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”Die Neugier steht immer an erster Stelle
eines Problems, das gelöst werden will.”

(Galileo Galilei)

”Wohin die Reise auch geht, hängt nicht davon ab, woher
der Wind weht, sondern wie man die Segel setzt”

(Chinesisches Sprichwort)
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Abstract

Besides chemical synthesis routes, nanoparticles can be produced in top-
down processes nowadays. Stirred media mills are commonly used to break
particles down to the nanometer range. Thereby, their stabilization against
agglomeration plays a major role to obtain nanoparticle suspensions with
the desired properties. Whereas different stabilization methods have been
a subject of much research in the last few years, the breakage behavior of
nanoparticles is not well understood for the time being. A discrepancy exists
between the common state of the art that particles cannot be comminuted
below the brittle-to-ductile transition size, which is in the range of a few μm
for ceramic particles, and the experimental findings of particles sizes in the
nanometer range. In this work, long term grinding experiments of different
oxide and non-oxide inorganic materials were carried out to investigate the
breakage behavior in the nanometer range. By means of X-ray diffraction
analysis and TEM investigations, the evolution of the internal microstruc-
ture of the particles was followed during the grinding treatment. A strong
correlation between the microstructure and the fracture ability was found.
In addition, the existence of a true grinding limit, where no further fracture
takes place, and the influence of process and environmental conditions was
demonstrated. A physical explanation of the grinding limit originates from
changes in the defect structure below a critical crystallite size.
Besides the breakage behavior of brittle ceramics, the grindability of graphite
particles as a typical layered material was also investigated. The strong
anisotropy of the bond forces in the crystal results in a selective size reduc-
tion during the grinding process. By adjusting the process conditions in a
way that the acting forces overcome the attractive van der Waals forces
between the graphene sheets without breaking them, the production of
thinnest flakes with high aspect ratios is allowed. The size reduction was
realized as a kind of peeling process. Various analysis techniques such as
AFM, Raman spectroscopy, TEM or XPS were employed to characterize
the delaminated sheets, especially to determine the exact number of layers.
Furthermore, information about the yield of delaminated sheets was given
and first examples of application are presented.
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Zusammenfassung

Neben chemischen Synthesemethoden können Nanopartikeln heutzutage
auch über Top-down Prozesse in Rührwerkskugelmühlen hergestellt werden.
Dabei stellt ihre Stabilisierung gegen Agglomeration ein wichtiges Kriterium
dar, um Nanopartikelsuspensionen mit den gewünschten Eigenschaften zu
erhalten. Während in den letzten Jahren Stabilisierungsmöglichkeiten Gegen-
stand der Forschung waren, ist das Bruchverhalten von Nanopartikeln bis
heute nicht verstanden. Es existiert eine Diskrepanz zwischen dem vor-
herrschenden Stand der Technik, dass keine Zerkleinerung unterhalb des
Spröd-Duktil-Übergangs möglich ist, der für keramische Partikeln im Be-
reich von weinigen μm liegt, und experimentell erreichten Partikelgrößen im
Nanometerbereich. Im Rahmen dieser Arbeit wurden daher Langzeitzerklei-
nerungsversuche mit verschiedenen Materialien durchgeführt, um das Bruch-
verhalten im Nanometerbereich zu untersuchen. Mit Hilfe von XRD und
TEM Analytik konnte die Entwicklung der inneren Mikrostruktur der Par-
tikeln während der Zerkleinerung verfolgt werden. Ein Zusammenhang
zwischen Mikrostruktur und Bruchfähigkeit wird nachgewiesen. Zusätzlich
wird gezeigt, dass eine untere Zerkleinerungsgrenze existiert und wie diese
Grenze von Prozess- und Umgebungsbedingungen abhängt. Eine physika-
lische Erklärung der Zerkleinerungsgrenze liegt in der Veränderung der De-
fektstruktur unterhalb einer kritischen Korngröße begründet.
Neben dem Bruchverhalten von spröden Keramiken, wird auch die Zerkleine-
rungsfähigkeit von Graphit als ein typisches Schichtmaterial untersucht.
Die starke Anisotropie in den Bindungskräften resultiert in einer selektiven
Zerkleinerung während des Mahlvorgangs. Eine Anpassung der Prozessbe-
dingungen in einer Weise, dass die anziehenden van der Waals Kräfte zwis-
chen den Graphen-Lagen überwunden werden, ohne die Schichten selbst zu
brechen, erlaubt die Herstellung von dünnsten Flakes mit hohem Aspek-
tverhältnis in einem Delaminierungs-Prozess. Verschiedene Analysetech-
niken wie AFM, Raman Spektroskopie, TEM oder XPS werden zur Charak-
terisierung der Schichten eingesetzt. Zudem werden in dieser Arbeit Infor-
mationen über die Ausbeute an delaminierten Schichten gegeben und erste
Anwendungsbeispiele vorgestellt.
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Nomenclature

Latin Symbols

A J Hamaker constant
A400 - absorption (at λ= 400 nm)
AGC m2 surface area of the grinding chamber
b Å Burgers vector
c g/l concentration
c nm crack length
cm - solid content (mass fraction)
cv - solid content (volume fraction)
cmc mol/l critical micelle concentration
d Å lattice parameter
d nm interlayer distance
dfilm m film thickness
dGM m diameter of the grinding media
dcrit m critical diameter
Em kJ/kg mass specific energy input
Em,p kJ/kg product related mass specific energy input
F N force
FWHM ◦ full width at half maximum
G GPa shear modulus
h nm sheet thickness
H MPa hardness
I A current
k MPa

√
m strengthening coefficient

kapp 1/s apparent rate constant
K - shape factor
KI,c MPa

√
m fracture toughness

l nm distance dislocation - particle surface
L m length
mp kg mass of product particles
n 1/min rotational stirrer speed
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p - filler content (mass fraction)
pc - percolation threshold (mass fraction)
Pt W power input
P0 W no-load power
r m radius
R J/m2 crack resistance
Rs Ω surface restistance
Sm m2/g mass specific surface area
SE J stress energy
SEGM J stress energy of the grinding media
SEp J product related stress energy
SN - stress number
t s time
T ◦C temperature
U V voltage
x m particle diameter
xBDT m brittle-to-ductile transition size
x1,2 nm Sauter diameter, primary particle size
xcrys nm crystallite size
vt m/s stirrer tip speed
VGC m3 grinding chamber volume
Y GPa Young’s modulus
YGM GPa Young’s modulus of grinding media
YP GPa Young’s modulus of product particles

Greek Symbols

Λ nm distance
εo - maximum strain
ηfl Pa·s dynamic fluid viscosity
ϕGM - filling ratio of milling beads
γ J/m2 surface energy
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ΓG,L
◦ full width at half maximum

of Gauss or Lorentz function
λ nm wavelength
μ - friction coefficient
ν - Poisson’s ratio
ρP kg/m3 particle density
ρGM kg/m3 grinding media density
σ S/cm specific conductivity
σB MPa breakage stress
σi GPa image stress
σP MPa Peierls stress (friction stress)
σy GPa yield stress
σth GPa theoretical shear strength
τ GPa shear stress
Θ ◦ diffraction angle
ζ mV zeta potential

Abbreviations

AFM atomic force microscopy
BET Brunauer-Emmett-Teller
DLS dynamic light scattering
GO graphite oxide
HOPG Highly oriented pyrolitic graphite
HRTEM high resolution transmission electron microscopy
Pt-NP platinum nanoparticles
RT room temperature
SEM scanning electron microscopy
TEM transmission electron microscopy
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
YSZ yttria stabilized zirconia
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1. Introduction

Nanoparticles are widely used in many industrial fields such as the ceramic,
pharmaceutical, chemical or microelectronic industry. Caused by the ex-
traordinary high ratio of surface area to volume, nanoparticles can yield to-
tally new properties compared to the bulk material. Additionally, nanopar-
ticles can be used as building blocks to create larger structures with tailored
properties. For nanoparticle production, two distinctly different fabrica-
tion routes exist. Bottom-up processes are based on a direct arrangement
of molecules to particulate clusters, whereas the top-down approach de-
scribes the production of nanoparticles by fragmentation of coarser feed
materials. Top-down processes can be realized for example in wet operated
stirred media mills, which can supply the high specific energies necessary
for nanoparticle production. Stirred media milling allows the production of
highly concentrated suspensions with high throughputs in an industrially
well established process. In general the production of nanoparticles requires
two preconditions. The first one is the fracture of the particles as a result
of a sufficiently high stress field inside the particles, which has to build-
up during the impact between the grinding media. The second condition
demands the stabilization of the created fragments against agglomeration.
Below sizes of about 1 μm, particles tend to agglomerate because of an
increased Brownian motion and smaller interparticle distances, both en-
hancing the collision rate of the particles. As a consequence a steady state
between breakage and agglomeration appears in the milling process, which
strongly affects the grinding result. In the last few years many research
activities have been carried out in the field of stabilization to control the
agglomeration behavior in wet grinding processes by an adjustment of the
interparticle interactions [Sten 05a], [Mend 04b].
To this day the breakage mechanisms of nanoparticles are still poorly under-
stood. In contradiction to earlier theories that predict a grinding limit for
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1. Introduction

brittle oxide materials in the lower micrometer range [Scho 71], [Kend 78],
[Haga 79], particle sizes down to 10 nm can nowadays be observed by real
breakage. Approaches to explain the observed discrepancy between the
postulated grinding limits and the experimentally achieved particle sizes
are still missing. Therefore, the main objective of this work is to gain
deeper understanding about the breakage mechanisms at the nanoscale. In
general three questions can be defined, which display the focus of this thesis:

1. How does particle breakage become possible in the nanometer range?
2. Does there exist a true limit of grinding?
3. If yes, which parameters affect the limit of grinding?

To answer these questions a closer look into the particles’ microstructure is
necessary. Microstructural changes in terms of crystallite size and micro-
strain evolutions under mechanical stressing are investigated under different
process conditions in stirred media milling. Beside the breakage behavior of
brittle ceramic particles, the size reduction characteristic of graphite parti-
cles as a typical example of a layered material with a strong anisotropy in
the bond forces is presented in this work.

18
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2. State of the Art

2.1. Ultrafine grinding in stirred media mills

The top-down approach for the production of ultra fine particles can be
reasonably realized in stirred media mills since they can provide the nec-
essary high specific energies for fracturing fine particles. Stirred media
mills are the most frequently used milling machines in many fields of in-
dustry. A consideral amount of research investigations on the operation
performance of stirred media mills has been carried out at the Institute of
Mechanical Process Engineering (today: Institute for Particle Technology)
in Braunschweig, Germany. Fundamental results of their research activities
are summarized in section 3.1.

Recently, it was shown by Stenger and Mende that even nanoparticles can
be produced by stirred media milling [Sten 05c], [Mend 03]. The authors
figured out that an appropriate stabilization is necessary to avoid agglom-
eration of the created fragments to improve the grinding results. Below
particle sizes of about 1 μm the collision rate of the particles increases be-
cause the particles show an enhanced Brownian motion and the interparticle
distances decrease at a constant solid content. Hence, the overall grinding
result in the submicrometer range depends on both, breakage and stabiliza-
tion. Since many important suspension properties such as the rheological
behavior [Sten 05b] or optical properties are affected by the degree of ag-
glomeration, Stenger and Mende focused on the stabilization of inorganic
oxide particles in aqueous media by a pH adjustment.

Later on, Sommer and Breitung-Faes extended the work of Stenger and
Mende to non-aqueous media and the use of polymers as dispersing agents
[Somm 07], [Brei 09]. Sommer showed for polyethylene oxide that large
polymers can break under high shear forces during the milling process.
Furthermore, he discovered a dampening effect of the polymer leading to

19
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2. State of the Art

reduced breakage kinetics. Based on the work of Stenger and Mende sev-
eral other groups extended their research investigations to the submicrome-
ter size range [Wang 06], [Vita 08], [Henn 10]. Nano-sized organic pigment
particles have been produced via wet milling and stabilizing in the group
of Scarlett [Bilg 06]. Particle sizes down to 10 nm could be produced with
polymeric grinding media of about 20 μm in size.
Microstructural changes of hematite during wet and dry grinding in dif-

ferent kinds of media mills were investigated in the group of Forssberg
[Pour 08], [Pour 07]. By means of X-ray diffraction the evolution of crys-
tallite size and lattice strain was detected with milling time. A decrease of
crystallite size and an increase of dislocation density were observed. Simul-
taneously the amorphous content of the product powders rises caused by
highly energetic impacts of the grinding media. A limit of grinding was not
observed in their investigations.

2.2. The limit of grinding

Throughout the history there are many discussions about a size limit in
comminution processes. In general, the grinding limit can be the result of a

• machine limitation: problem of transferring energy from the milling
machine to the product particles. In media milling this, for instance,
can be the case if no trapping of particles between the grinding media
or a strong dampening of the bead motion in a highly viscous media
occurs.

• material limitation:
a) agglomeration or welding (relevant in dry grinding applications,
where high temperatures or high local stresses are present)
b) no further breakage of the particles below a certain size.

Whereas the machine limitation can be overcome by an optimization of
the milling device or an adjustment of process parameters, the material
limitation determines the minimal particle size which could theoretically be
achieved in grinding processes. The existence of this minimal particle size
was predicted by several authors. First of all, Schönert presented in 1971 an

20
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2.2. The limit of grinding

experimental study about single particle compression experiments of quartz
and limestone. He claims that a limiting particle size in grinding operations
is reached if plastic flow of the particles takes place exclusively instead of
breakage. An almost breakage-free deformation of the investigated parti-
cles was achieved for sizes below 2 μm and 4 μm for quartz and limestone,
respectively [Scho 71]. Later on, Schönert published a theoretical approach
to estimate the smallest specimen size in milling experiments based on con-
siderations from Dugdale [Dugd 60]. This size depends on the size of the
plastic zone δ which is formed around the crack tip, if the local stress at the
notch root exceeded the yield stress of the material [Scho 88]. Schönert’s
equation (Eq. 2.1) is valid, if the length of the fracture zone is much smaller
than the length of the crack.

δ ≈ 0.4

⎛
⎝RY

σ2
y

⎞
⎠ (2.1)

Schönert specified values for δ between 1 nm and 10 nm for brittle min-
erals. This length determines the minimum separation between fractures
and, therewith the size of the smallest fragments (ca. 5 - 10 δ). The ma-
terial data used for this estimation are not mentioned in the publication of
Schönert. From today’s perspective, an exact calculation of the plastic zone
size is difficult because of the lacking of reliable material data especially for
ceramic particles and in particular for nano-sized ceramic particles as they
are known to yield different properties as their bulk materials [Gerb 06].
Additionally, the crack resistance R depends on the notch depth as well
as the fracture history, which is usually visualized in so-called R-curves
[Evan 84], [Kneh 82].

Replacing the crack resistance R and the Young’s modulus Y by the frac-
ture toughness (mode 1: crack opening under a normal tensile stress perpen-
dicular to the crack) K1c with the relation K1c =

√
RY , gives the following

expression for the minimal particle size:

dcrit,S = 2...4

⎛
⎝K1c

σy

⎞
⎠2

(2.2)
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2. State of the Art

In 1978 Kendall [Kend 78] published a paper about the ”The impossibility
of comminuting small particles by compression”. For a special geometry
based on the Griffith energy criterion for fracture, he derived an expression
for a critical particle size, below which crack propagation is impossible under
compressive force (Eq. 2.3). Kendall postulated that bodies smaller than
dcrit appear ductile and are pressed flat under loading. dcrit is therewith
equal to the size of brittle-to-ductile transition.

dcrit,K = 10.7

⎛
⎝K1c

σy

⎞
⎠2

(2.3)

Kendall confirmed his theory by single compression experiments of poly-
styrene specimens. He observed that the brittle-to-ductile transition size
was in good agreement with the theoretical predictions from Eq. 2.3.

One year later, Hagen described that crack nucleation is the limiting factor
for fracture rather than crack propagation as assumed by Kendall. Beside
a critical load, the presence of initial flaws with a minimal length inside the
material is another condition for crack nucleation. The size of the critical
flaw length and therewith the minimal grain size can be estimated with
Eq. 2.4 [Haga 79].

dcrit,H = 29.5

(
K1c

H

)2
(2.4)

For Al2O3 particles, a critical size of 3.3 μm and 1.1 μm for SiO2 was
determined from Hagan’s equation. If the hardness H is replaced by the
expression H = 3σy [Tabo 70], the critical size can be written in the following
form:

dcrit,H = 3.3

⎛
⎝K1c

σy

⎞
⎠2

(2.5)

The independent approaches from Schönert, Kendall and Hagan show
the same dependence of the critical particle size. Only the constants differ
resulting from different adopted body geometries.
Several authors have compared their grinding results with the predicted

limits. Ghadiri, for instance, investigated the milling behavior of α-lactose
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monohydrate and microcrystalline cellulose in an oscillatory single ball mill.
Particle sizes well below the predicted limits of Kendall and Hagan were
achieved [Kwan 04]. Also, the grinding results of Stenger and Mende cannot
be explained by the dominating theories of Schönert, Kendall and Hagan.
The main reason for this discrepancy might be the different loading cases in
the investigations. In the experiments of Schönert and Kendall the bodies
were compressed under static loading with high load forces, while the media
milling experiments of Ghadiri and Stenger were carried out under cyclic
loading, where the applied forces are much smaller. However, breakage must
be possible below the size of brittle-to-ductile transition by other breakage
mechanisms, which cannot be described with the above equations.

The grinding limit in wet media milling

In 1992 Jimbo [Jimb 92] presented results of milled alumina suspensions
in a stirred media mill. He distinguished between a minimal particle size
that was measured with scattering methods and a much smaller particle
size that was calculated from the mass specific surface area of the ground
powders (Sm). Jimbo also claimed that sizes determined from Sm reach a
certain value for long grinding times which is independent of the mechanical
grinding conditions and the feed particle size. Cho et al. also carried out
investigations of the grinding limit in stirred media milling for quartz parti-
cles dispersed in water [Cho 96]. A grinding limit at a size of about 30 nm
was found by means of dynamic light scattering, TEM, and gas adsorption
measurements. A physical explanation for the observed limit is not given
in the publication of Cho.
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The grinding limit in dry media milling

Dry grinding applications, typically realized in planetary ball mills, are
widely used in the field of mechanical alloying or for grain refinement of
metals to improve selected properties. In contrast to wet media milling, the
grinding limit in dry operated high-energy mills is determined by an equi-
librium between size reduction and growth processes. Caused by strong
welding phenomena, the particles typically remain polycrystalline during
the milling procedure so that it has to be distinguished between a minimal
particle and a minimal crystallite (i.e. grain) size. The minimal particle
size is determined by an equilibrium between fracture, agglomeration and
possible welding processes. Since agglomeration effects cannot be avoided
as in the case of wet milling by the addition of grinding aids, much larger
particle sizes are obtained in dry grinding experiments. Due to the miss-
ing surrounding medium, heat can hardly be dissipated and the grinding
media impacts are much more intensive, which often results in welding of
the particles. The minimal crystallite size is determined by an equilibrium
between grain refinement through a severe plastic deformation and the re-
covery by thermal processes (splitting and coalescence/recrystallization of
grains) [Kara 03].

Eckert and later on Koch investigated such equilibrium conditions for
various metal particles [Ecke 92], [Koch 97]. Eckert showed that a steady
state grain size is reached when the refinement rate equals the recovery rate.
Both rates depend on intrinsic material properties as well as on process
conditions like impact intensities [Ecke 95]. Since the recovery rate scales
inversely with the melting temperature of the materials, high-melting-point
materials yield the smallest grain sizes. If no recovery takes place, the
smallest achievable size by milling would be determined by the minimum
grain size that can sustain a dislocation pile-up. This minimum grain size is
only determined by intrinsic material properties so that the material itself
provides a limit for further grain refinement. Nieh et al. estimated this
limit as the equilibrium separation distance between two edge dislocations
by [Nieh 91]

24

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



2.2. The limit of grinding

L =
3Gb

π(1− ν)H
(2.6)

with the shear modulus G, Burgers vector b, Poisson’s ratio ν, and hard-
ness H of the material. Applying this relation to ball-milled metal powders
shows that the achieved minimum grain sizes are larger than the sizes ob-
tained from Eq. 2.6. The reason is the simultaneous recovery that dominates
at small grain sizes and prevents further size reduction.

The theory of an equilibrium between grain refinement and recovery in dry
milling applications was confirmed by the group of Boldyrev [Bokh 95] who
used smaller initial crystallites than the steady state size as feed material
in the grinding experiments. A growth of the hematite crystals from 10 nm
to about 50 nm in size was observed after 2 minutes of high energy milling
in a planetary ball mill. Additionally, the crystals were almost spherical in
shape. Milling of 5 nm γ-alumina also leads to an increase in the crystal-
lite size to 20 nm accompanied by a phase transition to α-alumina, which
is for larger grain sizes the thermodynamically most stable modification
[Chen 02].

Planetary ball mills can also be used as mechano-reactors for chemical re-
actions or mechanical alloying, since they provide the necessary high energy
densities. In the group of McCormick, mechano-chemical synthesis reaction
are carried out in planetary mills. Therefore, the solid precursor mixture is
embedded within a salt matix (e.g. LiCl or NaCl). After reaction, which is
caused by impact between the grinding media, the generated nanocrystalline
product particles can be recovered by removing the salt through a simple
washing procedure. The salt matrix as an inert dilute phase surrounding
the reactants allows the formation of finest particles by a reduction of the
reaction rate. Particle sizes down to 5 nm for various material systems
ranging from pure metals to oxide, carbonate, and sulphite matrials are
obtained by this method [Dodd 02], [Tsuz 04].

Moreover, media mills are not only suitable for size reduction and syn-
thesis reactions, but also for delamination processes. If a material holds
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a strong anisotropy in its bond forces, a selective size reduction can occur
during mechanical stressing. This knowlegde is used to investigate the de-
lamination behavior of graphite particles stressed in a stirred media mill.
Especially the question of the smallest possible sheet thickness is in the
focus of this work.

2.3. Graphene - properties and production methods

Since the discovery of the 1-dimensional carbon nanotubes (CNTs) by Iijima
in 1991 [Iiji 91] and the 2-dimensional graphene sheets by Novoselov and
Geim in 2004 [Novo 04], there arised an enormous interest in new carbon
nanomaterials having unique electrical, thermal, and mechanical proper-
ties. In 2010 Geim and Novoselov were awarded the Noble Prize in Physics
“for groundbreaking experiments regarding the two-dimensional material
graphene”. An overview about the existing carbon allotropes is given in
Fig. 2.1.

Figure 2.1.: Allotropes of carbon: a) diamond, b) graphite, c) graphene, d) amorphous car-
bon, e) C60 (Buckminsterfullerene or buckyball), f) carbon nanotube [Sun 10]

Beside the 3D modifications diamond, graphite, and amorphous carbon,
there exist the 2D allotrope graphene, the 1D carbon nanotubes, and the 0D
fullerenes. Graphene is a one-atom-thick planar sheet of sp2-bonded carbon
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atoms that are arranged in a hexagonal lattice. In contradiction to the
former state of the art manifested by Landau and Peierls, that 2D crystals
are thermodynamically unstable, free-standing graphene monolayers can
be produced nowadays [Stan 06a]. Meyer et al. showed by TEM studies
that the suspended graphene sheets are not perfectly flat, but exhibit an
intrinsic roughness, which is assumed to stabilize the 2D structure at finite
temperatures [Meye 07]. The first graphene monolayer was proven by the
group of Novoselov and Geim at the University of Manchester with a simple
Scotch tape method [Novo 04]. Single graphene sheets were cleaved from
a highly oriented pyrolytic graphite (HOPG) plate with an adhesive tape
and pressed onto a silicon wafer with a defined thickness of SiO2. Due to
interference effects with the Si-SiO2-substrate, even graphene monolayers
become visible in an optical microscope [Blak 07]. Common techniques to
detect single graphene layers are Raman spectroscopy, scanning probe, and
transmission electron microscopy.

The remarkable properties of graphene are summarized in a publica-
tion of Ruoff [Park 09]. So far, high values of the Young’s modulus (∼ 1
TPa, [Lee 08]), fracture strength (130 GPa, [Lee 08]), thermal conductivity
(∼5000Wm−1K−1, [Bala 08]), and electron mobility (> 200000 cm2V −1s−1,
[Bolo 08]) have been reported, accompanied by an enormous specific surface
area of 2630 m2g−1. Additionally, a single graphene layer shows an optical
adsorption of only 2.3 % in the visible [Nair 08] and NIR [Mak 08] range
and yield fascinating transport phenomena such as the quantum Hall ef-
fect [Zhan 05]. This makes graphene a promising candidate for applications
in many technological fields such as sensors, composites, supercapacitors,
transparent conductive films, or solar cells [Geim 07], [Stan 06a], [Stol 08],
[Wang 07]. Graphene is known to be a zero-gap semiconductor. Recently, it
was demonstrated that the band-gap is tuneable by an adsorption of specific
molecules or tailoring its geometry to nanoribbons [Balo 10], [Han 07].

In the graphite crystal, graphene layers are stacked parallel with an inter-
atomic distance of 0.335 nm. Whereas the carbon atoms within a graphene
sheet are covalently bound, only weak van der Waals forces are acting be-
tween the sheets. As a consequence of this structure, a strong anisotropy
of the material properties such as thermal and electrical conductivity or
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mechanical strength results. The latter enables the production of graphene
layers by cleavage from thicker graphite specimens and is utilized in many
fabrication routes. Although there has been intensive research on the prepa-
ration of graphene monolayers in the last few years, a large-scale and low-
cost production of the new 2D carbon material still remains challenging.
The existing production routes can be separated into chemical intercalation
methods, growth methods, and mechanical exfoliation methods.

Chemical intercalation and subsequent exfoliation
Most of the described methods to fabricate graphene sheets are based on
the intercalation of oxygen or other intervening atoms or molecules between
the graphite layers and subsequent thermal or mechanical treatment. Usu-
ally, graphite is oxidized to graphite oxide (GO) in the presence of strong
acids such as sulfuric or nitric acid. The intercalation compounds enlarge
the distances between the graphene layers so that the attractive van der
Waals forces are drastically reduced and an exfoliation is facilitated. In
a subsequent thermal treatment, the dried GO is heated rapidly (> 2000
◦C/min) to 1050 ◦C. Exfoliation takes place when the decomposition rate
of the oxygen groups exceeds the diffusion rate of the evolved gases and the
resulting pressure overcomes the van der Waals forces [McAl 07]. Solution-
based methods mainly describe the subsequent exfoliation of the interca-
lated graphite by mechanical forces applied by ultrasound or even simple
stirring [Stan 06b]. However, the removal of the intercalation compounds is
necessary to regain the excellent properties of the pure carbon material. In
particular, the electrical conductivity of GO is strongly reduced compared
to the pristine graphite. The reduction of the GO can be realized either
thermally or chemically, but it was shown that a complete removal of oxy-
gen is difficult [Schn 06], [Stan 07].

Growth methods
Another approach, which is favored if large graphene areas are requested, is
their growth either by chemical vapor deposition (CVD) or epitaxial on SiC
surfaces. The latter is based on the higher vapor pressures of Si compared
to C, so that silicon sublimates at heating temperatures of about 1300 ◦C
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in ultrahigh vacuum causing a thin carbon layer to remain on the surface
[Berg 04]. In CVD processes, an active catalytic polycrystalline metal (Ni,
Pt, Co, Ir, Ru) substrate is heated (to 900 - 1000 ◦C in the case of Ni) and
exposed to a diluted hydrocarbon flow under ambient pressure resulting
in a growth of a single- or multilayer graphene film on the metal surface
[Rein 09], [Kim 09].

Mechanical exfoliation
The strong anisotropy of the bond forces in the graphite crystal enables the
mechanical exfoliation of graphene sheets as shown with the scotch tape
method by Novoselov and Geim. As the interlayer distances in pristine
graphite are very small, higher net forces are required to overcome the at-
tractive forces compared to the intercalated material. The group of Coleman
focuses on the exfoliation of graphite particles by means of ultrasound in
an aqueous surfactant solution or certain organic solvents such as n-methyl-
pyrrolidone [Hern 08], [Loty 09]. A yield of monolayer graphene of about 1
%, which corresponds to a concentration of 0.01 g/l, could be achieved with
their method so far. Englert et al. presented the exfoliation of mono- and
multilayer graphene sheets by means of sonication in aqueous solution and
their stabilization with a perylene-based detergent [Engl 09].
Thin graphite nano-sheets were obtained by mechanical shearing of graphite
suspensions in a mortar grinder [Anti 06] and a planetary ball mill [Jano 02]
[Mile 08]. In both described methods, a selective size reduction was ob-
served leading to a flaky shape of the graphite sheets down to a thickness
of about 6 nm. Besides a pure delamination, also a significant in-plane-
fracture of the sheets was observed.
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3. Theoretical Background

3.1. Wet grinding with stirred media mills

3.1.1. Fundamentals in stirred media milling

Ball mills are used in different fields of industry for comminution, dispers-
ing, and disruption purposes of different inorganic or organic feed materials.
They belong to the class of comminution machines with loose grinding me-
dia. In stirred media mills, the grinding beads are agitated by a stirrer in a
stationary cylinder, which can be arranged either horizontally or vertically.
The first proposals to perform a wet grinding task using an agitator in a
fixed milling chamber filled with grinding media were made by Klein and
Szegvari in 1928. The industrial breakthrough of this technology occurred
when DuPont put its ”sand mill” into operation in 1948. During the oper-
ation the grinding chamber is filled up to 90% with grinding beads, which
can consist depending on the desired application of steel, glass, ceramics, or
plastics. The size of the beads is typically in the range between 0.1 mm and
3 mm. The energy input is generated by an agitator, which can be a pin or
disc rotor, for instance. Compressive and shear (i.e. friction) forces between
the moving grinding beads allow a size reduction of the product particles
with milling time. Stirred media mills can be operated in batch mode or
continuously. The continuous mode can be realized either as pendulum
mode, where the suspension is pumped from one vessel through the mill
into another one and backwards or as circuit mode, where the suspension
is pumped continously through the milling chamber and a vessel. Different
operation modes lead to different residence time distributions of the suspen-
sion in the mill and affect thereby the width of the particle size distributions.
To prevent a discharge of the grinding media out of the milling chamber,
the outlet is equipped with cutting slits or sieving cartridges. In centrifugal
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separation systems, the sieving cartridge is fixed in the axial center of the
rotor so that plugging of the sieve by grinding beads or thick feed particles
can be avoided due to centrifugal forces. As a consequence, smaller beads
down to 50 μm can be used to fulfill the comminution tasks nowadays. Es-
pecially for nano-milling applications, small grinding media are known to
be more effective than larger ones. Theoretical investigations of Blecher
showed that about 90 % of the inserted energy is dissipated in 10 % of the
milling chamber volume, which is located close to the outer endings of the
stirrer discs and the wall [Blec 96]. During the grinding treatment, about
99 % of the inserted energy is dissipated into heat. Hence, the grinding
chambers are typically equipped with double walls for cooling. According
to Kwade, the main stressing mechanism in a stirred media mill is the col-
lision of milling beads moving with different velocities. Since the tangential
velocities are usually much higher than the radial and axial velocities, the
movement in the tangential direction is the most relevant for breaking the
product particles [Kwad 99].
Fundamental investigations on operating parameters, flow fields, scale-up
laws, and attrition behavior in stirred media mills were carried out exten-
sively at the Institute of Mechanical Process Engineering / Institute for Par-
ticle Technology in Braunschweig and are described in the work of Stehr,
Weit, Stadler, Bunge, Thiel, Blecher, Joost, Kwade, Becker, Theuerkauf,
Stender, Mende, and Breitung-Faes.

3.1.2. The concept of stress energy and stress number

Effectively, only a small portion of the energy consumed by the stirrer
reaches the product particles. Whereas one part is transferred to the grind-
ing media in terms of kinetic energy, the other part is transferred to the
product suspension and is dissipated into heat by friction processes. Ad-
ditional losses of the remaining kinetic energy emerge due to the displace-
ment of fluid during the approach of two grinding beads and deformation
processes at their impact. Nevertheless, investigations of Stehr [Steh 82]
and Weit [Weit 86] showed that the grinding result is mainly influenced by
the specific energy input (energy supplied to the milling chamber related
to the product mass). Later on, the grinding media size was also found to
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have an influence on the achieved particle sizes. In 1996, Kwade introduced
the characteristic parameters stress energy SE and stress number SN of the
milling beads to describe media milling processes [Kwad 96]. The stress
energy is proportional to the kinetic energy of the grinding beads. Since
the exact velocity distribution of the grinding media is unknown, the cir-
cumferential speed of the stirrer vt is used to calculate the stress energy of
the grinding media:

SEGM = ρGM · v2t · d3GM (3.1)

A few years later, Becker extended the equation from Kwade and intro-
duced the stress energy of the product particles SEP [Beck 01]. This number
describes the part of the stress energy which is transferred to the product
particles. Becker considered energy losses caused by the elastic deformation
of product particles and grinding media. Based on the equations of Hertz,
Becker extended Eq. 3.1 by including the ratio of the Young’s moduli of
grinding beads and product particles:

SEP = ρGM · v2t · d3GM ·
(
1 +

YP

YGM

)−1

(3.2)

The stress number describes the average number of stress events of each
particle in a batch grinding process and shows the following dependency for
comminution, i.e. actual breakage:

SN ≈ ϕGM · (1− ε)

(1− ϕGM · (1− ε)) · cV
n · t
d2GM

(3.3)

where n is the number of revolutions of the stirrer, t the comminution
time, ϕGM the filling ratio of the grinding media, ε the porosity of the
grinding media bulk, and cV the volume concentration of the feed. If all
particles in the mill are taken into account, the product of stress energy and
stress number is proportional to the mass specific energy input Em.

Em ≈ SE · SN (3.4)

In order to achieve the same product fineness, two of these three param-
eters have to be constant [Kwad 02]. Based on experimental findings, rela-
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tionships between median particle size and stress energy at constant specific
energy inputs are obtained. As shown in Fig. 3.1, an optimal stress energy
SEopt exists at which the comminution process is energetically favorable.
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Figure 3.1.: Comminution results as a function of stress energy for different Em [Kwad 96]

If the stress energy is too low for breaking the feed particles, no grinding
progress will take place at all. At higher stress energies than necessary for
breakage, the stress number is reduced at a constant energy input. In other
words, to reach the same particle size as with SEopt, higher specific energy
inputs are required. With smaller particle sizes, the optimal stress energy
is shifted to smaller values because smaller particles need less net energies
for fracturing. Mende confirmed in his experimental investigations that the
concept of stress energy and stress number is still valid in the nanometer
range [Mend 04b].

3.1.3. Stabilization methods

As already mentioned above, the stabilization of the particles during the
grinding treatment is an improtant factor to obtain well dispersed nanopar-
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ticles in a liquid medium. Although the breakage of the particle is in
first approximation not influenced by agglomeration effects, the suspen-
sion stability has a great influence on the final properties. For example,
optical properties like transparency or the rheological behavior of the sus-
pension strongly depend on the quality of stabilization as shown by Stenger
[Sten 03]. In Fig. 3.2 an overview of different stabilization methods is given.
Generally, particles can be stabilized electrostatically due to unipolar charg-
ing of the particles, sterically, if (macro)molecules adsorb on the surface, or
electrosterically, if these molecules contain additionally charged groups.

Figure 3.2.: Overview of different stabilization methods

In aqueous systems, the most suitable method is electrostatic stabiliza-
tion. Surface charge is generated for mineral oxides, which are in the focus
of this thesis, by protonation and deprotonation of hydroxyle groups as a
function of the pH in the solution. An electrostatic double layer consisting
of a rigidly attached Stern layer and a diffuse layer is formed around the par-
ticles and contain a huge amount of counter-ions for charge neutralization
reasons. Depending on the charge density of the particle surface and the
ionic strength of the surrounding media, repulsion forces emerge that have
to overcome the attractive van der Waals forces interacting between the
particles. In order to predict the stability of an electrostatically stabilized
suspension, the DLVO (after Derjaguin, Landau, Verwey and Overbeek)
theory can be used [Derj 41], [Verw 48]. The DLVO theory is based on the
superposition of particle-particle interactions such as the attractive van der
Waals forces, the repulsive electrostatic forces, and the Born repulsion origi-
nating from an overlap of electron clouds at very small distances. The total
energy as a function of the interparticle distance show a maximal value,
the energy barrier, which has to be overcome by approaching particles to
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coagulate in the primary minimum. If the energy barrier is lager than 15
kT and exhibits a sufficiently steep decline, i.e. large repulsive forces, the
suspension is considered to be stable [Laga 97]. In nonpolar media with
low dielectric constants, an electrostatic stabilization becomes more and
more difficult. On the one hand, only few hydrophilic surface groups are
formed in the nonpolar medium, which can be protonated or deprotonated
in order to generate surface charge. On the other hand, the overall ion con-
centration in the medium is extremely small, so that an electrostatic double
layer can hardly be formed. Therefore steric stabilization is preferred for
such systems. The main idea of this stabilization method is the adsorption
of macromolecules or even mono- or oligomers onto the particle surface,
which act as spacer between the particles. If the adsorbed molecules con-
tain charged groups, additional electrostatic forces emerge increasing the
overall stability of the suspension.
Stabilization simultaneously to grinding operations in media mills is often
a challenging task and much more complicated than in unsheared systems.
Beside the stabilization against perikinetic agglomeration (Brownian mo-
tion) also the stabilization against orthokinetic agglomeration (hydrody-
namic forces) has to be ensured. Hence, the repulsion forces have to be
larger than the acting shear forces. These considerations are discussed in
more detail in related literature (e.g. Husband and Adams [Husb 92]). The
grinding operation can also cause problems when using steric stabilizers,
since adsorbed molecules may be rubbed from the surface by the grinding
media or they even get destroyed during the milling treatment [Somm 07].

Stabilization with surfactants
If the particles surface is inert as in the case of carbon materials, the surface
has to be chemically modified to allow an electrostatic or steric stabilization.
Another possibility is the stabilization with surfactant molecules. Surfac-
tants consist of a hydrophilic and a hydrophobic part, which make them
attach to interfaces. Usually, the surfactant molecules physisorb onto the
interface in an adsorption-desorption equilibrium and lower the interface
tension between the two phases. Depending on the presence of ionic groups
in the hydrophilic part, surfactants can be classified as ionic or non-ionic.
If the concentration of free surfactant molecules (monomers) in the bulk
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solution exceeds a critical value (critical micelle concentration, cmc), the
surfactant molecules start to form clusters (micelles) due to thermodynamic
reasons. Depending on the type and concentration of surfactant as well as
the solution conditions (temperature, pH, ionic strength), the micelles can
bear different sizes and shapes. If the concentration of free monomers fall
below the cmc (this is for instance the case when new interfaces are gen-
erated), micelles dissolve until the cmc in the bulk is reached again (see
Fig. 3.3). Further interactions can result between micelles and stabilized
particles especially if ionic surfactants are used [Rose 04].
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Figure 3.3.: Stabilizing with surfactants: a.) interactions between free monomers, micelles
and adsorbed molecules b.) monomer and micelle concentration as a function
of surfactant content

Below the cmc, the monomer concentration increases with increasing sur-
factant concentration until the critical micelle concentration is reached. Fur-
ther added surfactants are only consumed for micelle formation. Hence, the
concentration of micelles increases, whereas the monomer concentration in
the bulk solution remains constant. During a grinding experiment, the to-
tal surface area is increasing with milling time, so that the equilibria are
changing continuously. The coverage of surfactant molecules on the parti-
cle surface can be determined by means of adsorption isotherms. From the
adsorption isotherms, the necessary amount of stabilizer can be calculated
for every available surface area.
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3.2. The particles’ microstructure

3.2.1. Defect structures in crystalline matter

The elastic limit of a defect-free solid is usually referred to as the “ideal”
or “theoretical” strength. The theoretical strength can be estimated by
the energy necessary to break the atomic bonds in the fracture plane. A
rough estimation for the theroretical shear strength is given by τth ≈G/(2π).
However, this ideal value is not found in “real” materials. Here, the strength
is typically much lower, which can be ascribed by the presence of lattice
imperfections within the solid. These imperfections weaken the material and
reduce its strength. Lattice defects can be separated by their dimensional
extension as shown in Tab. 3.1.

Table 3.1.: Classification of microstructural defects

Dimension Type of defect Energy (rule of thumb values)

Vacancy 1 eV
0 dimensional Interstitial 3.5 eV

Substitutional 3.5 eV
1 dimensional Dislocation 4 eV/atom

Surface 1 J/m2

2 dimensional Grain boundary 0.5 J/m2

Stacking fault 10-3 - 1 J/m2

3 dimensional Pore, flaw -

Since defects distort the crystalline lattice, an elastic stress field is formed
close to the defect. The energy increase accompanied by defects is strongly
dependent on the considered material. Nevertheless, “rule of thumb” values
are also given in the table above [Blum 03]. Different defects predominantly
influence specific materials’ parameters, e.g. vacancies are important for
diffusion and creep, whereas dislocations are mainly responsible for plastic
deformation. Other mechanisms of plastic deformation are phase changes,
twinning, super plasticity, or creep based on diffusion processes. Never-
theless, dislocation movement and multiplication are regarded as the most
important deformation mechanism.
Hence, their characteristics are discussed in more detail in the following.
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3.2. The particles’ microstructure

Dislocations are characterized by two vectors. The line vector describes the
pathway of the extra half plane through the lattice and the Burgers vector
describes the magnitude and direction of the lattice distortion. Based on
the orientation of line to Burgers vector, it can be distinguished between
two different types of dislocations: edge and screw. In real materials of-
ten mixed dislocation types are found. That means they exhibit both edge
and screw characteristics. In Fig. 3.4, an edge and a screw dislocation are
presented.

a.)                                                      b.)

Figure 3.4.: 1 dimensional crystal defects: a.) edge dislocation; b.) screw dislocation

Plastic deformation, e.g. caused by the movement of dislocations, is ac-
companied by a step by step tearing of atomics bonds in the crystal. The
resulting force acting against the dislocation movement is the so-called fric-
tion force or Peierls force. The dislocation line disappears if it reaches a
free surface. During plastic deformation, the amount of dislocations in a
crystal increases. This is caused either by the formation of new dislocations
(dislocation nucleation) or a multiplication of present ones. Since very high
stresses are required for dislocation nucleation close to the theoretical yield
strength, the multiplication mechanism is the more frequent one. Dislo-
cation multiplication takes place at Frank-Read sources according to the
Orowan mechanism, which is schematically shown in Fig. 3.5.

A dislocation line is pinned with its outer endings between two obstacles,
at which point the inner part starts to bend as a consequence of the applied
stress. The dislocation bows further and further until it interacts with
itself and forms a new dislocation loop. In addition, the initial dislocation
is rebuilt. The necessary stress to multiply a dislocation by the Orowan
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3. Theoretical Background

Figure 3.5.: Orowan mechanism [Roes 06]

τOrowan ≈ 0.84 · G · b
Λ

(3.5)

where G is the shear modulus, b the Burgers vector, and Λ the distance
between the two obstacles. With decreasing grain size, the maximum avail-
able obstacle distance decreases and higher Orowan stresses are necessary
to generate new dislocations.
The concept for plastic deformation is not restricted to any specific material
class. Dislocations are found even in very brittle ceramics. However, plastic
deformation is rarely observed in such materials since low toughness values
and high Peierls forces facilitates cracking prior to plastic yielding.

3.2.2. Size effects in nanocrystalline materials

The materials’ behavior is governed by its microstructure. In particular,
lattice defects and grain size are known to affect the material properties.
One important effect of grain size in nanocrystalline solids is the Hall-Petch
relationship or grain boundary strengthening/hardening. It describes the
correlation between the yield strength of a material σy and their grain size
d in the following form: [Hall 51], [Petc 53]

σy = σP + k · 1√
d

(3.6)

where σP is the friction stress (Peierls stress) and k is the strengthening
coefficient unique to each material. The Hall-Petch relation is based on the
observation that grain boundaries impede dislocation movement and that
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3.2. The particles’ microstructure

the number of dislocations within a grain have an effect on how easily dis-
locations can traverse grain boundaries. With decreasing particle size, the
amount of surface atoms increase rapidly so that the materials’ behavior
may differ from the bulk properties. In several experimental and theoret-
ical studies, it was proven that values such as Young’s modulus, fracture
toughness, or hardness are changing with grain size in the nanometer range
[Lata 03], [Mook 07], [Gerb 06].

As already mentioned in chapter 2.2, the whole material behavior can
change with particle size. Below a critical size, which is termed the brittle-
to-ductile transition xBDT, originally brittle materials start to behave plasti-
cally. The reason is the increasing necessary breakage stress with decreasing
particle size (smaller initial cracks), so that below the brittle-to-ductile tran-
sition size the yield stress of the material exceeds its breakage stress and
yielding occurs prior to fracture. Sizes for the brittle-to-ductile transition
were found in the lower micrometer and submicrometer range (SiO2 ∼ 1.1
μm, Al2O3 ∼ 3.3 μm [Haga 79]; Si ∼ 300 - 400 nm [Ostl 09]). As a con-
sequence of the changing material properties with grain size, the fracture
behavior is also influenced by size effects in the nanometer range.

Absence of dislocations in smallest grains
It is reported for metal nanoparticles, that below a certain size, the grains
contain only very low dislocation densities or may even be free of any
dislocations [Vepr 95]. Some explanations are given in literature for this
phenomenon ranging from an inability to generate new dislocations in the
smallest grains limited by dislocation nucleation [Vale 07] or multiplication
[Chri 98] to an instability of dislocation lines. The latter is consolidated by
most of the authors referring to the theoretical considerations of Nieh et
al. [Nieh 91] (see chapter 2.2) or of Gryaznov et al. [Grya 89], [Grya 91].
Gryaznov et al. ascribe the dislocation instability by an increasing image
force acting on the dislocation loop with decreasing grain size. The image
force Fi drives the dislocation to the grain surface, whereas a friction force
(i.e. the Peierls force FP) works against the dislocation movement. This
competition is illustrated in Fig. 3.6 [Roma 95].
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Figure 3.6.: Forces acting on a dislocation loop [Polo 91]

A dislocation loop becomes unstable and spontaneously leaves the grain
at its surface when the image stress σi exceeds the Peierls stress σP . Accord-
ing to Hirth [Hirt 82] the image stress can be determined by the following
expression:

σi =
G · b

4π(1− ν) · lds (3.7)

where lds is the distance of the dislocation line from the surface. In a
spherical particle, the maximum distance equals the radius of the parti-
cle. Eq. 3.7 shows that the image stress scales inversely with particle size.
The Peierls stress does not show any dependency on particle size, but is
very sensitive to the nature of the interatomic bond force. From the force
equilibrium, the critical grain size can be determined from:

dcrit =
G · b

2π(1− ν) · σP (3.8)

Characteristic lengths were calculated by Gryaznov et al. for spherical
metal particles, Al: 14 nm, Cu: 38 nm, and Ni: 16 nm [Grya 91]. Recently,
it was shown in the group of Banfield that the observation of dislocation-
free nanocrystals seems to be valid for ceramic nanocrystals as well. In
HR-TEM studies of 6 nm titania nanoparticles, no more dislocations could
be detected inside the grains [Penn 98]. Also, the elastic properties are
found to change below a critical grain size, which is ascribed by the absence
of dislocations [Chen 09].
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3.3. Particle breakage

3.3. Particle breakage

3.3.1. General considerations

Understanding particle breakage is an important issue to obtain the desired
product in milling processes. A combined knowledge of process design and
fracture behavior of the product particles is a necessary precondition to
realize optimal process conditions in terms of energy utilization and product
quality.
To achieve particle breakage, a sufficiently high amount of energy has to be
applied to the product particles either in single or multiple stressing events.
The breakage behavior depends on its intrinsic material properties as well
as the applied stress conditions. These stress conditions can be classified by
type of stress (loading case), number of loading points, stress intensity, and
stress rate. According to Rumpf, there exists four different types of stress,
which can be separated by the manner in which the energy is supplied
[Rump 90]. The four mechanisms are summarized in Fig. 3.7.
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Figure 3.7.: Stress types according to Rumpf

Different stress types result in different stress fields inside the particles,
which are depending on the material properties more or less favorable for
fracture. In ball milling applications, only type I is relevant for particle
breakage. The product particles are trapped between the grinding media
and compressive and friction forces (often termed as shear forces) act on
the particles.
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Depending on the stress type as well as the material properties, there exist
different failure modes. The failure mode of a material can be classified
according to Ghadiri as brittle, semi-brittle, or ductile depending on the
degree of deformation [Ning 97]. Brittle failure is caused by fracture with-
out any plastic deformation. If plastic flow takes place prior to fracture,
the process is termed semi-brittle. This failure mode is often valid for brit-
tle materials, if the stress concentration at the notch root under loading
exceeds the yield stress of the material. A plastic zone is formed around
the crack tip changing the stress field and the resulting breakage pattern.
Ductile fracture is dominated by strong plastic flow. Most of the inserted
energy is used for plastic deformation rather than the cracking process.

Influence of material properties

It is well known that the milling behavior of particles depends not only on
their intrinsic material properties (material function), but also on the mill
performance (machine function). Whereas the machine function in stirred
media mills can be well described by the concept of stress energy and stress
number (Kwade and Schwedes), the determination of the material function
directly from the grinding process is hardly possible, since both functions
are interconnected.

Peukert distinguished between different scale levels to describe the mate-
rial behavior on the breakage propensity [Peuk 04]. On the molecular scale,
rupture depends on the break-up of chemical bonds and hence, depends
on atomic interactions. One level above the breakage event is character-
ized by a continuums approach, which is commonly practiced in the field
of Materials Science. By means of stress-strain curves, the failure behavior
of a standardized sample is described. Characteristic material properties
like Young’s modulus, ultimate strength, or yield strength can be obtained
from these curves. In general, materials can be classified according to their
response to an applyed stress into brittle, plastic, and visco-elastic materi-
als. The latter show a strong dependence of the breakage behavior on strain
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3.3. Particle breakage

rate (e.g. impact velocity) and temperature. The next level closer to the
real process comprises investigations of the single particle. The particles
are stressed definedly under comparable conditions as in the milling device.
The overall particle strength is a function of particle size, morphology, and
defect structure. Depending on the stress type, the material, and morphol-
ogy, a certain stress field arises inside the particles, which causes fracture if
the particle strength is exceeded. The last level represents the process itself.
Here, it is usually not possible to separate the influence of the material from
the machine function. In general, the deeper the level of investigation, the
more difficult it is to transfer the results to the real process.

Vogel generated a single master curve from particle stressing experiments,
which reflects the breakage probability of different materials based on only
two material parameters (fmat and xWm,min) [Voge 03]. Later on, Meier et
al. correlated these breakage parameters to intrinsic materials properties
by nanoindentation measurements [Meie 09].
Ghadiri et al. showed for single particle impact milling of pharamceutical
powders that the main influencing material properties for breakage are the
Young’s modulus Y, the hardness H, and the critical stress intensity factor
Kc. These values reflect the resistance of a material to elastic deforma-
tion, plastic deformation, and crack propagation, respectively [Ghad 02].
First experiments were carried out where the results from single particle
impact tests could be successfully transferred to a dry bulk milling process
[Kwan 04].

Energy-size reduction laws

A general relationship between energy and size reduction was given by
Walker et al. in 1937 [Walk 37]:

dE = −C
dx

xn
(3.9)

where dE is an infinitesimal amount of energy required to reach an in-
finitesimal size reduction dx. C and n are constants for a given mill and
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material system. From the ”general grinding law” (Eq. 3.9), a power func-
tion can be derived resulting in the following form:

x = a · Em
b (3.10)

Validated by various experimental data, this equation describes the size
reduction by straight lines in a double logarithmic scale diagram. Beside
this general formulation by Walker, more specific theoretical and empiri-
cal energy-size reduction equations were proposed by von Rittinger (1867),
Kick (1885), and Bond (1952), known as the three theories of comminution.
Whereas the approaches from von Rittinger and Kick are derived for sin-
gle particle models, the equation of Bond can be used for comminution of
particle assemblies in media mills. The equation of Walker can directly be
transformed into the Bond law for n = 1.5, where the constant is a material
specific fit value defined as ”work index”.

3.3.2. Breakage theories

In 1921, the first considerations about crack propagation under an applied
stress field were published by Griffith in ”The Phenomena of Rupture and
Flow in Solids” [Grif 21]. The Griffith concept is only valid for brittle
materials already containing at least one microcrack, which is nearly always
the case for adequately large particles. The concept is based on an energy
equilibrium at the crack tip. To reach a propagation of the crack, the
provided elastic energy in the direct surroundings of the crack tip has to be
larger than the necessary energy for the creation of new surfaces (differential
energy balance). According to Griffith, the crack can propagate throughout
the material if the following condition for the breakage stress applies:

σ > σB =

√√√√2Y γ

πc
(3.11)

where γ is the surface tension of the material, Y the Young’s modulus and
c the maximum crack length existing in the sample. Hence, with smaller
particle sizes, smaller maximum cracks pre-exist in the material and higher
stresses are required for particle breakage.

46

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



3.3. Particle breakage

In experimental investigations, much higher stresses than predicted by the
Griffith law were observed to reach fracture of brittle materials. In 1949,
Orowan [Orow 49] and later on in 1957, Irwin [Irwi 57] found that a huge
part of the inserted energy is consumed for nonelastic deformation processes
such as the formation of a plastic fracture zone around the crack tip and
microstructural interactions. Only a small portion of energy is used for the
creation of new surfaces. This fracture behavior is termed semi-brittle and
is the most likely one for brittle materials as well. Hence, reducing the
surface energy by changing the surrounding medium or the adsorption of
grinding aids cannot have any influence on the breakage energies for such
materials as once postulated by Rehbinder [Rehb 72]. The Griffith equation
was modified by replacing 2γ by the crack resistance R, which includes all
energy consuming processes during crack propagation. Irwin introduced
the so-called energy release rate G for plane stress and showed that G =
K2/Y, where K is the stress intensity factor. At the point of instability
(fracture), G reaches a critical value Gc which equals the crack resistance
R. The corresponding stress intensity factor is the fracture toughness Kc or
under plane stress K1c. All processes acting against crack propagation can
be summarized in K1c, which describes the resistance of a material against
crack propagation. Hence, the fracture stress can be calculated using the
following equation:

σB =
K1c√
πc

(3.12)

According to Eq. 3.12 particle breakage is facilitated if large inner cracks
exist and the material yield a low fracture toughness.

Intercrystalline or transcrystalline fracture
In polycrystalline materials, the crack can propagate either along the grain
boundaries (= intercrystalline/intergranular fracture) or through the grains
(= transcrystalline/transgranular fracture). The fracture path mainly de-
pends on the energy of the grain boundaries and the cleavage planes. In
general, the crack chooses the path of least resistance and hence propagates
along the weakest internal interfaces. These interfaces are within a crystal
in the case of the transcrystalline fracture cleavage planes. Cleavage planes
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3. Theoretical Background

are characterized by close atom packings and low surface energies. If the
cohesion forces on the grain boundaries become lower than the cohesion
forces on the cleavage planes or if there is not a sufficiently high number of
slip systems to propagate, intergranular fracture takes place. This fracture
type often occurs for brittle ceramic particles. Beside the material prop-
erties (e.g. crystal system, grain boundary energy), the crack path is a
sensitive function of temperature, strain rate, stress field, and microstruc-
ture (grain size, defect structure, grain boundary segregation). Frequently,
fracture shows both transcrystalline and intercrystalline components.

3.3.3. Fracture along the length scales

As already discussed in 3.2.2, the properties of a material can change with
particle size. Therewith, also the fracture behavior of a particle will change
with the dimension of the sample. In Fig. 3.8, the fracture behavior of a
brittle particle in different size ranges is illustrated.
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3.3. Particle breakage

For large particle and grain sizes, a brittle material, e.g. a ceramic particle
such as alumina, shows a typical (semi-) brittle fracture behavior under
loading, which can be described by the Griffith or Orowan/Irwin approach.
With decreasing particle size, the particle can hardly store the necessary
elastic energy within its volume required for crack motion across the entire
particle in one stress event (integral energy balance). If sufficient energy
cannot be supplied to the crack tip, the crack stops. Further stress events
are necessary to reach breakage of the whole particle. Schönert estimated
a critical size below which multiple stress events are required using the
following equation [Scho 88].

Lcrit =
2 ·R · Y

σ2
B

(3.13)

This equation is based on the Griffith approach for fracturing a cylindri-
cal body with the length L. For Al2O3 particles, this critical size is in the
range of 80 μm. With decreasing particle size, the breakage stress increases
since smaller crack lengths pre-exist in the sample and yielding takes place
prior to fracture. A critical size can be defined below which a breakage-free
deformation of the specimen occurs under loading. At this size the mate-
rial behavior changes from brittle to ductile and is accompanied by severe
plastic deformation. Hagen gives a brittle-to-ductile transition size xBDT of
about 3 μm for alumina particles. However, an exact calculation of xBDT

is hardly possible, since the yield strength describes a region rather than
an exact value. Nevertheless, particle sizes of alumina much smaller than
100 nm can be achieved in milling processes nowadays [Sten 05b]. Hence, it
is assumed that the size reduction below xBDT is accompanied by a strong
plastic deformation even for originally brittle materials. For metal parti-
cles, a size reduction by a ductile fracture is known. Ductile fracture is
characterized by the formation and movement of dislocations resulting in a
strong plastic flow of the material. An accumulation of dislocations lead to
the formation of new grain boundaries and the nucleation of small voids.
Their coalescence can cause crack nucleation followed by its propagation
until complete failure of the material. Additionally, hardening effects such
as strain hardening (At high dislocation densities, dislocations interact with
each other, and serve as obstacles that significantly impede their motion.
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As a consequence, the strength of the material increases and their ductility
falls.) or grain boundary hardening (Hall-Petch relation) lead to an increase
in the materials’ brittleness and facilitates fracture. If fracture terminates
at a critical size -the true grinding limit-, is still unclear for the time being.

Cyclic loading and fatigue fracture
In Material Science, failure under cyclic loading at stresses lower than the
ultimate tensile stress is described as fatigue failure. If the loads are above
a certain threshold, cracks will start to form (mainly at sharp edges at the
surface or internal microflaws), reach a critical size, and the structure will
suddenly fracture. The relation between loading stress and number of cycles
to reach fracture is described in the curves of Wöhler (S-N-curve) [Schu 93].
The lower the applied stress, the higher the cycle number until the material
fails. Also, the grain size is known to have an influence on the Wöhler lines.
With decreasing grain size, higher cycle numbers are necessary to reach
fracture. In 1870, Wöhler introduced an endurance or fatigue limit: Below
a certain stress amplitude, no further failure of the material is assumed to
be observed. However, recent studies of very high cycle fatigue tests reveal
that endurance limits do not actually exist or are at least shifted to smaller
loads at huge cycle numbers [Hopp 10], [Bath 99].
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4.1. Experimental setup

4.1.1. Comminution in LabStar LS1

The milling experiments were performed as circuit mode comminution in
the laboratory stirred media mill LabStar LS 1 (NETZSCH Feinmahltech-
nik GmbH, Selb, Germany). The suspension is pumped with a hose pump
from the grinding chamber into a stirred vessel, where samples can be taken
and stabilizers can be added. From the vessel, the suspension returns into
the mill. A schematic overview of the experimental setup is shown in Fig.
4.1.
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Figure 4.1.: Circuit mode comminution with LabStar LS1
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Figure 4.2.: Grinding chamber of LabStar LS 1 and plan view of the pin rotor

The LabStar LS 1 is a horizontally arranged media mill with a rotating
pin stirrer. The mill has an explosion-proof design and is equipped with a
centrifugal separating system for the grinding media which allows the use
of small grinding beads down to a size of 50 μm. The grinding chamber
is lined for wear protection reasons with ZrO2 and offers a total volume
of 0.67 l. The rotor is made out of ZrO2 or Si3N4 and has a maximum
radius to the outer ending of the pin of 3.8 cm. A schematic drawing
of the grinding chamber of LabStar LS 1, and the pin stirrer is given in
Fig. 4.2. All experiments were carried out with a filling ratio of grinding
beads in the milling chamber of 80 vol.%. The grinding chamber and the
vessel are equipped with a double wall for cooling, which is connected to
an external cooling water system (FPW55-SL, Julabo, Germany). The
rotational speed of the agitator is continuously adjustable with a frequency
converter between 1000 and 4500 rpm. The maximal drive capacity of the
LabStar LS 1 is 3 kW. The data acquisition was carried out with a LabView
6i program. During the grinding process, the power consumption of the mill
P(t) is measured which allows the determination of a mass specific energy
input Em(t) according to Eq. 4.1

Em(t) =

t∫
0
(P (τ)− P0) dτ

mP
(4.1)
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where P0 is the no-load power of the empty mill at a certain revolution
speed and mP is the mass of the feed material.

4.1.2. Delamination in Batch Mill PE 075

The laboratory stirred media mill PE 075 (NETZSCH Feinmahltechnik
GmbH, Selb, Germany) has been used for the delamination experiments
of the graphite particles. The experimental setup provides a batch mode
comminution of the product particles only. The vertically arranged grind-
ing chamber is made of ceramic (Al2O3) and has a volume of 0.6 l. To
dissipate the generated heat, the grinding chamber is also equipped with
a double wall and is connected to an external cooling water system. The
stirrer consists of three eccentrically arranged perforated discs made out of
Si3N4. The rotational speed of the stirrer can be adjusted continuously from
233 to 2100 rpm. The mill provides a maximum drive capacity of 0.25 kW.
The design of the batch mill as well as the stirrer geometry is shown in Fig.
4.3.

31
25
9

Figure 4.3.: Design and stirrer geometry of batch mill PE 075
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4.1.3. Dry grinding in a planetary ball mill

For dry grinding experiments, the planetary ball mill PM 400 (Retsch
GmbH, Haan, Germany) was used. In general, planetary ball mills are
limited to a batch mode comminution by their design. The used mill is
equipped with 4 grinding jars (planets) which are made of steel and offer a
volume of 500 ml each. The sun wheel has a diameter of 300 mm and the
wheel speed can be adjusted continuously between 30 rpm and 400 rpm.
The grinding jars are arranged eccentrically on the sun wheel of the plane-
tary mill. The direction of movement of the sun wheel is opposite to that of
the grinding jars in the ratio 1:1.5. The movement of the grinding media in
the milling jars result in high energy release rates. Since the jars could not
be connected to a cooling system, high temperatures arise during milling
and require pause times for cooling.

4.2. Materials and methods

4.2.1. Materials

Milling Material.
To investigate the influence of milling material on the breakage behavior of
nanoparticles, different materials were used in the experiments. An overview
about the materials with their manufacturers and their initial specific sur-
face areas Sm are given in Tab. 4.1.

Solvents.
De-ionized water and technical ethanol (95 vol.% denatured with MEK,
VWR International GmbH, Germany) were used as solvents in the grinding
experiments.

Grinding Media.
Wear resistant commercially available yttria stabilized zirconia milling beads
(YSZ) in different size ranges from 0.05 mm to 1.25 mm were used as grind-
ing media. According to the manufacturer (Tosoh Corporation, Japan), the
beads have a density of 6065 kg/m3, a Young’s modulus of 265 GPa, and a
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4.2. Materials and methods

Table 4.1.: Milling materials

Material Modification Manufacturer/ Trade name Density Sm

[kg/m3] [m2/g]

Al2O3 α-alumina Almartis GmbH/ CT 1200 SG 3930 7.6
SnO2 cassiterite Merck KGaA 6950 8.2
SnO2 cassiterite Keeling & Walker 6950 4.0
SnO2 cassiterite Thermox Zinnoxide GmbH/ VS 6950 4.1
SiO2 quartz Carl Roth GmbH+Co.KG 2650 1.0
ZrO2 baddeleyite Sigma Aldrich Co. 5770 4.3
T iO2 anatase Kronos Titan GmbH/ Kronos 1171 3880 8.6
CaCO3 calcite Carl Roth GmbH+Co.KG 2730 2.0
ZnO zincite Sigma Aldrich Co. 5610 4.1
CaF2 fluorite Hüttenses-Albertus 3180 2.5
SiC SiC/moissanite Struers GmbH 2390 0.3
C graphite RMS Remacon GmbH/ GS 6 2300 17.7

chemical composition of 95 % ZrO2 and 5 % Y2O3.
Beside the spherical zirconia beads, an irregular shaped α-alumina split
(Cerpass XTL R©, Saint-Gobain Ceramic Materials GmbH, Weilerswist, Ger-
many) in a size range between 0.18 mm and 0.3 mm was also used in the
milling experiments. This alumina split was produced in a seeded sol-gel
process and is highly wear resistant. Compared to the spherical zirconia
grinding beads, the costs for the alumina split are about one order of mag-
nitude lower. The alumina grinding media has a density of 3910 kg/m3 and
a purity ≥ 99.6 %. A microscopic picture of the split is given in Fig. 4.4.

Dispersing Agents and other Chemicals.
To prevent agglomeration or restacking of the delaminated graphite sheets,
the anionic surfactant Sodium Dodecyl Sulfate SDS (C12H25NaO4S, assay ≥
98 %, Fluka BioChemica, Switzerland) was used as received. The necessary
amount of stabilizer was determined by an adsorption isotherm.
For the polymer composites, polyvinyl alcohol (PVA, 4-88, Sigma Aldrich
Co.) was used as matrix material. The polymer has a molecular weight
of about 31000 g/mole, a density of 1.269 g/cm3, and is 86.7-88.7 % hy-
drolyzed. Since PVA is also a good stabilizer for aqueous graphite suspen-
sions, the polymer is also used in some grinding experiments.
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Figure 4.4.: Microscopic image of the alumina grinding media

For the coating experiments of delaminated graphite sheets with platinum
nanoparticles and the determination of their catalytic activity, some other
materials were needed. The non-ionic surfactant Dodecyldimethylaminox-
ide (DMAO, Sigma Aldrich Co.) was used as a stabilizer for the aqueous
graphite suspensions.
The fabrication of the Pt-NP was carried out by the reduction of potassium
hexachloroplatinate(IV) (K2PtCl6, VWR International GmbH) with either
sodium borohydride (NaBH4, Sigma Aldrich Co.) or analytical ethanol (pu-
rity ≥ 99.8 %, VWR International GmbH). The produced Pt-NP could be
stabilized with Polyvinylpyrrolidone (PVP, K30, Sigma Aldrich Co.). The
catalytic activity of the coated sheets was analyzed by the reaction of p-
nitrophenol (Merck KGaA) with NaBH4 under the presence of the Pt-NP
to p-aminophenol.

4.2.2. Characterization methods and sample preparation

Atomic force microscopy (AFM). To determine the exact thickness
of the graphite sheets, the commercial AFM NanoScope III (Digital In-
struments/Veeco, Santa Barbara, CA, USA) was used in tapping mode
with MikroMash Ultrasharp NSC15/AIBS cantilevers made out of silicon.
The samples were prepared by spin-coating (Spin-Coater SCV, LOT Oriel
Group, rotational speed 3000 rpm) diluted suspensions onto cleaned Si or
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4.2. Materials and methods

Si/SiO2 wafers. In exceptional cases, the coated wafers were put into a
bath of millipore water to remove adsorbed surfactant molecules and sub-
sequently dried under moderate temperatures (T ≤ 80 ◦C).

Contact angle measurements. Surface tension measurements were car-
ried out with the contact angle meter OCA 20 (DataPhysics Instruments
GmbH, Filderstadt, Germany) using the Pendant Drop method in order to
determine the adsorption isotherm of SDS molecules on graphite particles.

Dynamic light scattering (DLS). Particle size distributions of the milled
samples were obtained using the Honeywell Ultrafine Particle Analyzer 150
(UPA, Microtrac Inc., USA), which allows according to the manufacturer
a size detection in a range between 3.2 nm and 6.54 μm. The Brownian
motion of the particles causes intensity fluctuations of the scattered light (3
mW semiconductor laser, λ = 780 nm), which can be correlated to a particle
size distribution by means of the Stokes-Einstein equation. To avoid multi-
ple scattering, the suspensions were diluted in an appropriate background
solution prior to the measurements.

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS). To de-
termine the amount of grinding media attrition in the milled suspensions,
ICP-MS measurements (ICP-OES, Spectro Analytical Instruments GmbH,
Kleve, Germany) of the dried suspensions were carried out at the Institute
of Glass and Ceramics (Department of Materials Science and Engineering,
University Erlangen-Nürnberg).

Impedance spectroscopy. Impedance measurements to examine the di-
electric properties of the polymer composites were carried out on a Concept
40 Impedance Spectrometer (Novocontrol Technologies GmbH & Co. KG)
in a frequency range between 0.01 Hz and 20 MHz. Epoxy resin plates (15
mm x 15 mm) with interdigitated Cu electrodes (channel length = 23.28
cm; channel width = 200 μm; channel height = 18 μm) were used as the
substrate for the impedance measurements.
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Nitrogen adsorption (BET). To investigate the specific surface area
Sm of the milled powders after different grinding times, a gas adsorption
analyzer (NOVA 2200e, Quantachrome, Germany) was used. The dried
samples were degassed for at least 2 h at 250 ◦C under vacuum to re-
move adsorbed solvent molecules. The Sm was determined using the BET
(Brunauer-Emmett-Teller) method at 7 relative pressures p/p0 between 0.1
and 0.4 (standard 7-point method) with nitrogen as the adsorption gas.
Under the assumption of spherical and monodisperse particles containing
no micropores, Sm can be used to calculate the mean Sauter diameter x1,2
using the following equation:

x1,2 =
6

Sm · ρp (4.2)

Complete adsorption-desorption isotherms of the final products were ad-
ditionally recorded to determine the presence of micropores in the material,
which can falsify the calculated Sauter diameters. The evaluation of the
isotherms was carried out by means of V-t-plots (see Appendix). Also, the
roughness on the particle surface can influence the measured surface area.
However, since no visible irregularities were found during SEM or TEM
imaging on the particle surface, this effect is neclegted in the following.

Raman spectroscopy. Raman spectra of graphite sheets were recorded on
a single spectrometer (LabRam Aramis, Horiba Jobin Yvon GmbH, Unter-
haching, Germany) using 532 nm laser excitation. The sheets were spread
via spin coating on Si-wafers with a 300 nm SiO2 layer, which enhance the
Raman signal of the carbon material.

Rheology measurements. Rheology measurements were carried out on a
Physica Universal Dynamic Spectrometer (UDS 200, Paar Physica GmbH,
Austria) with double gap geometry according to DIN 54453. The instru-
ment is connected to an external thermostat to ensure a constant temper-
ature during the measurements. To avoid errors due to the shear history
of the samples, a constant shear rate of 1000 s−1 was applied for 60 s to
the suspensions before the flow curves were recorded. The data acquisition
was carried out stepwise via ramp function from 1000 s−1 to 0.1 s−1. In
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exceptional cases the shear rate was increased to a maximal value of 4000
s−1.

Scanning electron microscopy (SEM). Scanning electron microscopy
images were obtained using an Ultra 55 field emission SEM (Carl Zeiss
NTS GmbH, Oberkochen, Germany) with EDX detector (Thermo Scien-
tific, Dreieich, Germany). The concentrated suspensions were diluted and
dispersed in appropriate background solutions before spreading them on
cleaned Si-wafers via spin-coating. The prepared wafers were dried under
dust free conditions.

Transmission electron microscopy (TEM). TEM was conducted to
examine the size, morphology, and inner structure of the particles. The
TEM CM 30 and the HRTEM CM 300 UT (both: Philips, Eindhoven,
Netherlands) were used in this work. The measurements were carried out
at the Center for Nanoanalysis and Electron Microscopy (CENEM; Univer-
sity Erlangen-Nürnberg). Both microscopes were operated at 300 kV using
a LaB6 filament. The samples were prepared by pipetting a few microliters
of the diluted suspension onto a holey carbon mesh grid.

UV-Vis spectroscopy. The concentration of delaminated sheets in the
suspension after removal of the feed particles was determined using optical
absorption spectroscopy (CARY 100 Scan, Varian Inc., Palo Alto, USA)
at a wavelength of 660 nm. By means of calibration curves, the measured
extinction can be related to a defined concentration of carbon particles with
the same size and shape.

X-ray diffraction analysis (XRD). The XRD data were collected using
a D8 Advance powder diffractometer (Bruker AXS, Karlsruhe, Germany)
equipped with a VÅNTEC-1 detector and Ni filter. Cu Kα radiation with
a wavelength of λ = 0.15406 nm was used to determine the evolution of the
crystallite sizes during the grinding treatment. The X-ray patterns were
recorded in a range from 20◦ ≤ 2θ ≤ 80◦ with a step width of 0.014 ◦/step
and a counting time per step of 1 s. The crystallite sizes which are regarded
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in this work as the size of the coherent scattering domains were determined
by using the Scherrer equation [Sche 18]:

xcrys =
K · λ

FWHM(2θ) · cosθ (4.3)

where K is a dimensionless shape factor, which is normally set to 0.9
for crystallites of unknown shape. The given crystallite sizes in this work
were determined by an evaluation of at least three different, non-overlapping
peaks from the diffraction patterns. The Scherrer equation provides domain
sizes as a volume-weighted quantity. Beside the Scherrer equation, a Ri-
etveld refinement was also used to simultaneously determine crystallite size
and lattice microstrain. The Rietveld method uses a least squares approach
to refine a theoretical line profile until it matches the measured profile. The
evaluation was carried out with the commercial software TOPAS 3 (Bruker
AXS GmbH, Karlsruhe, Germany; [Balz 99]). A more detailed description
of the Rietveld method is given in the appendix. The samples were prepared
by pipetting the undiluted suspension onto special low background silicon
wafers. The wafers were cut in a way that no additional signal from silicon
appears in the diffraction patterns.

X-ray photoelectron spectroscopy (XPS). XPS spectra were mea-
sured using a PHI 5600 spectrometer (Physical Electronics Inc., Chanhas-
sen, USA) with a monochromatic Al-Kα X-ray source and a hemispherical
capacitor analyzer at the Institute of Surface Science and Corrosion (Depart-
ment of Materials Science and Engineering, University Erlangen-Nürnberg).
For the XPS measurements the samples were dried and afterwards com-
pressed to dense pellets (Zwick Z020, Fmax = 5000 N).

ζ-potential measurements. ζ-potentials were recorded with the Zetasizer
Nano ZS ZEN 3600 (Malvern Instruments GmbH, Herrenberg, Germany)
employing the Laser Doppler electrophoresis method. An electric field is
applied to the suspension and the resulting particle velocity is directly pro-
portional to the magnitude of the ζ-potential. Since the measurements are
limited to only low solid concentrations, the milling suspensions were diluted
prior to the measurements.
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5. Breakage Behavior of Nanoparticles

5.1. The apparent and true grinding limit

The grinding progress in milling experiments is commonly tracked by the
evolution of particle size. Thereby, the particle size can be determined by
different measuring techniques. The most common ones are scattering or
diffraction methods. For nanosized particles, dynamic light scattering is a
powerful tool to determine size distributions in terms of a hydrodynamic
diameter down to a few nanometers. The BET method is based on the
adsorption of gas molecules on the surface of a dry powder. The evalua-
tion with the BET method gives a mass specific surface area from which
a surface-weighted mean Sauter diameter can be calculated if the product
particles contain no pores at all. Depending on the physical principle of
the used method, different measuring techniques can yield different parti-
cle sizes. Hence, it is very important to give information about the used
method in addition to the measuring result. Nevertheless, comparing sizes
from different measuring techniques will give additional information about
the analyzed product. In Fig. 5.1 the grinding progress of quartz particles
dispersed in ethanol without any additive as stabilizer is presented.

At the beginning of the grinding experiment, both the mean Sauter dia-
meter x1,2 determined from BET measurements as well as the median par-
ticle size from DLS measurements x50,3 decrease with specific energy input.
In contrast to x1,2, the measured hydrodynamic diameter already reaches
a constant value at low energy inputs. No further grinding progress is ob-
served in the remaining milling experiment and a final median particle size
x50,3 of about 250 nm is achieved. The evolution of the mean Sauter diam-
eter from the BET analysis is quite different. Much smaller particle sizes
can be detected with this measuring method, but a plateau in particle size
is also reached for long grinding times. The reason for this discrepancy is
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5. Breakage Behavior of Nanoparticles

Figure 5.1.: Grinding progress of SiO2 dispersed in ethanol

the formation of agglomerates, since no stabilizer was added to the milling
suspension. Agglomerates are measured by DLS, whereas the BET method
gives information about the primary particle sizes and is independent of
agglomeration processes. Hence, this method can be used to describe the
real breakage process as long as the samples are free of micropores, which
enlarge due to the additional inner surface the totally measured surface
area. Nevertheless, both methods exhibit a limit in particle size, which is
defined in the case of the hydrodynamic diameter as an apparent grinding
limit and for the primary particle size as a true grinding limit [Knie 09].
The apparent grinding limit reflects therewith an agglomerate size, which
depends on the stability of the suspension and flow conditions inside the
milling chamber. Sommer showed in separate agglomeration experiments of
Ludox particles in a stirred media mill, that with increasing salt content (i.e.
decreasing stability due to the compression of the electrostatic double layer)
and decreasing stirrer tip speed, larger final agglomerate sizes are obtained.
Larger tip speeds result in the formation of more compact agglomerates,

62

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



5.1. The apparent and true grinding limit

proven with SANS measurements [Somm 07]. Hence, the apparent grinding
limit can be shifted to smaller values with increasing suspension stability
and should reach the value of the true grinding limit in a perfectly stable
system. The true grinding limit is in first approximation not affected by the
stability of the suspension. It reflects therewith the size, where no further
breakage of the particle occurs. For quartz particles this size is in range of
30 nm. In Fig. 5.2 a SEM image of the milled product in shown.

Figure 5.2.: SEM image of milled SiO2

It can clearly be seen that the broken fragments are highly agglomerated
to a cluster of about 300 nm in size, which is in good agreement with the
DLS measurements. The primary particles are much smaller and exhibit
sizes less than 100 nm. With this first example, it becomes clear that it has
to be distinguished between an apparent particle size, which is more or less
an agglomerate size and the “real” fragment size (primary particle size).
Since particle sizes in comminution experiments are commonly measured
by scattering methods, the apparent grinding limit is often misinterpreted
in literature as the overall limit of grinding. Moreover, it also seems that
fracture itself is a limited process and a true grinding limit exists in the
lower nanometer range. These findings will be investigated in more detail
in the following chapters.
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5. Breakage Behavior of Nanoparticles

5.2. The breakage behavior of tin dioxide

5.2.1. Evolution of external structure

In the following, the breakage behavior of nanoparticles is investigated ex-
emplarily for tin dioxide particles, which were chosen as a model system in
this study. Tin dioxide (undoped or Sb-doped) has a wide application field
not at least for its electrical conductivity (wide energy gap n-type semicon-
ductor (3.6 eV at 300 K)) coupled with a high optical transparency as well
as a high chemical and mechanical stability. The n-type conduction in un-
doped tin dioxide can be related to the presence of oxygen vacancies and tin
interstitials leading to a natural nonstoichiometry of the material [Kili 02].
Hence, tin dioxide is extensively used in many applications such as trans-
parent electrodes, solar cells, or other optoelectronic devices [Sund 04]. To
achieve sufficiently thin transparant films (0.1 - 1 μm, optical transparancy
up to 97 % in the visible range [Kili 02]), small particle sizes are required for
film formation in a printing or coating process in order to avoid expensive
CVD or ALD methods. In addition, SnO2 is sensitive towards reducing and
oxidizing gases. A change in surface conductivity upon adsorption of gas
molecules occurs, which makes tin dioxide an appropriate material for gas
sensors.
First of all, the grinding progress of tin dioxide particles dispersed in wa-
ter is tracked by means of DLS measurements. Since DLS only provides a
hydrodynamic diameter, the instrument can be used to investigate the ex-
ternal structural evolution during comminution experiments. The external
structure or in other words the size of possible agglomerates is important for
further applications, since they determine many properties of the suspen-
sion. Stenger found for SnO2 particles in water the highest zeta-potentials
and therewith the highest suspension stability at a pH of 11 [Sten 05a].
This pH value was adjusted in the following experiment, where an aqueous
20 wt% SnO2 suspension was milled with 0.5 mm to 0.63 mm YSZ grinding
media and a stirrer tip speed of 8 m/s. The grinding results are presented
in Fig. 5.3.

With increasing specific energy input, the particle sizes characterized by
the x10,3, x50,3, and x90,3 values of tin dioxide decrease until a plateau value
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5.2. The breakage behavior of tin dioxide

Figure 5.3.: Grinding progress of SnO2 dispersed in water at pH 11

at a x50,3 of about 26 nm and a x50,0 of 19 nm was reached. The suspension
already yields at these sizes a transparent character, which is enabled by the
reduced scattering of fine particles. Even the x90,3 value achieved sizes well
below 50 nm at high specific energy inputs. It is likely that no agglomerates
have been formed in the suspension, which has a zeta-potential of about -50
mV and that the measured sizes reflect the primary particles. DLS measure-
ments provide a hydrodynamic diameter which is the diameter of a sphere
that has the same translational diffusion coefficient as the measured particle
and depends on the surface structure as well as the concentration and type
of ions in the surrounding medium. However, is it difficult to track the true
breakage process by means of DLS measurements, since the formation of
agglomerates can never be completely excluded. Hence, to investigate the
size reduction process exclusively, the primary particle sizes are determined
in this study by BET measurements. In Fig. 5.4, a typical evolution of
the specific surface area in a long-term milling experiment of tin dioxide
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5. Breakage Behavior of Nanoparticles

is given. Unless otherwise mentioned, the following “standard” grinding
conditions apply in the experiments: solid content 10 wt%, YSZ grinding
media in a size range of 0.4 - 0.5 mm, stirrer tip speed 8 m/s. At the begin-
ning of the grinding experiment, a steep increase in the specific surface area
is observed indicating a fast size reduction. For longer grinding times, i.e.
larger specific energy inputs, the increase slows down and a constant value
is reached. Under the assumption of monodisperse and spherical particles,
a mean Sauter diameter x1,2 as a primary particle size can be calculated
using the following equation:

x1,2 =
6

Sm · ρp (5.1)

Figure 5.4.: Evolution of specific surface area during comminution of tin dioxide

The evolution of the primary particle size is presented in Fig. 5.5. Since
all samples in the double logarithmic diagram lay on a straight line, the
breakage behavior of the SnO2 particles can be described by a power law.
Hence, the general predictions of Walker for size reduction processes still
seem to be valid for nanosized particles and the breakage follows a first order
kinetics. Only the first sample steps out of line, which can be ascribed to
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5.2. The breakage behavior of tin dioxide

Figure 5.5.: Evolution of primary particle size during comminution of tin dioxide

fluctuations during the starting operation of the milling machine. The first
order kinetics is represented by a power law. Fitting the experimental data
gives the following dependency for the particle size:

x = a · Eb
m = 1.5μm ·

⎛
⎝ Em

kJ/kg

⎞
⎠−0.412

(5.2)

For long grinding times, the law of Walker becomes invalid, since size
reduction is no longer observed. Although the particles were stressed for
another 15 hours, no increase in specific surface area, i.e. no further break-
age of the particles is observed. A final primary particle size between 10
and 11 nm is reached for the SnO2 particles. Hence, a grinding limit also
exists for tin dioxide particles. During grinding of tin dioxide, a strong
color change from white to dark brown is observed. It is possible that this
color change is related to a change in the defect structure (probably the
number of oxygen vacancies), which can change the band gap of tin diox-
ide and therewith change its optical absorption properties [Sun 03]. In the
following, it will be investigated how the existence of a grinding limit can
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be physically explained and how the limit of grinding depends on process
or environmental conditions.

5.2.2. Evolution of internal structure

As internal structure the inner crystalline microstructure of the particles
characterized by its crystallite size and defect structure is described. The
microstructure evolution during the grinding process can help to understand
the breakage mechanism since internal changes in the crystalline lattice take
place under stressing prior to particle fracture. A grinding experiment typ-
ically starts with polycrystalline particles, i.e. the particles exist of several
crystallites which are separated by grain boundaries. During mechanical
stressing in the grinding experiment, the particles can break either trans-
or intercrystalline and new defects are generated in the lattice. These de-
fects can be point defects, dislocations, or new grain boundaries, which can
be formed from accumulated dislocations. Hence, beside a reduction in pri-
mary particle size, a decrease in crystallite size as well as an increase in
defect density is also expected with milling time. Information about the
particles’ microstructure can be gained from X-ray diffraction analysis. In
Fig. 5.6, X-ray diffraction patterns of tin dioxide at different milling states
are presented.

With increasing milling time, a loss in crystallinity due to a size reduction
of the coherent scattering domains (in this work termed as “crystallites”)
and amorphization processes and a broadening of the diffraction peaks is
observed. The line broadening can be ascribed by two effects: a decrease in
crystallite size and/or an increase in microstrain. The microstrain describes
a median change of the lattice parameter in the distorted lattice related to
the lattice parameter of the ideal lattice. Defects in the crystalline ma-
terial lead to a distortion of the lattice, since the interatomic distances
are disturbed (compressed or elongated). As a consequence of the distor-
tion, additional elastic energy is stored in the crystallites. A much larger
lattice distortion is obtained by the presence of 1-dimensional dislocations
compared to 0-dimensional point defects. Therefore, in the following dis-
cussions, the role of dislocations as the main distortion mechanism is mainly
considered.
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5.2. The breakage behavior of tin dioxide

Figure 5.6.: X-ray diffraction patterns of SnO2 at different milling states

X-ray diffraction patterns can be evaluated by different methods. The
most common ones are the Scherrer equation, the Rietveld refinement, the
Warren-Averbach evaluation, or the Williamson Hall plot. In this work the
Scherrer equation and the Rietveld refinement are used to determine the
crystalline microstructure. The Scherrer equation (see Eq. 4.3) assumes
that the whole broadening of the peak can be referred to a change in crys-
tallite size. The microstrain is not considered in this approach. Hence, the
crystallites containing a significant amount of strain will be underestimated
in size by using the Scherrer equation.
To investigate both the crystallite size and the microstrain evolution, a Ri-
etveld refinement was used. The possibility to distinguish between size and
strain broadening is based on the different dependency of the broadening
on the Bragg angle. During Rietveld refinement, which was carried out
with the commercial software TOPAS 3.0 (Bruker AXS, Karlsruhe, Ger-
many), the whole pattern is fitted by a theoretical line profile using the
least squares approach. The fitted profile can be deconvoluted into Gaus-
sian and Lorentzian contributions representing the size-broadening and the
strain-broadening, respectively [Balz 99]. The obtained microstrain from
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the TOPAS evaluation can be regarded as an upper-limit strain and is de-
fined as the change of the lattice parameter in the distorted lattice related to
the lattice parameter of the ideal crystal (Δd/d; d: lattice parameter). More
detailed information about the Rietveld method is given in the appendix.
In Fig. 5.7, the typically evolution of primary particle size, crystallite size,
and strain of tin dioxide during a grinding experiment is given.

Figure 5.7.: Internal structure evolution of SnO2 milled in ethanol

As expected, both primary particle size as well as crystallite size decrease
with specific energy input until the grinding limit is reached. During the
grinding treatment, the initial polycrystalline particles become monocrys-
talline, indicating a faster primary particle size reduction preferred along
grain boundaries. After the monocrystalline stage is reached, further size
reduction of the single crystallites takes place. The microstrain increases
steeply at the beginning of the grinding treatment, reaches a maximum, and
then declines to almost zero. It is worth noticing that the disappearance
of the strain takes place almost simultaneously to the achievement of the
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grinding limit. Thus, it follows that the presence of microstrain seems to be
a necessary precondition for fracturing the nanosized particles. In Fig. 5.8,
the evolution of the number of crystallites per particle is illustrated versus
the specific energy input.

Figure 5.8.: Evolution of the number of crystallites per SnO2 particle during a grinding
experiment

At the outset, each primary particle consists in average of about four
or five crystallites. During the grinding treatment, this amount decreases
to about one, where the monocrystalline stage is reached. This evolution
indicates a preferred intercrystalline fracture along the grain boundaries.
For large specific energies, the evaluation predicts a renewed increase in the
number of crystallites per particle. This is however, an artefact since an
amorphization of the material at long grinding times slightly reduces the
crystallite sizes, whereas the primary particle sizes remain constant.
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5.2.3. TEM studies of SnO2

Beside the X-ray diffraction analysis, TEM studies were also carried out to
investigate the inner structure of the stressed particles. The TEM investi-
gations were carried out by Dipl.-Ing. Mirza Mackovic from the Center for
Nanoanalysis and Electron Microscopy (CENEM, University of Erlangen-
Nürnberg). First, the initial tin dioxide particles were analyzed by means
of HRTEM to investigate possible defects in the structure. A typical image
of the feed material is given in Fig. 5.9.

Figure 5.9.: HRTEM image of tin dioxide feed material

It can be recognized that the illustrated feed particle is polycrystalline and
consists of several crystallites with a size of about 40 nm. According to XRD
analysis, the feed material exhibits a median volumetric crystallite size of
about 65 nm. The crystallites are separated by high-angle grain boundaries
and seem to be free of defects. Nevertheless, it has to be taken into account,
that only a few particles were investigated at each milling stage, so that the
results should be interpreted carefully with respect to general statements.
It is also possible that some particles in the feed material already contain
defects from a pretreatment of the powder. To get more reliable information
about the defect structure, statistics should be carried out in future works,
which describe, for instance, the amount of defect type per 100 investigated
particles at different milling times. In Fig. 5.10, TEM images of SnO2
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5.2. The breakage behavior of tin dioxide

Figure 5.10.: TEM images of tin dioxide milled for 1.5 hours

In the sample, highly deformed particles with inner stresses can be ob-
served. In contrast to the brittle bulk material, the nanosized SnO2 particles
behave plastically as expected below the brittle-to-ductile transition size. It
is very likely that the achieved particle sizes (≤ 300 nm) are smaller than
xBDT, although an exact calculation of the transition size was not possi-
ble, because of lacking material data for SnO2. In many particles, a strong
shear band formation was detected (see left image of Fig. 5.10). In the high
resolution, some shear bands could be specified as a kind of twin bands,
where their outer endings are formed by twin boundaries. Twinning results
when a portion of a crystallite gets in an orientation that is related to the
orientation of the untwinned lattice in a symmetrical way. The twinned por-
tion of the crystal can be regarded as a mirror image of the initial crystal.
The driving force for mechanical twinning is the applied stress (in contrast
to growth twins). Mechanical twinning and slip by a dislocation movement
can be considered as competing processes for plastic deformation. Twinning
generally occurs when the slip systems are restricted so that the twinning
stress is lower than the stress for slip. Tin dioxide in the cassiterite phase

73

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



5. Breakage Behavior of Nanoparticles

yields a tetragonal rutile-type structure, where twinning is often facilitated
in distinct directions due to its crystallographic structure. From HRTEM
studies described in literature, typical defect structures for SnO2 such as
stacking faults, twin boundaries, or dislocations were identified [Sund 04],
[Pan 97]. In the TEM images of the milled SnO2, partly cracked particles
were also found in the samples. Crack propagation is assumed to proceed
stepwise, because the necessary energy for a complete spontaneous fracture
cannot be stored in the particles’ volume below a critical size anymore. In
Schönerts words, the integral energy balance is no longer fulfilled and mul-
tiple stress events are required for nanoparticle breakage. Therefore, the
fracture process can be regarded as a kind of fatigue mechanism. Due to
the lack of flaws inside smallest crystallites, fracture can also start at sharp
edges at the surface of the particles, where high local stresses are acting
during impact. By means of high-resolution TEM, some other defects like
2-dimensional stacking faults can be identified as shown in Fig. 5.11.

Figure 5.11.: High-resolution TEM image of tin dioxide milled for 1.5 hours

To facilitate the detection of defects, the method of the inverse Fast
Fourier Transformation (IFFT) can be used. Therefore, a Fast Fourier
Transformation (FFT) of a HRTEM image is accomplished and in the re-
sulting diffraction pattern, two opposite spots are selected, which represent
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a certain crystallographic plane. After all other spots were covered with a
mask, an inverse image from the FFT pattern is created. This image only
displays the selected plane and defects (only in this plane!) can be visual-
ized. In Fig. 5.12, a HRTEM image (of the same particle as illustrated in
Fig. 5.11, but with a lower magnification) with the related IFFT image are
presened. In the IFFT image, a dislocation line in the crystal plane can be
identified.

Figure 5.12.: High-resolution TEM of milled SnO2 (left) and IFFT image showing a dislo-
cation line (right)

The evolution of the particles’ microstructure under loading is also inves-
tigated by means of Molecular Dynamics simulations at the Institute of
Particle Technology by M. Sc. Patrick Armstrong. In Fig. 5.13, the mi-
crostructure of a 30 nm tin dioxide particle after compression between two
flat punches is given [Arms 09]. Beside two Hertzian cones in the con-
tact zone between particle and flat punch, the formation of twin bands in
the direction of maximal shear stress (45◦) can be observed. These MD
results properly reflect the experimental findings in the microstructure of
stressed tin dioxide particles. Further similarities between experiment and
simulation were found during milling of CaF2 particles. Therewith, MD
simulations become a powerful tool to predict the microstructural evolution
during mechanical stressing and can help to gain new insights in fracture

75

processes.

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



5. Breakage Behavior of Nanoparticles

Figure 5.13.: MD simulation of a 30 nm SnO2 particle after compression [Arms 09]

At long grinding times after reaching the grinding limit, the finest crys-
tallites were also analyzed by HRTEM (Fig. 5.14). Due to the lacking
stabilization, the crystallites are highly agglomerated. Defects could not be
detected in the finest crystallites having a size between 5 to 10 nm. The
TEM investigations are therewith in good agreement with the XRD results.
Earlier studies from Fecht et al. show that long-term high-energy milling
of metal particles lead to the formation of almost dislocation-free grains.
The authors assume that at this stage, further refinement of the grains is
impossible. They explain this phenomena by the high stresses required for
dislocation movement in very small crystallites that hinder further plastic
deformation of the grains and therewith further size reduction [Fech 90].
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5 nm

Figure 5.14.: HR-TEM image of SnO2 milled for 24 h

5.2.4. Breakage mechanism of tin dioxide

According to the TEM and XRD studies, the following breakage mecha-
nism (see Fig. 5.15) is assumed to apply for nanosized tin dioxide particles
under cyclic loading. Energy is applied to the initial polycrystalline parti-
cles in terms of repeated impact between the grinding media. The resulting
stress inside the particles is consumed on the one hand for fracturing the
particles and on the other hand for microstructural deformation processes.
Beside twin bands and stacking faults, the presence of dislocations could
also be detected. Lattice defects, especially the 1-dimensional dislocations
compared to twin boundaries or point defects, significantly raise the free
energy inside the crystallites. During the cyclic loading, further fracture
becomes possible due to the following reasons:

• defects accumulate to new grain boundaries or micro voids which can
act as nuclei for crack generation,

• at high dislocation densities their movement is hindered so that higher
stresses are required for further deformation (strain hardening). As a
consequence of the lower ductility, higher stresses can be built up in
the material allowing further fracturing,
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• defects in the crystal enhance the elastically stored energy, which can
be used in addition to the transferred energy from the grinding media
for crack propagation.

Figure 5.15.: Schematically concept of SnO2 size reduction in the nanometer range

Below a critical grain size, which equals the primary particle size since
tin dioxide becomes monocrystalline during the grinding process, defect
structures can hardly be identified in the smallest crystallites. The ob-
tained defect-free grains should yield a strength in the dimension of the
theoretical strength of ideal materials. Only the surface of the particles
can be regarded as an irregularity. At sharp edges, a stress concentration
can originate during impact, which may theoretically cause further crack
propagation. However, this mechanism is also limited. Several discussions
have been carried out in literature about the low defect density in small
crystallites. Whereas point defects are still observed in crystals in the di-
mension of only several nm, the presence of crystal twins or dislocations is
assumed to be size dependent [Yu 10], [Grya 91]. This dependence can be
explained by either a lack of defect generation or their instability below a
critical size. The absence of dislocations is mainly related to an instability
below a critical size. Thereby two mechanisms can apply:
The smaller the crystallites, the shorter is the distance of the dislocation
line to the surface, which results in an increase of the image force driving
the dislocation line to the crystallite surface. If the image force exceeds
the Peierls force of the material, a spontaneous movement of the disloca-
tion line takes place and it disappears at the surface. This theory was first
introduced by Gryaznov et al. [Grya 89] and adopted by several other au-
thors [Hebe 06], [Chen 09]. A very similar explanation for the dislocation

78

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



5.2. The breakage behavior of tin dioxide

instability is given by Nieh et al. [Nieh 91]. This explanation is based on
the minimal separation distance of two dislocations under equilibrium con-
ditions caused by the repulsive forces between the two defects. Eckert et
al. and Banfield at al. used the considerations of Nieh in their calcula-
tions [Ecke 92], [Penn 98]. Banfield was the first person who calculated a
miminal grain size for the dislocation instability in ceramic particles. The
author found a limiting size for titania particles of about 8 nm, which could
be confirmed by experimental findings.
Some other groups argue that no dislocation multiplication can occur in the
smallest crystallites since Frank-Read sources no longer exist in such crys-
tals or the required stresses to reach a bowing of the dislocation line between
two very close obstacles cannot be reached anymore [Chri 98]. Nevertheless,
the activation of dislocations at surface sites should be possible even in the
smallest crystallites.
Investigations concerning twin formation or their stability reveal that the
formation process is strongly dependent on crystal size. Yu et al. found
for titanium alloy pillars that the plastic deformation process changes from
mechanical twinning to ordinary dislocation plasticity below a critical size
[Yu 10]. In addition, the required stresses for the activation of a twin nucleus
show a strong exponential increase with decreasing grain size as published
by Meyers et al. [Meye 06]. No hints concerning an instability of crystal
twins are given in literature. Hence, it can be assumed that the twin for-
mation is the limiting process and the existing twin bands at larger grain
sizes vanish when the crack crosses along the twin boundaries.

In the following sections the influence of process and environmental con-
ditions on the above presented breakage behavior and the grinding limit
is analyzed. The investigations are focused on the questions whether the
value of the grinding limit can be shifted to different plateau levels and if
the grinding process can be controlled in a way to achieve this limit with
lower energy effort.
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5.3. Influence of feed material

To prove if the breakage behavior of tin dioxide as presented in Fig. 5.7
is influenced by the initial microstructure of the particles or impurities in
the powder, the milling behavior of tin oxide from three manufacturers with
different initial mean particle and crystallite sizes (see Tab. 5.1) was studied.
The grinding results under the same process conditions are presented in Fig.
5.16.

Table 5.1.: Tin dioxide feed materials used in this work

Manufacturer Primary particle size Crystallite size Purity

Merck 105 nm 65 nm ≥ 99.0 %
Keeling & Walker 216 nm 81 nm > 99.8 %

Thermox 211 nm 52 nm > 99.8 %

Figure 5.16.: Influence of different feed materials on breakage behavior of SnO2

Independent of the initial primary particle size, crystallite size, or purity,
all three feed materials end up at the same particle size of about 10 nm at
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the end of the milling experiments. Hence, the grinding limit is not affected
by the quality of the initial powder as long as the same crystallographic
material is used. Differences in the breakage behavior are observed in the
kinetics of size reduction, i.e. the change of particle size with specific energy
input. Starting with larger feed particles leads to a faster size reduction,
since larger particles break energetically more favorable compared to smaller
ones since larger particles exhibit statistically larger flaws which reduce
the necessary breakage stress according to Griffith’s law. Not only the
overall particle size determines the breakage behavior, but also the inner
microstructure. The powders from Keeling & Walker and Thermox have
nearly the same initial primary particle size but different crystallite sizes.
A closer look at the evolution of particle and crystallite size is given in Fig.
5.17.

Figure 5.17.: Influence of initial microstructure on breakage behavior of SnO2

The powder with the finer microstructure (Thermox) shows a slightly
larger breakage rate than the Keeling & Walker powder although they yield
the same primary particle sizes. This effect can be ascribed by the higher
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number of crystallites and therewith grain boundaries. As tin oxide breaks
preferably at the grain boundaries (intercrystalline fracture is dominated
in tin oxide as shown above), a faster size reduction is observed until the
particles become monocrystalline.

5.4. Influence of process conditions

In the following sections, the influence of various process and environmental
conditions such as grinding media size, stirrer tip speed, suspension viscos-
ity, or temperature on the breakage behavior of tin oxide is investigated.
The main focus of attention is put on the questions, if the grinding limit
can be shifted towards larger or smaller values and how the breakage kinet-
ics can be influenced so that the grinding limit is reached with less energy
input.

5.4.1. Influence of stress energy

Beside the specific energy input, the most important parameters on the
grinding result in media milling are the stress energy SE and the stress
number SN. Since the product of stress energy and stress number is pro-
portional to the mass specific energy input, the same grinding result is
observed, if two parameters are kept constant. The stress energy is a mea-
sure for the kinetic energy of the grinding media and can be calculated using
the following equation:

SE = ρGM · v2t · d3GM (5.3)

As the stress energy is directly coupled with important process para-
meters, the influence of stress energy is investigated by changing stirrer tip
speed and grinding media size in the following. The grinding results are
summarized in Fig. 5.18 [Knie 11a].
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Figure 5.18.: Influence of stress energy on breakage behavior of SnO2

In all experiments, the primary particle sizes decrease with increasing
specific energy input until a plateau in particle size -the grinding limit- is
reached. Although the stress energy was increased by a factor of 560, no
change in the grinding limit could be detected. Changing the revolution
speed of the stirrer (grey symbols) does not lead to significant changes in
the stress energy and therewith in the evolution of particle size. Since the
stress energy has a cubic dependency on the milling bead size, the latter
influences the breakage kinetics more strongly. Smaller milling bead sizes
(0.3 mm, SE = 3 μNm) lead to larger breakage rates. With increasing
grinding media size, the grinding performance gets worse indicating that
the optimal stress energy is in a range of about 3 μNm or smaller. The use
of smaller grinding media allow a much higher number of grinding beads in
the milling chamber at same filling ratio. As a consequence higher stress
numbers can be realized, which makes the grinding process more efficient.
In Fig. 5.19, the achieved particle sizes as a function of the stress energy
for three different specific energy inputs are presented.
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Figure 5.19.: Achieved particle sizes as a function of SE at different energy inputs

It is obvious that with smaller stress energies, the grinding process be-
comes more energy efficient and the same particle sizes can be reached with
much less energy input. These findings were already shown by Kwade for
micro-sized particles [Kwad 96] and by Mende for particles in the nanome-
ter range [Mend 04b]. Accordingly, the grinding limit can also be reached
with much less energy input. In Fig. 5.20, the consumed energies to reach
the grinding limit are given as a function of SE.
Plotting the energy input to reach the grinding limit over the correspond-

ing SE gives a straight line in the double logarithmic scale for the in-
vestigated regime. The dotted line represents the expected development
for smaller SE values, which was confirmed for other material systems
[Kwad 96]. However, with a stress energy of 3 μNm, the grinding limit can
be achieved with less than 10 % of the total energy input which is required
in the experiment with the largest stress energy (SE = 1684 μNm).
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Figure 5.20.: Specific energy to reach the grinding limit as a function of SE

Influence of overstressing
In order to study the influence of an unnecessarily high energy input on
the product quality, the suspensions ground with a stress energy of 3 μNm
and 1684 μNm were analyzed regarding amorphous content and amount
of grinding media wear. The amorphous content was determined via X-
ray diffraction using an internal standard as reference. Inductively coupled
plasma mass spectroscopy was used to measure the attrition content of
the grinding media in the final ground powders. The analytical results are
summarized in Tab. 5.2. The much longer grinding time in the case of the
lower stress energy is a result of the lower revolution speed of the stirrer n,
which strongly reduces the power input (P ∼ n3 · d5 · ρs· Ne(Re)).
The results reveal that an overstressing strongly reduces the quality of the

product particles. Although the final crystallite sizes are almost identical
(both sample have achieved the grinding limit) the amorphous content is
nearly twice the content of the powder ground under milder conditions.
Strong impacts between the grinding beads destroy the crystalline lattice
and lead to an amorphization of the material. Moreover, the contamination
of the milled powders by grinding media wear is also higher for higher stress
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Table 5.2.: Product quality after milling with different SE

SE = 3 μNm SE = 1684 μNm

Specific energy 8.2·104 kJ/kg 1.8·106 kJ/kg
Milling time 97 h 44 h

Crystallite size 11.3 nm ± 0.1 nm 10.1 nm ± 0.2 nm
Amorphous content 27 ± 2 wt% 51 ± 2 wt%
Attrition content 3.8 wt% 5.1 wt%

energies. From this, it follows that not only energy savings of more than 90
% can be reached by an appropriate adjustment of process parameters, but
also a better product quality can be gained.

5.4.2. Breakage mechanisms at different SE

As already discussed in the previous section, an appropriate choice of the
stress energy will help to reduce the energy consumption and achieve a
higher quality of the product suspensions. Now the question arises if the
same breakage mechanism takes place, although the samples are stressed
with an almost 600 times higher intensity. Therefore, samples of both ex-
periments are compared by means of SEM analysis. Since the breakage
behavior strongly depends on the particle size, samples with comparable
specific surface areas were analyzed. Both samples exhibit particle sizes well
above their grinding limit. In Fig. 5.21, the breakage patterns of the tin
dioxide particles stressed at different SE are presented. Since no stabilizer
was used in the experiments, the primary particles are highly agglomerated.

At low stress energies, more or less homogeneous isotropic fragment shapes
can be observed in the sample indicating a dominating brittle failure mode.
At high stress energies, the breakage pattern is totally different. Large
platelike particles are present in the suspension. The SnO2 particles were
squeezed almost completely flat between the grinding beads. During impact,
a stress field arises inside the particles, which depend on the stress energy
of the grinding media. If the resulting stresses in the whole particle exceed
the yield stress of the material, a complete breakage-free deformation of the
particles can take place. This observed behavior was already predicted by
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Figure 5.21.: SEM images of milled SnO2 particles at different stress energies: SE = 3 μNm
(left); SE = 1684 μNm (right)

Schönert, Kendall, and Hagan (see chapter 2.2) for sizes below the ductile-
to-brittle transition and described as the limit of grinding. Their conclusion
is right for single compression experiments, but cannot be confirmed under
cyclic loading as shown in this study. It can be assumed that the initial tin
dioxide particles yield sizes already below the ductile-to-brittle transition.
If the smashed particles will be caught again by the grinding beads, they
arrange in a way that the flat side is stressed once more. Thus, the particles
will become increasingly thinner until a crack arises from the surface or edge
and the particle breaks gradually. Due to the cyclic loading, a size reduction
is possible even below the brittle-to-ductile transition size. Thereby, the size
reduction can be theoretically realized in a dominating brittle or ductile
manner as schematically shown in Fig. 5.22.

Below the ductile-to-brittle transition size xBDT, a possible flaw inside the
material is so small that the necessary breakage stress exceeds the yield
stress of the material. Hence, under loading, the material starts to yield
instead of fracturing. However, during cyclic loading, the necessary break-
age stress can be much lower (depending on the number of cycles) than the
ultimate tensile stress of the material. Therefore, it is theoretically possible
to break a particle with stresses even below the yield stress as long as the
loading is larger than the fatigue limit. As a consequence, brittle failure
(or better said semi-brittle failure, since a plastic zone is in the most cases
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Figure 5.22.: Size reduction by fatigue fracture

formed around the crack tip) could take place at a sufficiently high number
of cycles. Crack propagation proceeds from pre-existing flaws or surface
edges by a subcritical crack growth mechanism. This means that under
cyclic loading below the short-term strength slow crack propagation takes
place until the crack reaches a critical length (Griffith criterion is fulfilled)
and a catastrophic failure of the material occurs.
Subcritical crack growth is often observed in ceramic materials and makes
their usage for cyclic loading applications due to the sudden failure event
difficult. This failure mode is limited to pre-existing flaws inside the ma-
terial or sharp edges on the surface, which can act as crack nucleus. If
the stress inside the particle is locally higher than the yield stress of the
material, plastic deformation occurs. Dislocations are formed and move
through the particle resulting in a distorted lattice. During cyclic load-
ing, an accumulation of defects reduces the ductility of the material (strain
hardening), enhances the elastically stored energy in the lattice, and leads
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to crack nucleation by the formation of new grain boundaries or microvoids,
for instance.
The crack nucleation now allows further stepwise propagation of the crack
until the whole particle is broken. Thereby, the fracture can yield both brit-
tle and ductile characteristics depending on the applied stress. The ductile
fracture is governed by a severe plastic deformation of the particles prior
to fracture. At very high transferred stresses, the yield stress is exceeded
in the whole particle leading to a complete plastic deformation as observed
in the milling experiment with the highest stress energy. Nevertheless, in-
dependent of the degree of deformation, below a certain crystallite size,
dislocations become unstable and inhibit further plastic deformation, and
therewith crack nucleation, which limits further size reduction.
Conclusively, cyclic loading allows a size reduction of nanoparticles by a
fatigue fracture. Thereby, the breakage mechanism strongly depends on the
generated stress inside the particle relative to its yield stress and can take
place in a more brittle or ductile manner. A pure brittle (or semi-brittle)
failure below the brittle-to-ductile transition size is nonetheless very un-
likely since the activation of dislocation is normally less energy consuming
than crack propagation processes.

5.4.3. Influence of grinding media shape

In further grinding experiments, another grinding media material was used.
Instead of the spherical yttria-stabilized zirconia (YSZ) beads, milling ex-
periments were carried out with an irregular shaped alumina split in a size
range of 0.18 - 0.3 mm. Changing the product particles or the grinding me-
dia material will affect the portion of energy transferred from the grinding
media to the particles and a comparison of different grinding results be-
comes difficult. Hence, a product related stress energy SEP and a product
related specific energy input Em,P has to be introduced to allow a compari-
son between the grinding results. The product related specific energy input
Em,P can be calculated using the following equation:
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Em,P (t) =

t∫
0
(P (τ)− P0) dτ

mP
·
(
1 +

YP

YGM

)−1

(5.4)

Figure 5.23.: Influence of grinding media shape on breakage behavior of SnO2

The grinding results are illustrated in Fig. 5.23. According to the concept
of stress energy and stress number, it is assumed that the same stress energy
and same specific energy input yield the same particle size. This theory does
not seem to hold for the alumina split as grinding media, where the same
grinding performance as for the small zirconia beads was expected, because
their product related stress energies are almost identical. In contrast, the
particle sizes are shifted to higher energy inputs. Hence, the irregular shape
of the alumina split is assumed to reduce the grinding efficiency as the
active volume is smaller compared to the volume between spherical beads
and lowers therewith the probability of capturing the product particles.
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5.4.4. Influence of suspension viscosity

Higher suspension viscosities can lead to a dampening of the milling bead
motion so that smaller stress intensities are transferred to the product parti-
cles. A huge amount of the kinetic energy of the grinding media is consumed
for fluid displacement. Frances and Laguerie already examined the influence
of the viscosity on the grinding behavior of micro sized alumina hydrate par-
ticles in a media mill. They observed a fall in the grinding performance with
increasing viscosity of the slurry [Fran 98]. To investigate if those findings
are valid for nanoparticle breakage as well and if the suspension viscosity
also affects the grinding limit, tin dioxide was milled in ethanol (η = 1.18
mPas at 20 ◦C), ethylene glycol (η = 21.3 mPas at 20 ◦C), and water (η
= 1 mPas at 20 ◦C) under standard conditions. The grinding results are
presented in Fig. 5.24.

Figure 5.24.: Influence of suspension viscosity on breakage behavior of SnO2

Obviously, the breakage rate of tin dioxide milled in ethylene glycol is
strongly reduced, whereas no differences in the breakage behavior between
the experiments in water and in ethanol are observed. But independent
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from the dispersing media, the same grinding limit was achieved again for all
investigated suspensions. To get an impression of the viscosity differences,
rheology measurements have been carried out of the final milling suspensions
and are presented in Fig. 5.25.

Figure 5.25.: Suspension viscosities of SnO2 milled in different media

The suspensions based on ethylene glycol and water show almost New-
tonian behavior, whereas the ethanolic suspension behaves shear thinning.
The shear thinning behavior can be explained by the strong instability of the
ethanol based suspension. Clusters formed by the particles are destroyed
with increasing shear rate, which results in lower suspension viscosities. At
high shear rates, which predominate in the milling chamber, the viscosity of
the ethylene glycol suspension is about one order of magnitude larger than
the viscosity of the aqueous and ethanolic suspension. A stronger damp-
ening of the grinding media takes place and results in a worse grinding
performance. Since the grinding limit itself is very insensitive concerning
variations in the transferred stress energies as shown above, the different
suspension viscosities do not influence the grinding limit at all. The vis-
cosity differences between the aqueous and the ethanolic suspension at low
shear rates can be explained by the suspension stability. Without the addi-
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tion of any stabilizer the ethanolic suspension is very unstable, whereas the
pH value of the aqueous tin oxide suspension increases during the grinding
treatment into a stable regime, where high negative zeta-potentials (ζ = - 50
mV) were reached. The instability leads to higher viscosities of the ethanol
based suspension in the low shear rate range, which is mainly determined by
interparticle interactions rather than hydrodynamic forces. Similar results
in aqueous systems for alumina particles dispersed in water were observed
by Stenger et al. [Sten 03].
Although the grinding limit itself is not affected by the suspension viscosity,
the possibility to reach this limit is not necessarily given: It was shown in
the work of Stenger that a strong increase in viscosity and yield stress due
to a higher solid content or more pronounced particle-particle interactions
can lead to an early stop of the experiment since the suspension cannot be
pumped anymore. Thus, both a sufficiently low viscosity and a moderate re-
lated yield stress are necessary preconditions to reach the true grinding limit
at all. The correlation between suspension viscosity and grinding progress
is currently investigated in more detail at the Institute for Particle Technol-
ogy at the University in Braunschweig. A critical viscosity is estimated at
which the whole kinetic energy of the grinding beads is consumed for fluid
displacement instead of particle stressing. The most important results are
summarized in a joint publication [Knie 10b].

It is often discussed in literature, whether the environmental conditions
such as the surrounding medium may influence the breakage behavior of
the powder particles as claimed by Rehbinder et al. The authors argue
that the adsorption of special molecules reduce the surface energy γs and
facilitate therewith crack propagation according to the Griffith equation.
However, the crack resistances R is several orders of magnitude higher than
the surface energies for most of the materials, because of micromechanical
processes (e.g. plastic zone formation), which consume additional energy.
Hence, reducing the surface energy cannot have any effect on the breakage
behavior if R >> γs. Nevertheless, for materials held together only by
weak van der Waals forces where R ≈ γs, a reduction of surface energy may
improve the fracture or rather the dispersion process.
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5.4.5. Influence of suspension stability

The influence of suspension stability was analyzed as next parameter. A
different grinding performance is theoretically possible, because i.) the
transferred energy is divided to several individual particles forming the ag-
glomerate, which leads to a faster breakage kinetics if the stress energy per
particle is still sufficient to cause fracture at all. ii.) It is also possible that
the presence of agglomerates will facilitate a capturing of the particle clus-
ter between the grinding media, due to a higher inertia compared to single
particles. iii.) The suspension stability affects the viscosity, which in turn
was shown to have an influence on the grinding performance by dampening
effects.
In Fig. 5.26, the influence of suspension stability on particle breakage is
demonstrated. The evolution of the primary particle size is given for a
grinding experiment under totally stable conditions in water at pH 11 (ad-
justed by the addition of NaOH), under adequate stable conditions in water
without the addition of any stabilizer, and under complete unstable condi-
tions in ethanol.

Figure 5.26.: Breakage behavior of SnO2 milled at different stability conditions
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By DLS measurements, the degree of agglomeration can be estimated.
The milling experiment in water at pH 11 ends up at a x50,3 value of 48 nm,
the experiment in pure de-ionized water at 82 nm, and the ethanol milling
at about 350 nm, depending on pre-dispersing conditions. Comparing the
milling results, it becomes clear that the formation of agglomerates in the
ethanolic suspension does not influence the breakage behavior. The pri-
mary particle sizes show nearly the same evolution in all three media and
finally end up at almost the same plateau of about 10 nm. The measured
x1,2 values of the experiment in water at pH 11 yield slightly smaller sizes,
which might be caused by the presence of the stabilizer that was still on the
surface during the BET measurements. X-ray diffraction analysis confirms
that the final crystallite sizes of all experiments are identical. Additional
rheology measurements reveal, that at high shear rates, the viscosities of the
suspensions are in the same order of magnitude, so that the same stressing
conditions in the grinding treatment apply. It is assumed that the agglom-
erates in the ethanolic suspension are only weakly attached to each other
and deagglomerate in the shear field in the milling chamber. Nevertheless,
these results should not be generalized because on the one hand stronger
agglomerates may behave differently and on the other hand the investigated
suspensions have only low solid contents (cm = 10 wt %). At higher solid
concentrations larger differences in the viscosities may exist even in the
high shear rate regime and the yield stress may exceed a processable limit,
especially for unstable suspensions.

5.4.6. Influence of process temperature

Finally, the influence of the process temperature has been investigated.
Therefore, the tin dioxide powder was ground in ethanol at -5 ◦C and 45
◦C, so that a total temperature variation of 50 ◦C could be realized with
the experimental setup. To reach a temperature of -5 ◦C inside the milling
chamber, the tip speed of the stirrer was slightly decreased to 6 m/s. Such
small decrease of stirrer tip speed does not influence the grinding behavior
as shown in Fig. 5.18. The evolutions of the primary particle sizes are
presented in Fig. 5.27 [Knie 11a].
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Figure 5.27.: Influence of suspension temperature on breakage behavior of SnO2

Reducing the temperature from 45 ◦C to -5 ◦C does not influence the
grinding behavior of the tin dioxide particles. Both the breakage kinetics
and the grinding limit are not affected by the temperature variation in the
analyzed range. Since oxide particles are innately very brittle materials,
a decrease in temperature of only 50 ◦C will hardly change their material
properties.

Beside breakage and stability, the temperature can also influence the sus-
pension viscosity, which itself can affect the breakage by dampening of the
grinding media as already shown above. Hence, rheology measurements of
the final milling suspensions were carried out at the particular temperatures
and are presented in Fig. 5.28. Since it was not possible to measure viscosi-
ties at temperatures below 0 ◦C with the available rheometer, the viscosity
was determined at 0 ◦C. No significant changes in viscosity are observed in
the high shear rate regime (consider the logarithmic scale). At a shear rate
of 1000 s−1, the suspension viscosity at 45 ◦C is about 5.6 mPas, whereas
the viscosity yields a value of about 2.8 mPas at 0 ◦C. Hence, comparable
stressing conditions can be assumed in the milling chamber, which explain
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Figure 5.28.: Suspension viscosities of milled SnO2 at different temperatures

the similar breakage behavior. For low shear rates, much higher viscosi-
ties are achieved at higher temperatures indicating stronger interparticle
interactions.

5.4.7. Conclusion of process variations

Changing the process conditions namely the grinding media size and shape,
the revolution speed of the stirrer, the suspension viscosity and stability
as well the process temperature leads to the conclusion that the grinding
limit is hardly affected by the process itself in the analyzed range. Not
even an increase in impact intensity by a factor of almost 600 could shift
the grinding limit to smaller values. From these observations, it follows
that the grinding limit must either be primary material dependent or a
consequence of machine limitation. Both aspects will be discussed in the
following sections. In contrast to the grinding limit, a strong influence
of process parameters on the breakage rates is observed. A less energy
consuming size reduction can be achieved, if the stress energy is set to its
optimal value. The grinding limit can be achieved with only a fraction of
energy which is required with larger SE values. Moreover, high suspension
viscosities cause a dampening of the grinding media and also reduce the
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grinding efficiency. Not only huge amounts of energy can be saved by proper
choice of process parameters, but also a higher product quality in terms of
crystallinity and attrition content can be gained, if an overstressing of the
product particles is avoided.

5.5. Breakage behavior of various inorganic materials

5.5.1. Milling behavior of zirconia and alumina

After the breakage mechanisms for tin dioxide and its influencing factors
have been intensively investigated, the question arises if the observed find-
ings are also valid for other ceramic materials. Therefore, grinding experi-
ments of different inorganic materials were carried out. A closer look was
given on the brittle oxide ceramics alumina and zirconia. Both materials
were milled under the same standard conditions as the SnO2 particles (Lab-
Star LS 1, solvent: ethanol, vt = 8 m/s, YSZ: 0.4 - 0.5 mm). First, the
grinding results of zirconia are presented in Fig. 5.29. The solid content in
the experiments was set to 20 wt%.

A very similar evolution of the external and internal structure during the
grinding treatment is obtained. Both primary particle size as well as crys-
tallite size decrease with specific energy input. At the end of the grinding
experiment, both curves still yield a certain slope, which becomes visible
in the double logarithmic scale (Fig. 5.35). A final primary particle size of
about 4 nm was reached. Since a size reduction of only 0.3 nm is observed
in the last 6 hours of grinding, it can be assumed that the grinding limit
is reached and the fall towards smaller sizes is only caused by the changing
width of the size distribution.
The initial particles already yield a certain strain level, which might be re-
lated to a pretreatment of the powder. However, the strain increases to a
maximal value and finally decreases to nearly zero. It has to be emphasized
that nanoparticles always contain a certain microstrain which increases with
decreasing particle size due to the bending of the surface that causes slight
distortions of the lattice. However, this strain level is much smaller than
the strain resulting from lattice defects. Again, the grinding limit is reached
almost simultaneously to the drop of strain. Very early in the experiment
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Figure 5.29.: Breakage behavior of zirconia milled in ethanol

the final crystallite size is reached, whereas the fracturing of the particles
follows more slowly.
Interesting is the evolution of the amount of crystallites per primary particle
N as presented in Fig. 5.30. A totally different development as compared
to the SnO2 particles is observed. A steep increase in the amount of crys-
tallites takes place at the beginning of the grinding treatment. This can be
explained by a dominating grain refinement (probably by a subgrain for-
mation) at the beginning of stressing. The final amount of crystallites per
particle can yield values below one, which can be explained by the different
average weighted sizes. Whereas the median Sauter diameter is a surface
weighted diameter, the crystallite sizes are volume-averaged values, which
lead to larger sizes in polydisperse systems. Due to the double logarithmic
scale, small deviations in size will appear more significantly in the diagram.
In addition, the influence of grinding media wear is still unclear. Dur-
ing grinding of hard materials such as alumina or zirconia, high attrition
amounts are found in the ground powders. Hence, the measured BET sur-
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face area can be affected. Since the morphology of the media wear is still
unknown and probably depend on the milling material and conditions, it is
difficult to estimate in which direction the primary particle sizes are falsified.

Figure 5.30.: Evolution of the number of crystallites per ZrO2 particle during a grinding
experiment

As the next material system, the breakage behavior of alumina particles
dispersed in ethanol is investigated (see Fig. 5.31). A grinding limit for
the alumina particles is also observed for long comminution times. The
limit is reached at a final particle size between 11 and 14 nm. At that
time, the particles still contain a certain strain level. The determination
of the strain inside the particles is carried out with the software TOPAS
3.0. Only very little information is given about the physical background
and exact determination of the microstrain. In addition, the use of the 1-
dimensional VANTEC-1 detector leads to a poor resolution of the pattern
and only moderate GOF (“goodness of fit”) values are obtained. Although
the qualitative evolution of the strain during a grinding experiment could
be confirmed by measurement with a point detector at the Institute of
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Mineralogy (University Erlangen-Nürnberg), their absolute values should
be treated with care. More reliable rms (root means square) strain data
should be obtainable by an evaluation of the X-ray patterns by means of a
Williamson Hall plot, for instance.

Figure 5.31.: Breakage behavior of alumina milled in ethanol

Regarding the evolution of the number of crystallites per particle in Fig.
5.32, a very similar breakage behavior to the tin dioxide particles is observed.
Although the evolution of the external structure of the three investigated
systems is almost identical, their internal structure differs as revealed with
the amount of crystallites per particle.
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Figure 5.32.: Evolution of the number of crystallites per Al2O3 particle during a grinding
experiment

In Fig. 5.33, the two different observed cases are illustrated schematically.
Whereas zirconia shows a strong grain refinement at the beginning of the
grinding treatment, the two other materials react on the stressing mainly
with particle breakage. The slope of crystallite size reduction kinetics is
very flat compared to the particle size reduction until all grain boundaries
were broken and fracture continues as monocrystal-breakage. This behav-
ior explains the evolution of the number of crystallites per particle N for
tin dioxide and alumina particles. As grain refinement is the dominating
process in zirconia, the final crystallite size is already reached in the poly-
crystalline state. ZrO2 is known to behave more ductile than other ceramic
materials, which explains the strong grain refinement by plastic deforma-
tion processes. The primary particles achieve the grinding limit much later
in the comminution process. Since the inserted energy is preferably used
for grain size reduction, a drastic increase in the number of crystallites per
particle is observed. Further explanations for the different breakage behav-
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ior might be beside the lower activation energy for dislocations in zirconia,
a higher grain boundary energy in tin dioxide and alumina which facilitates
an intercrystalline fracture.
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Figure 5.33.: Breakage behavior of different ceramic materials (schematically)

During milling of SnO2, the stress energy has a strong influence on the
breakage kinetics but the grinding limit remains unaffected. To demonstrate
that these findings are not only valid for tin dioxide, alumina particles
were also milled at different stress energies in ethanol. Since milling of
the hard alumina particles causes huge amounts of grinding media attrition
that affect the BET results, the comparison is carried out by illustrating the
crystallite size evolutions as shown in Fig. 5.34. In the X-ray diffraction
patterns, zirconia peaks also arise, which indicate that at least a part of
the attrition is crystalline with a median crystallite size of less than 10 nm.
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However, a separate evaluation of the alumina phase is possible by means
of XRD. ICP-MS measurements reveal that zirconia contents up to 20 wt%
were found in the milled powders (depending on SE, specific energy input
and solid content).

Figure 5.34.: Influence of stress energy on the breakage behavior of alumina

Again, a strong influence of stress energy on the breakage behavior is ob-
served. With lower SE values, a more economic grinding treatment can be
realized. But similar to the SnO2 investigations, the grinding limit reaches
almost the same value (xcrys ∼ 15 nm) in all three experiments even though
the stress energy was varied by a factor of about 200. It is often observed in
the Al2O3 experiments that the limiting sizes obtained from BET measure-
ments differ from the crystallite sizes. It seems that the differences become
more significant at higher stress energies. Maybe a much higher attrition
content or changes in the particle morphology falsify the BET results and
are responsible for the observed deviations.
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Besides the breakage behavior of ceramic materials, some applications for
the produced nanoparticle suspensions have been investigated. Highly filled
alumina suspensions with particle sizes down to 20 nm were used to produce
thin films in a tape casting process with subsequent sintering. The usage
of nanoparticles enables an inprovement of product quality regarding me-
chanical strength, optical transparancy, sintering temperature, and surface
roughness of the final tapes [Vozd 10]. In another application, the produced
ceramic nanoparticles were homogeneously introduced during accumulative
roll bonding (ARB) into aluminum sheets by airgun spraying. A consid-
erable strengthening effect is observed due to nanoparticle reinforcement
[Schm 11].

5.5.2. Comparison of different materials

Besides SnO2, ZrO2, and Al2O3 other inorganic material systems were in-
vestigated. All particles were milled in ethanol at comparable SEP values.
The grinding results are presented in Fig. 5.35.
As expected, different materials exhibit different breakage kinetics as well

as a different grinding limit. The breakage rates strongly depend on the
stressing conditions and each material system yields its own optimal SE,
which is in addition a function of particle size. Hence, a comparison of the
breakage kinetics of the different materials is not possible. But under the
assumption that the grinding limit is not affected by the stressing conditions
as shown for tin dioxide and alumina particles, a comparison of the materials
can be carried out. So far, it seems reasonable to assume that the grinding
limit is reached if defects cannot be generated or stored in the smallest
crystallites and the lattice strain falls below a certain threshold. Hence, no
accumulation of imperfections can result in crack nucleation and an increase
in elastically stored energy. The few generated dislocations at surface sites
under loading leave the crystal after the grinding media impact, so that the
inserted energy is lost. No further fracture of the particles is possible at
this stage unless the theoretical strength of the material can be overcome
by the milling machine, which is very unlikely.
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Figure 5.35.: Breakage behavior of various inorganic materials milled in ethanol

As already mentioned, dislocations leave the crystals if they come either
too close to the surface or to another dislocation line. Both effects can
take place in the smallest grains. The limiting size scales inversely with
the acting Peierls stress of the material. Since material data like the Peierls
stress are hardly known for most of the ceramic materials, a correlation with
the grinding limit is difficult. However, the Peierls stress is a measure for the
resistance against dislocation movement through the lattice and depends on
the bond forces which has to be overcome during the movement. Therefore,
the Peierls stress should somehow depend on the melting temperature of
the materials, which in turn reflect the bond forces in the crystal. In Fig.
5.36, the grinding limits are plotted versus their melting temperatures.
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Figure 5.36.: Correlation of grinding limits with the melting temperatures of the materials

A vague trend of the grinding limit with melting temperature can be
assumed from the experimental data. However, real processes are much
more complex and the dislocation movement is in addition a strong function
of the crystal structure with its number of related slip systems. Moreover,
the limiting size for dislocation instability also depends on other parameters
such as the shear modulus, the Burgers vector, and the Poisson’s ratio (see
Eq. 3.8). An exact calculation of the critical sizes is not possible, since much
material data are not known for ceramic particles. Besides, some material
data scale with grain size in the lower nanometer range for the larger ratio of
surface-to-volume-atoms. Nevertheless, a rough estimation of the minimum
separation distance between two edge dislocations is given for alumina and
zirconia based on the equation of Nieh et al. (Eq. 5.5, [Nieh 91]). The
material data used are given in Tab. 5.3 with their literature sources.

L =
3Gb

π(1− ν)H
(5.5)

The calculated separation distances reveal smaller sizes than achieved in
the milling experiments. But one has to keep in mind that some of the ma-
terial data used are subjected to fluctuations depending on the literature
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Table 5.3.: Estimation of minimal separation distance between two dislocations

Alumina Zirconia

Shear modulus G 163 GPa [Wang 04] 100 GPa [Wu 02]
Burgers vector b 0.476 nm [Pezz 98] 0.3 nm [Fu 84]
Poisson’s ration ν 0.26 0.3

Hardness H 11.2 GPa [Ting 08] 10 GPa [Shar 07]
Separation distance L 9 nm 4 nm

Achieved grinding limits (grain sizes) 15 nm 5 nm

source. Beside the grain size, the orientation within the crystal or a pre-
treatment are also known to have an influence on the used values. Hence,
reliable calculations of the minimal separation distance are almost impossi-
ble. In addition, it is not clear for the time being, if the crystallites need to
be free of dislocations to obtain the grinding limit or just need to undergo
a certain defect density.

5.5.3. Grinding limit as a result of machine limitation

It is often discussed if the grinding limit is the result of machine limitation.
This can either be the case if the product particles are so small that they
will be displaced with the liquid medium instead of being captured between
the grinding media or if the particles are smaller than the roughness of the
beads and vanish in the irregularities of the surface. The roughness of the
YSZ grinding media was measured at the Institute for Particle Technology
in Braunschweig. 0.3 - 0.4 mm YSZ grinding beads yield mean roughness
values of about 20 nm. Since the collision between two grinding beads in
the media mill is mainly an oblique impact accompanied by a rubbing of
the faster bead over the surface of the slower one, it is very unlikely that
the surface protuberances of one bead do not enter the holes of the other
bead surface similar to a tooth system. Besides, if the roughness of the
grinding beads would be the limiting factor, the same grinding limits should
have been reached independently of the milled material. Furthermore, the
usage of the alumina split as grinding media lead to the same final grinding
limit as achieved with the YSZ beads although they exhibit different surface
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roughnesses. Therefore, a limitation by the grinding media roughness can be
excluded. The trapping of the product particles between the grinding beads
was already investigated by G. Mende. First approximations show that the
particles are strongly accelerated during the approach of the grinding media,
but a part of them remain in the active volume captured in the stagnation
point [Mend 04a]. Also, in the here presented results, no evidence that
the displacement determines the grinding limit is found. Increasing the
grinding bead diameter would lead to a stronger displacement flow so that
larger grinding limits should have been obtained. The experimental findings
reveal that the same final sizes are always achieved independent of the bead
diameter. Hence, a lack of capturing the product particles can also be
excluded as the reason for the grinding limit. Since even a strong variation
of impact intensity does not affect the final particle sizes, it seems to be
likely that the grinding limit is mainly material dependent.

5.5.4. Phase transition during grinding

During the grinding treatment, some materials undergo a phase transition.
In particular, the milling of calcite and anatase in ethanol bear new crystal-
lographic phases after the grinding treatment. In Fig. 5.37, the diffraction
patterns of calcite milled in ethanol at different milling states are presented.
New peaks appear whereas the calcites peaks vanish with time. The new
peaks can be related to the aragonite phase, which is known to be the high-
pressure phase of CaCO3. The effect of phase transition from calcite to
aragonite is often observed during dry grinding in high energy planetary
ball mills, whereas the transition was never described in wet media milling
[Mart 81], [Pese 08], [Garc 02].

Evaluation of the patterns by a Rietveld refinement gives the crystallite sizes
of calcite and aragonite as well as their phase content as a function of the
specific energy input. The results are given in Fig. 5.38. At the beginning
of the grinding treatment, the primary particle sizes as well as the calcite
crystallite sizes decrease. After an energy input of about 8000 kJ/kg, an
aragonite phase can be detected. Their crystallite sizes seem to increase
in size until they achieve almost the crystallite sizes of the calcite phase,
before their grain refinement due to the grinding treatment occurs. At the
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Figure 5.37.: X- ray diffraction patterns of CaCO3 milled in ethanol at different grinding
times

end of the milling procedure, nearly 100 % aragonite phase was detected
in the suspension. As the aragonite crystallites reach their maximal value,
the primary particle size seems to increase about 10 nm in size, before
they were finally ground to a limiting diameter of about 35 nm. Further
experiments were carried out under different stressing conditions and in
a different dispersing medium. Although same stressing conditions were
realized, no phase transition was observed during grinding in water. This
leads to the conclusion that the phase transition is not only mechanically
driven but also introduced by chemical processes. It is assumed that the
solubility plays a major role in the phase transition mechanism.

However, pure stirring of the calcite feed material in ethanol does not
show any changes in its crystalline composition. Hence, a combination of
both mechanical and chemical aspects must enable the phase transition in
ethanol. Therefore, the measured data have to be treated carefully, since
solubility processes might go on after sampling and drying of the suspen-
sions may cause a crystallization of solved ions, so that the measured BET
and XRD results may be falsified. This effect and/or changes in the particle
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Figure 5.38.: Phase transition from calcite to aragonite during milling in ethanol

morphology during the phase transition might explain the observed (repro-
ducible) increase of the primary particle size in the milling process. For the
time being, the mechanism of the phase transition is not fully understood.
Further investigations on this topic are in progress and may enlighten the
observed findings.

5.6. Scale-up of nanomilling

For industrial applications, much larger suspension volumes have to be pro-
cessed. Therefore, it is important to know if the grinding results in the
laboratory scale are also valid in the industrial scale. The company NET-
ZSCH Feinmahltechnik GmbH provides different kinds of stirred media mills
in different size ranges. According to NETZSCH, the LabStar LS 1 is the
smallest mill, which allows a scale-up of the grinding results to larger NET-
SZCH mills. In general, during scale-up of a stirred media mill, it is of great
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importance to keep the ratio of power input P to the surface area of the
grinding chamber AGC constant in order to assure the same temperatures
of the outlet suspension [Steh 06]:

P

AGC
= const (5.6)

Concurrently, it has to be considered that the surface area of the grinding
chamber does not scale linearly with the grinding chamber volume VGC,
but:

VGC ∝ D3; AGC ∝ D2 ⇒ AGC ∝ V
2/3
GC (5.7)

Under consideration that the same specific energy input leads to the same
grinding result, Eq. 5.8 has to be followed:

Em =
P

ṁ
= const (5.8)

From the equations above, it results that the mass flow as well as the
power input grow disproportionately with the milling chamber volume:

P ∝ ṁ ∝ V
2/3
GC (5.9)

In the following experiments, the scale-up ability of the LabStar LS 1
to the larger stirred media mills Zeta RS 4 and LMZ 10 is investigated
[Knie 11b]. As already discussed in chapter 3.1.2, both the specific energy
input Em and the stress energy (or stress number) has to be kept constant
in order to achieve the same grinding result. Whereas suspension volumes
of 2 l were processed in the LabStar LS 1, a 15 l approach and a 50 l
approach were realized in the Zeta RS 4 and LMZ 10, respectively. A
detailed overview about the conditions in the scale-up experiments is given
in Tab. 5.4. In all experiments, alumina (CT 1200 SG) was used as feed
material and a circuit mode comminution was chosen as operation mode.
The setup is comparable to the setup of the LabStar LS 1 described in
chapter 4.1.1. Since different grinding media materials were used in the
investigations, the product related stress energy SEP was used to specify
the grinding conditions. The grinding results are shown in Fig. 5.39.
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5.6. Scale-up of nanomilling

Table 5.4.: Overview about scale-up experiments

2l Approach 15l Approach 2l Approach 50l Approach

Mill LabStar LS1 Zeta RS 4 LabStar LS1 LMZ 10
VGC 0.67 l 4 l 0.67 l 10 l

GM material Al2O3 Al2O3 YSZ YSZ
GM size 0.18 - 0.3 mm 0.18 - 0.3 mm 0.5 - 0.63 mm 0.4 -0.5 mm
YGM 400 GPa 400 GPa 265 GPa 265 GPa
cm 47 wt% 49 wt% 20 wt% 59 wt%
vt 8 m/s 11 m/s 8 m/s 11 m/s
SEP 1.7 μm 3.3 μm 27.8 μm 26.6 μm

Figure 5.39.: Scale-up experiments of nanomilling

As can be seen in the diagram, the laboratory scale results and the in-
dustrial scale results are almost identical for same SEP values and can be
roughly described by straight lines for large specific energies. Differences
are observed for small specific energy inputs which can be explained by the
filling procedure at the beginning of the experiments. In the large scale
experiments, huge powder volumes had to be slowly dispersed in the fluid
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5. Breakage Behavior of Nanoparticles

phase in order to avoid lump formation that can choke the sieve. It took
more than half an hour to fill the LMZ machine with 32 kg of alumina pow-
der in the 50 l experiment. During this time, the powder already passed
the mill and was comminuted without detection of the power input. This
results in smaller particle sizes related to a certain energy input.
However, small deviations in the grinding results can be explained by dif-
ferences in the stress energy distributions as shown by Stender [Sten 02].
He presented that an upscaling of the grinding chamber geometry can lead
to a different stress energy distribution in the milling chamber, so that the
grinding results can no longer be described by the maximum stress energy
SEGM anymore. Instead a mean stress energy SE has to be introduced,
which depends on the maximum stress energy SEGM and an additional fac-
tor taking the stress energy distribution into account.
Nevertheless, a good scale-up ability was found for different NETZSCH mills
by keeping Em and SEGM constant, so that the gained results of this work
should be scalable to larger media mills without any difficulties.

5.7. The limit in dry grinding processes

Dry grinding processes are commonly carried out in planetary ball mills, in
which the highest energy densities can be realized due to a superposition
of two directions of motion. Planetary ball mills are often used in the field
of mechanical alloying or as “mechano-reactors” for synthesis reactions. To
fulfill the investigations concerning the grinding limit in ball milling appli-
cations, a rough discussion about the mechanisms in dry grinding processes
is given in this section.
Therefore, two grinding experiments were carried out in the planetary ball
mill PM 400 with different grinding media sizes. Again tin dioxide (Merck)
was used as the feed material. A ratio of powder mass to grinding media
mass of 0.05 was realized. Steel beads with a diameter of 3 mm and 28 mm
were used as grinding media . In the experiment with the larger grinding
media, only five beads were used. The sun wheel speed was set to 300 rpm
in both experiments. The grinding process had to be interrupted at least
every 1.5 h to allow a cooling of the machine. A total grinding time of
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5.7. The limit in dry grinding processes

101 h was realized. During the milling operation a huge amount of powder
stuck to the grinding media surface and the inner wall of the jars. Hence,
the powder was scratched from the walls at different times to return it to
the grinding process. Samples were taken at defined grinding times and
were characterized by X-ray diffraction measurements since only a very low
powder amount is necessary for this method. The samples were prepared by
dispersing a certain powder amount in ethanol by means of ultrasonication
and subsequently drying the suspensions on low background silicon wafers.
Of the final powders additional BET measurements were carried out. Dur-
ing the grinding experiments, the temperature was controlled from time to
time: at the outer walls of the milling jars, a temperature of about 44 ◦C
and 56 ◦C was detected for the jar with the larger beads and the smaller
beads, respectively. It can be expected that the temperatures inside the jars
are much higher than measured at the outer walls. Since the power input
cannot be recorded with the available mill, the evolutions of the crystallite
sizes are presented as a function of grinding time in Fig. 5.40.

Figure 5.40.: Evolution of crystallite sizes during dry grinding of SnO2 in a planetary ball
mill
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5. Breakage Behavior of Nanoparticles

At the beginning of the grinding experiment, both curves exhibt a very
similiar behavior: a fast domain size reduction from about 65 nm to 15 nm
is observed within the first few hours of comminution. In the experiments
with the 3 mm beads, the crystallite sizes decrease after a grinding time of
24 h to a minimal value of about 6 nm and stays almost constant for another
10 h, before the size increases to a final value of approximately 9 nm. These
values are comparable to those reached in the wet grinding experiments.
The development of the domain sizes using larger beads is slightly different:
no distinct minimum can be detected. The achieved crystallite size of about
14 nm remains constant for more than 50 h of grinding treatment. After
80 h of stressing an increase in crystallite size to about 20 nm is observed.
As these results show, the milling behavior during dry grinding with high
impact energies is different to the grinding behavior in wet media milling.
No increase of the crystallite size is observed during wet comminution, where
a liquid phase causes a dampening of grinding media impact, acts as a
spacer between the particles and transfers the produced heat. Hence, no
welding takes place during wet grinding operations. During high-energy
dry grinding, high local stresses and temperatures are acting, which can
induce particle welding or even crystallite coalesence. As a consequence,
an increase even in the crystallite size is observed. In a publication of
Karagedov et al. [Kara 03], a scheme is presented for the particle and
crystallite size evolutions during dry grinding in high-energy mills. This
scheme is shown in Fig. 5.41.

Curve 3 represents the evolution of particle size, whereas curve 2 shows
the development of the crystallite size. Both curves are determined by a
superposition of size reduction and healing processes. The final equilibrium
size depends on the rates of size reduction and recovery processes, which
are both influenced by material and process parameters explaining the dif-
ferent size levels achieved in the experiment. During fine dry grinding, the
particles remain typically polycrystalline, because welding of the primary
particles occurs often as a consequence of the highly agglomerated pow-
ders. The achieved primary particle sizes confirm this consideration: the
final size is around 106 nm in the case of the larger beads, which is almost
identical with the initial powder size and the final particle size using the
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Figure 5.41.: Schematic evolution of particle and crystallite sizes during dry grinding
[Kara 03]

smaller grinding media exhibits a value of 27 nm. Curve 1 represents the
theoretical evolution of crystallite size if only size reduction without any
welding processes occurs. In this case, a limiting size is also observed. Eck-
ert defined this size limit as the size of a crystallite that can just sustain
a dislocation pile-up within its lattice [Ecke 95]. Since no recovery occurs
during wet grinding (otherwise the grinding limit would depend on process
conditions), the limit in curve 1 represents the grinding limit in wet media
milling, which can be regarded as an overall limit in grinding operations
because is it mainly determined by the material itself. The equilibrium size
in dry milling applications can be described according to Eckert with the
diagram presented in Fig. 5.42.

The steady state or equilibrium grain size can be regarded as the size
where the recovery rate (A/B; solid curves) equals the refinement rate
(G1/G2; dashed lines). Larger recovery rates and/or smaller refinement
rates will shift the steady state size to larger values (e.g. d2 → d1). Whereas
the refinement rate yields a linear dependency on grain size, the recovery
processes are more complicated. The main driving force is the energy stored
in the grain boundaries. With decreasing grain size, the grain boundary
area drastically increases leading to a higher driving force for recovery. The
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Figure 5.42.: Equilibrium size as function of refinement and recovery rates [Ecke 95]

observed minimum in the experiments (mainly in the experiment with the
smaller grinding media) can be ascribed by either a non-steady state con-
ditions due to a time shift between refinement and recovery processes or
by an increase in recovery rate for long grinding times shifting the equilib-
rium size to larger values. An increase in recovery rate can be caused, for
instance, by an increase in temperature or an increase in grain boundary
energy due to a highly distort structure or change in the composition (e.g.
solute atoms from grinding media attrition). It is expected that the larger
crystallite sizes in the experiment with the larger grinding beads are caused
by both, a smaller refinement rate due to the low number of milling beads
and a higher recovery rate resulting from the large impact intensities.
Finally, the question arises how these findings can be brought into line with
the discussions about the grinding limit in wet media milling. In dry milling,
the size reduction is overlaid by recovery processes causing the achieved sizes
to be larger, which is observed clearly for the primary particle size and for
the crystallite sizes in the case of the larger beads. The final crystallite sizes
in the experiment with the 3 mm balls, exhibit almost the same size than
in wet milling. This indicates that the recovery rate using small grinding
beads is very small. That even smaller grain sizes (6 nm) are obtained than
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5.7. The limit in dry grinding processes

the claimed limit of grinding for tin dioxide (10 nm) can be explained by a
larger degree of amorphization during dry milling, because no liquid phase
dampens the bead impacts.
The amount of grinding media attrition was identified by weighing the grind-
ing beads before and after the experiment. A total weight loss of 3 wt %
was observed for the larger beads and a weight loss of about 3.5 wt % was
found for the smaller ones. Since no additional phases were found in the
X-ray diffraction patterns, it is assumed that the iron attrition is amorphous.

Altogether, a limit in size reduction is also observed in dry grinding pro-
cesses. Whereas welding phenomena does not allow a strong size reduction
of the primary particle size, a very fine microstructure is obtained. Due to a
superposition of grain refinement and recovery, the achieved crystallite sizes
are a little larger than obtained in wet grinding operations. However, re-
ducing the recovery rate by using smaller grinding beads, comparable grain
sizes can be reached.
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6. Delamination of Graphite

So far, the breakage behavior of brittle oxide and non-oxide materials in
the nanometer range has been investigated. These materials show strong
bond forces almost independently from the orientation within their crys-
talline lattice. For most systems, a more or less isotropic breakage behavior
resulting in globular fragment sizes is observed unless the particles are not
completely squeezed flat as a result of very high stress energies. In the
following chapter, the breakage investigations will be extended to another
material class, the layered systems. Layered materials are characterized by
a lamellar structure and a strong anisotropy in the bond forces. A typical
example of a layered material is the graphite crystal, which was chosen as a
model system in this study. Some of the results presented here are already
published in [Knie 10a].

Graphite is built up from parallel graphene sheets which are stacked to-
gether with a distance of 0.335 nm. Between the sheets, only weak van der
Waals forces exist, whereas strong covalent bond forces are acting within
a layer where the carbon atoms are arranged in a hexagonal lattice. From
this anisotropy in the bond forces, a strong anisotropy in the mechani-
cal, thermal, and electrical properties of graphite crystal originates. Since
the discovery of stable graphene sheets by Novoselov and Geim in 2004
[Novo 04] with a simple ”scotch-tape method”, the one atom thick carbon
material has attracted great interest because of its outstanding properties.
Since that time, scientists have been trying to find new production routes
for this unique 2-D material. Mechanical methods are predicted to provide
graphene materials with the highest quality since no oxidation of the bulk
material is necessary and the produced sheets are not connected to a carrier
material that may affect the outstanding properties. Although there had
been intensive research to develop new synthesis routes (see chapter 2.3), a
high-yield production of graphene is still challenging for the time being.

121

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



6. Delamination of Graphite

6.1. Breakage behavior of graphite

6.1.1. Preliminary experiments

As already described by other groups in literature, layered materials tend
to delaminate under mechanical shear stress. A flake formation was ob-
served by milling graphite particles in a planetary ball mill in n-dodecane
from Milev et al. [Mile 08] and Janot et al. [Jano 02]. Also in an electri-
cal mortar grinder, a delamination of graphite particles dispersed in water
was observed under low energy pure shear milling [Anti 06]. The produced
graphite flakes exhibit a thickness in the order of 10 nm. In the context
of the discussion about the limit of grinding, the question arises how thin
a graphite sheet can become in a milling process. Under the consideration
that a strong industrial demand exist for very thin sheets down to graphene
monolayers with a large lateral dimension, the production of graphite flakes
with high aspect ratios is investigated in the following.

As feed material for the grinding experiments which were carried out as
batch mode comminution in the laboratory stirred media mill PE 075 (NET-
ZSCH, Feinmahltechnik GmbH, Selb, Germany), a synthetic graphite (GS
6, Remacon GmbH, Bad Säckingen, Germany) with a median particle size of
about 4 μm was used. A SEM image of the feed material is given in Fig. 6.1.

Figure 6.1.: Synthetic graphite GS6 (feed material)
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6.1. Breakage behavior of graphite

clearly recognized. For the grinding experiments, the graphite particles have
to be dispersed in a liquid medium. In terms of an economic and nonhaz-
ardous process, de-ionized water was used as the solvent in the delamination
experiments. To allow a wetting of the nonpolar graphite surface by water,
the anionic surfactant sodium dodecyl sulfate (SDS) was added. The sur-
factant molecules adsorb on the particle surface resulting in a high negative
charge. Electrostatic forces between the particles and delaminated sheets
prevent agglomeration and lead to stable suspension conditions. Since the
surfactant is only physically bound on the particle surface, an adsorption-
desorption equilibrium prevails and free surfactant molecules are always
present in the solvent. To reach an optimal stabilization of the delaminated
sheets, an appropriate concentration of SDS is necessary. By means of sur-
face tension measurements, the adsorption isotherm of SDS on the graphite
surface was determined. A defined amount of graphite with known surface
area was added in different concentrated surfactant solutions and shaken
for about 12 h at room temperature to reach equilibrium conditions. Af-
terwards, the graphite particles were centrifuged and the surface tensions
of the supernatants were measured and compared with the surface tensions
of the pure surfactant solutions. From the differences in the concentrations
without and with the former presence of graphite at same surface tensions,
the adsorbed amount of surfactant on the graphite surface could be calcu-
lated. Fig. 6.2 presents the adsorption densities of SDS molecules on the
graphite surface as a function of equilibrium concentration.

The adsorption isotherm exhibits two plateau regions. According to
Zettlemoyer, this effect can be ascribed by a change in conformation of
the SDS molecules on a graphitic surface [Zett 68]. At the lower plateau,
the molecules lie parallel to the graphite surface resulting in a lower packing
density. With increasing SDS concentration, the conformation changes to
a molecular arrangement perpendicular to the graphite surface. Wanless et
al. found by means of AFM measurements that SDS molecules adsorb as
hemicylindrical structures resulting in higher packing densities [Wanl 96].
As can be seen in Fig. 6.2, the graphite surface is completely covered with
SDS molecules at an equilibrium concentration of about 5.5 mmol/l. It
should be noted that this concentration is below the critical micelle concen-
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Figure 6.2.: Adsorption isotherm of SDS on graphite particles in water

tration of 8.1 mmol/l (25 ◦C) [Haya]. In subsequent grinding experiments
a concentration around the saturation concentration was chosen. Thus, the
formation of micelles that may influence the stability of the suspension was
avoided.

In the milling process, the graphite particles are stressed between the
milling beads. Compressive and friction forces act on the particles and can
lead to a delamination of thin graphite sheets. This selective, orientation-
dependent size reduction is enabled by the anisotropy in the bond forces
inside the graphite crystal. The aspect ratio of the produced flakes strongly
depends on the process parameters of the milling procedure. The acting
shear forces have to be large enough to overcome the weak van der Waals
forces between the graphene sheets. Concurrently, the compressive forces
have to be reduced that no in-plane fracture occurs. Hence, mild milling
conditions are necessary to obtain sheets with high aspect ratios. Fig. 6.3
shows SEM images of delaminated graphite sheets resulting from the stress-
ing of a 1 wt% graphite suspension in the stirred media mill using 100 μm
zirconia beads. The sheets are well dispersed and separated on the sili-
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6.1. Breakage behavior of graphite

con wafer. In the right image, the surface of a stressed graphite particle is
shown. A thin flexible graphite layer is crumpled and partially folded on the
graphite surface. The peeling procedure for this sheet was not completed
at the end of the experiment.

Figure 6.3.: SEM images of stressed graphite particles: highly dispersed flakes (left); par-
tially folded sheet on top of graphite particle (right)

The SEM images confirm the expected formation of thin graphite flakes
under mild milling conditions. The produced suspensions are highly stable
against agglomeration and sedimentation. The anionic surfactant molecules
adsorb on the graphite particles and lead to a high negative charge on the
surface. Zeta-potentials of about -50 mV could be achieved indicating stable
suspension conditions. No settling of the suspensions was observed even
after months of rest.

6.1.2. Mechanism of delamination

First of all, the question arises if a pure shear flow can transfer the necessary
energy to reach a delamination of thin sheets from a thick graphite particle.
Delamination takes place if the acting shear forces overcome the attractive
van der Waals forces between the sheets. A graphite particle in a pure shear
flow with the important dimensions is schematically shown in Fig. 6.4. The
shear force acting on the front wall of a sheet with the thickness h1 and the
width b can be calculated using the following equation:

Fshear = σshear · A = γ̇ · η(γ̇) · b · h1 (6.1)
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Figure 6.4.: Schematic graphite particle in a shear flow

This force has to be larger than the van der Waals force between the sheet
and the remaining particle of the thickness h2. FvdW can be calculated
according to Tadmor [Tadm 01] as

FvdW =
A

6π

⎛
⎝ 1

d3
+

1

(d+ h1 + h2)3
− 1

(d+ h1)3
− 1

(d+ h2)3

⎞
⎠ · b · l (6.2)

In Fig. 6.5, the available shear force and the van der Waals force are
illustrated as a function of sheet thickness h1. The values used for the
calculations are summarized in Tab. 6.1. The thickness of the remaining
particle was set to 4 μm, which equals the median size of the graphite
particles used in the experiments.

Table 6.1.: Values used for the calculations in Fig. 6.5.

Dimension Parameter Value

γ̇ shear rate 1000 s−1

η(γ̇) dynamic viscosity 1 Pas
d interlayer distance 0.335 nm
h1 thickness of delaminated sheet varied
h2 thickness of remaining particle 4 μm
b width of delaminated sheet 4 μm
l length of delaminated sheet 4 μm
A Hamaker constant of graphite 2.38·10−19 J [Dryz 94]
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6.1. Breakage behavior of graphite

Figure 6.5.: Comparison of shear force and van der Waal force as a function of sheet
thickness

As can be seen in Fig. 6.5, the acting van der Waals force is much larger
than the available shear force. The van der Waals force is almost constant
and shows a decrease to smaller values only for very thin sheet thicknesses,
whereas the shear force directly scales with h1. Nevertheless, for the given
conditions no delamination of the graphite is possible in a pure shear flow.
Intercalating the graphite and increasing therewith the interlayer distance,
will strongly reduce the attractive forces between the graphene sheets. Ad-
ditionally, higher viscosities as in the case of polymer melts, for instance,
will enhance the shear forces, so that both values achieve the same order of
magnitude for very thick platelets. However, for non-intercalated feed parti-
cles, additional forces are required to reach a delamination of thin sheets. In
a stirred media mill, graphite particles are stressed between moving milling
beads. Compressive and friction forces act on the particles so that a delam-
ination of thin graphite sheets can be realized in a kind of peeling process.
In Fig. 6.6, possible delamination mechanisms in the presence of grinding
beads are schematically shown.
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Figure 6.6.: Delamination mechanisms: normal force induced delamination (left); shear
force induced delamination (right)

Which mechanism takes place, depends on the orientation at which the
graphite particles are trapped between two colliding milling beads. If the
particle is caught with the graphene layers in direction of the shear forces,
a shear or friction force induced delamination occurs (right image). If the
particle is caught with the sheets oriented in the direction of the normal
forces, the particle will be squeezed between the beads and the resulting de-
lamination is normal force induced (left image). The acting normal forces
can be calculated from the relative velocities between two colliding beads.
The friction (shear) force is directly proportional to the available normal
force according to the Coulomb’s law of friction. Friction forces result be-
tween bodies with different velocities under the presence of normal forces
as illustrated in Fig. 6.7 for a graphite particle on a flat substrate with zero
velocity and a moving grinding bead.
The resulting friction force acts in the opposite direction of the bead

velocity vGM. According to the Coulomb’s law of friction, the resulting
friction force can be calculated by

FF = μ · FN (6.3)

where μ is the friction coefficient, which is in first approximation inde-
pendent of the bead velocity. For a zirconia bead rubbing on the surface
of highly oriented pyrolytic graphite (HOPG) plate, a friction coefficient
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Figure 6.7.: Acting forces on a graphite plate during rubbing with a grinding bead

of 0.13 was determined in tribology measurements (UMT-3, CETR Inc.,
Cambell, USA). Hence, reducing the normal forces by a reduction of stress
energy is always connected with lower friction forces for the delamination
process.

Now the questions arise whether the transferred energies from the grinding
beads are sufficient to reach a delamination of thin graphite sheets and if
a peeling of thin sheets from the surface or a cleavage of the graphite into
two halves is the dominating size reduction mechanism. To answer these
questions, a closer look on the interaction energies in a graphite crystal
is necessary. Borse et al. investigated the delamination behavior of clay
particles dispersed in a polymer solution under pure shearing [Bors 09]. It
was calculated that the stress required for cleavage of a clay particle is
much higher than that for peeling thin sheets from the particle surface.
The interaction energy EA per unit area between two graphite plates of the
thickness h1 and h2 can be determined in analogy to the van der Waals force
with the parameters summarized in Tab. 6.1 using Eq. 6.4 [Tadm 01].

EA =
A

12π

⎛
⎝ 1

d2
+

1

(d+ h1 + h2)2
− 1

(d+ h1)2
− 1

(d+ h2)2

⎞
⎠ (6.4)

In Fig. 6.8, the interaction energy per unit contact area is presented as
a function of sheet thickness h1. With increasing thickness, the interaction
energy between the two plates increases until a nearly constant energy is
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Figure 6.8.: Interaction energies per unit area between two plates of finite thickness

reached. The plateau is already reached at small thicknesses of h1, because
d << h1, h2 and therewith the first term in the brackets determines EA.
However, the mechanism of peeling only few layers from the graphite surface
is energetically more likely. From the above analysis, the energy required to
peel a 4 μm x 4 μm single layer platelet from a thick graphite particle can be
estimated to be 90 ·10−14 J. This energy has to be overcome by the grinding
media. Since neighboring grinding media move in the same direction, the
difference of both kinetic energies ΔEkin,P can be transferred in maximum.
Additionally, it also has to be taken into account that a fraction of the total
grinding media energy is consumed for elastic deformation of the grinding
beads and thus, has to be considered in the equation. Under the assumption
that no energy is consumed for the acceleration of slower milling beads and
the liquid phase, the energy transferred to the graphite particles can be
expressed according to Kwade [Kwad 99] by:

ΔEkin,P =
π

12
· ρGM · d3GM · (v2GM,1 − v2GM,2) ·

(
1 +

YP

YGM

)−1

(6.5)

The parameters used for the calculation of ΔEkin,P are given in Tab. 6.2.
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Table 6.2.: Parameters for the calculations of the transferred energies

Parameter Symbol Value

Density of the grinding media ρGM 6050 kg/m3

Diameter of the grinding media dGM 100 μm
Velocity of faster bead 1 vGM,1 2.35 m/s
Velocity of slower bead 2 vGM,2 2.349 m/s

Young’s modulus of the product YP 230 GPa
Young’s modulus of the grinding media YGM 265 GPa

The complex movement of the grinding media in the milling chamber re-
sults in a wide velocity distribution. The velocity of the faster bead vGM,1

was set to half of the circumferential velocity of the stirrer. For the velocity
of the slower bead, a mean relative velocity of 1 mm/s was assumed. This
value was estimated from bead velocity gradients determined by Particle
Tracking Velocimetry measurements of an index-matched mill setup carried
out at the Institute of Mechanical Process Engineering in Braunschweig
[Theu 99]. According to Eq. 6.5 and Tab. 6.2, the minimal transferred
energy of the milling beads can be determined to be about 400 · 10−14 J,
which is larger than the required energy determined above for delaminat-
ing a graphene sheet from a 4 μm thick particle. In addition, it cannot
be discounted that the peeling procedure might also occur stepwise due to
repeated stressing between the grinding media with lower individual trans-
ferred energies. These theoretical considerations have been confirmed by ex-
perimental observations, which showed that even after short grinding times
ultrathin sheets already exist in the milled suspensions. Therefore, cleavage
of the graphite particle into two halves cannot be the predominant mecha-
nism while mechanical peeling from the surface seems to be more likely.

6.2. Characterization of delaminated sheets

The characterization of the delaminated sheets was carried out with differ-
ent methods in this work. Especially atomic force microscopy and Raman
spectroscopy are powerful tools for the detection of graphene monolayers.
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Atomic force microscopy

In order to determine the exact thickness of the sheets AFM measurements
were carried out. The samples were centrifuged (Centrifuge 5418, Eppen-
dorf AG, Germany) for 60 s with a revolution speed of 3000 rpm prior to
the spin-coating to remove the still unpeeled feed particles from the suspen-
sions. After spin-coating the supernatants on cleaned SiO2-wafers, a thin
surfactant film still remains on the surface of the flakes. Accordingly, the
real heights of the measured sheets by AFM technique will be slightly over-
estimated. To remove the surfactant from the particle surface, the coated
wafers were washed with de-ionized water. By means of Auger electron
spectroscopy, which was carried out at the Institute of Surface Science and
Corrosion, Department of Materials Science and Engineering at the Univer-
sity Erlangen-Nürnberg, it was evidenced that putting a coated wafer for
at least 5 minutes into a water bath will remove nearly all SDS molecules
from the surface. Since SDS molecules will also exist between the sheets
and the wafer, the washing procedure also removes some sheets from the
wafer’s surface. Fig. 6.9 shows the typical topography of graphite sheets
after a 5 h grinding treatment and subsequent washing.

Figure 6.9.: AFM topography of delaminated sheets (left) and amplitude profile (right)

After peeling the initially 4 μm thick graphite particles in the media mill,
mainly flat structures with thicknesses less than 10 nm are found in the

132

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



6.2. Characterization of delaminated sheets

sample. Nevertheless, some of these structures are already broken into
smaller fragments, indicating that either the stressing time or the stress
intensity was too large. Hence, for future processing, it is advisable to
continuously remove the already peeled sheets in a mechanical separation
unit in order to avoid an overstressing of the produced sheets. The smallest
sheets that could be detected in the samples yield heights of only 1 nm. In
Fig. 6.10, the thinnest structures are illustrated. The sheets were produced
by grinding a 1 wt% graphite suspension in water with sodium dodecyl
sulfate as stabilizer. The concentration of SDS in water was set to the
critical micelle concentration. 100 μm YSZ beads were used as grinding
media. The grinding experiment was carried out for 5 h with a stirrer tip
speed of 4.9 m/s. After spin coating the centrifuged sample, the wafer was
put into a water bath for 5 minutes and dried afterwards under ambient
conditions.

Figure 6.10.: AFM topography of graphene monolayers (left) and related height profiles
(right)

The height profiles of the thinnest sheets show a thickness of about 1
nm, which can be considered as a monolayer for measurements under at-
mospheric conditions [Loty 09], [Ishi 07]. Additionally, residual moisture in
the sample also increases the measured heights of the sheets. The lateral
dimension of the flakes is about 0.5 μm, so that an aspect ratio of 500 is
achieved. However, to give evidence of graphene monolayers, exclusive AFM
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measurements are not sufficient, since they only exhibit information about
the morphology and not about the chemical structure. It would be theoreti-
cally possible, that the measured thin structures belong to another material
which is present in the sample. Therefore, additional analysis techniques
have to be carried out to confirm the presence of graphene monolayers.

Raman spectroscopy

Raman spectroscopy is a powerful tool to determine the exact number of
graphene layers for sheets with up to five layers. Graphitic materials can be
characterized by a D-band (∼ 1350 cm−1), a G-band (∼ 1580 cm−1), and
a 2D-band (∼ 2700 cm−1). The symmetry, the full width at half maximum
(FWHM) of the 2D-peak as well as the intensity ratio of 2D to G-band can
be used to distinguish between monolayer, bilayer, or multilayer graphene
sheets [Graf 07], [Ferr 06]. Defects in the graphene lattice, which break the
translational symmetry result in the presence of a D’-band. In addition, the
ratio between D and G peak intensities I(D)/I(G) comprises information
about the point defect density in single layer graphene sheets as long as the
defects are Raman active [Canc 11].

The Raman spectrum shown in Fig. 6.11 was detected with a single stage
spectrometer and an excitation energy of 2.33 eV. Therefore, delaminated
sheets were deposited on top of SiO2 wafers to enhance the Raman sig-
nal. The Raman measurements were carried out by C. Barthold (Institute
of Particle Technology) and J. Englert (Institute of Organic Chemistry II).
The Raman spectrum clearly comfirms the presence of graphene monolayers
in the sample. First of all, the 2D-band is symmetric and can be fitted by
one single peak, which is a major evidence for a graphene monolayer. Also
the FWHM of the 2D-band with 29 cm−1 and the ratio of the intensities of
2D to G-band which is clearly larger than 1 verify that the analyzed ma-
terial is graphene. Furthermore, the existence of a D’-band (∼ 1620 cm−1)
indicates the presence of defects. Since the flakes have a lateral dimension
which is smaller than the laser spot, these features may originate from edge
effects. Besides graphene monolayers also thin multilayer sheets as well as
thicker graphitic flakes were identified by their Raman signature, which is
in good agreement with the AFM observations.
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Figure 6.11.: Raman spectrum of delaminated graphene sheets

X-ray photoelectron spectroscopy

To investigate if the milling procedure causes defects in terms of oxides
which strongly determine the electrical properties of the delaminated sheets,
XPS measurements have been carried out at the Institute of Surface Sci-
ence and Corrosion, Department of Materials Science and Engineering at
the University Erlangen-Nürnberg. In the left diagram of Fig. 6.12, the nor-
malized C1s spectra of the initial graphite powder and delaminated powder
which was stressed for 5 h in the stirred media mill are compared. Both
XPS spectra are almost identical. Hence, no oxidation of the initial graphite
occurs during the grinding treatment. Nevertheless, fitting procedures show
that besides the C-C line at a binding energy of 284.7 eV, some additional
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6. Delamination of Graphite

lines are required to fully explain the spectrum. The right diagram shows
the spectrum of the milled sample, which can be fitted beside the C-C line
by a weak C-O peak (286 eV) and C=O peak (287.2 eV), respectively. The
background of the spectrum has been removed. Hence, small amounts of
oxygen are present in the samples. Since the milling procedure does not
introduce further oxygen defects, the oxygen content could be reduced by
using a feed material with a higher purity.

Figure 6.12.: C1s XPS spectra of milled and initial graphite powder (left); fitted C1s XPS
spectrum of the milled sample (right)

HR-Transmission electron microscopy
HR-TEM investigations were carried out on a sample milled for 24 h with
50 μm grinding media and standard composition (1 wt% graphite content,
c(SDS) = cmc). The sample was centrifuged (10000 rpm for 10 minutes,
centrifuge 5418, Eppendorf AG) to remove thick fractions which may over-
lay the thinnest sheets in the microscope images. Afterwards, the sample
was washed three times by a complete centrifugation of the sample and
replacement of the supernatant with de-ionized water. Most of the SDS
molecules should be removed from the flakes after the washing treatment.
It is necessary to detach the surfactant molecules from the sample surface,
because they can decompose in the electron beam of the TEM and affect
the images. In Fig. 6.13, HRTEM images of the sample are given.
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Figure 6.13.: HRTEM images of peeled graphite sheets

Very thin graphite layers can be detected in the sample. In some cases the
sheets are so thin that they can hardly be visualized. In the right image some
lines of dark contrast can be seen. Each line represents a single graphene
monolayer. Having a closer look, mono-, bi-, three-, and multilayer parts
in the sample can be discovered. Since the layers are strongly accumulated
(the stabilizer was removed before the sample preparation), it is not possible
to distinguish if the whole sheet consists of only one or two graphene layers
or if only a part of a thicker sample is illustrated. In Fig. 6.14, another thin
sheet is shown where the number of graphene sheets can be detected more
clearly.
The image shows the side view of the delaminated flake. In total, the

flake consists of five graphene layers stacked together. The outer endings
of the sheets are slightly expanded, which facilitates further peeling in the
milling process.
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Figure 6.14.: HRTEM image of a thin graphite layer (side view)

X-ray diffraction

X-ray diffraction can be used to analyze on the one hand the thickness
and the lateral dimension of domains in the graphite particle and on the
other hand it is possible by means of a Rietveld refinement to investigate
the mean d-spacing between the graphene sheets. If solvent molecules or
stabilizing agents intercalate between the sheets, the c lattice parameter
will increase. In pristine graphite, the d-spacing exhibits a value of 3.35
Å, whereas in acid treated graphite (graphite oxide), the interlayer spacing
can increase to about 6 - 7 Å. In the following table, the thickness of the
graphite domains as well as the interlayer spacing of a milled sample and
the feed material are summarized. The values are obtained by a Rietveld
refinement of the (002)-peak in the diffraction pattern, which represent the
c axis in the graphite crystal.

Table 6.3.: Domain thickness and interlayer spacing of pristine and milled GS6

Sample Domain thickness Interlayer spacing

GS6 Feed 68 nm 3.350 Å

Milled 5 h 65 nm 3.367 Å

Milled 5 h, centrifuged 23 nm 3.366 Å

During a 5 h grinding treatment, the domain thickness is hardly reduced.
This can be explained by the continuous peeling process from the graphite
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surface. Therefore, the domains located in the inner graphite particles re-
main untouched. As will be shown in chapter 6.4, the most part of the mate-
rial is not peeled off after a grinding time of 5 hours at the given conditions.
A much smaller grain thickness is obtained in the centrifuged sample. Here,
the thicker unpeeled particles were separated from the suspension and only
finer structures remained in the sample. Since not only thin delaminated
sheets but also broken fragments are produced in the milling treatment,
the measured domain thickness gives a median value of all detected grains
on the sample holder. The interlayer spacing stays almost constant, which
signifies that neither water nor surfactant molecules intercalate between the
graphene sheets.

6.3. The role of stress energy

As already mentioned above, the transferred energy from the grinding media
is proportional to their kinetic energy. High transferred energies from the
grinding media can cause in-plane fracture of the sheets and mainly small
graphite fragments are present in the final suspensions. The stress energy
SE was used as a measure for the maximum energy of the grinding media,
because an exact calculation of the velocity distribution is difficult. Since
there exists a cubic dependency of the stress energy on the grinding media
size, the most effective method to reduce SE is the use of smaller milling
beads. To investigate the morphology of delaminated sheets at different
stressing conditions, AFM statistics have been carried out. The height pro-
files and the lateral dimensions of 300 flakes were measured per experiment.
In the grinding experiments, the following conditions apply: graphite (GS6)
dispersed in water with SDS, 1 wt% solid content, surfactant concentration
8.1 mM (= cmc), grinding time 5 h, rotational speed 1500 rpm (vt= 4.9
m/s). Only the grinding media size was varied in the experiments. To avoid
any falsification of the statistics by unintentional removal of graphite sheets,
the washing procedure to remove the surfactant described above was omit-
ted. This led to an overall increase in the measured heights of the flakes.
If a SDS molecule is completely stretched, its length can be estimated to
be 1.6 nm [Coir 86]. Hence, if the SDS is adsorbed on both sides of the
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flake, an increase in the overall sheet height up to 3.2 nm is possible. An-
other source of error could be the formation of thin SDS sheets which might
influence the distributions in Fig. 6.15 till Fig. 6.17. The unambiguous
determination of sheets with less than roughly 3-5 layers is possible by Ra-
man mapping. For the characterization of thicker sheets counting by AFM
is currently unavoidable. By the use of 100 μm yttria stabilized zirconia
grinding media, stress energies of 0.134 μJ are achieved. In Fig. 6.15, the
resulting thickness distributions (density and cumulative distribution) are
shown. Q0(h) is the cumulative number distribution, which describes the
amount of all flakes that have a thickness equal to or smaller than a certain
thickness h.

Figure 6.15.: Thickness distributions of graphite flakes stressed with SE = 0.134 μJ; num-
ber density distribution (left), cumulative distribution (right)

From the thickness distribution, the mean value h50 was determined to be
2.7 nm, i.e. more than 50 % of the created sheets are thinner than 3 nm.
Reducing the grinding media size to 50 μm and keeping all other parameters
constant, stress energies of 0.0167 μJ are obtained. The corresponding
thickness distributions after a stressing time of 5 h are presented in Fig.
6.16.

Although the reduction in SE resulted in a slightly larger h50 value, the
total thickness distribution becomes narrower if smaller beads were used.
In total, more than 97 % of the sheets are thinner than 5 nm when smaller
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Figure 6.16.: Thickness distributions of graphite flakes stressed with SE = 0.0167 μJ; num-
ber density distribution (left), cumulative distribution (right)

grinding beads are used compared to only 86 % when larger stress energies
are realized. In addition to the thickness distributions, the lateral dimen-
sions of the sheets were measured for the discussed stressing conditions.
The resulting cumulative distributions are compared in Fig. 6.17.

Figure 6.17.: Cumulative distributions of the lateral sheet dimension at different stress
energies
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The width of the produced sheets varies from about 100 nm to more than
1 μm. With increasing stress energy by almost one order of magnitude,
the resulting size distribution is only slightly shifted to smaller lateral sizes
of the sheets. As expected, a larger degree of in-plane fracture occurs if
the stress energy is enhanced. Still unknown at this point is the role of
the domain size in the graphite particle. It is assumed that the domain size
especially in the lateral dimension is much smaller than the extension of the
overall particle. Hence, fracture can be facilitated due to the disturbance
of the grain boundaries so that a size reduction takes place even at smooth
stress conditions. Nevertheless, the presented results clearly show that the
morphology of the delaminated sheets can be controlled by the parameters of
the milling process. Even larger sheets may be produced by choosing larger
feed particles with larger domain sizes and optimized stress conditions.

6.4. Yield of delaminated sheets

In addition to the morphology of the sheets, the question about their yield is
of great importance especially for economical reasons in industrial applica-
tions. Samples that were taken at different grinding times consist in general
of both: already delaminated sheets and still unpeeled thicker graphite par-
ticles, which can easily be separated by centrifugation (Eppendorf centrifuge
5418, operating conditions: 60 s at 3000 rpm). The supernatant contains
delaminated sheets as well as small fragments after the centrifugation. One
possibility to estimate the carbon content in the supernatant is by the mea-
surement of the optical absorption (UV-Vis spectroscopy) at a constant
wavelength (λ = 660 nm). By means of calibration curves, the optical ab-
sorption of the sample can be assigned to a certain graphite concentration.
Since the particle size and shape have an influence on the extinction coef-
ficient, calibration curves were detected for different sizes (determined by
CPS disc centrifuge, DC 24000, Lot Oriel Group). To consider the shape
effect is much more complicated, because the determination of the sheet
morphology of every sample by means of AFM statistics would be too time-
consuming. In addition, a broad distribution of the aspect ratio is always
present in the suspensions. Hence, for the generation of the calibration
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curves, already milled samples, which are assumed to have a comparable
morphology to the later investigated samples, were used. The calibration
curves are presented in Fig. 6.18. To avoid multi-scattering and there-
with a falsification of the measured concentrations, the samples were highly
diluted in an appropriate background solution. To investigate the delamina-
tion process, samples were taken at different grinding times. After removal
of the unpeeled thicker feed particles by centrifugation, the concentration
was estimated from the particular calibration curve for a given median size.
If the measured size was in between two calibration curves, the value was
interpolated. The samples of the supernatant with increasing stressing time
(from left to right) are illustrated in Fig. 6.19. It is obvious that the samples
are getting increasingly darker with peeling time, indicating an enhanced
concentration of delaminated sheets in the supernatant.

Figure 6.18.: Calibration curves: Absorbance as a function of carbon concentration for
different particle sizes

An almost linear dependency of the graphene sheet concentration in the
supernatant with peeling time was detected. This observation confirms the
proposed mechanism of a continuous peeling process of the graphite parti-
cles between the grinding media. Starting with a solid content of 1 wt%, a
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Figure 6.19.: Supernatants with increasing milling times (from left to right)

concentration of about 1 g/l of delaminated sheets could be achieved after
a peeling time of 3 h. Hence, 10 % of the graphite particles had been de-
laminated under the chosen stressing conditions. In Fig. 6.20, the influence
of solid content in the initial suspensions on the yield of delamination is
presented.

Figure 6.20.: Delamination kinetics as a function of solid content in the milling suspensions

Increasing the solid content leads to a higher yield of thin sheets as ex-
pected. Since a larger surface area has to be covered with surfactant at a
solid content of 5 wt%, the amount of SDS was adjusted to 2.5 times the
cmc. Milling a 5 wt% graphite suspension leads to a carbon concentration
of about 25 g/l after a stressing time of only 3 h. It has to be taken into ac-
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count, that the measured concentrations not only reflect the concentration
of peeled sheets, but also small broken fragments, which could not be re-
moved in the centrifugation step. Nevertheless, the achieved concentrations
of mono- and multilayer graphene sheets in the presented process are much
higher than those, which could be reached by the existing solution-based
methods so far [Park 09]. In summary, stirred media milling as a scalable
low cost process is capable to provide huge amounts of high-quality delami-
nated sheets down to graphene monolayers, which can directly be processed
to the desired application.

6.5. First examples of application

Although the presented process is not optimized for the time being, first
possible applications were started to be realized. Since graphene yield out-
standing electrical properties and also graphite is an excellent in-plane con-
ductor, their use as filler in polymers or as material for conductive films
is of great importance, especially if their electrical properties are accom-
panied with an optical transparency. In the following, some first “proof of
concepts” for possible applications are presented.

6.5.1. Production of filled polymers

As already mentioned, one important application for graphene materials
is their use as filler in polymers to enhance their electrical and mechanical
properties. Especially transparent and simultaneously conducting polymers
have a broad application field and can be used as conductive coatings or
films, for instance. In order to retain the optical transparency as well as
the elastic properties of the polymer, low filler contents are required. This
implies a homogenous distribution of the filler material in the polymer ma-
trix as well as a good attachment of the polymer chains on the particle
surface. Several other parameters are also known to influence the proper-
ties of the composite material such as filler content, filler size and shape,
or the orientation of the filler material in the polymer. One characteristic
of filled polymers concerning electrical properties is the percolation thresh-
old, at which the filler material has built a conducting network throughout
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the entire sample resulting in a drastic increase in conductivity. Based
on theoretical considerations from Xie et al. graphene-based composites
are predicted to have a slightly higher conductivity than those reinforced
by nanotubes with the same volume fraction caused by the two dimen-
sional structure of graphene [Xie 08]. In 2006, Stankovich et al. presented
the first prepared graphene-based composites, which were produced from
reduced GO dispersed in a polystyrene matrix [Stan 06a]. The compos-
ites yield an excellent conductivity even at very low filler contents and the
achieved percolation threshold of 0.1 vol.% is the lowest reported value for
any graphene-based composite material to this day.

The composites fabricated in this work are based on polyvinyl alcohol, be-
cause it is water-soluble and can be easily mixed with the aqueous graphene-
SDS-suspensions. The milled samples were suspended in a 10 wt% PVA-
water solution and were dried on special epoxy resin plates with interdi-
gitated Cu electrodes for the impedance measurements. To remove the
humidity in the samples which is known to strongly influence the electrical
properties [Ogur 97], the samples were additionally dried in an exsiccator.
In Fig. 6.21, the conductivity of different composites as a function of fre-
quency and graphite filler content is given.

At low frequencies, the electrical conductivity is determined by the pure
Ohm’s resistance of the sample, which is independent of frequency. The
increase in conductivity at high frequencies can be related to an intrinsic
capacitive effect of the Impedance Analyzer. Hence, to describe the prop-
erties of the samples, the conductivities at low frequencies (extrapolated
to zero frequency) are used in the following. The graphite sheets were pro-
duced in a 10 h grinding experiment under standard conditions (1 wt% solid
content, 100 μm YSZ grinding media, c(SDS) = cmc, vt= 4.9 m/s). Only
the sample with 17 wt% filler content was produced under slightly different
conditions: instead of the surfactant SDS the polymer PVA was used as sta-
bilizer, also larger grinding media with a diameter of 0.3 - 0.4 mm were used
to overcome the enhanced viscosity of the suspension. The results show an
increase in conductivity of several orders of magnitude with graphite filler
content as expected. A clearer illustration is given in Fig. 6.22 where the
conductivity at zero frequency is plotted against filler content.
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Figure 6.21.: Impedance measurements of PVA composites with different graphite filler
contents

At low filler contents, a steep increase in conductivity is observed, whereas
at high graphite concentrations the conductivity reaches saturation. Above
the percolation threshold, the electrical conductivity of a composite can be
treated with a power law, since the following correlation applies [Sand 03]:

σ ∝ (p− pc)
t (6.6)

where p is the content of the graphitic filler, pc the percolation threshold
and σ the conductivity of the composite. To determine the percolation
threshold of the composite, a so called “percolation plot” is designed with
pc as the fit parameter. The percolation plot of the investigated graphite-
PVA system is given in the right diagram of Fig. 6.22. Attention has to
be paid since only very few composites with different filler contents were
investigated. Nevertheless, a percolation threshold is estimated from the
plot as a rough approximate value. A filler content of pc = 0.55 wt% (=
0.3 vol%) was shown to give the best fit values. This threshold is still
larger than the current state of the art value of pc = 0.1 vol% for graphene
filled polystyrene, obtained by Stankovich et al. in 2006 [Stan 06a]. To
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Figure 6.22.: Conductivity of graphite-PVA composites as function of filler content (left);
related percolation plot (right)

get an impression of the influence of milling on the conductivity of the
composites, samples with milled and unmilled graphite particles (both 5
wt% filler content) are compared in Fig. 6.23.

It can be seen that the milling process improves the conductivity by about
4 orders of magnitude. A subsequent drying step will further increase the
conductivity, because the removal of residual humidity will cause a shrinkage
of the composite resulting in a closer graphite network.

6.5.2. Preparation of conductive films

Another application for the produced graphene suspensions is their process-
ing to conductive films. Therefore, the suspensions were dried on cleaned
glass plates (10 mm x 10 mm x 1 mm), which were additionally plasma
treated. Since spin-coating leads to the formation of very inhomogeneous
films, some droplets were spread on top of the glass plates and dried un-
der atmospheric conditions. With this method, homogeneous and closed
films are obtained. The conductivity of the films was determined with the
4-point probe methods, where 4 electrodes were put in line on the film sur-
face. Through the outer electrodes, a defined current is applied, whereas
the resulting voltage between the inner ones was detected. In contrast to
the 2-point probe method, a 4-point measurement eliminates the lead re-
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Figure 6.23.: Influence of milling treatment on the conductivity of filled polymers

sistance, which becomes significant at high film resistances. The graphite
flakes were produced in a 3 h grinding experiment with 100 μm YSZ beads
and a rotational speed of the stirrer of 1000 rpm. After the grinding treat-
ment, the unpeeled particles were removed via centrifugation. As stabilizer,
SDS (c = cmc, i.e. mSDS/mgraphite = 0.225) and PVA (mPVA/mgraphite =
0.098) were used. PVA was proven in preliminary experiments to be a good
stabilizer of graphite particles in water.
The surface resistance Rs was calculated from the applied current and the

measured voltage using the following equation for a 4-point probe measure-
ment [Smit 58]:

Rs =
π

ln2
· U
I

(6.7)

The conductivity of the film σ can be calculated considering the overall
thickness of the film dfilm:

σ =
1

Rs · dfilm (6.8)

The thicknesses of the films were obtained by cutting the glass substrates
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of the films produced with the GS6 feed material (left) and a milled sample
(right), both stabilized with SDS, are shown.

Figure 6.24.: Cross sections of prepared films: GS6 feed materials (left) and milled sample
(right)

The differences between the two films are obvious: The feed material con-
sists of thick particles which are randomly distributed on the glass surface
leading to a large overall film thickness (∼ 15 μm). The film produced from
the milled sample yield a much lower thickness (∼ 800 nm). The flake-like
structure can clearly be seen in the image. Nevertheless, the observed film
thickness is still too large to obtain an optical transparency. Hence, other
film formation methods such as vacuum filtration should be used in future
works instead of the drop-casting route. Using vacuum filtration will also
lead to more densely packed films since the formed layers are compressed by
additional forces. The polymer as well as the surfactant on the graphite par-
ticles are known to affect the conductivity of the films [Yu 07]. Therefore,
the coated glass substrates were tempered at 400 ◦C for 2 hours under atmo-
sphere to remove the major part of the additives. Whereas SDS decomposes
at 380 ◦C, the polymer PVA is not fully removed at 400 ◦C. Nevertheless a
temperature of 400 ◦C was chosen, because higher temperatures would lead
to an oxidation of the graphite flakes. The conductivities and related film
thicknesses measured before and after the heat treatment are summarized
in Tab. 6.4.
The heat treatment strongly increases the conductivity of the films espe-

cially for the milled samples. The highest conductivity of 286 S/cm was
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Table 6.4.: Film conductivities before and after heat treatment (400 ◦C, 2 h)

Sample Film thickness Conductivity Film thickness,
heat treated

Conductivity,
heat treated

Feed, SDS 14.82 μm 1.69 S/cm 12.88 μm 1.71 S/cm
Feed, PVA 11.54 μm 0.28 S/cm 5.97 μm 3.69 S/cm
3 h, SDS 0.82 μm 8.82 S/cm 0.58 μm 190 S/cm
3 h, PVA 0.97 μm 2.60 S/cm 0.51 μm 286 S/cm

achieved with the PVA stabilized suspension. For the time being, it is un-
clear how much additive remained in the sample and if further removal, for
instance at higher temperatures under inert gas atmosphere, would allow
another enhancement in conductivity. The cross sections of the films after
tempering are illustrated in Fig. 6.25. It seems that the heat treatment
leads to more compact films, which additionally increases the final conduc-
tivity. Transparent and highly conductive graphene layers are fabricated in
the group of Müllen by an acetylene-assisted thermolysis of GO. Via spin-
coating, a sheet thickness of only 3.5 nm with a transmittance of more than
70 % at a wavelength of 500 nm was obtained. The conductivity of the
graphene films on quartz substrates of 95 S/cm (after a thermal treatment
of 600 ◦C) could be increased to about 400 S/cm under Ar and to 1425
S/cm under acetylene atmosphere at 1000 ◦C [Lian 09].

Figure 6.25.: Cross sections of a graphite film prepared from a milled sample stabilized
with PVA before (left) and after heat treatment (right)
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6.5.3. Coating of delaminated sheets with platinum nanoparticles

Beside its excellent electrical, mechanical, and thermal properties, graphene
yields another interesting feature: its ultra-high specific surface area (the-
oretical value: 2630 m2/g). Decorating this surface area with noble metal
nanoparticles such as Au, Pt, or Pd leads to a new class of composite ma-
terials. It is already known from Me-NP-CNT composites, that such new
structures exhibit useful properties for catalysts, batteries, sensors, or stor-
age materials [Si 08]. A coating of the produced sheets with Pt-NP can be
carried out either by wet impregnation (ion adsorption) or by colloidal depo-
sition. During the impregnation, a precursor (platinum salt) is attached to
the graphite surface and afterwards reduced to Pt-NP. The colloidal method
includes a separate fabrication of Pt-NP and their adhesion to the graphite
surface in a subsequent mixing step. For catalytic applications, which are in
the focus of the following investigations, platinum particle sizes in a range
between 2 nm and 8 nm are favorable, since they yield a high catalytic activ-
ity combined with a high specific surface area. Additionally, the formation
of free NP as well as their agglomerates should be avoided for economical
reasons.

In Fig. 6.26, TEM images of coated delaminated graphite sheets are il-
lustrated. Supporting information about the detailed coating procedures
are provided in the appendix.

The Pt-NP used in the colloidal deposition approach were produced via
reduction of hexachloroplatinic acid (H2PtCl6) in an ethanol-water mix-
ture under stirring at 78 ◦C for 3 h in a reflux apparatus. The nanoparti-
cles have a mean diameter of 3 nm - 4 nm, which could be confirmed by
XRD measurements. Although different ratios of the Pt-NP amount to the
graphite surface area were tested, the surfaces of the delaminated sheets
were not fully covered with platinum nanoparticles. In contrast, using the
wet impregnation method, where the attached platinum salt was reduced
by ethanol, a homogeneous coverage of the graphite surface with Pt-NP
was obtained (right image). However, there could always be some free Pt
agglomerates found in the sample.
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Figure 6.26.: TEM images of Pt-NP coated delaminated graphite sheets from colloidal
deposition method (left) and wet impregnation method (right)

Catalytic activity of Pt-NP coated graphite sheets
In a first-principles investigation, the catalytic activity of the Pt-NP coated
graphite sheets is examined in the following section. As the catalytic reac-
tion, the reduction from p-nitrophenol to p-aminophenol with NaBH4 and
Pt-NP as the heterogeneous catalyzer, was chosen. Sodium borohydrate
is used in great excess to ensure that its concentration does not influence
the catalytic reaction and therefore a pseudo first order kinetics can be as-
sumed. The reaction can be tracked by means of UV-Vis spectroscopy, since
p-nitrophenol has an absorption maximum at 400 nm and p-aminophenol
at about 300 nm. The absorption spectra as a function of reaction time are
presented in Fig. 6.27. During this reaction, only pure synthesized Pt-NP
without any graphite were used as catalyzer.

The absorption maximum of the p-nitrophenol decreases with time, in-
dicating an ongoing reaction until 9 minutes when almost the whole p-
nitrophenol is converted. Simultaneously, the adsorption maximum of p-
aminophenol increases. The presence of two isosbestic points (encircled) re-
veals that no secondary reaction takes place. An isosbestic point describes
a wavelength at which at least two chemical species (e.g. a reactant and a
product) have identical molar adsorption coefficients that remain constant
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Figure 6.27.: Absorption spectra of p-nitrophenol and p-aminophenol at different reaction
times

during a reaction. Stable isosbestic points indicate that a reaction is pro-
ceeding without forming intermediate or multiple products.

In Fig. 6.28, the reaction kinetics of the pure Pt-NP and Pt-NP coated
graphite sheets (from colloidal deposition method) are compared for dif-
ferent platinum concentrations. The normalized absorption A/A0 of p-
nitrophenol is given as a function of reaction time reduced by a so called
induction time for the diffusion of the reactants to the active centers of the
catalyst.
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Figure 6.28.: Reaction kinetics of pure Pt-NP and Pt-NP coated delaminated graphite
sheets

With increasing Pt concentration, a steeper fall of the normalized absorp-
tion curves takes place, indicating a faster conversion of the p-nitrophenol.
The pure Pt-NP allow a faster reaction kinetics compared to the platinum
particles that are stacked on the graphite surface. The rate constant (here:
the apparent rate constant, which is used instead of the true rate constant
multiplied with the NaBH4 concentration) of each reaction can be deter-
mined from the slopes of the curves, if the ordinate is given in natural
logarithmic scale since the following relation apply:

A400 = A0
400 · e−kapp·t (6.9)

In Fig. 6.29, the apparent rate constants kapp of both systems are given
for different Pt concentrations.
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6. Delamination of Graphite

Figure 6.29.: Apparent rate constants kapp as a function of Pt concentration for pure Pt-NP
and Pt-NP coated delaminated graphite sheets

It can be seen that the apparent rate constants of the pure Pt-NP are
larger than those for Pt-NP attached on the graphite sheets. This find-
ing is not astonishing, because the pure Pt-NP, which are not stacked on
a carrier material always yield a larger surface area. Nevertheless, cata-
lyst particles are mostly combined with carrier particles in order to avoid
a strong agglomeration of the catalyst particles when they are used in dry
state and it facilitates their separation from the process if the catalyst mate-
rial becomes inactive and has to be renewed. However, the above presented
results clearly show that the Pt-NP deposited on the surface of delaminated
graphite sheets, exhibit a remarkable catalytic activity with rate constants
in the same order of magnitude than those achieved by other groups under
similar conditions [Ghos 04], [Mei 05].
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7. Conclusion and Outlook

Wet grinding in stirred media mills allows the production of nanoparticles
by breakage of coarser feed materials. In long-term grinding experiments,
a lower grinding limit was found, where no further particle breakage takes
place. This true grinding limit has to be distinguished from the apparent
grinding limit, which depends on the stabilization of the particles against
agglomeration and the flow conditions in the milling chamber. The evo-
lution of the internal microstructure of the particles was shown to play a
major role in nanoparticle breakage. Although the particles fall below the
brittle-to-ductile transition size, which was regarded as the overall limit of
grinding, further size reduction is enabled by a ductile fracture under cyclic
loading. Strong plastic deformation is observed even in originally brittle
ceramic particles, since the fracture stress exceeds the yield stress below a
certain particle size. An accumulation of defects during repeated stressing
weakens the material and allows further size reduction as a kind of fatigue
fracture. However, below a critical grain size, the defect density declines for
the investigated materials. It is likely that dislocations or crystal twins can-
not be generated or stored in the smallest grains and therewith the grinding
limit is reached, since the transferred energies from the grinding media are
no longer sufficient to fracture the particles without available crack nuclei.

Detailed studies were carried out for tin dioxide particles to investigate
the influence of process and environmental conditions on the overall limit of
grinding. Changing the stress energy, the suspension viscosity and stability,
the grinding media material and shape, as well as the process temperature
did not show any influence on the grinding limit. In each experiment, a
critical size of about 10 nm was reached for the tin dioxide particles. In
contrast, the breakage kinetics strongly depend on most of the investigated
parameters. In particular, the stress energy highly affects the breakage
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rates. Hence, huge energy savings are possible by an appropriate adjust-
ment of process parameters. Moreover, a better product quality in terms of
a lower amorphous content and less contamination due to grinding media
attrition can be achieved.

In addition to tin dioxide, the breakage behavior of several other inorganic
materials was investigated. Nearly all of the ground particles yield a grind-
ing limit in the nanometer range which vary with the material system. Since
a grinding limit as a result of machine limitation can be excluded and the
strong variation in impact intensity did not show a change in the grinding
limit, it is likely that the true grinding limit is mainly material dependent.
A correlation of the observed limits with distinct material properties was
not possible for the time being due to the lack of reliable material data for
ceramic nanoparticles. Relevant material information could be provided,
for instance, by single particle stressing experiments with a picoindenter
inside a transmission electron microscope in future works. With this appa-
ratus, it should be possible on the one hand to determine selected material
properties from nanosized particles and in particular from particles coming
directly out of the milling process. On the other hand, the response of the
particles’ microstructure can be followed during and after distinct stressing.
New insights in the defect structure can be gained, which might help to
understand the fracture process in more detail. Despite single particle in-
vestigations, the XRD method can be extended to obtain more information
about the microstructure of the whole particle collective. In subsequent
works new evaluation methods should be introduced which allow, for in-
stance, the determination of a crystallite size distribution so that a closer
look on the internal processes during the milling treatment becomes possi-
ble.

In addition to the breakage behavior of brittle materials which mainly
show a random size reduction in the comminution process, the breakage
behavior of layered materials was studied. Graphite particles were chosen
as a model system for the investigations. The strong anisotropy of the
bond forces in the graphite crystal result in a selective, orientation depen-
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dent fragmentation of the particles. As a result, thin graphite flakes with
a high aspect ratio are obtained. Since a great interest exists for very thin
and concurrently wide sheets, the aim was to realize a controlled selective
size reduction by a milling process. Hence, the process parameters were
adjusted in a way that the acting forces overcome the attractive van der
Waals forces between the sheets without breaking them. Besides the over-
all inserted energy, the stress intensity plays a major role in the selective
breakage mechanism, which can be regarded as a kind of peeling process.
Continuous rubbing of the grinding beads over the graphite surface allows
the delamination of very thin sheets even down to graphene monolayers.
These sheets exhibit aspect ratios up to 500. AFM statistics reveal that 50
% of all delaminated sheets are thinner than 3 nm and about 5 % of them
are monolayers.

Finally, some first applications for the delaminated graphene sheets such
as their use as filler material in polymers or the production of conductive
films were tested and yield promising results. However, the process needs
to be optimized in future works. First, to avoid breakage of the flakes it
would be helpful to remove already delaminated sheets from the milling
process. This could be realized either in a circuit or continuous operation
mode coupled with a mechanical separation unit which allows the removal
of the thinnest sheets and a backfill of the unpeeled graphite particles. On
the one hand this could lead to higher aspect ratios and on the other hand
enhance the product quality by lowering the defect density. Secondly, the
material system itself can be optimized. Graphite particles with larger
domain sizes and a higher purity, especially a lower oxygen content, would
lead to a higher product quality. In addition, the stabilizer SDS has to be
removed or replaced at least for electronic applications, because it reduces
the conductivity of the overall system. However, the presented process is
very promising for an industrial application, since it allows a high-yield and
low-cost production of graphene monolayers.
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A. Appendix

A.1. Reproducibility of grinding experiments

The reproducibility of experimental data is an important factor for reliable
results. Since the grinding experiments and their evaluation require a great
expenditure of work, it is not possible to repeat every single experiment.
Nonetheless, some selected experiments were repeated in order to examen
their reproducibility. In Fig. A.1, the particle and crystallite size evolution
is given for three different experiments that were carried out under the same
grinding conditions.

Figure A.1.: Reproducibility of grinding experiments: SnO2 milled in ethanol

In general, both the primary particle sizes as well as the crystallite sizes
could be well reproduced in the experiments. The largest deviations ex-
ist at the beginning of the experiments since the manual filling procedure
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varies slightly in each experiment and the used measuring instruments yield
larger standard deviations for larger particle sizes. In addition to the repro-
ducibility of the grinding experiments, the reproducibility of the measuring
data is of great importance for a correct interpretation of the obtained re-
sults. The reproducibility of the measured data depends on the one hand
on the standard deviations of the instrument and on the other hand on
variations during sample preparation. The error bars in the given diagrams
of this work represent the standard deviations of the related instrument as
a function of the measuring variable, for instance the particle size. Since
BET was the most frequently used analysis method of this work, deviations
of the measured results are presented as a function of several preparative
factors. In Fig. A.2, the influence of heating time and temperature on the
mass specific surface area Sm during the degassing under vacuum of a milled
powder is presented.

Figure A.2.: Influence of sample preparation on the BET surface area: influence of heating
time (left) and temperature (right)

It is obvious that the degassing conditions have a strong influence on the
final surface area. If the heating time is too short, not all solvent molecules
are removed from the particles’ surface and smaller Sm values are obtained.
The same happens if the heating temperature is too low. In contrast, at too
large temperatures (> 250 ◦C at 2 h heating time) the surface area starts to
decrease caused by a beginning densification and possible formation of solid
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A.1. Reproducibility of grinding experiments

bridges. A maximum mistake of about 14 % is possible by choosing wrong
heating conditions in the analyzed range. Hence, it is very important to
work out the optimal preparation conditions for each material system. The
results of another sample, which was measured three times under the same
heating specifications, are given in Fig. A.3. Deviations of less than 2 %
are observed for high surface areas. Also, other preparative factors such as
the pestling time (0 min to 60 min) of the samples before the measurements
as well as the degree of cell filling were investigated. In both cases it could
be shown that the variations are smaller than the standard deviation of the
instrument.

Figure A.3.: Deviations of the surface area from BET measurements
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A.2. Comparison between Rietveld and Scherrer
evaluation

In this work, two evaluation methods for the X-ray diffraction pattern were
employed: the Scherrer equation and the Rietveld refinement. Both meth-
ods provide information about a volume-weighted crystallite size. In the
following, the theoretical background of the Rietveld method is described.

The Rietveld refinement

The Rietveld refinement is a technique which was published by Hugo
Rietveld in the late 1960’s and allows the characterization of crystalline
materials by means of X-ray or neutron radiation [Riet 69].
The X-ray pattern of a crystalline powder contains material information
as well as information about the inner structure, e.g. the size of the co-
herent scattering domains (which is usually termed as crystallite size) and
the mircostrain resulting from defects in the material. Both effects cause
a broadening of the diffraction peaks, but show a different Bragg angle de-
pendency, which allows a seperate evaluation of crystallite size and strain.
During a Rietveld refinement, a theoretical line profile is generated from
materials’ structure data. It was shown that the line profile can be fitted
by some combination of Gauss and Lorentz functions such as a Voigt func-
tion (convolution of Gauss and Lorentz functions), pseudo-Voigt (weighted
sum of both), or Pearson VII function (Lorentz function with a variable
exponent) [Balz 05]. The most widely used model in Rietveld refinements
is the pseudo-Voigt function, which is also used in this work. The theo-
retical pattern is refined by a least square approach until it matches the
measured profile. Finally, for each portion, e.g. Lorentzian and Gaussian,
the full width at half maximum Γ as a function of the Bragg angle Θ is ob-
tained. Using the pseudo-Voigt model from Thompson, Cox, and Hastings
[Thom 87] gives the following dependencies:

Γ2
G = Utan2Θ+ V tanΘ+W + P/cos2Θ (A.1)
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ΓL = X/cosΘ+ Y tanΘ (A.2)

where G and L are related to Gauss and Lorentz profiles, respectively.
The other parameters U, V, W, X, Y, and P are fit parameters containing
information about crystallite size and strain. After subtraction of the in-
strumental line broadening from the fitted profile, size information can be
gained from the parameters X and P (cosine terms), whereas strain infor-
mation are obtained from U and Y values (tangent terms). The evaluation
of the crystallite size is based on the well-known Scherrer equation (see Eq.
4.3) and the microstrain is determined with the approach of Stokes and
Wilson [Stok 44]. The maximum (upper limit) strain ε0 is defined as

ε0 =
Δd

d
=

βD(2Θ)

4tanΘ
(A.3)

where Δd is the change of the lattice parameter d caused by the presence
of defects and βD is the portion of the integral breadth of a diffraction peak,
which is related to lattice distortion [Balz 99]. βD can be obtained from the
refined U (for Lorentz profile) and Y (for Gauss profile) values after conver-
sion of the FWHM values to intergral breadth values.

To achieve reliable size and strain information, a good fit is the most im-
portant requirement in a Rietveld refinement. A measure for the quality
of the fit is the GOF (= goodness of fit) value and the Rwp (= weighted
residual error) value. Furthermore, high quality diffraction patterns are
necessary to allow correct evaluations.

Comparison of Rietveld and Scherrer results

In contrast to the Rietveld refinement, the Scherrer approach does not con-
sider a microstrain inside the lattice and relates the whole peak broadening
to the crystallite size. Hence, the sizes obtained from the Scherrer equation
are underestimated for strained particles. In Fig. A.4, the crystallite sizes
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of a grinding experiment evaluated with both methods are compared. In
addition, the influence of the instrumental line broadening is investigated.
Therefore, the X-ray pattern of a LaB6 NIST standard was measured and
the instrumental FWHM values were detected as a function of diffraction
angle (Caglioti function). The consideration of the instrumental broadening
is important especially for larger grain sizes where the size broadening is in
the same order of magnitude as the instrumental broadening. The Rietveld
evaluation with the software TOPAS automatically subtract the instrumen-
tal broadening, which is calculated from given instrumental parameters.

Figure A.4.: Comparison between Rietveld and Scherrer evaluation

As expected, the crystallite sizes obtained from the Scherrer equation are
a little smaller than the sizes from the Rietveld refinement especially for
larger sizes where differences in the broadening have a stronger impact on
the grain size and an evaluation becomes more imprecise. The instrumental
broadening has only a slight influence for larger grain sizes (> 50 nm). It
has to be taken into account that the elimination of the instrumental profile
requires a deconvolution of the measured profile into its single components.
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A.3. Micropore analysis of various materials

A.3. Micropore analysis of various materials

The primary particle sizes presented in this work were calculated from the
measured mass specific surface areas. The BET measurements were car-
ried out as 7-point measurements, where the adsorbed nitrogen volume is
detected at seven different relative pressures p/p0. Thereby, it is of great
importance to exclude the presence of micropores inside the particles, which
can enhance the measured surface areas and falsify the calculated primary
particle sizes. One method for the detection of micropores is the V-t-plot
according to de Boer [Boer 65], where the adsorption isotherm is measured
at low relative pressures. The volume of the adsorbed gas V is plotted versus
the thickness of the adsorbed film t. The statistical thickness t can be cal-
culated from the relative pressures p/p0 using Eq. A.4 [see Nova Operation
Manual, Quantachrome, 2008].

t(Å) = 0.88

(
p

p0

)2
+ 6.45

(
p

p0

)
+ 2.98 (A.4)

The V-t-plot gives a straight line for non-porous materials, which passes
through the origin. The total surface area St can be calculated from the
slope of the V-t-plot using the derived equation from de Boer (Eq. A.5). The
total surface area equals the obtained mesopore surface area from the BET
method (7- or 4-point measurement) Sm, if no micopores exist in the sample.
Otherwise the total surface area consists of both, a micro- and mesopore
portion (see Eq. A.6). For the determination of the Sauter diameter, only
the mesopore surface area from the BET approach can be used.

St =
15.47 · V
t(Å)

(A.5)

St = SMP + Sm (A.6)

In Fig. A.5, a typical V-t-plot of a microporous milled alumina sample
is given [Somm 07]. Two distinct slopes can be detected. At low relative
pressures (small de Boer film thicknesses), a steeper gradient is observed
since a larger effective surface area is available for adsorption. When the
micropores are filled with gas at higher relative pressures, the slope flattens
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and reflects the mesopore adsorption. From this part of the curve, the spe-
cific surface area of the mesopores Sm can be determined. The intersection
point of both straight lines gives the median radius of the micropores in the
sample.

Figure A.5.: V-t-plot of a microporous milled alumina sample [Somm 07]

In Fig. A.6 and Fig. A.7, the V-t-plots of the materials used in this work
are presented. For each material system, the final sample after the grinding
treatment was analyzed. The linear regression reveal that the measured
data lie on a straight line that passes roughly through the origin. Hence,
the formation of micropores can be neglected for the investigated systems.
Some regression curves show negative axis intercepts which could be related
to a preferred monolayer adsorption rather than the assumed multilayer ad-
sorption in the BET approach.
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Figure A.6.: V-t-plots of milled SnO2 particles

Figure A.7.: V-t-plots of the materials used in this work (milled in ethanol)
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A.4. Coating of delaminated graphite sheets

As discussed in chapter 6.5.3, the delaminated graphite sheets can be coated
with platinum nanoparticles in different ways. In the following, supporting
information about the experimental procedures are given for each synthesis
route.

Colloidal deposition method

Pt-NP were produced via reduction of hexachloroplatinic acid (H2PtCl6)
in an ethanol-water mixture under stirring at 78 ◦C for 3 h in a reflux ap-
paratus (see Tab. A.1). PVP was used as a stabilizer for the Pt-NP. The
size of the nanoparticles strongly depends on the synthesis conditions. The
produced Pt-NP were mixed with a centrifuged suspension of delaminated
graphite, which was milled for 3 h under standard conditions (see Tab. A.2).
PVA was used as a stabilizer in the milling experiments. After the grind-
ing treatment, the suspension was washed five times via centrifugation and
redispersed in millipore water to remove unattached polymer. Finally, the
suspension was centrifuged (3 min, 3000 rpm, centrifuge 5418, Eppendorf
AG) to separate unpeeled thicker particles. The supernatant was mixed
in ratios of 1:1 or 2:1 with the suspension of the colloidal Pt-NP and the
mixture was set to rest for at least 1 hour.

Table A.1.: Colloidal deposition method - Preparation of Pt-NP suspension

Reactant Amount

H2PtCl6-solution (6 mM) 5 ml
Ethanol (analytical) 40.5 ml

Millipore water 4.5 ml
PVP 7.5 mg

Apparatus reflux system
Time > 3 h

Temperature 78 ◦C -79 ◦C
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Table A.2.: Colloidal deposition method - Delamination conditions

Parameter Condition

Solid content 1 wt% GS 6
Milling time 3 h

Grinding media 0.1 mm YSZ
Revolution speed stirrer 1500 rpm

Stabilizer PVA
cPVA 1 wt%

Wet impregnation method

After delamination in the stirred media mill (conditions see Tab. A.3),
the suspension was centrifuged (3 min, 3000 rpm, centrifuge 5418, Eppen-
dorf AG) to remove unpeeled thicker particles. Hexachloroplatinic acid was
added to the suspension. The ions of the hexachloroplatinic acid attach
to the sheet’s surface and were reduced to Pt-NP either by the addition of
sodium borohydrate or ethanol (Tab. A.4). Since the negatively charged
chloroplatinate ions do not adsorb on a negatively charged graphite-SDS
surface, the graphite particles were stabilized in the milling experiments
with the nonionic surfactant dodecyl dimethyl amino oxide (DMAO).

Table A.3.: Wet impregnation method - Delamination conditions

Parameter Condition

Solid content 1 wt% GS 6
Milling time 5 h

Grinding media 0.1 mm YSZ
Revolution speed stirrer 1500 rpm

Stabilizer DMAO
cDMAO 10 mM
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Table A.4.: Wet impregnation method - Coating conditions

Parameter NaBH4 reduction EtOH reduction

cH2PtCl6 10 mM 6 mM
V(GS-susp.):V(H2PtCl6-solu.) 2:1 4:1
Amount reduction medium slight excess of NaBH4 times 9 of GS-H2PtCl6-volume

Apparatus beaker reflux system
Impregnation time > 30 min > 3 h

Temperature RT 78 ◦C -79 ◦C

184

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Curriculum Vitae

Personal Data

Name Catharina Knieke
Date of Birth 07/23/1981
Place of Birth Hildesheim, Niedersachsen
Citizenship German
E-Mail Catharina.Knieke@gmx.de

Education

09/88− 07/92 Elementary School, Borsum
09/92− 07/94 Middle School, Harsum
09/94− 06/01 Michelsen Secondary School, Hildesheim

10/01− 05/06 TU Clausthal, Studies of Process Engineering
09/05− 05/06 Internship and Diploma thesis with

BASF AG, Ludwigshafen

07/06− 09/10 Research Associate at the Institute of
Particle Technology, University Erlangen-
Nürnberg

11/10− 11/11 Research Associate at the New Jersey
Institute of Technology, NJ, USA

since 02/12 Research Engineer with BASF SE,
Ludwigshafen

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.


	Acknowledgements
	Abstract
	Zusammenfassung
	Nomenclature
	Contents
	1. Introduction
	2. State of the Art
	3. Theoretical Background
	4. Experimental Section
	5. Breakage Behavior of Nanoparticles
	6. Delamination of Graphite
	7. Conclusion and Outlook
	Bibliography
	A. Appendix
	Curriculum Vitae

