy distribution of the mill, Q0,m(SE), the num-
ber of grinding bead contacts per unit time, Nc/t, and the fracture energy distribu-
tion of the aggregated system, G3(FE), an effective dispersion fraction, Deff, can 
be calculated:

Generally, the micromechanical aggregate properties depend on structure character-
istics such as primary particle surface, porosity, strength and radius of solid bridges, 
and coordination number. Based on the structure characteristics in Table 1 (poros-
ity and coordination number determined via mercury porosity, primary particle and 
solid bridge radius via SEM) and the assumption of isotropic aggregate deformation 
behavior, the fracture forces for spherical primary and secondary particles can be rep-
resented by the concept of the elementary breaking stress according to Rumpf [39]:

where ε is the specific void volume of the aggregate, k the average coordination 
number, π is the mathematical constant Pi, xprimary is the primary particle size and 
F the particle-particle interaction force acting in the particle contacts. Under the 
assumption of cylindrical solid bridges, the particle-particle interaction force (for 
tensile, compression or shear stress) can be described as a function of the strength 
of the solid bridge, σsb, and the narrowest portion, or neck, of the bridge, rsb, 
according to the model of Bika et al. [8]:

For constant strength of the solid bridges, Fig.  7 shows the ratio of the median 
fracture force and the cross-section area of the aggregates as a function of the 
structure characteristics according to the Rumpf formula (Eqs.  2 and 3). As 

(1)Deff =
Nc

t
·

SEmax
ˆ

FEmin

(

1− Q0,m(SE)
)

· G3(FE)dE

(2)σRumpf =
(1− ε)

�
· k(ε) ·

F

x2primary

(3)F = � · r2sb · σsb

Table 1   Aggregate structure properties [39]

Primary particle size 
xprimary (nm)

Porosity ε 
(−)

Coordination number 
k(ε) (−)

Solid bridge diameter 
dsb (nm)

50 0.396 6 30.36

200 0.255 12 84.94

400 0.242 12 163.45
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expected, a linear correlation can be obtained. Therefore, the slope of this corre-
lation is a value of the strength of the solid bridges. This relation is valid for the 
same particle material and, thus, a nearly constant deformation behavior [39].

Since the aggregate structure characteristics such as porosity and coordination 
number depend strongly on the primary particle morphology, the generalized form 
of the theory of Rumpf has to be adopted for variations in the primary particle 
morphology. Thereby, the porosity and coordination number can be character-
ized as function of the aspect ratio of the primary particles, f0, which is already 
described for bulk solids by various authors [9, 52]. An example for the adaption 
of the generalized model of Rumpf for agglomerates containing primary particles 
with different morphologies is discussed by Schilde et al. [42]:

where ϕ (ϕ = 1 − ε) is the volume fraction and Sp is the specific particle surface. 
In principle, the model of Rumpf is applicable in describing the micromechanical 
aggregate properties for spherical aggregates or agglomerates, constant aggregate 
diameter, similar deformation behavior and particle-particle interactions, and con-
stant load function during the nanoindentation measurement.

4 � DEM Simulation of the Mechanical Aggregate 
Properties

For application and further aggregate processing, the particle-particle interac-
tions between primary particles are of substantial interest. A characterization of 
these particle-particle interactions in the nanometer size range and their effect 

(4)σRumpf = (1− ε) · k ·
FA

Sp
= c · φ(f0) · k(f0) ·

F

Sp

Fig. 7   Median fracture force 
of the silica model aggregates 
with various primary 
particle sizes as function 
of the elementary breaking 
stress according to Rumpf 
(simplified; strength of the 
solid bridge, σsb, is assumed 
constant)
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on the micromechanical aggregate properties is possible only with an increased 
measurement effort. More detailed information can be obtained by simulating 
the nanoindentation measurement with the help of the discrete elements method 
(DEM). The used contact model for the DEM simulation (EDEM 2.3™, com-
pany DEM Solutions) during this project was based on a standard Hertz-Mindlin 
[23] model, a contact model for solid bonds, and an additional attractive van 
der Waals interaction force. A detailed description of the contact models, dimen-
sioning and aggregate built up is given by Schilde et al. [35]. Depending on the 
aggregate structure, normal stresses and tensile stresses, fracture may occur 
during the nanoindentation process. Figure  8 shows force-displacement curves 
of measured and simulated aggregate compression tests via nanoindentation 
with and without aggregate fracture (xprimary  =  400  nm). As expected for 
high solid bridge strengths, no fracture occurs and the characteristic values of 
the deformation energies, relative amount of broken solid bonds, and the maxi-
mum indentation force remain constant [35]. The deformation behavior without 
aggregate fracture obtained from simulation is in qualitatively good agreement 
to the measured force-displacement curve (without regard to absolute values). 
Although slight differences can be observed, the used DEM contact model is 
suitable for the characterization of the stress-strain relationship and particle-par-
ticle interaction forces. Since the local structure (defects, coordination number, 
solid bridge strength and diameter) of the measured aggregates in the simula-
tion differ, the force-displacement curves for fractured aggregates cannot match. 
To achieve similar force-displacement curves, the 3D-structure of the aggregated 
system has to be taken into account which is shown for micro sized particles by 
Roth et al. [26, 27] (via confocal microscopy).

The effect of various contact model parameters on the resultant values of defor-
mation energies, the quotient of plastic and elastic deformation energy, the relative 
amount of broken solid bonds, as well as the breakage force are given by Schilde 

Fig.  8   Force-displacement curves of measured and simulated aggregate compression tests via 
nanoindentation with (right) and without (left) aggregate fracture
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et al. [35]. Additionally, the load distribution in horizontal direction, which is vertical 
to the force direction of the indenter, was calculated [35] and compared to the theo-
retical considerations of Antonyuk et al. [2]. The load distribution provides informa-
tion on the stresses within the aggregate as well as the deformation behavior [22, 27].

Depending on the particle interactions and the structure, gliding or cleavage 
cracks occur during the fracture of aggregates (cleavage) or agglomerates (glid-
ing) [1]. Schönert [46] assumed that the highest stress level during impact or 
compression stress is presented in the area of contact. In the case of aggregates 
(including solid bridges), these stresses initiate perpendicular to cleavage cracks 
in the outer radius of the contact region. The cracks are substantially affected 
by radial stresses between the primary particles. The calculation of the radial 
stresses based on geometrical aggregate dimensions and forces acting within the 
solid bridges are described by Schilde et al. [35]. In order to increase the confi-
dential level, the radial forces were averaged over the entire height of the aggre-
gate. Figure  9 illustrates the progression of the absolute values of the radial 

Fig. 9   Distribution of the radial stresses vertical to the force direction of the indenter (x-y sec-
tion) at different time steps (dark colors indicate high radial stresses) [21, 30, 35]



217Synthesis, Structure and Mechanics of Nano-Particulate Aggregates

stresses at different indentation displacements. As expected, the maximum 
stresses are located in the area of contact. At a displacement between 200 and 
250 nm, the maximum radial stresses are located in the direction of 150° where 
a first cleavage crack propagates through the entire aggregate (see Fig. 10). At 
a displacement of 325 nm, a second cleavage crack is induced in the direction 
of 330° (see Figs. 9 and 10). This is in accordance with the Schönert’s conclu-
sions that the radial stresses are responsible for the initiation and propagation of 
cleavage cracks [46].

5 � Conclusion

In summary, it can be stated that the product and processing characteristics of 
precipitated aggregates are determined by the material itself as well as its struc-
ture formation during the particle synthesis. Due to a variation of significant 
process and formulation parameters, the resulting aggregate structure as well as 
the micromechanical properties are affected. In the case of particulate systems 
with plastic or viscoplastic deformation behavior, non-intrinsic characteristics 
for the characterization of the deformation behavior have to be adopted. In the 
case of the investigated silica precipitation process, the micromechanical aggre-
gate properties (deformation energies, maximum indentation forces, etc.) can 
be described by log-normal distributions. With the help of these distributions, 
the effect of various process and formulation parameters, e.g. additives, educts 
concentrations, mechanical energy input, pH-value and precipitation tempera-
ture, on the structure and solid bridge formation can be described qualitatively. 
However, the aggregate structure is related to process and formulation param-
eters of the particle synthesis in a complex way. For this reason, spherical silica 

Fig. 10   Solid bonds in 
case of aggregate fracture 
(x-y section) (dark colors 
indicate broken solid bonds 
with acting Van der Waals 
and Hertz-Mindlin particle-
particle interaction forces) 
[30, 35]; figure by Kwade 
et al. [21]
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model aggregates with a well-defined aggregate structure were investigated to 
characterize the effect of the primary particle size, aggregate size, and solid 
bond strength and stiffness on the micromechanical characteristics. The micro-
mechanical properties of these model aggregates were modelled depending on 
their structure using a modified form of the elementary breaking stress model 
of Rumpf. For an isotropic deformation behavior, stresses calculated from 
the maximum indentation forces and fracture forces can be described by this 
enhanced model. However, since a characterization of particle-particle interac-
tions between nanoparticles and their effect on the micromechanical aggregate 
properties is possible only with an increased measurement effort, discrete ele-
ment simulations were carried out. A combination of a Hertz-Mindlin contact 
model, a solid bridge model and a model for Van der Waals attraction is suit-
able to describe the stress-strain-relationship and particle-particle interactions, 
of nanostructured aggregates. Moreover, the radial stresses acting between pri-
mary particles can be correlated to the formation and propagation of cleavage 
cracks according to Schönert’s theoretical considerations.

Generally, the aggregate structure and its effect on their micromechanical prop-
erties was investigated and combined with the stress conditions during the dis-
persion process. Certainly, the process-structure-property-relationship cannot be 
determined completely and was only represented exemplarily in this project.
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