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Abstract
In this doctoral thesis the improvement of the damping capacity of an
electrostatic tuneable friction damper is investigated by designing the
properties of a newly developed dielectric material exhibiting a high
permittivity with enhanced tribological properties. The presented semiactive damper consists of a lamella and a dielectric layer which are implemented into a light-weight structure, thus providing intrinsic mitigation
to their inherent vibrations. A dielectric layer with an electrode is integrated into a structure while a reinforcing layer (carbon fibre reinforced
lamella) is placed on top. Their reversible connection is achieved by
an electric field between electrode and lamella. As the maximum shear
stress is exceeded due to vibration, friction occurs between dielectric material and lamella resulting in a semi-active dissipative mechanism.
To increase the performance of such a semi-active damper the properties
of the dielectric material are optimised through a careful design of its
micro-structure to meet the requirements set by its engineering application, like permittivity, breakdown strength, static coefficient of friction
and wear. The challenge in the optimisation lies in the contradictory
nature of the desired properties. By increasing the permittivity of a material normally the breakdown strength is reduced. Similar behaviour
is experienced for the tribological behaviour. The materials resistance
to wear is reduced if the coefficient of friction is increased, reducing its
lifetime. The resulting micro-structure addresses this complex tradeoff, ultimately resulting in a new material with previously unavailable
characteristics.
v

In the first part of this thesis the development of a device to measure
the static coefficient of friction between two thin laminae is presented,
as no commercial available apparatus exits addressing the specific requirements of the damper. The device’s performance with mechanically
applied loads and under electric fields was tested for different polymer
foils. The characterisation of the static coefficient of friction forms part
of a set of characterisation methods for comparison in the development
of a new dielectric layer in the intended application.
The second part of this thesis is devoted to the design of the microstructured material combining dielectric and tribological properties, two
fields that have not been combined previously to the authors knowledge. A systematic approach exploring the effects of different particles
in a polymeric matrix, with high and low concentrations is followed. In
addition to processing difficulties it is demonstrated how a two phase
composite is not capable to fulfil both set of properties. To address the
trade-off shown by the dielectric and tribological properties a multifunctional material is designed. It is specifically developed to overcome the
penalties in abrasion resistance resulting from adding a ceramic phase to
a polymeric matrix to increase its permittivity, by the addition of a third
phase, which is comprised by ceramic platelets aligned out-of-plane.
In the last stage of this thesis the new developed composite material is implemented in a structure demonstrating that the improved
properties lead to a superior damping performance compared to a commercial polymer foil. A comparison between the commercial benchmark
(i.e. PVDF) and the novel material is carried out gluing foils onto the
flanges of an I-beam. The effectiveness of the developed material is assessed by studying the variation of the structure’s eigenfrequencies under
different electric fields. A similar stiffening effect for an increasing field
could be observed for both materials, where lower levels of electric field
were required by the new material highlighting its increased applicability. Additionally, comparable or higher values for the damping ratio are
achieved with the new composite material.
The properties of a dielectric material developed in this work have
been improved leading to a reduction in working voltages in an electrovi

static tuneable friction damper. This allows for a much wider applicability of this damping mechanism. Moreover, the lower electric field levels
allows for this material to be implemented cheaply in civil engineering
structures increasing their safety.
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Zusammenfassung
Die vorliegende Doktorarbeit befasst sich mit der Optimierung der Dämpfungsfähigkeit eines elektrostatisch veränderbaren Reibdämpfers. Die
Optimierung wird durch die Entwicklung eines neuen dielektrischen Materials mit einer hohen Permittivität und verbesserten tribologischen
Eigenschaften erreicht. Der dieser Arbeit zugrundeliegende semi-aktive
Dämpfer besteht aus einer Lamelle und einer dielektrischen Schicht,
welche in eine Leichtbaustruktur eingebaut werden um dessen Schwingungen zu reduzieren. Eine dielektrische Schicht mit Elektrode wird fest
eingebaut, die Lamelle (karbonfaserverstärkter Kunststoff) wird hingegen nur auf das Dielektrikum gelegt. Eine reversible Verbindung zwischen Lamelle und dielektrischer Schicht wird mittels eines elektrischen
Feldes zwischen Lamelle und Elektrode erzeugt. Sobald die maximal
übertragbare Schubspannung zwischen Lamelle und Dielektrikum durch
Schwingungen der Struktur überschritten wird, wird durch Reibung Energie dissipiert.
Um die Leistung eines solchen semi-aktiven Dämpfers zu erhöhen, werden die Eigenschaften der dielektrischen Schicht gemäss den Anforderungen der Anwendung optimiert. Diese Anforderungen sind insbesondere die Permittivität, Durchschlagsfestigkeit, statischer Reibkoeffizient
sowie Abrieb. Die Herausforderung hierbei liegt in den widersprüchlichen Eigenschaften welche es zu optimieren gilt. Mit der Erhöhung der
Permittivität wird im Allgemeinen die Durchschlagsfestigkeit herabgesetzt. Die tribologischen Eigenschaften zeigen ein ähnliches Verhalten,
da die Abriebfestigkeit mit der Erhöhung des Reibkoeffizienten reduziert
ix

wird, was sich auf die Lebensdauer des Materials auswirkt. Die sich aus
diesem Konflikt ergebende Mikrostruktur resultiert in einem Material
mit bisher unerreichten Merkmalen.
Der erste Teil dieser Dissertation beschäftigt sich mit der Entwicklung eines Gerätes zur Bestimmung des statischen Reibkoeffizienten zwischen zwei dünnen Schichten aufgrund eines fehlenden kommerziellen
Messapparates mit den entsprechenden Anforderungen der dieser Arbeit
zugrunde liegenden Dämpfers. Die Funktionsfähigkeit des entwickelten
Messapparates wurde mittels kommerziellen Polymerfolien unter mechanischen Lasten sowie elektrischen Feldern überprüft. Die Bestimmung
des statischen Reibkoeffizienten bildet einen Teil einer Reihe Charakterisierungsmethoden für den Vergleich der neuen dielektrischen Schichten.
Der zweite Teil dieser Arbeit widmet sich der Entwicklung eines
mikrostrukturierten Materials, welches die dielektrischen sowie auch tribologischen Eigenschaften verbindet. Diese zwei Felder wurden, soweit
bekannt, bisher noch nicht kombiniert. Die resultierenden Effekte durch
die Zugabe unterschiedlicher Partikel in tiefen sowie hohen Konzentrationen in eine polymere Matrix wurden untersucht. Nebst Herstellungsschwierigkeiten, wird auch gezeigt, dass ein zwei Phasen Verbundwerkstoff nicht ausreicht um beiden Eigenschaftsfeldern zu genügen. Erst die
Entwicklung eines multifunktionalen Materials wird dem widersprüchlichen Verhalten gerecht. Um die Permittivität zu erhöhen, wurden keramische Partikel hinzugefügt. Die dadurch entstandenen Einbussen in
der Abriebfestigkeit werden durch eine dritte Komponente, durch aus
der Ebene ausgerichtete Plättchen überwunden.
Im letzten Teil dieser Arbeit wird das neu entwickelte Material in
eine Struktur implementiert indem Folien aus dem Verbundwerkstoff auf
den Flansch eines Kragbalkens geklebt werden. Die verbesserten Eigenschaften der dielektrischen Folie werden anhand einer erhöhten Dämpfleistung im Vergleich zu einer kommerziell erhältlichen Polymerfolie demonstriert. Die Leistungsfähigkeit des entwickelten Materials wird durch
die Untersuchung der Änderung der Eigenfrequenzen der Struktur unter
unterschiedlich angelegten elektrischen Feldern gemessen. Bei beiden
Materialien wurde mit zunehmendem elektrischem Feld ein Versteifungsx

effekt beobachtet. Im Vergleich zu PVDF wurde dieser Effekt beim
neuen multifunktionalem Material bei tieferen elektrischen Feldern gemessen, was dessen Anwendbarkeit erhöht. Überdies wurden mit dem
neuen Verbundwerkstoff vergleichbare oder höhere Dämpfungsgrade erreicht.
Durch die optimierten Eigenschaften des in dieser Arbeit entwickelten
dielektrischen Materials, kann die Arbeitsspannung im elektrostatisch
veränderbaren Dämpfer reduziert werden. Dies ermöglicht eine breite
Anwendbarkeit dieses Dämpfungsmechanismus. Darüber hinaus ermöglichen diese tieferen elektrischen Felder einen kostengünstigen und sichereren Einbau im Bauwesen.
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Definition of Symbols
d

film thickness

D0

energy dissipated per cycle

E

Young’s modulus

Ebd

breakdown strength

Ef ield

electric field

0

permittivity of vacuum

r

relative permittivity

F

force

FN

normal force

FR

friction force

γ̇

shear rate

I

second moment of area

k

stiffness

L

length

m

mass

µ

coefficient of friction
xiii

µs

coefficient of static friction

ω

eigenfrequency

Φ

angle in respect to the shear plane

ρ

density

s

aspect ratio

σN

Maxwell stress

σR

maximum transferable shear stress

t

time

U

voltage

v

velocity
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Introduction

Chapter 1

A Brief Overview
1.1

Introduction

The need for more efficient structures calls for the increasing use of
materials with higher specific strengths, understood in terms of the
strength/weight ratio. Weight minimisation in transportation systems
leads to reduced fuel consumption, whereas in load bearing structures
to more slender designs, allowing for faster and less expensive construction processes. On the other hand, these lightweight structures are more
prone to suffer from vibration problems as slender structures are affected
more strongly by higher vibration amplitudes than massive structures.
This demands for the introduction of damping methods without interfering with the sought benefits in weight.
Vibration mitigation can be achieved by different means such as shifting the systems eigenfrequency outside the bandwidth of the excitation
through stiffening of the structure [1–4]; by the reduction of the resonance amplitude, i.e. damping; or by isolating the system, the propagation of the disturbances inhibit large dynamic responses [1].
The range of available mechanical properties for engineering applications has increased with composite materials compared to single component materials. Conventional materials designed for specific purposes
3
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cannot adjust their properties to perform better under changing operational conditions. The possibility of introducing time-variant properties
into carefully designed materials leads to novel design concepts and applications, as the structure is provided with capacity to exhibit adaptation.
This concept has lead to the promising field of smart material systems
and adaptive structures. [2]
In civil structures, loads can vary as they are not clearly defined, due to
the influence of environmental conditions (wind, earthquakes, etc.) and
operational conditions, vehicles, etc. As a result, the potential of smart
structures to adapt properties, such as its damping or stiffness, has particularly interesting potential when applied to light-weight structures.
For example, the structure’s stiffness can be tuned to perform optimally
according to the current load case.
The capability of varying the stiffness in time can be achieved following
different approaches [5–7], for instance, by dividing a structure/material
into different layers exploiting the concept of reversible lamination/bonding. In this case, the stiffness can be tuned by controlling the shear
stress transfer between the layers, or parts of the structure. Two different means of coupling the layers have been studied, a material based
approach and a geometrical one. In the first one, the coupling between
two layers is tuned by a temperature change of a polymeric material
connecting the layers. Thereby exploiting the transition from the glassy
to the rubbery state of polymers at the glass transition temperature [8].
Secondly, a change in the topology is achieved by an electrostatic coupling of the different layers [9, 10]. Bergamini [10] studied the electrostatic tuneable bending stiffness of structures, thereby exploiting the
stiff and compliant state. This stiffness variation has been applied to
shape-adaptable wing structures [11]. One specific example to achieve
stiffness changes in the load-carrying structures is to change the wing’s
shear centre location and torsional stiffness [11].
The adaptation of the electrostatic forces allows for other applications
beyond stiffness adaptation. In this respect, by tuning maximum transferable shear stress between layers in a laminated component, friction
occurs dissipating energy, thus adding damping to the underlying structure. As the connection between the layers can be changed through the
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electric field, the damping of the structure can be tuned accordingly.
The overall damping behaviour of the system depends on the electromechanical properties of the dielectric layer. Unfortunately, ready to use
dielectric materials fulfilling the entire set of requirements are not yet
available. Satisfying simultaneously the demands with regards to permittivity, dielectric strength, coefficient of friction and wear resistance
is not possible.
Consequentially, the goal of this thesis is the development and investigation of a novel composite exhibiting optimal properties for providing
adaptive structures with enhanced variable stiffness and damping characteristics.

1.2

State of the Art

1.2.1

Damping Methods

Damping, as a method among others to mitigate vibrations, are classified
by three different categories, shortly described here.

Passive damping The most common damping approach is by passive
methods which do not actively adapt to the excitation [12]. Energy is
dissipated by the relative motion of the passive control device, induced
by the structure’s motion [4]. The most common examples are tuned
mass and fluid dampers. This kind of dampers are externally applied
to the structures. Damping can also be achieved by converting the mechanical energy into electrical energy to be dissipated or stored (energy
harvesting) [1]. The main advantage of such methods is that no energy
source is necessary.

Active vibration mitigation Energy is introduced into the structure
from an external source to adapt to the external perturbation to actively
suppress the vibration as is done by so-called active dampers [1]. A main
drawback of active dampers is their high energy consumption which often

6
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Tab. 1.1: Overview of the mentioned passive and semi-active damping
methods.
passive

semi-active

• oil damper
• mass damper

• friction damping [13]
• disc-type MR
[14]

− fixation
required

• friction in
bolts [15]

• PZT in bolted
joints [16]
• electrostatically tuneable
friction damping [10]

+ no additional device

+ no energy consumption

+ increased performance
through
adaptability
− cost
− reliability

discrete

integrated

− not adaptive

determines the size of the actuators and costs [1]. Further an active
system can lead to instabilities and therefore to even larger vibration
amplitudes.

Semi-active control systems A compromise between the two damping approaches are the semi-active methods, which combine the reliability of passive dampers with the adaptability from the active ones [4]. Its
dissipative nature leads to stable systems and still offer the possibility
to adapt to external excitations and environmental changes as payload,
external load, temperature, wind, etc. As there is no need to actively
counteract the motion of the structure the energy consumption is typically lower than in active systems.
Different control mechanism can underlie in semi-active systems, as the
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modification of the structure’s stiffness [4], change in viscosity of damping fluids (electro- and magnetorheological dampers) [4, 17, 18], by controlling the normal force to tune friction damping [4,16], tuned mass and
liquid dampers [4] or synchronised switch damping (SSD) in piezoelectric
elements [19].
Table 1.1 shows a small overview on passive and semi-active dampers,
divided in their fixation.

Friction Damping
Friction dampers, the concept underlying in the damping method of this
thesis, can be either passive [15,20] or semi-active [4,16,21] (cf. table 1.1).
Friction can contribute over 90 % of passive damping in bolted frames
and truss structures [15] and can also be used against earthquakes for
buildings [20].
In order to obtain a semi-active friction damper, the normal load FN
has to be controlled as shown in equation 1.1, where FR is the friction
force and µ the coefficient of friction.
FR = µ · FN

(1.1)

In joints, piezostacks can be applied to adapt the normal force and therefore the energy which is dissipated by friction [16, 21], this was also applied for seismic control of a piezo-controlled friction damper, externally
applied on a laboratory scale multi-story building [22].
Semi-active friction damping can further be observed in disc-type magnetorheological dampers, where the friction occurs between the magnetorheological fluid and rotating discs [14]. Tuning friction damping
electrostatically, as in this work, was shown by Inui et al. [13]. For this
semi-active friction damper a metallic plate covered with dielectric material is fixed to the ground and two plates, also covered with a dielectric
film, are placed at the end of the cantilever beam, enclosing the lower
plate. An electric field is applied between the upper two and lower plates
to control the normal force acting on the friction resulting from the vibrating cantilever beam.

8
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This last two examples of semi-active dampers have in common that
they are applied externally and not implemented into the structure.
Stiffness Modification
Shifting the structure’s eigenfrequency outside the excitation bandwidth,
through a change in stiffness, mitigates vibration. For instance, by dividing a beam into different layers, its bending stiffness can be tuned
by coupling the layers. Gandhi et al. [8] studied this effect with a multilayered beam of aluminium layers connected by polymer layers. The
stiffness change is induced by changing the temperature using the transition from the glassy to the rubbery state of polymers at the glass
temperature, thereby changing from a stiff to a compliant state. The
main drawbacks are its slow response due to the rather slow process and
its energy consumption [8, 11].
A faster change in stiffness of a laminated structure can be achieved
by electrostatic forces, as in so-called electro-bonded laminates (EBL).
The coupling between the layers is achieved by electric fields, i.e. the
working principle is based on capacitors (cf. figure 1.1). By applying an
electric potential U onto two separated electrodes an electric field Ef ield
arises generating a normal force (Maxwell stress σN ) between the two
electrodes described by:
σN

1
= 0 r
2



U
t

2
=

1
0 r Ef2ield ,
2

(1.2)

where 0 and r correspond to the permittivity of vacuum and the dielectric material, respectively, and t the distance between the two electrodes.
In contrast to the thermocoupling of two laminates, with electric fields
the connection can be tuned more precise and with a faster response
time.
The use of electric fields to control the bending stiffness was investigated
by Tabata et al. [9] for the use as so-called soft actuators (high powerto-weight ratio) to support human motion in rehabilitation, welfare and
sports training. The operability was demonstrated on a stack of flexible
polyimide films coated with electrodes.
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A work about shape-adaptable airfoils used the concept of variable stiffness to tune the torsional stiffness [11]. Thereby both described concepts
were studied, based on thermocoupling and by means of electrostatic
fields. This approach allows for light-weight, efficient and compliant
structures [11].
The strength of electro-bonded laminates is limited by the maximum
applicable electric potential, described by the breakdown strength of the
dielectric material. Material defects further decrease this limit.
laminate
V

+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + +
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

+
-

+
-

+
-

+
-

+
-

electrode
dielectric layer
electrode

laminate

Fig. 1.1: Schematic of an electro-bonded laminate (EBL), the connection between the two laminates is tuned by electrostatic fields.
Electrostatic Tuneable Friction Damping
The underlying damping method of the present work is based on friction
damping, a semi-active method electrostatically tuneable. Different to
the previously described damping method studied by Inui et al. [13] the
method here is integrable into a structure. This approach was investigated by Bergamini [10] on a glass fibre reinforced polymer (GFRP)
I-beam. Therefore a polyethylene terephthalate (PET) film, coated with
a thin aluminium film on one side, was glued with epoxide resin onto
the flanges of the I-beam. Two carbon fibre reinforced polymer (CFRP)
lamellae were placed on top of the flanges as shown in figure 1.2. By
applying a voltage between the aluminium film and the CFRP lamella,
an electric field arises and a normal force acts on the lamellae, equal to
the electro-bonded laminates.
The connection by electrostatic forces is reversible and tuneable. Consequently the stiffness of the cantilever beam can be altered as shown in
figure 1.3(b). The resulting normal stress σN through the applied electric

10
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CFRP
dielectric
electrode
GFRP

Fig. 1.2: Schematic of an I-beam with the electrode and dielectric material fixed on the flanges and a carbon fibre lamina placed on top. The
arrows indicate the electric field holding the CFRP lamella on the flange.
field Ef ield between the lamella and dielectric material is described by
equation 1.2.
As the electrostatically tuneable cantilever beam is excited and the maximum transferable shear force between the layers is exceeded, the lamella
slips and friction occurs. The structure is damped, as energy is dissipated by the friction between the dielectric layer and the lamella. The
maximum transferable shear stress σR between lamella and dielectric
material depends on the static coefficient of friction µs and equation 1.1
and 1.2 can be combined, resulting in
σR = µs · σN = µs · 0 r Ef2ield /2.

(1.3)

Figure 1.3(c) shows the resulting hysteresis curve in the force-displacement
diagram due to the lamella delamination. c1 corresponds to the bonded
and c2 to the loose state of the lamellae, the transition point d∗ is defined by the static coefficient of friction. The area of the hysteresis
curve corresponds to the dissipated energy during one cycle. According
to Goodman et al. [23], the energy dissipation per cycle D0 for a cantilever beam, consisting of two clamped layers (cf. figure 1.3(a)), can be
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described as follows:
4
D0 =
3



µ t p l2
E

 

6F l
t h2




−

8µpl
h


,

(1.4)

with t,h,l according to figure 1.3(a), E corresponds to the Young’s modulus, F the force acting at the free end of the cantilever beam and p is
the normal pressure applied on the two lamellae, which corresponds to
σN (cf. equation 1.2) for electric fields. As the equation shows, a high

U =/ 0V
U = 0V

force

p t

h F
h

d*
displacement

l

(a)

(b)
force
d*2
d*1

U2 > U1
U1

c1

displacement
c2

(c)

Fig. 1.3: (a) Schematic of a cantilever beam of two lamina (illustration according to [23]). (b) and (c) show the force-displacement graphs
for lamina bonded by an electric field as in figure 1.1. (b) shows the
stiffness change when a voltage U is applied; (c) shows the hysteretic
behaviour resulting from slip between lamella and flange, c1 corresponds
to the stiffness of the bonded state and c2 to the stiffness of the beam
with loose lamella [24].
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coefficient of friction increases the energy dissipation.
The efficiency of the electrostatic tuneable friction damper strongly depends, among others, on the used dielectric material. Its permittivity
and coefficient of friction dictate the resulting stresses which can be
achieved with a given electric field, the breakdown strength limits the
maximum applicable voltage and the resistance to wear the lifetime of
such a damper.
In the work of Bergamini [10] a polymeric material, PET, was used.
Compared to ceramics, this material exhibits a low permittivity of 1
and the rather low coefficient of friction (0.18-0.31 ), call for high electric
fields (17 − 33 MV/m) [10]. At low excitation amplitudes a stiffening of
the structure was observed. Friction damping was only optimal within
a narrow range of amplitudes.
To optimise the electrostatic tuneable friction damper, the stiffening and
damping range should be increased, preferable at lower electric fields.
Therefore, this work focusses on the optimisation of the dielectric layer.
The next sections give an overview on the current state of research on
dielectric materials and materials for friction based applications.

1.2.2

Dielectric Materials

Dielectric materials are generally used in energy storage applications,
microelectronics, embedded capacitors, etc. [25–30]. Conventionally, ceramic materials are produced as thin films, exhibiting high permittivities. However, their brittleness and high processing temperatures are not
suitable for many applications and substrate materials [27, 28, 30]. Polymers are easily processed at low temperatures, tough, flexible, cheap and
exhibit high breakdown strengths but low permittivities [25–28, 30–32].
An interesting approach in modifying the permittivity of a fully polymeric dielectric was investigated by Di Lillo et al. [33, 34]. Multilayers
of different polymers can lead to a higher total equivalent permittivity
than the one of the components at low frequencies through charge accumulations at their interface. However, in general polymers exhibit very
1 www.matweb.com

1.2. State of the Art

13

low coefficient of friction, disadvantageous for the friction damper under
study.
Another very common method in enhancing the dielectric properties of
polymers is by the addition of ceramics, combining the advantages of
both. For the present work this approach is reasonable as it is also
widely used for increasing the abrasion resistance, as discussed in the
next section.
Many studies on adding ceramic particles into polymeric matrices can
be found in literature [25–28, 30, 35–39]. To increase the polymers’
permittivity, barium titanate particles, exhibiting a high permittivity
(1000−5000 [40]), were blended into different polymeric materials such as
polyvinylidene fluoride (PVDF) [35], poly(methyl methacrylate) (PMMA)
[28] and perfluorocyclobutene (PFCB) [36]. Also the addition of lead
zirconate titanate (PZT) can increase the composites’ permittivity, for
example in thermoplastic polyurethane (PU) [37, 38, 41]. However, environmental issues may arise due to the use of lead.

Microcapacitor Network
Polymer matrix composites with metallic or ceramic fillers like particles, rods, platelets, etc., reaching percolation can undergo remarkable
physical changes [42], amongst others a large increase in permittivity as
aimed for the dielectric material in this work. Metallic particles show
a very high polarisability due to the presence of free electrons. Adding
such particles to a polymer results in an increase of the overall permittivity, having its maximum near percolation [42, 43]. However, as
the percolation threshold is reached, conducting paths are formed (as
shown in figure 1.4(a)) reducing the resistivity of the material. For example aluminium particles [44] or carbon black [45] were added to an
epoxy matrix, graphite nanoplatelets in PVDF [46], silver particles in
epoxy [47,48] or nickel particles additionally to barium titanate particles
in PVDF [49]. In such systems near percolation the remarkably increase
in permittivity can be described by the formation of a microcapacitor
network, schematically shown in figure 1.4(c), as has been described in
literature [31, 46, 50–54]. The dielectric thickness d∗ in these microcapa-
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Fig. 1.4: Schematic of a composite dielectric material with metallic
fillers. (a) particles are forming (geometrical) percolating paths; (b) particles with an insulating shell to avoid electric percolation. (c) Schematic
of a microcapacitor network, the polarisable particles in a dielectric matrix act as electrodes and form small capacitors with a thickness of d∗ .
citors is significantly smaller than the apparent thickness df ilm generating locally very high electric fields. This increase in electric field intensity
results from the migration and accumulation of charge carriers at the interfaces between conductive filler and matrix, relaxing via tunnelling.
Thus, metallic particles can form an electrical-percolation through tunnelling of electrons before reaching the geometrical percolation [42].
Xu et al. [29, 50] used this effect with aluminium particles to create a
microcapacitor network. To avoid the formation of conducting paths
through electric contact or tunnelling between particles, an insulating
layer on the particles is used, as schematically shown in figure 1.4(b).
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In aluminium a natural insulating oxide Al2 O3 layer is formed. They
showed that a polymer filled with Al-Al2 O3 has a higher dielectric constant than one filled with pure Al2 O3 and that the breakdown voltage
is much higher for Al-Al2 O3 than for pure aluminium. Zhang et al. [55]
investigated similar behaviour for Zn-ZnO core-shell particles in PVDF.
By increasing the permittivity of composite materials, the resistance to
an applied voltage, i.e. breakdown strength is reduced. Through a local
current amplification arising from space charge injected from the cathode [56, 57], an increase in the local electric field results [56]. In thin
organic films a hollow channel with a conducting wall is formed due to
the polymer evaporation and formation of soot [56, 58]. The connection
of these two properties has to be considered while developing a new material and the challenge lies in the compromise suiting the application.

1.2.3

Materials for Tribological Applications

In the electrostatic tuneable friction damper, energy dissipation occurs
through dry friction between the dielectric material and the CFRP lamella, where a high coefficient of friction is preferable to improve the
dampers performance and a high wear resistance for a long lifetime.
Everywhere where motion and contact occur, friction is present. It is
considered the major cause of material waste and loss in mechanical
performance. Generally the reduction of wear is the driving factor in decreasing the coefficient of friction, for example by lubrication or surface
coatings. Nonetheless, systems exist where friction is highly desirable,
like shoes, brakes, tyres, etc., preferably consisting of wear resistant materials to prevent excessive abrasion. High wear rates are appreciated in
grinding tools and erasers. A high material loss with low friction coefficient is required in pencils. An overview of these examples is given in
table 1.2. [59–61]
According to the upper left quadrant in table 1.2, where the electrostatic
tuneable friction damper falls into, a wear resistant material as dielectric
layer is required. The addition of particles can increase the composite’s
permittivity as described in the previous section and can also affect the
tribological properties. Many different material combinations have been
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friction

Tab. 1.2: Applications with friction and wear, table adapted from [61].
- brakes
- clamps
- shoes
- clutches
- tyres

- erasers
- friction surfacing
- wear resistant
material

- lubrication
- bearings
- surface
- gears
coatings
- cams
- slideways
- free-sliding mechanical
interfaces

- enhancement
of adhesion
- sacrificial
materials
- pencils
- deposition of solid lubrication by sliding contacts

wear
considered in literature. The addition of particles into a polymeric matrix has been reported to increase wear resistance [62–67] but also decrease it [68], sometimes depending on the volume fraction [66, 69, 70].
Bahadur et al. [65] list many combinations of polymer matrices with
different fillers which reduce or increase the wear rate and coefficient of
friction. Bhimaraj et al. [66] show a decrease in wear rate followed by a
large increase after volume fractions of 5 wt% of alumina in PET. Wang
Y. et al. [69] observed a similar behaviour for alumina in a polymeric
matrix with a minimum at 20 vol%. Wang Q. et al. [67] studied the wear
behaviour for different concentrations of Si3 N4 in PEEK, which showed
an overall reduction on the wear rate with a minimum at 8 wt% by a
continuous decrease in the coefficient of friction with volume fraction.
Abenojar et al. [68] in turn show that wear increases by adding SiC particles to an epoxy resin.
Durand et al. [62] showed an enhancement of the wear resistance of epoxy
with different ceramic particles (Al2 O3 , TiC, SiC, TiN, VC, TiO2 and
ZrO2 ). By adding organoclay into thermoplastic polyurethane (TPU) its
good wear-resistance can even be enhanced. The change in the coefficient
of friction depends on the initial hardness of the TPU (COF of soft TPUs
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is reduced, COF of hard TPUs is increased) [63]. With polystyrene (PS)
the same effect was found, by adding Al2 O3 the specific wear rate of PS
was reduced and the COF was increased [64]. In many systems reducing
the coefficient of friction leads to a decreased wear rate, as for example
for TiO2 in PU [71], organoclay in polycarbonate [70], organoclay in
polycarbonate [72], organoclay in thermoplastic polyurethane [73] and
organoclay in epoxy [74]. These examples show a dependence between
coefficient of friction and abrasion resistance. Generally speaking, wear
is reduced by lowering the coefficient of friction of a material, however
it is not always the case and represents another challenge in the development of a material with specific properties.

Magnetic Alignment of Anisotropic Fillers in Composite Materials
An interesting observation was done by Erb et al. [75] in polymer composites containing ceramic platelets and the influence of their orientation
on the abrasion resistance. Thereby the composites with out-of-plane
aligned platelets outperformed the ones with in-plane aligned platelets
in wear measurements.
To reinforce composites in three dimensions, Erb et al. [75–77] developed
a method to orient anisotropic fillers magnetically. Thereby a small part
of the non-magnetic fillers’s surface is coated with superparamagnetic
nanoparticles. By applying a static magnetic field onto a suspension
containing such labelled platelets, they align in one of their rotational
degrees of freedom as shown in figure 1.5(a).
With rotating magnetic fields the orientation of the anisotropic fillers
can be achieved in two direction. Up to a certain frequency the fillers
rotate according to the rotating field due to the magnetic torque [76].
If the critical frequency is exceeded, the filler cannot follow the excitation due to a viscous torque and they align parallel with the magnetic
field plane as shown in figure 1.5(b). With this alignment a higher filler
concentration can be achieved. [76]
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Fig. 1.5: Schematic of magnetic alignment of anisotropic fillers: (a)
under static fields and (b) under rotating fields (illustration adapted from
[75]).

1.3

Research Needs

The overall damping behaviour of the described electrostatic tuneable
friction damper depends on the electromechanical properties of the dielectric layer. Unfortunately, ready to use dielectric materials fulfilling
the entire set of requirements are not yet available. Some of the described
composites found in literature to improve dielectric or tribological properties are presented in table 1.3. As the table highlights, a large body
of literature can be found on the influence of particles on a matrix in
their electrical and tribological properties, however, there is a lack in the
combined consideration. Satisfying simultaneously the demands with regards to permittivity, dielectric strength, coefficient of friction and wear
resistance is not possible. Consequentially, the goal of this thesis is the
development and investigation of a novel composite exhibiting optimal
properties for the electrostatic tuneable friction damper. To compare
new materials in respect to their tribological properties, characterisation
methods are necessary. Although a vast amount of coefficient of friction
tables for different materials exist, they do not consider the largest factor influencing this property, namely its measurement method. In most
cases this does not reflect the reality of an application.
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Tab. 1.3: Overview of different material combinations in respect of
their tribological and electrical properties. r = dielectric constant, Ub =
breakdown voltage, WR = wear resistance, COF = coefficient of friction.
A = [37, 38, 41], B = [78]. C = [71], D = [73], E = [63], F = [79], G
= [64], H = [80], I = [30], J = [72], K = [30, 35], L = [81], M = [29],
N = [62], O = [74], P = [50], Q = [82, 83]
tribological

BaTiO3

PZT

Al2O3

TiO2

organoclay

Al

electrical
WR ↑ [B]

WR ↑
COF↓
[C]

WR ↑
COF ↑
[G]

WR ↑[H]

PU
εr ↑ [A]

PS

εr = 44
Ub high [F]

WR ↑ COF ↓ [D]
COF ↑ [E]

WR↑
COF↓
[J]

PC
εr & Ud ↑ [I]

PVDF /
PVDF-HFP

εr & Ud↑ [K]

εr ~ 5 [L]
WR ↑
COF↓
Al
Al2O3
[O] εr ~100 [M]
Al ↑ → εr↑ [P]

WR ↑[N]

epoxy

Al
Al2O3

εr ~100 [M]

iso-PP
εr ↑ [Q]

According to P. J. Blau the following points need to be considered to
select a test method [61]:
”Selecting a friction test method begins with the following
considerations in mind:
1. Understand the purpose for which the data are needed.
2. Be aware of the strengths and limitations of any potential test methods.
3. Recognize that friction is a characteristic of the tribosys-
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tem and not a fundamental material property. Therefore, a given set of materials can rank in a different
order when friction is tested in different kinds of tribometers.”
— P.J. Blau, Friction Science and Technology, p.43

This clearly states the demand of a specific measurement system addressing the given requirements of the application. The research objectives,
in order to fulfil the goals of the present work, are listed in the following.
• To develop and experimentally verify a characterisation method
for the static coefficient of friction of thin films, considering the
particular characteristics of the intended application.
• To develop a new material meeting the requirements set by electrostatic tuneable stiffness and damping devices. In this regards, the
difficulty does not only lie in the opposing properties permittivity/breakdown strength and coefficient of friction/wear, but also
in the combination of these two different physical fields.
• To verify the proposed improvement through the new dielectric
material by the investigation of the stiffening and damping capacity
of a large scale setup.

1.4

Novel Contributions

The novelties presented in this thesis can be summarised as follows:
• A new setup has been developed to determine the static coefficient
of friction, considering the prerequisites of the electrostatic tuneable friction damper. In particular, the static COF of two thin
films can not only be measured under mechanical loads, but also
under electric fields.

1.5. Structure of the Thesis
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• A novel multifunctional material has been developed, fulfilling the
requirements set by two different physical fields, which have not
been combined before.
• The new developed dielectric layer has been implemented into a
large cantilever beam. Equal or improved stiffening and damping behaviour was obtained compared to a commercially available
polymer film at lower electric fields.

1.5

Structure of the Thesis

The thesis is divided into three main parts following a mainly experimental approach. While this first introductory part presented the motivation
and goals, the second part (chapters 2 and 3) describes the development
of a setup to assess the static coefficient of friction of thin films under
mechanical and electrical loads. The opportunities and limitations are
investigated on different commercially available dielectric polymer films
in chapter 3.
The material development based on the improvement of the dielectric
and tribological properties is described in a second part (chapters 4
and 5). Different approaches were followed, however, all based on polymer composites, illustrating the challenges in concurrently improving the
required though opposing properties.
In the last stage of this thesis (chapters 6 and 7) the novel composite
developed is transferred to a large scale setup to assess the achieved
improvements on the electrostatic tuneable friction damper. This part
shows the challenges arising in upscaling the material production. The
stiffening and damping capacity of the novel composite is assessed on a
cantilever beam and compared to a commercial available high permittivity polymer foil.
Chapters 8 and 9 conclude the findings of this thesis and their potential
with an outlook on future work.

Part II

Static Friction
Determination

Chapter 2

Friction Measurement
Parts of chapters 2 and 3 were published as: R. Ginés et al., Frictional
Behaviour of Polymer Films under Mechanical and Electrostatic Loads,
Smart Materials & Structures 22 (2013) 075023.
Studying and optimising the tribological properties of the dielectric
material are essential to increase the damping capacity of the electrostatic tuneable friction damper described in the introduction. This part
of the thesis focuses therefore on the development of a friction measurement setup for the static coefficient of friction under mechanical and
electrical loads. This value strongly depends on its determination method
and can not be considered as a pure material constant. In this chapter
the development leading to the final setup is described. The system’s
functionality was evaluated with four different commercial polymer foils
and is described in chapter 3.

2.1

Setup Development

In the electrostatic tuneable friction damper two adjacent surfaces slide
against each other under a normal load FN resulting from an electric
field Ef ield as shown by equation 1.2 with the permittivity of vacuum 0
25
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and the dielectric material r .
σN = 0 r Ef2ield /2

(1.2)

The energy dissipated is described by Goodman [23], where the essential
property is the transition from sticking to sliding which can be described
by the static coefficient of friction µ, recall equation 1.1:
FR = µ · FN .

(1.1)

Different methods of measuring friction, i.e. tribometers exist, like pinon-disc, block-on-ring, block-on-pin, etc. [84]. As their names suggest,
the friction partners area is quite small due to their geometry with a
point or line load. In this work, however, the geometry of interest is
surface against surface. To meet the described requirements to a friction
measuring system and by the lack of any commercially available machine
a setup is developed and described in this chapter.
Although no commercial suitable test apparatus exists there are standards which seem to describe suitable methods, namely the DIN EN ISO
8295 standard [85] and the ASTM standard 1894 [86], where a simple
setup is placed in a tensile machine. The first setup built in this thesis
was adapted from these two standards. One sample is fixed on a stiff
plate, while another sample, fixed on a sledge, is pulled by the tensile
machine. Thus the tensile machine serves as linear motor, displacement
sensor, as well as to measure the friction force. A picture of the described setup can be seen in figure 2.1(a) and a schematic in 2.1(b).
The normal force is varied by different metallic weights on top of the
sledge. This rather simple approach showed its large drawback by the
overestimated coefficient of friction measured, as not only the friction
force is measured, but also the inertial forces resulting from the moving
weights used to apply the normal load. Although the standards use this
method with the weights, the ASTM standard [86] does not consider the
resulting inertial forces and the DIN EN ISO standard [85] only gives a
correction factor.
Measurements were preformed on polyvinylidene fluoride (PVDF, CS
Hyde, USA) under different mechanical and electrical loads (a detailed
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tensile machine

lower sample
sledge with upper sample
pulley
(a)

(b)

Fig. 2.1: Setup for friction measurement after the principles of the
DIN EN ISO 8295 [85] and the ASTM Norm 1894 [86], (a) picture and
(b) schematic of the actually used setup. With the tensile machine the
displacement of the sledge and the arising friction force was measured.
Length of the ground plate: 400 mm; the upper sample (moving) is shown
in orange, the lower one (static) in blue.

description of the experiments follows in section 3.1) by applying an
electric field on the polymer foil. Figure 2.2 shows a set of measurements on three samples under similar loads applied by weights (2.2(a))
and an electric field (2.2(b)) where the PVDFs permittivity is 11.5 [87].
Even though the normal loads were similar, the measured friction forces
are quite different, namely three times higher for mechanical load compared to the electric one. The reason for this discrepancy is a result
of the method how the mechanical normal load was applied. Through
the weights on the moving sledge inertial forces arise. To measure its
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4

4

3

3
force [N]

force [N]

influence, an acceleration sensor (PCB Piezotronic, 3701G3FA3G) was
placed on the sledge. Figure 2.3 shows a measurement with a normal
force of 44 N (applied by 4.5 kg of metal blocks) at 50 mm/min where a
peak acceleration of 4 m/s2 was measured. This results in an acceleration force of 18 N, i.e. 50 % of the peak friction force which clearly can
not be neglected.

2

1

0

2

1

0

10
20
displacement [mm]

(a)

30

0

0

10
20
displacement [mm]

30

(b)

Fig. 2.2: Friction measurements at 10 mm/min on PVDF foil (a)
under 15 N normal load and (b) under an electric potential of 2000 V
(∼ 13 MV/m). The circles indicate the stiction force.
In this setup the sledge’s displacement and the arising friction force is
measured by the pulling tensile machine, thereby not differentiating the
influences of the machine, as for example the elongation of the wire
pulling the sledge. This setup, based on the standards, is not sufficiently
accurate to measure the friction force. Considering all these drawbacks
a new setup was built.
Clearly, in the new system, the driving unit has to be separated from
the measuring unit. The normal load has to be applied by static means
to avoid inertial forces, i.e. on the static sample. Therefore the moving
sample is placed under the static one with a linear bearing to minimise
friction to the ground plate. A cable fixed on the sample holder pulls the
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0

Fig. 2.3: Acceleration measured on the upper moving sample on the
friction measuring setup with a normal load FN of 44 N at a velocity v
of 50 mm/min. The friction force was measured by the load cell of the
tensile machine.

FN

FN
FR
v, FR
(a)

v
(b)

Fig. 2.4: Forces acting on the two friction measuring setups, static
sample shown in blue, moving in orange. (a) first setup where the load is
applied by weights, the upper sample is pulled by the tensile machine with
a velocity v which also measures the friction force FR . (b) Second setup
where the lower larger sample is placed on a linear bearing and pulled
with a velocity v. A smaller static sample on top is stiffly connected to
a load cell fixed to the ground plate and measuring the friction force FR .
The normal load FN is applied perpendicular to the centre of the upper
sample.
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sample through the tensile machine. A laser sensor fixed to the ground
plate measures the pure displacement of the sample without considering
the cable deformation. The friction force arising through the movement
is detected by a load cell, also fixed to the ground plate and stiffly connected to the static sample as schematically shown in figure 2.4(b).
Figure 2.5 shows a CAD drawing of the new built setup and shows that
there are two ball heads in the connection between the upper sample and
the load cell to avoid moments. A plunger serves to apply the normal
load by a screw thread connected through a ball head on a linear bearing
to the upper sample to avoid moments. In between a load cell serves to
measure the actually applied force.
In the course of the experiments a designing problem arose. In the
plunger fretting impeded a proper controlling of the normal load. This
issue and some other improvements are shown in the next section.

ball head
load cells
laser
sensor

lower
upper sample
holder
linear bearings
joint heads

Fig. 2.5: CAD drawing of the second built setup where the ground plate
is fixed in a tensile machine.
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Final Friction Measurement Setup

The final setup used for the friction experiments is shown in figure 2.6
where the main principles from the previous section were kept. A major
improvement was the decoupling of the measuring from the actuation
according to the performed experiments described in the previous section and the work of Lampaert et al. [88].
The tensile machine is solely used to pull the moving sample, the friction force and the displacement are measured externally with a load cell
(HBM U9B, 100 N, Hottinger Baldwin Messtechnik AG, Switzerland)
and a laser sensor (optoNCDT2200, micro-epsilon, Switzerland). Two
ball joints in the stiff connection between the static sample and the load
cell avoid moments through small misalignments. The linear bearing between the lower moving sample and the ground plate reduces friction. A

pneumatic
cylinder

ball head
counter weight
load cells
laser
sensor

lower
upper sample
holder
linear bearings
joint heads

Fig. 2.6: CAD drawing of the final setup for measuring the friction force
between two polymer films. For visibility reasons one leg of the brace was
removed in the drawing.
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wire connects the sample holder with the pulling tensile machine where
it is deflected by a pulley. Its friction can be neglected due to the use of
a ball bearing in the pulley.
A pneumatic cylinder with a second load cell (HBM U9B, 200 N, Hottinger Baldwin Messtechnik AG, Switzerland), to measure the applied
normal load, replaced the previous plunger. The ball head and linear
bearing on the upper sample holder from the previous setup was transferred to the new one. A weight at the end of the upper sample holder
ensures the gravity centre to be in the centre of the static sample.
An actual picture of the setup can be seen in figure 2.7 placed in a tensile
machine (Zwick Roell Z020, Zwick GmbH & Co. KG, Germany). The
described configuration to apply a mechanical load is shown in figure
2.7(a) and under an electric field in figure 2.7(b) where the pneumatic
cylinder was removed. The data was recorded by a data acquisition system (MGCplus, HBM, Switzerland).
The described separation of the measuring unit from the actuation unit
ensures that only the friction force is measured without any influences
arising from machine deformations or inertial forces. Through these
measures reproducible results for friction measurements are achieved.

(a) mechanical

(b) electrical

Fig. 2.7: Pictures of the friction measurement setup in the tensile machine, showing the configuration for (a) mechanical load and (b) under
an electric potential.

Chapter 3

Static Friction
Determination
The performance of the developed friction measuring setup was investigated by the measurement of four different commercially available polymer foils. This chapter describes and compares the tests performed under
mechanical loads and electric fields.

3.1
3.1.1

Experimental
Materials

Different commercially available polymer foils were tested with the developed friction measuring setup. Due to its mechanical properties, Upilex polyimide 25RN from UBE, Germany, was chosen. For its electrical
properties a fluorinated ethylene propylene (FEP) film, a perfluoroalkoxy
(PFA) film and a polyvinylidene fluoride (PVDF) film, all purchased
from CS Hyde Company, USA. All films had a thickness of 25 µm.
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µ: Polymer Handbook [89]; r : data sheet from CS Hyde, ASTM D-150

c

(1 kHz)

(100 Hz to 1 MHz)

(100 Hz to 1 MHz)

(at 1 kHz)

data sheet for Upilex RN

3.2
2
2
8.2-10.5

data sheet from CS Hyde: µ: ASTM D-1894; r : ASTM D-150

(against steel)

(film-to-steel)

(film-to-steel)

(film-to-film)

b

0.4
0.1-0.3
0.1-0.3
0.14-0.17

polyimidea
FEPb
PFAb
PVDFc

r

a

µ

polymer film

3.6
2.1
1.9
11.5

r (quasi static) [87]

Tab. 3.1: Literature values for the coefficient of friction µ and the permittivity r .
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3.1. Experimental

3.1.2
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Sample Preparation

Mechanical Measurements PMMA plates (Maagtechnic, Dübendorf,
Switzerland) with sizes of 30 mm×30 mm and 40 mm×110 mm were cut,
cleaned with isopropanol and dried with nitrogen. The polymer films
were glued, after rinsing with isopropanol and dried with nitrogen, onto
the plates with double-sided adhesive tape (TESA 4972, Walter Handels
AG, Volketswil, Switzerland) avoiding air inclusions. Another cleaning
step followed prior to conditioning in a climatised room at 23 ◦ C and a
relative humidity of 50 %.

Electrical Measurements The sample preparation for the measurements under electric fields was as the one described above with an additional step. To apply an electric field over the polymer foils, electrodes
were sputtered directly onto the films, thus avoiding air inclusions between dielectric and electrode. The electrodes were sputtered using a
mask (shown in figure 3.1) with the same size as the PMMA plates. Consequently the polymer films were cut larger, i.e. with a border of 5 mm
to avoid discharges over the edge and to connect copper wires (Soldex
C1.3p,  0.2 mm, Q-Nr. 109, Schweizerische Isola-Werke, Breitenbach,
Switzerland) to the connection pads (cf. figure 3.1) with silver paint (G
3692 ACHESON Silver DAG 1415, Plano GmbH, Wetzlar, Germany).
The sputtered side of the film was glued to the PMMA plate according
to the procedure described above for the mechanical samples.
polymer foil

copper layer

electrical
connection
pad

Fig. 3.1: Example of a sample with a size of 40 mm × 40 mm and an
electrode with the dimensions of 30 mm × 30 mm sputtered on one side
with connection pads used to attach copper wires.
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Experimental Procedure

The friction experiments on the different polymer films were performed
at different loads/voltages and at different velocities with a film-onfilm configuration. Whereas the tensile machine controlled the velocity
(position-controlled) of the lower moving sample. In order to obtain
several values for the static coefficient of friction per sample, and ensure
to have always the same dwell time prior to pulling the tensile machine
was programmed as follows. With the corresponding velocity the tensile
machine pulled to a machine displacement of 5 mm, paused for 10 s prior
to resume pulling. Thirteen cycles were performed where the first peak
was neglected due to the undefined dwell time, leading to an average of
twelve peaks.

Under Mechanical Load The normal load in the purely mechanical
experiments was varied with the pneumatic cylinder and measured by
the load cell.

Under Electrical Load For the experiments under an electric field
the high voltage was provided by a high voltage supply (Stanford Research PS350). A high voltage probe (High Voltage Probe TT HVP 40,
Testec Elektronik GmbH, Germany) connected to the second connection
pad of the samples (cf. figure 3.1) controlled the actual applied field.

3.2
3.2.1

Results & Discussion
Static Coefficient of Friction

Friction measurements under different normal loads (between 5 and
100 N) were performed on the four polymer films from table 3.1 according to the description in the previous section. An example of the
measured friction force of polyimide is shown in figure 3.2, once as a
function of time and once as a function of the measured displacement.
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The peaks, marked with circles, correspond to the force necessary to
move the sample, hence the break-away force (also referred to as stiction
force). Once the sample is moving, the force drops to the kinetic friction
force. The static coefficient of friction was calculated as a mean value
from the twelve peaks.

Presliding

35

35

30

30

25

25

friction force [N]

friction force [N]

The filtered data from figure 3.2(b) is shown in figure 3.3(a), where
a cutout is shown in 3.3(b). The friction force shows a hysteresis,
a phenomenon known as presliding (sometimes referred to as microslip). The presliding results from the stiffness of the asperities which
are interlocked. If the force is increased these asperities deform elastoplastically as non-linear springs [90] and more and more junctions break
before gross sliding starts [59,88]. It is a displacement at the microlevel,
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40
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Fig. 3.2: Measurement of the friction force for a polyimide sample under
41 N at 100 mm/min. (a) shows the friction force as a function of time,
thus the dwell time is visible; (b) shows the friction force as a function
of the displacement of the lower moving sample. The circles indicate the
force necessary to move the sample.
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when the asperities begin to deform plastically and shear [59, 91]. The
presliding regime has been shown to be displacement-controlled [90, 92].
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Fig. 3.3: (a) shows the same measurement as in figure 3.2 after filtering
the data with moving average (filter length used 100, sampling frequency
was 2400 Hz). (b) shows the cut out of the orange box of graph (a). The
friction force shows a hysteresis, known as presliding.

Polyimide
All the materials were tested under different loads and velocities. Four
different graphs representing the friction data measured for polyimide
are shown in figure 3.4. Around 40 % of the obtained data shows a
regular behaviour as in figure 3.4(a). As expected, a constant normal
force leads to a constant friction force with break-away peaks. However,
a constant load does not necessarily lead to a constant friction force as
has been seen in another 40 % of the measurements (figure 3.4(b)).
A high dwell time can lead to a higher break-away force as shown in figure
3.4(c) which was the case for 15 % of the performed measurements. As
the time period between the application of the normal load and start of
the experiment (dwell time) was undefined, the first peak is neglected,
as described previously, therefore not influencing the results.
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Two measurements performed at higher velocities showed an effect called
stick-slip (cf. figure 3.4(b) and (d)) which will be addressed later.
FEP
The behaviour observed in FEP was mostly (77 %) comparable with
figure 3.5(a), where the rest resembled the one shown in figure 3.5(b).
Both cases show a rather irregular behaviour and many of the FEP films
were ruptured during the test and could therefore not be analysed. FEP
may have good electrical properties but rather poor when it comes to
withstand friction.
PFA
PFA, another polymer foil with good dielectric/insulation properties,
exhibited similar problems as FEP, i.e. most samples tore under friction.
Otherwise its behaviour was constant as shown in figure 3.6(a) and only
one showed a stick-slip behaviour as in figure 3.6(b).
PVDF
Friction force measurements were performed on PVDF with five different velocities from 1 to 500 mm/min where four representing graphs are
shown in figure 3.7. It can be seen that the friction force is constant over
the whole measured distance leading to a constant static coefficient of
friction.
More than 80 % of all the measurements can be described by figures
3.7(a) and 3.7(c). At the beginning of the test stick-slip behaviour was
registered where in half of the cases it only lasted for one peak and for
the other it took around three peaks until it turned off. But only two out
of 75 showed stick-slip behaviour over the whole measured displacement
as in figure 3.7(d).
On a quarter of the results after the break-away force the dynamic friction force was not set right away, i.e. the force dropped slowly as in figure
3.7(b).
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Fig. 3.4: Different types of results obtained for polyimide foils. The blue
line shows the friction force measured, the grey line the applied normal
force and the orange circles the break-away force. (a) constant friction
values; (b) irregular friction force under constant normal load; (c) constant friction force after the first stiction peak; (d) irregular normal and
friction force, exhibiting stick-slip behaviour.
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Fig. 3.5: Different kind of results obtained for FEP. The blue line shows
the friction force measured, the grey line the applied normal force and the
orange circles the break-away force. (a) decreasing friction force under
a constant normal load; (b) irregular normal and friction force.
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Fig. 3.6: Different kind of results obtained for PFA. The blue line shows
the friction force measured, the grey line the applied normal force and
the orange circles the break-away force. (a) constant normal and friction
force; (b) irregular friction force under the load of the sample holder.
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Fig. 3.7: Different kind of results obtained for PVDF. The blue line
shows the friction force measured, the grey line the applied normal force
and the orange circles the break-away force. (a) constant friction behaviour; (b) decreasing friction force after each stiction peak; (c) stick-slip behaviour at the beginning of the measurement; (d) stick-slip behaviour.
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Discussion
All measurements performed on the four polymer foils exhibit large scattering, not unusual for friction measurements [93]. Although in most of
the cases the applied normal load was stable and therefore the friction
force as in figures 3.4(a), 3.6(a) and 3.7(a) for example. A high breakaway force on the first peak (cf. figures 3.4(c) and 3.7(b)) is a result
from a long dwell time, the time period between applying the normal
force and start pulling [59, 94, 95]. Due to this undefined dwell time the
first peak is always neglected in the evaluation while for all the other
break-away peaks it was set to 10 seconds.
An uneven surface of the sample can lead to an irregular friction force
(cf. figures 3.4(b), 3.5(a) and 3.6(b)). Naturally, it can also affect the
normal load which is applied by a pneumatic cylinder (cf. figures 3.4(d)
and 3.5(b)).
A phenomenon called stick-slip, observed in figures 3.7(c)-(d), 3.4(b)(d) and 3.6(b) by the oscillation of the friction force, is ascribed by de
Wit [96] to the fact that friction at rest is larger than during motion [97].
The sample (mass) is attached to a pulling cable which can be thought
of a spring with a certain stiffness. The sample is pulled with a constant velocity, thereby the spring is stretched while the force increases
linearly and the mass stays at rest. The spring force is counteracted
by the friction force [96]. As soon as the break-away force is reached,
the mass (sample) starts sliding and friction decreases [96]. Thereby
the spring force decreases as the spring contracts [96]. As the mass
slows down, the force has to increase again to continue the sliding motion [92, 95, 96, 98]. This effect depends on the stiffness of the system,
i.e. low stiffness produce stick-slip and can thus be avoided by stiffening
the device [59, 88, 95, 97–100].
A phenomenon as shown in figure 3.7(b) was observed at higher pulling
velocities (200 and 500 mm/min). After reaching the break-away force
the friction force dropped slowly until reaching a steady state.
As described previously the normal force is applied by a pneumatic cylinder where its pressure is regulated manually by a valve and therefore
varying slightly from test to test. This fact was accounted for by a divi-
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sion of the normal load into intervals of 5 N and summarising the data
points falling into an interval. The results are shown in table 3.2 and
in figure 3.8 where the line is described by equation 1.1. The measured
values for the static coefficient of friction are higher than the ones found
in literature (compare table 3.1 and 3.2). However, the values from literature are for the kinetic COF and therefore expectedly lower, further
they were measured against steel (except for polyimide). A comparison
is hence difficult, since so many factors influence the data.
The difference in velocity does not considerably affect the COF’s as expected considering only the force at the edge from sticking to sliding.
Different velocities lead to different dwell times [59, 97], i.e. at lower
velocities the samples rest longer. However, its influence is considered
small as the set dwell time of 10 s by the experiments is much longer.
Tab. 3.2: Measured values for the static COF µ for different velocities
v according to equation 1.1. σ is the deviation and # the number of
measured samples. µavg is the average over the velocities weighted with
the number of samples.
polymer foil

v [mm/min]

µ [-]

σ

#

µavg [-]

polyimide

1
10
100

0.71
0.88
0.94

0.03
0.05
0.04

8
13
12

0.86

FEP

1
10
100

0.48
0.53
0.66

0.03
0.05
0.02

2
4
6

0.59

PFA

1
10
100

0.40
0.39
0.43

0.03
0.01
0.01

2
5
5

0.41

PVDF

1
10
100
200
500

0.45
0.31
0.47
0.47
0.45

0.01
0.02
0.01
0.01
0.01

13
14
11
19
18

0.43
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Fig. 3.8: The graphs show the friction force measured at different velocities for different materials. The line shows the calculated friction
force with the static COF obtained from the experiments, also shown
in table 3.2. Symbols:  1 mm/min;
10 mm/min; N 100 mm/min;
H 200 mm/min;  500 mm/min.
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Friction Force under Electric Fields

The same measurements as just described were also carried out under
an electric field by applying a voltage between the sputtered electrodes
on the samples with a high voltage supply. The load arising from the
weight of the sample holder was added to the electric generated force.
Polyimide
More than 40 % of the measurements showed a constant friction force
across cycles as in figure 3.9(a) whereas in half of them more scattering
was observed as in figure 3.9(b), not unusual for friction experiments.
In more than 45 % of the tests a long dwell time (with the electric field
applied) before the experiment only affected the first peak (cf. figure
3.9(c)) while in 35 % the steady state was reached after some peaks
(cf. figure 3.9(d)).
FEP
Two different graphs representing the results for FEP are shown in figure
3.10. A throughout constant friction force was obtained in over half of
the tests (cf. figure 3.10(a)), in the others a more irregular friction force
resulted.
PFA
PFA results can be divided into two types, a throughout constant friction
force as in figure 3.11(a) in over 60 % of the measurements and a dropping
force prior to reaching a steady state as in figure 3.11(b).
PVDF
Also the measurements for PVDF under an electric field showed different
behaviour as the other investigated materials. Only around a quarter had
a steady friction force as in figure 3.12(a). All the other measurements
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Fig. 3.9: Different types of results obtained for polyimide foils under
an electric field. The blue line shows the friction force measured and
the orange circles the stiction peaks. (a) constant stiction peaks with
stick-slip behaviour; (b) irregular stick-slip behaviour; (c) constant friction force after the first stiction peak; (d) decreasing friction force over
several stiction peaks.
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Fig. 3.10: Different types of results obtained for FEP foils under an
electric field. The blue line shows the friction force measured and the
orange circles the stiction peaks. (a) constant friction force; (b) irregular
friction force;
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Fig. 3.11: Different types of results obtained for measurements on PFA
foils under an electric field. The blue line shows the friction force measured and the orange circles the stiction peaks. (a) constant friction
force; (b) decreasing friction force.
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Fig. 3.12: Different types of results obtained for measurements on
PVDF foils under an electric field. The blue line shows the friction
force measured and the orange circles the stiction peaks. (a) regular friction force; (b) large difference between the static and dynamic friction
force with stick-slip behaviour; (c) large difference between the static and
dynamic friction force; (d) large decrease after stiction peak with a subsequent increase in friction force followed by stick-slip behaviour.
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exhibited a much more irregular friction force as in figures 3.12 (b)-(d).
The difference of the break-away force to the dynamic friction force is
much larger, and some of them show stick-slip, cf. figure 3.12(b). A
displacement of 5 mm was not enough to reach the steady-state in the
dynamic friction force.
Discussion
In the tests under electric field similar effects were observed as under a
mechanical load, exhibiting in general a larger scattering. To reach the
normal force according to equation 1.2 full contact of the two samples is
essential and therefore completely smooth surfaces.
The graphs in figure 3.13 and table 3.3 show the mean values for the measured data at different velocities for the four polymer foils under different
electric fields. With equation 1.1 the friction force can be predicted, as
shown by the grey line in figure 3.13. The normal load generated by the
electric field is described by FN = σ · A, where σ is defined by equation 1.2 and A corresponds to the contact area. Permittivity r values
for the different polymer films are listed in table 3.1 and the previously
measured static coefficient of friction µ in table 3.2.
For polyimide, FEP and PFA (cf. figures 3.13(a)-(c)) the accordance
between theoretical and experimental values are good especially at low
voltages. At higher potentials the discrepancy increases. PVDF (figure
3.13(d)) shows a different picture, here the measured values lie above
the theoretical ones.
To avoid air gaps, the electrodes were sputtered onto the polymer films.
In order to have friction two samples are necessary and therefore a possibility to have an air gap between the two films exits. Such a gap would
lead to a decrease in the force generated by the electric field leading
therefore to a lower friction force. Although this effect would rather be
expected at lower voltages. With the permittivity measurement method
developed in [87] samples used in this work were tested, i.e. two layers
of polymer films between electrodes. This results in lower permittivity
values than obtained in [87] for the same materials. This might indicate
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Fig. 3.13: The graphs show the mean values of the friction force measured under different electrical potentials and different velocities for (a)
polyimide, (b) FEP, (c) PFA and (d) PVDF. The solid line describes
the theoretical friction force described by equation 1.1 and 1.2 with the
static coefficient of friction µavg from table 3.2 and permittivities r
from table 3.1. Symbols:  1 mm/min; 10 mm/min; N 100 mm/min;
H 200 mm/min;  500 mm/min.

52

Chapter 3. Static Friction Determination

Tab. 3.3: Comparison of the calculated values for the friction force FR
according to equation 1.2 with the values for µavg from table 3.2 and the
permittivity r from table 3.1 and the measured values at 10 mm/min.
FR [N]
theoretical measured

polymer film

U [V]

polyimide

100
500
1000
1500
3000

3.4
4.5
8.2
14.2
47.0

4.1
5.1
10.8
12.8
29.5

FEP

500
1500
3000

2.7
6.4
19.1

4.3
7.1
14.1

PFA

700
1500
2250
3000
5000

2.2
4.3
7.8
12.6
32.2

2.7
3.9
7.3
9.9
5.1

PVDF

100
200
500
750
1000

1.8
2.0
3.6
6.1
9.6

2.1
2.2
9.1
43.5
45.3

the presence of an air gap which can also be a consequence of a tilt in
the upper sample holder.
However, in other studies similar results were achieved, i.e. a saturation
behaviour in the attractive force at high electric fields [101–103]. Koh
et al. [103] attributed this effect to the increasing current necessary at
higher voltages to hold the electric field, i.e. the leakage current. The
increased conduction in polymers at high fields has been shown by several
researchers [104–107] and has been ascribed to the formation of space
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charges.
In contrast to these three polymers PVDF shows a different behaviour
as the results show in figure 3.13(d). Here the measured friction force
is substantially higher than predicted. According to equation 1.2 the
normal force increases quadratically with a decreasing film thickness.
A change in thickness through the attracting forces of the electrodes
resulting in such a change in normal force is unlikely for PVDF with a
compressive strength between 55 to 90 MPa [89]. Further, the vertical
displacement of the upper sample was measured with a laser sensor where
no significant change was observed.
PVDF can undergo phase transformations under electric fields changing
the polarisation of the films [108–111]. The actual field can consequently
be influenced and change the frictional behaviour. However, the electric
fields studied in literature were much higher than the ones in this work
and requires further investigation.

3.3

Conclusions

In these previous chapters a setup was presented to measure the static
coefficient of friction of polymer foils under two different load conditions. In one configuration the normal load was applied mechanically, in
a second configuration an electric field on the polymer films generated
a normal force between the two samples. The underlying goal of this
thesis is the improvement of the electrostatic tuneable friction damper
described in section 1.2.1 through a new dielectric layer. Among properties like the permittivity, breakdown strength and abrasion resistance,
the static coefficient of friction strongly influences the damping performance of the friction damper. The transferable shear stress between the
CFRP lamella and the dielectric layer under a normal load linearly depends on the static coefficient of friction as described by equation 1.3.
The lack of a commercial available measuring device as well as the importance of how the static coefficient of friction is determined, a setup was
designed addressing the specific challenges of the intended application
of the friction damper under electric fields. Both configurations of the
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friction measuring setup, namely under mechanically applied loads and
under electric fields, were tested and discussed for four different commercial polymer foils, proving the importance of the measuring method.
Having a device to assess the static coefficient of friction strongly
facilitates the selection of new dielectric materials for the electrostatic
tuneable friction damper, where its investigation will be the subject of
the next part of this thesis.

Part III

Materials for Friction
Based Vibration
Damping

Chapter 4

Preliminary Studies on
Composite Materials
In this part different composite materials are investigated as dielectric
material for the electrostatic tuneable friction damper. This chapter focuses on two different composite materials based on the multicapacitor
network concept. Therefore a composite with a high filler content (aluminium oxide in acrylate, section 4.1) and one with a low filler concentration (copper oxides in polyurethane, section 4.2) were chosen. It is
shown, how single-filler composites are not capable to fulfil the two sets
of properties specified by the damper and how this led to a new multifunctional material as described in chapter 5.

4.1

High Reinforced Composite – Al2 O3 in
Acrylate

To achieve a microcapacitor network metallic particles can be introduced
into a polymeric matrix as described in the introduction. An insulating
layer around the particles prevents electric percolation although the geometric percolation is reached. Aluminium offers itself as filling material
57
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as by heating an oxide layer is formed around the particle, insulating the
metallic core. It is assumed that this conducting core only affects electrical properties while the tribological ones are only influenced by the outer
layer of the particles, i.e. the aluminium oxide. For preliminary tests,
aluminium oxide in an UV-curable acrylic polymer was used, developed
by De Hazan et al. [112, 113] for concentrations near the geometrical
percolation regime. They kindly provided their material for this work.
The alumina particles (150 nm α − Al2 O3 TaiMei, Japan) were stabilised with 4.5 % pp (per particle) MelPers4343 (commercial comb polyelectrolyte surfactant from BASF, Germany). Under controlled pH conditions the surfactant adsorption was carried out in an aqueous media
under ball milling, followed by deflocculation through ultrasonication,
centrifugation separation (1 h at 100 000 rpm) and drying for several hours
at 60 ◦ C in an oven. The dry powder with adsorbed surfactant was dry
milled with mortar and pestle. [112, 113]
The monomer mixture consists of 4-HBA (4-hydroxy butyl acrylate) and
PEGDA (polyethyleneglycol 200 diacrylate, Miramer M282) in a ratio
of 14:1 without any solvents. As photoinitiator, 5 wt% per monomer
of Glenocure LTM (liquid photoinitiator with TPO, 2,4,6-trimethylbenzoylphenyl-phosphineoxide) was added. [112, 113] All chemicals were
from Rahn (Zurich, Switzerland).
The stabilised alumina particles were added to the monomer mixture
in a concentration of 40 vol% (ca. 71.5 wt%) and then diluted with more
monomer mixture if required. The suspensions were prepared and kindly
provided by Judit Heinecke from the ceramics department at Empa.
With such suspensions, films were produced by spin-coating or by the
blade method. For spin-coating, glass slides were cut (25 mm × 25 mm),
cleaned with acetone and ethanol and dried with nitrogen. A small
amount of the suspension was placed at the centre of the glass slide and
different speeds between 300 and 1000 rpm were used to spin coat the
samples within a time period of 60 s.
Larger films were bladed onto different substrates as aluminium foils,
glass and PMMA plates with a doctor blade.
Afterwards all samples were exposed to UV-light for 60 s to cure.
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The film thickness of the spin-coated samples was measured with a profilometer. Therefore the sample was scratched with a knife to expose
the glass substrate and the path of the profilometer’s needle was set
perpendicular to it.
To measure the electric properties of the composite, a chrome/gold
electrode with a diameter of 20 mm was sputtered onto the glass slides
prior to spin coating. For the counter electrode, a thin layer of gold was
sputtered onto the spin-coated sample after curing and on films bladed
on aluminium foils.
Film Thickness
The film thickness of the samples produced by spin coating was measured
with a profilometer. An example of a measurement is shown in figure
4.1. From the height difference between the sample and glass substrate
(exposed by a scratch), the thickness can be determined.
Different speeds and ramps were tested as listed in table 4.1 with achieved
film thickness. However, the values are not accurate due to a non-uniform film formation (cf. figure 4.1) resulting from different velocities
acting on the suspension as a function of the distance to the spin-coater’s

30
sample surface
25
depth [µm]

20
15
10
5
substrate

0
−5

Fig. 4.1:
1000 rpm.

0

0.5

1
1.5
position [mm]

2

2.5

Profilometer measurement of a spin-coated sample at
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centre. Figure 4.2(a) shows a picture of such a film where its centre is
thicker than its boarders. The high viscosity of the suspension is not
suitable for this film preparation method.

Tab. 4.1: Film thickness of spin-coated samples with 40 vol% alumina
particles, measured with a profilometer. The films were coated during
60 s with different ramps and velocities.
ramp [rpm/s]

velocity [rpm]

film thickness [µm]

1000
1000
1000
1000
800
800
900
1100
1200

700
800
900
1000
800
1000
1000
1000
1000

27
24
20
26
31
23
23
24
26

In general, films produced by the blade method detached from the
substrate while curing, leading to uneven surfaces as shown in figure
4.2(b).

(a)

(b)

Fig. 4.2: (a) spin coated sample with sputtered gold electrode (size
sample 25 mm × 25 mm). (b) sample produced by a blade (size sample
30 mm × 30 mm).
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Breakdown Strength
To measure the composite films’ breakdown strength, a voltage ramp
was applied with a high voltage supply (Stanford Research PS350) while
the current was measured. The mean breakdown strength for 40 vol%
Al2 O3 is 19 MV/m but with a large variance of ±10 MV/m while many
films could not be measured due to their high leakage currents. This
may result from the poor sample quality.
Static Coefficient of Friction
The static coefficient of friction was measured on the setup from chapter 2. Therefore the films were bladed onto the PMMA plates. The
results are shown in figure 4.3 and in table 4.2.
The friction data was reproducible and resulted in high friction coefficients, increasing the transferable shear stress in the damper under
study (cf. equation 1.3), however, the films exhibited thickness irregularities after curing. This impedes a full contact of the friction partners
and an air gap decreases the normal force generated by an electrical field.
Although each sample was used only once for a friction measurement,
they exhibited severe abrasion after the test.
Tab. 4.2: Static COF µ of films with different concentrations of Al2 O3
in acrylate measured with different velocities v. σ is the deviation and #
the number of measured samples. µavg is the average over the velocities
weighted with the number of samples.
Al2 O3 [vol%]

v [mm/min]

µ [−]

σ

#

µavg

10
20

10
10

0.77
0.66

0.05
0.01

3
3

-

40

1
10
100

0.81
0.76
0.79

0.01
0.01
0.01

2
3
3

0.78
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(c) 40 vol%

Fig. 4.3: Friction measurements with the setup described in chapter 2
on the different Al2 O3 /acrylate films. (a) shows the data for 10 vol%, (b)
for 20 vol% and (c) for 40 vol%, here with different velocities. Symbols:
 1 mm/min, 10 mm/min, N 100 mm/min.
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Summary
The herein investigated alumina-acrylate composite showed promising
results in the static coefficient of friction measurements. As a result the
abrasion is high, reducing the lifetime of such material. Regarding the
electrical properties, even though no metallic core was used in the aluminium oxide particles, the composite samples exhibited high leakage
currents making its use as a dielectric material impossible. As neither
the aluminium oxide nor the matrix is conducting, this can be ascribed
to the sample quality. Samples without defects as pores are required
for their use as dielectric layer. With such high solid loadings its production becomes more difficult. Due to these results and the dangers
related to handling aluminium nanoparticles (highly flammable and potentially explosive due to their high specific surface area), for their use as
aluminium-aluminium oxide particles to form a microcapacitor network,
a different material system is studied in the next section.

4.2

Low Reinforced Composite – Copper
Oxides in Polyurethane

Composites with particle loadings near percolation proved to lead to
quality issues making their use as dielectric material impossible. Further, their abrasive behaviour impede a long term application as friction
layer. A second material system based on the same concept of the microcapacitor network is investigated. A polyurethane matrix, exhibiting
good tribological properties [63, 73, 78], filled with copper flakes having
an oxide layer at their surface. They are horizontally aligned to increase
the reinforcement volume before reaching percolation, and on the other
hand to improve the performance of the microcapacitor network. A solvent served to ease sample production.
Polyurethane (Elastollan C64 53000, BASF) and polyvinylpyrrolidone
(PVP, Aldrich), a surfactant for improving the dispersion of the platelets,
were dissolved in N,N-dimethyl formamide (DMF, Sigma Aldrich Chemie
GmbH, Switzerland) in a ratio 4 : 1. Heating the solution up to 60 ◦ C
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and stirring overnight served to fully dissolve the polymer.
The copper platelets (C125, Metal Flake Technologies LLC, San Diego)
with a width of <125 µm and thickness ∼ 1 − 2 µm were oxidised by
heating them in an oven at 200 ◦ C for 75 min. Therefore a thin layer
of platelets was distributed on a petri dish. These parameters resulted
from a bachelor thesis [114] performed at the institute of Complex Materials under the consideration that the formation of an oxide layer on
the surface forms an oxygen barrier, slowing down the further oxidation
process [115] (cf. appendix B.2).
For full oxidised copper platelets a filled ceramic crucible was placed in
an oven with 600 ◦ C for at least 12 h.
The composite films were produced by the blade method, therefore oxidised platelets were added to the polymer solution. After stirring, the
suspension was sonicated for at least 30 min to break down agglomerates.
To blade films, the solution’s viscosity was increased by evaporating 3/4
of its solvent, leading to a viscosity comparable to honey. Thus a rotary
evaporator (Rotavapor Büchi R-210, Switzerland) with a water bath at
90 ◦ C and a pressure around 45 mbar was used. The bladed films were
placed in an oven at 60 ◦ C and 20 mbar overnight to fully dry.
The material system was kindly provided by the Institute for Complex
Materials from the Materials Department at ETH Zurich, through the
bachelor thesis of Jan van den Broek [114].
XRD
Resistivity measurements on the copper polyurethane films showed high
conductivities. Therefore the platelets’ composition was analysed with
x-ray diffraction (XRD) measurements. The results are shown in figure
4.4, where (a) confirms pure copper for the as-received copper flakes
with some small amount of oxides which are formed naturally. The XRD
spectra (cf. figure 4.4(b)) of the flakes heat treated at 200 ◦ C for 75 min
show copper(I) oxide (Cu2 O) peaks and copper peaks, i.e. as intended
not fully oxidised. Figure 4.4(c) shows the XRD spectra for the so-called
fully oxidised flakes at 600 ◦ C for 12 h, where copper(II) oxide (CuO) was
formed and no pure copper remained.
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Fig. 4.4: XRD measurements of (a) pure copper flakes, (b) oxidised at 200 ◦ C for 75 min and (c) oxidised at 600 ◦ C for 12 h. (The
measurements were performed by Dr. Frank Winnefeld at the Concrete/Construction Chemistry Laboratory at Empa Dübendorf, for original figures see appendix B.3)
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Copper has two stable oxides at room temperature, namely cuprous oxide
(Cu2 O, reddish) and cupric oxide (CuO, black) [116, 117] and both were
formed here, depending on the heat treatment. CuO is an insulator
according to an earlier study [116], but other found it to be a p-type
semiconductor, i.e. hole-conduction due to excess holes in the presence
of Cu3+ in CuO [117–124].
It has been shown, that it is possible to keep a copper core by not fully
oxidising the copper flakes, however, a semiconducting oxide layer does
not insulate the metallic core as expected.
SEM
To examine the platelet distribution and their alignment, scanning electron microscope (SEM, LEO 1530, Zeiss) pictures were taken. Therefore
the film samples were cut into small squares and after cooling with liquid
nitrogen freeze-fractured to achieve a clean fracture surface to analyse
the cross section, which was sputtered with platinum. The pictures are
shown in figure 4.5. In general the platelets are aligned horizontally as
intended with an exception shown in figure 4.5(d), where a copper flake
lies vertically. The other pictures show that all the platelets sedimented
to the bottom. The orientation of the platelets is induced by the shear
forces resulting from the blade as schematically shown in figure 4.6 and
can be described by the angle Φ with respect to the shear plane as described by equation 4.1 formulated by Jeffery [125, 126]



γ̇ t
Φ (t) = arctan s · tan
(4.1)
s + (1/s)
where Φ is the current particle angle between shear direction and major particle axis at a time t, particle shape s (aspect ratio) and shear
rate γ̇ [126]. According to Heunisch et al. [126], the degree of orientation depends on the particle shape and size, were a more anisotropic
shape, characterised by a high aspect ratio s, leads to a higher fraction
of oriented particles [126, 127]. Further the size of the particle plays an
important role, where the larger it is, the more likely it remains oriented
after tape casting [126] and large particles show a higher resistance to
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(a)
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(c)

(d)

Fig. 4.5: SEM images of cross sections of the produced Cu-PU films.
(a)-(c) show horizontally aligned copper flakes, (d) shows a vertical flake
in a film. Pictures taken from R. Erb [114].
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suspension

substrate
Fig. 4.6: Shear forces on platelets during tape casting.
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rearrangement than small particles under the influence of capillary forces
upon drying [126]. According to Jeffery [125], the particles are constantly rotating due to the fluids motion and it is impossible to reach
full alignment, however, due to their changing angular speed (slow when
oriented, fast when perpendicular) an overall orientation in shear direction is reached.
To produce thin films a high solvent content is necessary, this in turn
leads to sedimentation of the flakes as seen in the SEM micrographs.
Blading highly viscous suspensions have led to irregular films as has
been experienced in the previous section (cf. section 4.1).

Permittivity & Breakdown Strength
To determine the permittivity and breakdown strength of the composite films thin layers of gold were sputtered on both sides of the films
with a diameter of 20 mm as electrodes. The permittivity was measured with an LCR-meter (Impedance/Gain-phase analyser HP 4194A,
Hewlett Packard) at the lowest possible frequency of the LCR-meter,
i.e. 100 Hz.
The electrical breakdown strength of the films was measured by applying
a voltage ramp with a high voltage supply (Stanford Research PS350)
until a breakdown was detected.
The values for the measured permittivity and breakdown strength of
the copper-polyurethane samples are shown in figure 4.7 and table 4.3.
The addition of PVP to the PU matrix shows a small increase in permittivity, however, it lies in the measured range of the polyurethane’s
permittivity.
2.5 vol% Cu2 O and also 2.5 vol% CuO increase the permittivity of the
composite significantly by 3.1 and 1.9 times, respectively, however, in
turn the breakdown strength is largely decreased, cut in half for CuOPU and not measurable for the Cu2 O composite due to high leakage
currents. This high leakage currents can arise from percolation of the
platelets or especially from misaligned platelets as shown in figure 4.5(d).
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Further, air inclusions can be formed during solvent evaporation, reducing the strength of the composite. This effect becomes more crucial at
higher platelet concentrations which was confirmed by the high currents
measured under an applied electric potential.

150
breakdown strength [MV/m]

50

permittivity [−]

40
30
20
10
0

0
5
10
CuO, Cu2O [vol%] in PVP−PU

(a)

100

50

0

0
5
10
CuO, Cu2O [vol%] in PVP−PU

(b)

Fig. 4.7: (a) permittivity and (b) breakdown strength for the different
CuO, Cu2 O PU composites. Symbols:  pure PU,
PU with PVP,
N CuO in PU-PVP, H Cu2 O in PU-PVP.
Not only pores affect the permittivity and resistivity of the composite
films but also the fillers itself. Above 100 K Cu2 O displays a metallic
behaviour with a resistance linearly increasing with temperature. The
conductivity arises from the excess of oxygen, forming a p-type semiconductor. [117] Therefore a high permittivity was measured (cf. figure
4.7 and table 4.3), but it also leads to a very high leakage current and
consequently impeding the application of an electric field.
CuO in turn was shown to be an insulator (as single crystal with a permittivity of 3 − 4) [119]. However, excess holes arise from the presence
of Cu3+ leading to a semiconductor [119].
Different values for the permittivity of copper oxides have been measured
in literature. Amongst others, Sarkar et al. [119] showed an almost temperature and frequency independent dielectric constant for CuO around
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200 000 above temperature of 230 K. Whereas Chen et al. [122] showed a
weak dependence on temperature and frequency above 200 K and a permittivity value as high as 100 000. Below 200 K a decrease in the dielectric
constant down to 5 with temperature was measured which becomes temperature and frequency independent below 100 K. Values around 320 500
were measured by Thongbai et al. [124] for pure CuO particles with
grain sizes around 4.5 to 9.5 µm, where the permittivity increased with
an increase in grain size.
These high permittivity values are attributed to the internal barrier layer
capacitance (IBLC) effect [119, 122–124, 128] resulting from the different
electrical properties of grains and their grain boundaries. CuO grains
contain beside Cu2+ traces of Cu3+ whereas the grain boundaries contain
only Cu2+ [119, 122, 123]. Hole hopping occurs between the Cu3+ and
Cu2+ in the grains, leading to a semiconductor [119, 128]. The build-up
of charges in the grains, separated by the insulating grain boundaries (depletion layer) lead to a so-called Maxwell-Wagner polarisation [119,122].
However, large leakage currents were measured [124], as also seen in the
present work in the breakdown strength measurements (cf. figure 4.7 and
table 4.3).

Tab. 4.3: Measured permittivity and breakdown strength of the different
composites with Cu2 O, CuO in PU.
concentrations [vol%]
Cu2 O CuO PVP
PU
0
0
2.5
0
0

0
0
0
2.5
10

0
25
25
25
25

100
75
72.5
72.5
65

permittivity [−]

breakdown
strength [MV/m]

8.7
11.8
27.0
16.9
6.3

64.2
−
−
26.4
−

4.2. Low Reinforced Composite

71

Static Coefficient of Friction
The static coefficient of friction was measured under different normal
loads with the previously developed setup (described in section 2.2) with
the experimental procedure described in section 3.1.3. Therefore the
films were fixed on PMMA plates with double sided tape (TESA 4972,
Walter Handels AG, Volketswil, Switzerland). Figure 4.8 shows the results for PU films with 2.5 vol% CuO.
The data was reproducible and the static coefficient of friction µs of
0.35 is rather low as would be expected for pure polymers. The low
filler concentration does not affect significantly the coefficient of friction.
However, although the COF was low, leading to the expectation of a low
wear loss, the opposite was observed as described in the next section.
100

friction force [N]

80
60
40
20
0

0

50

100
150
200
normal force [N]

250

Fig. 4.8: Measurement of the static coefficient of friction for 2.5 vol%
CuO in PU under different normal loads. Line: fit FR = µs · FN with
µs = 0.35 ± 0.007.

Wear
The mass loss, i.e. the abrasion resistance of the copper-polyurethane
films was measured with a pin-on-disc tribometer (CSM Instruments
SA, Switzerland, cf. figure 5.2(a)). For the moving disc the films were
fixed on a PMMA plate (diameter of 70 mm) with double sided tape, a
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PMMA cylinder with a diameter of 20 mm served as the static upper
sample holder, where another film was fixed. Under a load of 10 N and a
velocity of 10 cm/s the films were tested and their mass loss was measured
after running for 50 km.
Although the measured COF of 0.35 is low, the films were very abrasive, after running for only a distance of 1 km, the sample was completely
worn off. This makes it impossible to use for an application based on
friction.
A recent publication by Erb et al. [75] also observed a reduction in
the wear resistance for in-plane platelets compared to the neat matrix
polymer. However, they showed an increase by aligning the platelets
perpendicular to the friction surface.
Aligning the used copper flakes out-of-plane is not an option as their size
of 100 µm would lead to very thick films, while decreasing the breakdown
strength by forming conducting paths between the two electrodes.

Summary
Composites films composed of copper oxide particles in a polyurethane
matrix were produced with the doctor blade method. Due to the shear
forces arising from the blade during casting, the platelets are predominantly horizontally aligned. The film thickness and the platelets distribution strongly depend on the viscosity of the dispersion. A low viscosity
leads to thin films but also to sedimented platelets, whereas a high viscosity is beneficial for the platelets distribution, however, obstructive in
the formation of thin films.
The concept of the microcapacitor network may be followed with CuO,
if percolation is avoided. However, with the current filler-matrix system, different processing problems were faced. The dielectric properties
not only depend on the CuO flakes, their distribution and orientation,
but also on the air inclusions which arise during solvent evaporation. If
these issues are resolved, and high permittivity films can be prepared,
the working voltage in the electrostatic tuneable friction damper under
study could be reduced. Nonetheless, the extreme abrasive behaviour,
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despite its low static coefficient of friction, makes this material combination a not suitable choice. Increasing the filler content would interfere
with the electrical requirements to avoid percolation.

4.3

Conclusions

This chapter demonstrates how low and highly reinforced composites
bear advantages and also challenges. A combination of both would be
to locally have high concentrations, but globally lower ones to facilitate
handling. An example are gradient films, were the particle concentration
varies through the thickness of the film. The electrical impact of such a
gradient film with a high particle concentration on one side of the film
and a low one on the other side was theoretically studied with a model
for multilayered composites and is described in appendix B.1.
However, as seen in the previous sections and by Erb et al. [75], in-plane
platelets do not increase the abrasion resistance, on the contrary they
radically decrease it. A simple composite material does not fulfil all
the dielectric and tribological requirements of the dielectric layer in the
electrostatic tuneable friction damper.

Chapter 5

Development of a
Tailored Material for
Friction Damping
This chapter has been published as: R. Ginés et al., Ceramic-Polymer
Composites with Improved Dielectric and Tribological Properties for SemiActive Damping, Composites Part B: Engineering 72 (2015) 80–86.
This chapter describes an approach, where different components in
a matrix, i.e. a multifunctional material, fulfil the different functions
necessary in the dielectric layer for an electrostatic tuneable friction
damper.
Material systems with solvents showed to be problematic due to the formation of pores reducing the breakdown strength of the composite. The
added particles can absorb the UV light necessary in UV curable polymers. Therefore a two component epoxy, widely used in structural applications, was chosen which cures at room temperature. Barium titanate
exhibits very good dielectric properties and served to increase the composite’s permittivity, while reducing the abrasion resistance. Stiff outof-plane ceramic platelets, magnetically aligned by the method of Erb et
75
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al. [75], were introduced to increase the wear performance. As a static
magnetic field is applied, the magnetically labelled platelets in a suspension align vertically to the magnetic field [76, 77].

5.1

Experimental

Materials
A two component epoxy system was chosen as matrix which is already
widely used in structural applications, namely the laminating resin MGS
L235 (Suter-Kunststoffe AG, Fraubrunnen, Switzerland) with a pot life
of 4.3 h. Barium titanate particles with an average particle size of 1 µm
(219-6A from Ferro, Ohio, USA) were chosen due their high permittivity and are commercially available in large quantities. The particle size
affects the dielectric properties of BaTiO3 and will be discussed later in
this chapter.
Alumina platelets (Alusion, kindly supplied by Antaria Limited, Australia) with 5 − 10 µm in length and 200 − 300 nm in thickness were used
for the wear reinforcement. Magnetic nanoparticles (EMG 705, Ferrotec, California, USA) served to make the aluminium oxide particles
magnetically responsive to align them by magnetic fields. The dielectric
properties of the components are listed in the following table.
Tab. 5.1: Materials properties of the different components.
material
epoxy
barium titanate
alumina

density
[g/cm3 ]

permittivity
[−]

breakdown
strength [MV/m]

∼ 1a
6.02
3.95

2.8-4.5b
2300a
9.9b

11.8-21.7b
4-18c
10-670b

a

datasheet manufacturer

b

matweb database

c

literature [129–132]
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Magnetisation of the Platelets
To magnetise the alumina platelets a similar route as described by Erb
et al. [75] was used. The alumina platelets (10 g) are dispersed in distilled water (300 ml) and also the ferrofluid is diluted (0.375 ml in 200 ml
distilled water). Then the ferrofluid is slowly added to the alumina suspension and stirred at room temperature until the supernatant is clear
(1 − 2 days). This is followed by vacuum filtration, washed with 1.5 l
distilled water and rinsed with ethanol. Then the platelets are dried
in an oven first at 60 ◦ C for two hours and then in vacuum at around
10 mbar and 150 ◦ C for at least twelve hours.
With this procedure the iron oxide (Fe3 O4 ) nanoparticles coated with
anionic surfactant can electrostatically adsorb onto the platelets, which
have a positive surface charge at pH 7 [76]. These iron oxide nanoparticles make the alumina platelets magnetically responsive.

Sample Preparation
Films and bulk samples of the composite material were produced for
the different characterisation experiments, the mixing procedure however, was the same in every case. It has been seen that especially at
higher volume fractions the procedure has a large impact on the quality.
Barium titanate particles were added in different ratios to the epoxy
resin and mixed with a speedmixer (Speedmixer DAC 150.1 FV) for
1 min at 3000 rpm. After adding the hardener another stage of mixing
in the speedmixer followed. This lead to many air inclusions and degassing was difficult especially at higher volume fractions along with a
limited pot life. Thus the particles were added according to the resinhardener mixing ratio into both components. Consequently, degassing
time is no longer limited by the pot life. To avoid the formation of
new air inclusions the mixture of both components was stirred by hand.
For higher volume fraction samples, mechanical vibration provided by
a shaking table (Retsch AS 200 control, Switzerland) was used to pour
the thixotropic dispersion into the moulds.
To measure the composite’s wear resistance on a pin-on-disc tribometer,
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discs with radius 40 mm and 11.3 mm (thickness 4 mm) were produced
with circular shaped teflon moulds. Films were bladed onto aluminium
foils (50 and 100 µm thick), serving simultaneously as supporting film
and electrode. These films were used to measure the static coefficient
of friction and electric properties, such as permittivity and breakdown
strength.
In samples with alumina platelets the aforementioned shaking table
served to ensure enough mobility during the alignment process. The
sample was placed on a strong magnet (NdFeB magnet, Supermagnete,
Switzerland) and then vibrated for 10 min at the maximal amplitude of
3 mm/g. The samples remained on the magnetic field until the resin
was cured at room temperature. Post-curing of the samples was done
in an oven for three hours at 40 ◦ C. Figure 5.1 shows schematically the
process route.

magnetic field
composite

magnet
vibration

mould

shaker

10 min shaking

magnet

curing at room
temperature

aligning

Fig. 5.1: Schematic of the process route to magnetically align alumina
platelets in a suspension. The dispersion, filled in a mould, is placed on
a permanent magnet fixed on a shaking table and excited for 10 min. Afterwards it is cured at room temperature while maintaining the magnetic
field (indicated by the arrows).
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SEM
To verify the alignment of the alumina platelets, scanning electrode microscope (SEM) micrographs were taken. Therefore the samples were
cut, and cold embedded in a clear epoxy resin (SpeciFix-20, Struers).
After curing the samples were mechanically grinded and polished on a
grinding machine (Struers MD-System Abramin) down to the use of a
diamond solution of 1 µm sized particles. A thin platinum layer (5 nm)
was deposited on the polished side for SEM detection. The micrographs
were taken with a scanning electron microscope (SEM, LEO 1530, Zeiss).
Permittivity & Breakdown Strength
The permittivity of the composite films was measured with a LCRmeter (Impedance/Gain-phase analyser HP 4194A, Hewlett Packard)
at 100 Hz. Electrodes were applied on appropriately masked samples
with silver paint (G 3692 ACHESON Silver DAG 1415, Plano GmbH,
Wetzlar, Germany).
The same samples were then used to determine the breakdown strength.
A voltage ramp was applied (Stanford Research PS350 and HCL 3512500 FuG, Germany) until a breakdown was detected.
Static Coefficient of Friction & Wear
The static coefficient of friction was measured with the previously developed setup described in section 2.2 under different loads. Equal friction partners were used.
Resistance to wear was obtained by a modified pin-on-disc tribometer
(CSM Instruments SA, Switzerland) shown in figure 5.2(a). A small disc
replaced the ball to achieve a mechanical stress of 10 kPa with the load of
1 N. This corresponds to the achieved mechanical stress in the cantilever
beam with PVDF under 1000 V used by Bergamini [10] to demonstrate
the electrostatic tuneable friction damping and is described in section
1.2.1. A ball head, as shown in figure 5.2(b) ensured full contact between
both samples.
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fixation for
tribometer

ball head
sample
holder
static sample
rotating sample

(a)

(b)

Fig. 5.2: (a) Pin-on-disc tribometer used to measure wear. (b)
Schematic of the disc-to-disc configuration used; the static upper disc
having a diameter of 11 mm vs. the rotating lower disc with a diameter
of 40 mm. The ball head ensures full contact of the discs.

5.2
5.2.1

Results & Discussion
Alignment of the Al2 O3 Platelets

The addition of a small percentage of aligned, stiff ceramic platelets
can increase wear resistance of composites [75]. In this work 1 vol% of
alumina platelets were added to the barium titanate epoxy composites.
Therefore the alumina platelets were functionalised with superparamagnetic iron oxide particles (∼ 16 % surface coverage) and added to the
composite. With a static magnetic field of 350 mT (measured with a
magnetometer, Koshava 4, Wuntronic), the platelets could be aligned
out-of-plane as shown in the schematic in figure 5.3.
In the pure epoxy resin the alignment of 1 vol% alumina platelets was
naturally easily achieved as well up to composites containing 20 vol% of
barium titanate as can be seen in figures 5.4(a)-(c)). By increasing the
barium titanate content naturally the viscosity of the system increases
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significantly affecting the ability to alignment due to steric effects. So
no preferential out-of-plane alignment was observed using the described
route as shown in figure 5.4(e) in 30 vol% BaTiO3 .
By doubling the amount of superparamagnetic iron oxide nanoparticles
on the alumina platelets the magnetic response can be improved leading
to a higher degree of platelet alignment as shown in figure 5.4(d).
At 40 vol% not even these measures helped to align the platelets due to
the very high viscosity of the paste, cf. figure 5.4(f).

z
x

y

Fig. 5.3: Schematic of a composite with out-of-plane aligned platelets.
The arrows show the direction of the applied magnetic field. Due to the
static magnetic field there is alignment only in one direction.
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z
y

20 µm

z
y

10 µm

(a) 0 vol% BaTiO3 , single magnetised (b) 10 vol% BaTiO3 , single magnetised
Al2 O3
Al2 O3

z
y

10 µm

z
y

10 µm

(c) 20 vol% BaTiO3 , single magnetised (d) 30 vol% BaTiO3 , double magnetised
Al2 O3
Al2 O3

Fig. 5.4: SEM micrographs of the Al2 O3 -BaTiO3 -composites showing
the samples cross-section indicated by the coordinates on the left which
corresponds to the schematic in figure 5.3. 1 vol% Al2 O3 platelets aligned
in (a) pure epoxy; (b) 10 vol% BaTiO3 ; (c) 20 vol% BaTiO3 ; (d) 30 vol%
BaTiO3 with double magnetised Al2 O3 .
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z
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z
y

10 µm

(e) 30 vol% BaTiO3 , single magnetised (f) 40 vol% BaTiO3 , double magnetised
Al2 O3
Al2 O3

Fig. 5.4: (continued) 1 vol% Al2 O3 platelets not aligned in (e) 30 vol%
BaTiO3 , single magnetised Al2 O3 ; (f ) 40 vol% BaTiO3 , double magnetised Al2 O3 . For better visibility the platelets are highlighted in yellow.

5.2.2

Permittivity & Breakdown Strength

The purpose of increasing the permittivity results from its importance to
reduce the working voltage in the described damping method. Therefore
a composite is chosen where ceramic particles, with a high permittivity,
are added to an epoxy matrix. The permittivity was measured for different concentrations of barium titanate in the resin at 100 Hz using a
LCR meter and applied silver electrodes. Figure 5.5(a) and table B.2
show the obtained results.
Lichtenecker [133] proposed a model to predict the permittivity of particle composites by a logarithmic mixing rule:
ln (c ) = φ1 · ln (1 ) + φ2 · ln (2 ) ,

(5.1)

where c , 1 and 2 are the permittivities for the composite, component
1 and 2, respectively. φ1 and φ2 correspond to the volume fractions.
The solid line in figure 5.5(a) describes the composites permittivity according to Lichtenecker (cf. equation 5.1) as a function of the filler concentration. For the barium titanate particles a permittivity of 2300 was
taken (cf. table 5.1) and for the epoxy matrix the measured value of 4.2
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Fig. 5.5: (a) Measured permittivity of the composites depending on the
results
concentration of barium titanate in epoxy. The solid line
from Lichtenecker according to equation 5.1 (value taken for epoxy: 4.2
and for barium titanate: 2300). The dashed
and dotted
lines show a fit according to Lichtenecker adding a third phase for pores,
where the dashed line was fitted to the degassed samples with a resulting pore content of 18 vol% and the dotted line fitting the samples without degassing, leading to a pore concentration of 60 vol%. (b) Measured
breakdown strength depending on the concentration of BaTiO3 in epoxy.
The exact values are listed in table B.2 in the appendix.
Symbols: BaTiO3 in epoxy  with degassing; without degassing; N with
magnetised 1 vol% Al2 O3 with a surface coverage of 16 % (not aligned);
H with magnetised 1 vol% Al2 O3 with a surface coverage of 32 % (not
aligned).
(cf. table B.2). According to the model, a certain fraction of the high
permittivity ceramic filler is necessary to considerably increase the composites permittivity.
The blue circles in figure 5.5(a) show the mean values of the measured
permittivity, where a good agreement with the theoretical prediction
was obtained until a volume fraction of 30 vol% of barium titanate. At
higher concentrations, the discrepancy increases, possibly due to the
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presence of pores in the material. Therefore the samples were degassed
before hardening and their permittivity values are described by the blue
squares in figure 5.5(a). By considering the air inclusions (with  = 1)
as a third phase, the Lichtenecker model can be used to estimate the
pore concentration. The dotted line in figure 5.5(a) was fitted to the
samples mixed in the speedmixer without degassing, leading to a high
pore concentration of 60 vol%, whereas the dashed line was fitted to the
degassed samples resulting in a content of 18 vol%.
It is assumed that the pores cannot be completely removed during the
processing. As the viscosity increases with volume fractions leading to
the formation of a viscoelastic paste with reduced processability. In this
case, pores can only be removed upon application of mechanical energy
in form of vibrations (at 50 Hz with an amplitude of 3 mm) during degassing. The importance of the process can be seen by looking at the
different results obtained without degassing and with degassing as can
be seen in figure 5.5(a).
Solvents might be used to counteract the issues arising from the high
viscosity. However, porosity upon evaporation can be increased lowering
the dielectric properties as was experienced in barium titanate epoxy
composites by Ramajo et al. [134, 135], but also in the previous chapter
(cf. section 4.2) of the present work, showing the importance of the processing routes for the dielectric properties.
Another approach to increase the filler content is to use particles with
different sizes which also favours the reduction of the suspension’s viscosity. The size of the barium titanate particles influence the permittivity
as has been studied by Luo et al. [39]. By mixing different particle
sizes of barium titanate an increased packing density could be achieved,
however, the larger particles exhibited a larger permittivity due to their
tetragonal phase [39] while smaller ones show a cubic phase. Arlt et
al. [136], Hennings [137] and Curecheriu et al. [138, 139] described a dependence of the permittivity on the grain size with the highest value at
a grain size of 1 µm (cf. figure 5.6), as used in the present work.
The effect of the particle’s size on the permittivity results from the different phases barium titanate exhibits. The grains show a tetragonal (ferroelectric) phase with much higher permittivity than the grain boundaries,

86

Chapter 5. Development of a Material for Damping

6000

permittivity [−]

5000
4000
3000
2000
1000
−2

10

0

10
grain size [µm]

2

10

Fig. 5.6: Permittivity values as a function of grain size for barium
titanate found in literature. Symbols:  [136];
[137]; N [138];
H [139].
which due to their dimensions are in the cubic (paraelectric) phase. With
the reduction of the particle size, the grain boundaries gain importance,
an effect which is called dilution effect [138–140].
The addition of only 1 vol% of double magnetised alumina increases the
permittivity from 21.8 to 39.2 at a barium titanate concentration of
30 vol%. Lichtenecker’s model predicts an increase in the total composites permittivity by less than 1 % with the addition of a third phase for
alumina with a permittivity of 10 (cf. table 5.1). However, the increase
of 80 % has therefore to result from the iron oxide (Fe3 O4 ) nanoparticles added to the alumina platelets. Early studies by Verwey [141, 142]
and Kündig [143] showed that magnetite has a low resistivity at room
temperature due to the electron exchange between Fe3+ and Fe2+ and
is therefore easily polarisable, increasing the composite’s permittivity.
The breakdown strength (cf. figure 5.5(b) and table B.2) was measured by applying a voltage ramp. This property strongly depends on
the sample quality and air inclusions reduce the breakdown strength.
As observed in the permittivity measurements, the formation of pores is
more likely at high volume fractions, accordingly the measured breakdown strength is very low for 50 vol% and 60 vol% BaTiO3 samples. The
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dispersions with volume fractions above 40 vol% BaTiO3 have very high
viscosities and from 50 vol% on the paste turns to a powder and processing is different.
With increasing volume fraction of barium titanate the permittivity of
the compound increases [144, 145] while the breakdown strength decreases. The effects increasing the permittivity have a negative effect
on the breakdown. A possibility to increase the breakdown strength was
shown by Dou et al. [146] where they coated the barium titanate particles with a titanate coupling agent leading to higher breakdown strengths
without affecting the composite’s permittivity. However, the measured
values here are in the range of the commercial PVDF (150 MV/m [89]).

5.2.3

Static Coefficient of Friction

As the damping capacity strongly depends on the friction properties, the
static coefficient of friction was measured with the previously developed
setup described in section 2.2. Figure 5.7 shows the obtained results for
different concentration of barium titanate particles in epoxy with and
without aluminium oxide platelets. The values obtained from the fitted
experimental values for the static coefficient of friction are listed in table
5.2. Compared to pure polymer systems [89, 147, 148] or to the PVDFCFRP system used in the described damping method [149] high values
are obtained.
The addition of 1 vol% aluminium oxide platelets reduces the static COF
only slightly. In many other systems reported in the literature, particles
or platelets were introduced to reduce wear volume, resulting also in a
decrease of the COF [65, 66, 72].
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Tab. 5.2: Measured values for the static COF µs according to
FR = µ · FN . σ is the standard deviation.
concentrations [vol%]
Al2 O3 BaTiO3 epoxy
0
10
10
20
30
30
40
50

σ [−]

0.99
0.83
0.49
0.31
0.67
0.60
0.84
0.70

0.24
0.03
0.05
0.02
0.01
0.04
0.01
0.01

100
90
89
79
70
69
60
50

100

100

80

80

µ = 0.99

60

friction force [N]

friction force [N]

0
0
1
1
0
1
0
0

µs [−]

40
20
0

µ = 0.83

60

µ = 0.49

40
20

0

50
100
normal force [N]

(a) epoxy

150

0

0

50
100
normal force [N]

150

(b) 10vol% BaTiO3

Fig. 5.7: The graphs show the measured friction force as a function of
the applied normal load for different material concentrations. Symbols:
 BaTiO3 in epoxy, with 1vol% Al2 O3 .
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Fig. 5.7: (continued) The graphs show the measured friction force as a
function of the applied normal load for different material concentrations.
Symbols:  BaTiO3 in epoxy, with 1vol% Al2 O3 .
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Wear

Using a modified pin-on-disc tribometer, where both friction partners
had a disc shape, the volume loss of the materials was measured after
running for 100 km under a load of 10 kPa. As can be seen in table 5.1
the components densities show large differences and therefore the volume
loss is thought of as the appropriate quantity for comparison based on
the values from table 5.1.
The results are shown in figure 5.8 and table B.3. Adding barium titanate particles to the epoxy increases the volume loss drastically until
30 vol%, at 40 vol% a decrease was measured. Literature shows contradictory results for the presence of filler particles on the wear resistance.
Many filler-polymer matrix combinations are listed by Bahadur et al. [65]
which reduce or increase the wear rate. A decrease in wear rate followed
by a large increase with alumina loadings higher than 5 wt% in PET
was shown by Bhimaraj et al. [66]. For alumina in a polymeric matrix
a similar behaviour with a minimum at 20 vol% was observed by Wang
Y. et al. [69]. The wear tests for different concentrations of Si3 N4 in
PEEK showed an overall reduction in wear rate where a minimum at
8 wt% was shown by Wang Q. et al. [67]. An increase in wear was shown
by Abenojar et al. [68] for SiC particles in an epoxy resin.
In general, the wear resistance is increased by reduction of the coefficient
of friction. However, to increase the shear forces in the friction damper
this is not a viable option. Therefore 1 vol% alumina platelets are added
to the composite. In the composites with 30 vol% BaTiO3 this reduces
the wear resistance by 38.3 %. Aligning the platelets perpendicular to the
friction surface, a reduction of 71.6 % is achieved. With 20 vol% BaTiO3
the addition of 1 vol% Al2 O3 platelets increases the volume loss and decreases it with out-of-plane alignment. In lower BaTiO3 concentrations,
even aligned platelets increase volume loss. Analysis of the micrographs
in figure 5.4 shows, that the particles start to form a percolating network
with a content of 30 vol% (cf. figure 5.4(d)), this is believed to anchor the
platelets, while in lower concentrations the platelets can wore out like
the particles. The addition of platelets exhibiting an unfavourable alignment can be more easily pulled out during the friction process, leading
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to a lower wear resistance.
Due to the high viscosity of the composite with a concentration of
40 vol% of BaTiO3 , the alignment of platelets was not possible (cf. figure
5.4(f)) and platelets without preferred orientation do not influence the
volume loss. However, the wear volume compared to the 30 vol% samples is already lower without any platelets. This higher volume fraction
of the hard particles increases the resistance to friction as has been investigated in other systems discussed above. As described, the particles
start to form a percolation network which may not only stabilise the
alumina platelets, like seen in 30 vol% barium titanate, but also the particles itself, increasing the wear resistance. Adding 1 vol% of non-aligned
alumina platelets does not improve the wear resistance, confirming that
here the composite starts to get more abrasion resistant due to the increased solid loading.

0

volume loss [cm3]

10

−1

10

−2

10

0
20
40
concentration BaTiO3 [vol%]

Fig. 5.8: Volume loss of different composites under a load of 10 kPa
after 100 km on a modified pin-on-disc tribometer. Symbols:  BaTiO3
in epoxy; with 1 vol% Al2 O3 ; N with 1 vol% Al2 O3 aligned. The exact
values are listed in table B.3 in the appendix.
The originally used material (PVDF) in [10] was characterised by the
same methods described here for comparison. As the PVDF was facing
the CFRP lamella, the static coefficient of friction and wear resistance
was measured accordingly, also for the composite material. The results
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Fig. 5.9: Measurement of the static friction force with the setup described in section 2.2 for (a) PVDF and (b) 1 vol% Al2 O3 , 30 vol%
BaTiO3 in epoxy against CFRP lamella.

for the static COF are shown in figure 5.9 and the volume loss in table
5.3. The static COF for the composite material against CFRP is lower
than with equal friction partners (cf. table 5.2) but still higher than for
PVDF with 0.23.
In terms of abrasion resistance, naturally PVDF exhibits a superior behaviour since no fillers are present. Also the composite material against
CFRP shows a less abrasive behaviour than with equal friction partners,
i.e. the volume loss is reduced by almost 78 %.

Tab. 5.3: Measured values for the volume loss for PVDF and the composite materials, respectively, measured against a CFRP lamella.
material vs. CFRP
PVDF
1 vol% Al2 O3 , 30 vol% BaTiO3 in epoxy (aligned)

volume loss [cm3 ]
1.5 × 10−3
88.9 × 10−3
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Conclusions

This chapter demonstrates how a multifunctional material was created,
addressing the contradictory electrical and tribological properties with
the goal to decrease the required electric field in the electrostatic tuneable friction damper. Figures 5.10 and 5.11 show spider plots for the
different materials allowing for the visualisation of the relevant properties as the permittivity r , static coefficient of friction µs and the volume
loss dV due to friction. The goal is to increase the resulting triangle’s
area.
The first spider plot (figure 5.10) shows the influence of alumina platelets
and their orientation on a 30 vol% BaTiO3 -epoxy composite. This shows
how the penalties in abrasion resistance resulting from the inclusion of
ceramic particles to a polymer matrix for increasing its dielectric constant could be overcomed by means of the addition of a third phase,
which is comprised by ceramic platelets aligned out-of-plane.
Figure 5.11 compares the commercial PVDF polymer foil, previously
used as dielectric layer in the electrostatic tuneable friction damper,
with the herein proposed composite material. As the interface in the
damper is between the dielectric material and the CFRP lamella, the
friction values were measured against the lamella. Compared to equal
friction partners (as in figure 5.10), the volume loss is much lower for the
composite material against CFRP, however, PVDF shows higher abrasion resistance. The other two properties, static coefficient of friction
and permittivity, are markedly increased when comparing the behaviour
of the designed composite with respect to the PVDF foil. While the
static COF of the composite is almost doubled, the permittivity is more
than three times higher compared to PVDF.
In the electrostatic tuneable friction damper, as described in the introduction, such an improved dielectric material can lower the working voltage from high voltages to levels used in households (230 V). To
achieve the same shear stress between dielectric layer and CFRP lamella,
the working voltage for the developed composite can be reduced by 61 %
compared to the commercial PVDF with the same film thickness. There-
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fore two important criteria in civil structures are addressed, safety issues
arising with high voltages and costs which can be reduced.
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Fig. 5.10: Spider plot for the composite materials comparing the effect
of the addition of 1 vol% Al2 O3 unaligned and aligned.
Legend:
30 vol% BaTiO3 in epoxy
1 vol% Al2 O3 unaligned and 30 vol% BaTiO3 in epoxy
1 vol% Al2 O3 aligned and 30 vol% BaTiO3 in epoxy
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Fig. 5.11: Spider plot for the composite materials and PVDF vs. a
CFRP lamella.
Legend:
PVDF vs. CFRP
1 vol% Al2 O3 aligned and 30 vol% BaTiO3 in epoxy vs. CFRP

Part IV

Damping Behaviour of a
Cantilever Beam

Chapter 6

Fabrication of a Large
Test Setup
In this part the upscaling and performance of the developed composite
dielectric on an electrostatic tuneable friction damper is investigated and
discussed. According to the improved dielectric and tribological properties of the barium titanate-epoxy composite with aligned aluminium oxide platelets, the working voltage of the semi-active damper should be
decreased compared to the studies of Bergamini [10] with PVDF. The
stiffening and damping performance of a 2.5 m GFRP cantilever beam
with PVDF and the aluminium oxide-barium titanate-epoxy composite
is measured and compared in chapter 7. To do so the large composite
films need to be produced and its upscaling is described in the following
sections.

6.1

Electromagnet

The alumina platelets in the barium titanate-epoxy composite are aligned
with magnetic fields as described in chapter 5 to increase the abrasion
resistance. Therefore permanent magnets with 360 mT were used, how99
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ever, due to safety reasons, at larger scales an electromagnet is favoured
for the production of large films. A steel bar (100 mm×1000 mm×10 mm,
235 JR, Briner, Winterthur, Switzerland) served as core material and a
copper wire with a rectangular cross section (∼ 3 mm × 6 mm, GM-2X,
Raychem) was wound 44 times around it as shown in figure 6.1(a).
The resulting magnetic field was calculated with the 2d-FEM program
FEMM 1 . The dimensions of the electromagnet used in the model are
given by the used steel bar (core), where the cross-section with the copper wires on both sides was calculated in air as shown in figure 6.2(a).
Figure 6.2(c) shows the resulting field lines if a current of 100 A is applied
and figure 6.2(e) the magnetic field B on the surface of the steel core.
A magnetic field of 23 mT (lowest value, at d = 50 mm) is not sufficient
to align the platelets and results from the rather short distance the field
lines pass a metallic material compared to the long distance through air.

(a)

(b)

Fig. 6.1: Pictures of the built electromagnet on the shaking table (a)
without and (b) with the steel brace. This electromagnet was designed
and built together with Nicolas Gort as part of his semester thesis [150].
By building a metallic brace around the electromagnet with a gap of
4 mm to place the composite film, as shown in figures 6.1(b) and 6.2(b)
the path through air can be diminished. The FEM results (cf. figure
1 D.

C. Meeker, Finite Element Method Magnetics, Ver. 4.0.1 (03.12.2006 Build),
http://www.femm.info
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6.2(d)) show how the field lines are conducted through the brace due to
the higher magnetisation of steel (described by the magnetic permeability) compared to air and a field of 574 mT (lowest value, at d = 50 mm)
is reached (cf. figure 6.2(f)).
The results obtained by the FEM calculations are in good agreement
with the measured magnetic fields of the actual electromagnet with a
magnetometer (Koshava 4, Wutronic). In the centre of the electromagnet without brace a field of 40 mT was measured while a current of 100 A
was applied by a current supply (SM30-100D, Delta Elektronika). With
the brace a field of 380 −480 mT was achieved. Although an electromagnet has the advantages of a tuneable field strength, a disadvantage is
the large heat formation due to the very high current necessary (100 A).
With thermocouples the temperature was measured at different times
and the results are shown in table 6.1. Already after 10 min the copper
wires reach a temperature of 100 ◦ C. Such a high temperature over a
large time span may damage their electrical isolation. Further, the increased temperature of the core influences the hardening process of the
epoxy, i.e. reducing the pot life.
To cool the electromagnet, dry ice (Carbagas, Rümlang, Switzerland)
was used, however, these measures could not effectively lower the temperatures.
Tab. 6.1: Heat development in the electromagnet as shown in figure 6.1
under a current of 100 A.
time [min]
0
10
60

temperature [◦ C]
steel core copper wires
26
29
66

28
100
224
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air

air
steel brace

steel core

steel core

copper wires

copper wires

(a)

(b)
1.9e+0 : >2.0e+0
1.8e+0 : 1.9e+0
1.7e+0 : 1.8e+0
1.6e+0 : 1.7e+0
1.5e+0 : 1.6e+0
1.4e+0 : 1.5e+0
1.3e+0 : 1.4e+0
1.2e+0 : 1.3e+0
1.1e+0 : 1.2e+0
1.0e+0 : 1.1e+0
9.0e-1 : 1.0e+0
8.0e-1 : 9.0e-1
7.0e-1 : 8.0e-1
6.0e-1 : 7.0e-1
5.0e-1 : 6.0e-1
4.0e-1 : 5.0e-1
3.0e-1 : 4.0e-1
2.0e-1 : 3.0e-1
1.0e-1 : 2.0e-1
<1.0e-5 : 1.0e-1
Density Plot: |B|, Tesla

(c)

(d)

Fig. 6.2: Magnetic field calculations with FEMM of the built electromagnet. (a) shows a schematic of the cross-section of the electromagnet,
(b) with a steel brace. (c) and (d) show the magnetic field distribution
calculated with FEMM for (a) and (b), respectively, for a steel core with
a permeability of 529 and copper wire (44 turns) with a cross-section
area of 20 mm2 under a current of 100 A.
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Fig. 6.2: (continued) (e) and (f ) show the magnetic field along the
surface of the steel core of (c) and (d), respectively.

6.2

Material Upscaling

To produce the developed composite material on a larger scale, the components, 1 vol% magnetised Al2 O3 platelets and 30 vol% BaTiO3 particles were added to the epoxy, mixed and degassed with a vacuum
speedmixer (Disperser, PC Laborsystem, Switzerland) overnight. On
a glass-plate in the tape caster (built at Empa and further described
in [151]), as shown in figure 6.3, the supporting film, a polymer foil with
a metallised surface was fixed with scotch tape. The height of the blade
was set to 50 µm. Shortly before casting, the hardener was added to the
filler-epoxy mixture with a small laboratory mixer (Eurostar power-b,
IKA-Werke GmbH & Co. KG, Germany) for 2 to 3 minutes to avoid excessive heating which would lead to a reduction in pot life. To remove air
inclusions, the suspension was placed in a vacuum bag and connected to
a vacuum pump. To ease degassing, vibration by a shaking table (Retsch
AS 200 control, Switzerland) was applied for 4 × 2 min to avoid excessive
heating.
The suspension was poured into the blade and a film with a width of
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80 mm was cast at the lowest velocity of the linear motor. Right afterwards the film was placed on the electromagnet, which was fixed on a
very large shaking table, used for concrete shaking, and the steel plate
was placed on top to close the brace to reach a higher magnetic field.
The electromagnet was turned on (I = 100 A) and the whole structure
was shaken for 10 min. After one or two hours the magnetic field was
turned off or reduced (I = 50 A) and the composite film was cured at
room temperature.

blade

composite film

supporting film

linear motor

Fig. 6.3: Tape caster used to produce the Al2 O3 -BaTiO3 -epoxy composites. The picture shows the metallised supporting film with the composite
film (white) produced by the doctor blade method. The blade is moved
by a linear motor. These composite films were produced together with
Nicolas Gort as part of his semester thesis [150].

Several problems arose with the described production of the films.
Due to the small gap of 4 mm between the core and the brace of the
electromagnet the placement of the uncured film is crucial. Further,
the high temperature from the electromagnet deformed the carrier film
leading to wrinkles in the composite film. Small pieces were cut out of the
produced films and embedded in epoxy (EpoFix, Struers) and polished

6.2. Material Upscaling

105

(EpoFix, Struers) down to 1 µm. With a SEM (FEI ESEM XL30) the
cross section of the films was analysed. Figure 6.4(a) shows an example
of one of the produced films, where the platelets should be aligned out-ofplane. As can be seen, the platelets are generally horizontally aligned,
i.e. in-plane. This results from the shear forces generated during the
casting by the blade (cf. section 4.2). The magnetic field and vibration
were not sufficient to align the platelets out-of-plane.

10 µm

B

(a)

z

10 µm

yB

(b)

Fig. 6.4: 1 vol% Al2 O3 platelets in 30 vol% BaTiO3 epoxy thin films.
~ (a)
The arrows indicate the direction of the applied magnetic field B.
horizontal alignment of the platelets due to the shear forces during casting. (b) partially aligned platelets in a film due to the reduction of the
surface tension.
The shaker used with the small samples, but also the one used with the
electromagnet were unable to reduce the apparent viscosity of the composite film samples. As the dimensions of the sample decreases, surface
effects gain importance and higher velocities in vibration are required
to benefit from the thixotropic behaviour as it depends on the vibration frequency and amplitude [152–155]. It was shown that the amplitude has actually a higher impact on the apparent viscosity than the
frequency [154], however, different combinations of frequency and amplitude can lead to a peak-acceleration [152]. The shaking table used with
the small samples exhibited a maximum amplitude of 3 mm, whereas
the large shaker used here only reached amplitudes of 1.6 mm (measured
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with a laser sensor (optoNCDT2200, micro-epsilon, Switzerland)), both
with constant frequency at 50 Hz.
These two shakers only allow to change the amplitude, the frequency is
given by the power supply system. Therefore a different shaker (Ling
Dynamic Systems LTD) was used with the possibility to tune both and
reach high velocities, whereat the highest impact is achieved at the resonance frequency. A small device with a low stiffness was built to avoid
the usage of the shakers eigenfrequency. This structure consisted of a
polymeric cylinder with a polymer foil spanned over it as schematically
shown in figure 6.5 which is then fixed on the shaker. The permanent
magnet could be placed under this polymer foil, while the suspension
was bladed over the polymeric film. By exciting the structure on its
eigenfrequency, high displacements of the polymer film in the vertical
direction are achieved. With these measures the apparent viscosity of
the suspension could be lowered, however, no out-of-plane alignment of
the platelets through magnetic fields could be achieved. Other effects
as surface tension and packing entropic effects may hinder a change in
orientation [127, 156].
A test was performed to reduce the surface tension by adding acetone
to the cast film surface while vibration. As can be seen in the SEM
micrograph in figure 6.4(b), out-of-plane alignment could be achieved.
However, this test can only be considered quantitatively, showing the
direction of the measures to be taken in the alignment of platelets in
thin films.

sample
polymer film
magnet
frame

Fig. 6.5: Schematic of the setup used on a shaker for high amplitudes.
The sample is cast on a polymer film, fixed on a frame. Below the permanent magnet is placed for alignment of the platelets. Size of the magnet:
51 mm × 51 mm × 25 mm.
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Cantilever Beam

The previous section described the production of large films for application on a large beam, however, as the alignment of the alumina platelets
was not successful, films without alignment were produced. This measure does not affect the damping performance of the electrostatic tuneable friction damper as the platelet orientation only affects the abrasion
resistance, i.e. the long term behaviour not studied in the following experiments.
The films were tape cast as described on metallised polymer films, hardened at room temperature and post-cured under radiant heating at 40 ◦ C
for 3 hours. The flanges of a 2.5 m long glass fibre reinforced polymer
(GFRP) I-beam (Fiberline, Maagtechnic, Switzerland) were polished to
achieve a flat surface. After cleaning, a double-sided tape (TESA 4972,
Walter Handels AG, Volketswil, Switzerland) was applied. As the produced films were shorter than the beam, two cast films were glued separately, avoiding air inclusions, and electrically connected. To avoid
electrical discharge over the edges the films were cast wider than the
flange and CFRP lamella, respectively. A schematic is shown in figure
6.6.
To compare the results another beam was produced with commercial
available polyvinylidene fluoride (Kynar, CS Hyde Company, USA). For
the electrode, one side of the film was sputtered with copper (pulsed-DC
magnetron sputtering system (BAS 450 PM)). The films were applied
as the composite film on the flanges of another GFRP-beam with the
same dimensions. The properties of both materials are listed in table
6.2. Naturally, by producing the composite film manually, its thickness
varied significantly.
As stiffening element CFRP lamellae were used with two different thicknesses, one with 1.4 mm (CarboDur M614, Sika, Switzerland), which will
be further referred to as the “thick” lamella, and one with 0.6 mm (S&P
Clever Reinforcement), which will be referred to as the “thin” lamella.
The lamellae were just placed on top of the flanges and several polymer
clamps were used to keep the lamella in place but without introducing
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any normal force (cf. figure 7.1).
Tab. 6.2: Properties of the dielectric films.
material
PVDF
Al2 O3 /BaTiO3 /
epoxy

film thickness
[µm]

permittivity
[−]

static COF
vs. CFRP [−]

76

11.5

0.23

50 ± 15

39.2

0.60

6 mm
60 mm

CFRP
gap
dielectric
electrode
adhesive
GFRP-beam

Fig. 6.6: Schematic of the beam with the different layers on the flanges.
The arrows indicate the electric field which is applied between the two
electrodes.

Chapter 7

Damping Behaviour of a
Cantilever Beam
This chapter has been published as: R. Ginés et al., Stiffening and Damping Capacity of an Electrostatically Tuneable Functional Composite Cantilever Beam, Smart Materials & Structures 24 (2015) 095008.

7.1

Experimental

The large scale performance of the novel composite was assessed by the
capacity to change the stiffness of the cantilever beam and its damping
behaviour. For this purpose the beam (as described in section 6.3) was
clamped on one side and excited on the free end. The CFRP lamellae
are placed on top and are held by clamps with a distance of 25 cm when
the electric field is turned off, without applying any normal forces as
shown in figure 7.1.
The free end of the cantilever beam is excited magnetically, whereas
a permanent magnet (NdFeB magnet, Supermagnete, Switzerland) is
fixed on the lower flange at the free end and a solenoid with a distance
109
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fixation
laser sensor
CFRP lamella
(electrode)
composite film
on electrode
clamps
acceleration sensors
magnet
solenoid

Fig. 7.1: Experimental setup according to [149, 157] used to assess the
damping capacity of the composite material investigated in the previous
part of this thesis. The cantilever GFRP I-beam is excited at its free end
by a solenoid acting on a permanent magnet fixed on the flange (distance
21 mm). The CFRP lamellae are supported by polymeric clamps without
applying any normal force.
of 21 mm regulates the excitation (cf. figure 7.1). The current in the
solenoid is controlled by a function generator (33120A, Agilent, USA)
which sends a sinusoidal signal to a bipolar operational power amplifier
(BOP 20-5M, Kepco, USA) for amplification. The electric voltage necessary to generate a field between the electrodes and CFRP lamellae is
provided by a high voltage supply (Stanford Research PS350). A laser
sensor (optoNCDT2200, micro-epsilon, Switzerland) and two acceleration sensors (PCB Piezotronic, 3701G3FA3G) on the left and right side
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at the free end were used to measure the displacement and the acceleration, respectively, of the structure.
The eigenfrequency of the cantilever beam was measured by applying a
frequency sweep from 12 to 20 Hz with a duration of one minute, generated by the function generator.
To determine the damping capacity decay curves were measured by exciting the beam at the corresponding eigenfrequency, identified before,
by a sinusoidal signal with 100 cycles to reach a steady state before turning it off.
For comparison reasons all the experiments were performed with the
two lamellae having different thicknesses, as well on the second prepared
beam with PVDF as dielectric layer.

7.2
7.2.1

Results & Discussion
Eigenfrequency

The displacement data measured while performing a frequency sweep
was filtered (Butterworth filter with a corner frequency of 50 Hz) and
from its transfer function the eigenfrequency was determined. Examples
of the transfer function measured on PVDF and composite material are
shown in figure 7.2 with the two different lamellae.
In all the measurements a shift in frequency for the peaks is observed with
increasing applied electric field, resulting in an eigenfrequency shift as
shown in figure 7.3 for the different applied excitation amplitudes. With
increasing applied electric field, the eigenfrequency increases for both
materials until reaching a higher plateau (cf. figure 7.3(a)). Depending
on the excitation amplitude, a certain electric field is required to increase
the eigenfrequency. The two plateaus are for both materials around the
same eigenfrequency values, where the excitation amplitude has a greater
impact on the composite material between the plateaus. This will affect
the damping behaviour, as the shear stress occurring at the interface is
a function of the excitation amplitude.
The CFRP lamella was replaced by a thinner one, which is expected
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Fig. 7.2: Example of the transfer functions for different applied electric
fields obtained with an excitation amplitude of 2 App for the thick lamella
with (a) PVDF and (b) the composite material and the thin lamella with
(c) PVDF and (d) the composite material. PVDF: from 0 V (blue line)
to 1000 V (green line) in 100 V steps. Composite: from 0 V (blue line)
to 360 V (green line) in 40 V steps.
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Fig. 7.3: The figures show the measured eigenfrequencies for PVDF
(dashed lines) and the composite material (solid lines) with the (a),(b)
thick (c),(d) the thin lamellae for the different applied amplitudes. (b)
and (d) show a detail from (a) and (c), respectively. Solenoid current:
2A,
4A,
6A,
8A,
10A.
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to adapt better to surface irregularities. Compared to the commercial
PVDF’s smooth surface the composite’s surface shows thickness irregularities (cf. table 6.2) which is assumed to negatively affect its performance on the cantilever setup as the transferable shear stress between
the dielectric layer and CFRP lamella is proportional to the contact
area. The results for the eigenfrequencies are shown in figure 7.3(c).
The shift in eigenfrequency is smaller compared to the thick lamella as
can be seen in figures 7.2(c) and (d). This results in a lower plateau
for both materials compared to the stiffer lamella, where the beam with
PVDF does not reach this higher plateau excited at higher amplitudes
(cf. figure 7.3(d)). The lower plateau is ascribed to the loose state of
the lamellae (0 MV/m), i.e. the eigenfrequency corresponds to the one
of the GFRP beam if no friction is assumed at the lamella-dielectric material interface. With the beam theory of Bernoulli the theoretical value
for the fully bonded state is estimated. For the calculation a cantilever
beam with a point load representing the permanent magnet at the free
end was assumed with the materials properties listed in table 7.1.

Tab. 7.1: Material data for the eigenfrequency estimation according to
Bernoulli.
material
GRFPa
CFRP ’thick’b
CFRP ’thin’c
a
b
c

E-modulus [GPa]
23
210
136

mass [kg/m]
2.55
0.13
0.06

thickness [mm]
1.4
0.6

Fiberline data sheet
Sika CarboDur data sheet
Michels et al. [158]

The cantilever’s free length L was fitted to achieve the same eigenfrequency as measured at 0 MV/m. With the following equations the
eigenfrequency ω could be calculated [159]:
ω=

p
k/m

(7.1)
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with the stiffness k:
Z
k=

L

2

EI (x) ψ 00 (x) dx,

(7.2)

0

the mass m:
Z
m=

L

2

m (x) ψ (x) dx +

X

mi ψi2

(7.3)

0

and the mode shape ψ:
ψ (x) = cos (λx/L) − cosh (λx/L) − 0.734 (sin (λx/L) − sinh (λx/L)) ,
(7.4)
where E corresponds to the Young’s modulus and I to the second moment of area of the structure.
The resulting eigenfrequencies are listed in table 7.2 with the fitted free
lengths. As a result of the lower Young’s modulus of the thin lamella
compared to the thick one (cf. table 7.1), the achieved stiffness of the cantilever beam in the fully bonded state is lower (cf. table 7.2). This was
also observed in the different eigenfrequency plateaus achieved in the
measurements shown in figures 7.3(a) and (c). However, these higher
plateaus can not be ascribed to the fully bonded state, as only approximatively 80 % of the calculated eigenfrequency is achieved. The lowest
and highest bond efficiency is achieved with the thin lamella for PVDF
and composite film, respectively. The improved bond for the composite
film with the thin lamella compared to the thick one may result from an
improved contact due to the adaptability of the lamella.
A shift to lower electric fields is observed for the beam with the
composite dielectric compared to the one with PVDF to achieve equal
stiffness as shown in figure 7.3, whereas the reduction is more pronounced
for the thin lamella. This is ascribed to the higher permittivity of the
composite material (cf. table 6.2), as a lower electric field is required
to achieve equal normal forces as with PVDF (cf. equation 1.2). This
reduction of the required electric field is listed in table 7.3 in percent
compared to PVDF, where for an exciting amplitude of 2 App values up
to 55 % were achieved. Thus the working voltage on the friction damper
can be halved for the new dielectric material with equal thickness as one

thick
thin
thick
thin

PVDF

composite

lamella

dielectric
2.47
2.44
2.46
2.45

length L [m]
unbonded
13.95
14.32
14.08
14.25

eigenfrequency [Hz]
max applied E-field bonded (Bernoulli)
18.31
22.75
14.62
17.37
17.98
22.96
15.24
17.24

efficiency
[%]
80.5
84.2
78.3
88.4

Tab. 7.2: Measured eigenfrequencies without applied electric field (loose lamella) and with the maximum applied
electric field. The theoretical fully bonded state of the lamellae was determined according to the Bernoulli theory.
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with PVDF as dielectric layer. At higher exciting amplitudes the reduction is less pronounced. As mentioned before, it has to be considered
that the composite material shows a less smooth surface compared to
the commercial PVDF. To exploit the full potential of the electrostatic
tuneable friction damper, a high quality surface is required as the transferable shear force between lamella and dielectric layer is proportional to
the effective contact area, where an uneven surface is expected to perform worse than a smooth one. This effect might be more pronounced
at higher exciting amplitudes, where a reconnection of the delaminated
lamella while vibrating due to the exceeded shear strength is more difficult. The experiments with the thinner lamella illustrate this effect as
they can adapt better onto an uneven surface increasing the effective
contact area.
The experiments with the two different lamellae display the importance
of the static coefficient of friction. The normal force acting on the lamella
and dielectric layer is defined by the applied electric field (cf. equation
1.2), however, the static COF defines the maximal transferable shear
stress (cf. equation 1.3). As the static COF for the new material is more
than 2.5 times higher compared to PVDF (cf. table 6.2), under an equal
normal load, higher shear forces are required for a delamination of the
CFRP lamella on the composite material than on PVDF.

Tab. 7.3: Reduction of the required electric field in the cantilever beam
with the composite material compared to the one with PVDF to achieve
the same eigenfrequency. Measurement with the thicker lamellae, cf. figure 7.3(a)-(b).
exciting amplitude [App ]
2
4
6
8
10

14 Hz
54.2
16.5
14.3
0.6
−6.5

field reduction [%]
15 Hz 16 Hz 17 Hz
43.4
36.9
32.5
15.6
15.0
14.6
12.8
11.7
10.8
3.6
5.8
7.5
−4.2
−2.5
−1.2

18 Hz
29.5
14.3
10.1
8.8
−0.2
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7.2.2

Damping

On the same test setup (cf. figure 7.1) the damping capacity of both
dielectric materials was measured by exciting the cantilever beam at its
eigenfrequency, measured previously for different exciting amplitudes.
The decay curves, as shown in figure 7.4, were obtained after 100 sinusoidal exciting cycles. With a linear fit on the logarithmic values of
the peaks of these decay curves, the logarithmic decrement ρ was determined.


yi
ρ = ln
(7.5)
yi+n
yi corresponds to the amplitude of the ith peak of the decay curve and
yi+n to the one n-cycles later. The damping ratio ζ can then be calculated by:
ρ
ζ=p
.
(7.6)
2
4π + ρ2
The obtained values for the damping ratio are shown in figure 7.5 for
both dielectric materials with both lamellae.
Examples of the measured decay curves are shown in figure 7.4 for both
materials with both lamellae at an excitation amplitude of 10 A. The
light blue line shows the decay curve obtained with no applied electric
field and is compared to the one where the highest damping ratio was
measured (blue line). The deflections measured with the thick lamella
are slightly larger for the composite material (figure 7.4(b)) than with
PVDF (figure 7.4(a)) at 0 MV/m. Their highest damping ratio was
measured at around the same electric field, however, the higher damping ratio measured with the composite dielectric (cf. figure 7.5(a)) lead
to a larger reduction of the deflection and a faster fading.
The decay curves measured on the cantilever beam with the thin lamella
(cf. figures 7.4(c) and (d)) show higher displacements as their corresponding decay curves measured with the thick CFRP lamella. As a
result their damping ratios are lower, however, the shift to lower fields
for the composite dielectric compared to the PVDF is more pronounced
as also observed in the eigenfrequency measurements (cf. figure 7.3).
The damping ratios obtained from the decay curves according to equations 7.5 and 7.6 are shown in figure 7.5. On the cantilever beam with
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PVDF and the thick lamella the damping ratio increases with increasing
excitation amplitude. The maximum peak obtained is for all measured
amplitudes at the same applied electric field of around 4 MV/m (cf. figures 7.5(a) and (b), dashed lines). For all exciting amplitudes increased
damping was obtained between 2 and 6 MV/m which corresponds to
the range between the two measured eigenfrequency plateaus (cf. figure
7.3(b)). Damping measured on the same applied electric fields than on
these eigenfrequency plateaus is constant and can be attributed to material damping.
The damping ratio measured with the composite dielectric layer shows
a similar behaviour as with PVDF, however, as with the eigenfrequencies, the damping ratio exhibits a more excitation amplitude dependent
behaviour. Thus the range which corresponds to friction damping lies
between the two measured eigenfrequency plateaus. With the new composite material substantially higher damping ratios could be achieved
compared to PVDF. Further, this improved damping behaviour was
achieved at lower electric fields. Therefore the actual working voltage in
such an electrostatic tuneable friction damper can be lowered by using
the composite material compared to PVDF.
A lower increase in stiffness was obtained by using the thinner CFRP
lamella compared to the thick one. Also lower damping ratios were measured for both materials with the thin lamella. In contrast to the use of
the thick CFRP lamella, the damping ratios measured with PVDF were
higher than with the composite material, however, the reduction in the
necessary electric field for the composite material compared to PVDF
was much higher.
The performed experiments with the two different CFRP lamellae clearly
demonstrated a relation between the achieved stiffness and damping capacity. To transfer shear forces between stiffening element and dielectric
layer, a high effective contact area is necessary which can be achieved
with a thin, low-stiffness lamella. Correspondingly the achieved stiffness
of the structure is lower resulting in lower damping ratios compared to
a structure with a stiff lamella as demonstrated by the experiments.
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Fig. 7.4: Decay curves for 0 MV/m and the electric field with the highest
damping for a solenoid current of 10 A. (a) and (c) PVDF; (b) and (d)
for the composite material. (a) and (b) with the thick lamella; (c) and
(d) for the thin lamella. To account for the different exciting frequencies,
the displacement is plotted against the number of cycles.
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Fig. 7.5: Damping ratio for PVDF (dashed lines) and composite material (solid lines) under different exciting amplitudes with (a) thick and
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7.3

Conclusions

The stiffening and damping capacity of a previously developed composite material for an electrostatic tuneable friction damper was tested on
a cantilever beam and compared to a commercial available polymer foil,
PVDF. It is demonstrated that the improved composite’s dielectric and
tribological properties can be transferred to a larger scale, improving
the damping capacity of the tested structure. Due to the production
quality of the dielectric layer, not the full potential of the material could
be exploited.
Compared to PVDF, the damping performance achieved with the composite material was equal or even improved at much lower electric fields.
This shows that an increased permittivity and static coefficient of friction
are the prerequisites for such an enhancement. If rather thick dielectric
layers of PVDF and composite material are compared, each with a thickness of 100 µm, the operating voltage can be reduced by 60 % from 400 V
to 160 V. As no longer high voltages are required, two important implementation issues in civil structures are accounted for. First, safety
concerns are addressed and second, by operating at household voltages
(230 V) no special equipment is necessary and cheaper electronics can be
used, thus reducing the costs. Other applications than in civil structures
might become interesting if low voltages can be used.

Part V

Conclusions & Outlook

Chapter 8

Conclusions
Damping systems are used in light-weight structures due to their proneness to vibration. It was shown previously, that structures can be
damped with an electrostatic tuneable friction damper [10]. However,
high voltages are required for functioning. The goal of this thesis was
to improve the damping performance at lower working voltages through
the development of an improved dielectric layer in the damper.
The effects of properties in two different physical domains, namely the
dielectric and tribological, are herein studied. To the authors knowledge no work has been published on material studies with both set of
properties. This thesis contributes to the closure of this gap.
This work is divided into three parts addressing the three main contributions, the design of a setup to assess the static coefficient of friction,
the development of a multifunctional material for a specific application,
i.e. the electrostatic tuneable friction damper, and closing the loop from
a material to an application, by the upscaling of the multifunctional
dielectric material measuring its stiffening and damping capacity on a
large scale cantilever beam.
To pursue the goal of improving the electrostatic tuneable friction
damper through a new dielectric material, tools to asses the relevant
properties are required to compare different materials. Among the per-
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mittivity, breakdown strength and abrasion resistance, the static coefficient of friction influences the energy dissipation according to Goodman [23]. Chapter 2 presented the development of a device for the measuring of the static coefficient of friction, purposely designed to address
the specific needs of the semi-active damper. The apparatus operability
was tested in chapter 3 on four different commercially available polymer foils under mechanical loads and electric fields, acknowledging the
fact that the normal force is applied by electric fields in the semi-active
damper.
The development of such a tool allows for obtaining an important measure in the material selection process, as materials can be compared
for its suitability as dielectric layer in the electrostatic tuneable friction
damper and other structures with adaptive stiffness based on electrostatic fields.
The main achievement of the present thesis is the development of
a multifunctional material contributing to the closure of the gap found
in literature by considering dielectric and tribological properties. Concurrently studying the effect of fillers on these two properties, which lie
in different physical domains, in composite materials has not yet been
studied. The requirements to decrease the necessary electric field in
the electrostatic tuneable friction damper could not be fulfilled with a
single filler composite. The addition of particles with high permittivity increases the composite’s dielectric constant but highly reduces the
abrasion resistance. Following a novel approach to address this problem,
it has been successfully shown how the penalties in abrasion resistance
resulting from adding ceramic particles to a polymer matrix to increase
its dielectric constant could be overcome by means of the addition of
a third phase, which is comprised by ceramic platelets aligned out-ofplane. Already a small amount of 1 vol% significantly reduced the wear
volume of the barium titanate-epoxy composite.
In this work it is shown how materials can be tuned for its use in different
fields with increased requirements.
In the last part of the present work, the experimental verification
of the proposed material is shown on a large scale setup. The damp-
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ing and stiffening capacity with the new dielectric material was assessed
on a glass fibre reinforced polymer cantilever beam and compared to
a commercial available polymer foil (PVDF) with the highest permittivity available for a pure polymer. The eigenfrequencies and damping
ratios were measured under different excitation amplitudes and electric
fields for both dielectric layers. The experiments demonstrate that the
improved dielectric and tribological properties of the composite can be
transferred to a larger scale improving the stiffening and damping capacity of the structure under study. The potential of the new material
was not fully exploited due to the production quality of such a large
dielectric layer with in-house manufacturing means. Nevertheless, this
shortcoming only highlights further the potential of the newly developed
material for damping applications at the structural component level.
Compared to the commercial polymer foil, equal or improved damping
performance has been achieved with the new dielectric layer. This was
accomplished at lower electric fields, leading to a reduction in the working voltage, an important issue in civil applications. More precisely the
high voltage required with PVDF is reduced to household voltages with
the composite material. This has the additional advantage that special
electronic equipment is no longer necessary, further reducing the costs.
This doctoral thesis covers the development of a new multifunctional
material to the point of its application on a large scale structural system.
It is successfully shown how the damping performance of an electrostatic
tuneable friction damper can be increased by the careful micro-structure
design of its dielectric layer. As a result, the working voltages are further
decreased widening the field of possible applications.

Chapter 9

Outlook
This research demonstrates how the damping performance of an electrostatic tuneable semi-active damper can be enhanced through the design
of a new dielectric material. A method on how naturally opposing properties can be improved is shown, moreover, its full potential was not
yet exploited as the components selection, their concentration and the
sample quality can further be optimised. The alignment of stiff ceramic
platelets in a highly loaded composite system showed its limitations with
decreasing sample thickness as new effects arose. Additional research is
necessary to find the optimal frequency-amplitude ratio to reduce the
apparent viscosity facilitating the alignment process. Furthermore, a
method in aligning platelets without magnetic fields might be interesting, especially with increasing sample size, as generating high magnetic
fields is highly energy consuming.
Other production processes can be explored, like the three dimensional
printing, widening the options in micro-structured materials to the point
of more complex structures better addressing the requirements set on a
material.
Regarding the application of the described damping method it is believed that an improved contact between CFRP lamella and dielectric
material increases the dissipation performance of such damper. A more
flexible lamella adapts better onto an irregular surface increasing the
129
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effective contact area. As shown in the last part of this work, the stiffening and damping performance is reduced with the use of a thin lamella
compared to one with higher stiffness. A compromise between lamella’s
stiffness and its adaptability to a surface has to be further investigated.
Particularly, as with increasing scales the planarity of the dielectric layer
gains importance and has to be improved to ensure a good contact.
Another interesting possibility in increasing the effective contact area
might be achieved by micro-structured surfaces on the dielectric layer
and stiffening element. Therefore the area contributing to enhance the
transferable shear force can be larger than the area given by the damper’s
components (i.e. lamella).
The approach presented in this work to increase the damping performance was through the dielectric material. Another possibility is the
subdivision of the actual damping area. Instead of applying the same
electric field over the whole lamella, the electrode on the dielectric material could be partitioned into different sections so that independent
fields could be applied to better adapt to the external perturbation and
increase the damping efficiency.
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Appendix A

Friction Measurement
Setup
A.1

TESA 4972 Characterisation

The Youngs modulus of the double-sided tape (TESA 4972, Walter Handels AG, Volketswil, Switzerland) used in the friction experiments was
tested with a tensile machine (Zwick Roell Z020, Zwick GmbH & Co. KG,
Germany).
Stripes of the tape (50 mm width) were fixed with roller grips with
different lengths. With extensometers (multiXtens, Zwick Roell) the
strain was measured. A prestress of 0.1 MPa was applied and then tested
with a velocity of 50 mm/min.

149

150

Appendix A. Friction Measurement Setup

4

stress [MPa]

3

2

1
2
3

1

0

0

0.2

0.4
strain [−]

0.6

0.8

Fig. A.1: Stress-strain curve of the tensile test on Tesa 4972.

Tab. A.1: Tensile test data for TESA 4972.
sample

free length
[mm]

measured length
[mm]

E-modulus
[MPa]

1
2
3

120
90
175

90
70
155

928
1070
1150
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Pull-off Tests: Force generated by an
Electric Field

To measure the resulting normal force arising from an electric field
on a capacitor, a pull-off test was performed. An electrode was sputtered on one side of a polymer film (PVDF, polyvinylidene fluoride) and
then glued with a double sided tape (TESA 4972, Walter Handels AG,
Volketswil, Switzerland) onto a stiff plate (60 mm × 60 mm). Another
coated polymer was glued on a smaller PMMA plate with the dimension
of 30 mm × 30 mm. The larger sample was fixed on the bottom of a
tensile machine (Zwick Roell Z020, Zwick GmbH & Co. KG, Germany),
the smaller on a sample holder with a joint head to the moving part of
the machine as shown in figure A.2. The two samples were brought into
contact with a force of 2 N and an electric field was applied between the
two electrodes by a high voltage supply (Stanford Research PS350).
The results of the the two different pulling experiments are shown in
figures A.3 – A.5, where one was displacement-controlled (a) and one
with a constant pulling force (b). As can be seen the force necessary to
separate the two samples depends on the pulling velocity for displacement and force-controlled tests. Especially with the force-controlled the
tensile machine had difficulties controlling the force. With such results
it is impossible to determine the actual force arising from the applied
electric field.
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Fig. A.2: Schematic of the pull-off test performed in a tensile machine
to measure the force generated by an electric field between the two electrodes.
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Fig. A.3: Pull-off tests performed at 500 V (a) displacement-controlled
and (b) force-controlled.
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Fig. A.4: Pull-off tests performed at 1000 V (a) displacement-controlled
and (b) force-controlled.
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Fig. A.5: Pull-off tests performed at 1500 V (a) displacement-controlled
and (b) force-controlled.

Appendix B

Materials for Friction
Based Vibration
Damping
B.1

Gradient Films – A Theoretical Approach

Part III (i.e. sections 4.1 and 4.2) of the present work demonstrated different difficulties which may arise in composites with low and high concentrations of filler particles. Low concentrations showed poor behaviour
in abrasion resistance whereas high concentrations lead to processing difficulties. A possibility to overcome these issues may be gradient films,
where the filler concentration increases through the thickness. While the
overall concentration is fairly low leading to a processable suspension,
locally a high filler content is reached.
Such a gradient film could be produced by controlled sedimentation of
filler particles, creating a wear resistant side and an electrically insulating one in a film. To describe the permittivity of such films a model for
multilayered materials, presented by Di Lillo et al. [33] is considered and
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described in the following sections of this chapter.

Permittivity Model for Multilayered Materials
To use the model for multilayered materials, a gradient film can be divided into different layers with homogenised properties. In a first approximation it can be considered as a two layer dielectric as shown in figure
B.1, where one corresponds to the neat polymer and for the other one
the filler materials’ properties are considered. According to the model
each layer i is described by a capacitance Ci with a resistance Ri serially
connected as shown in figure B.1(b). The total impedance Zt of the
circuit is then described by the following equation:
Zt =

N
X
i=1

Zi =

N
X
i=1

Ri
1 + jω Ri Ci

(B.1)

where Zi is the impedance of the ith layer, Ri its resistance, Ci its
capacitance and ω the frequency.

Ci

Cj

(a)

Ri

Rj

(b)

Fig. B.1: (a) Schematic of a gradient film with sedimented platelets.
(b) The corresponding circuit diagram approximating the gradient film
as two layers, one with the particle properties and one with the neat
polymer matrix properties.
In the present case two such gradient films are placed on top of each
other where the particle-rich sides are facing each other as shown in figure

B.1. Gradient Films
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B.2(a). Therefore the two middle layers can electrically been considered
as one (cf. figure B.2(b)).

Ci

Cj

Ci

(a)

Ri

Rj

Ri

(b)

Fig. B.2: (a) Two gradient films on top of each other with the high filler
concentration in the middle, i.e. the friction surface. (b) The corresponding circuit, where the two middle particle-rich layers can be electrically
considered as one.
As the interface lies in the intermediate layer, its Maxwell stress σ
defines the attractive force upon an electric field on the two composites
layers. According to equation 1.2, the Maxwell stress is proportional to
the applied voltage squared V 2 (σi ∝ Vi2 ), whereas the voltage is proportional to the impedance of the single layers (Vi ∝ Zi /Zt ). By including
the material properties like the specific resistivity ρ, the permittivity r
and the layer thickness d into equation B.1, the impedance on the ith
layer can be described as:
Zi =

Ri
ρi di
=
.
1 + jω Ri Ci
1 + jω ρi 0 i

(B.2)

To increase the mechanical stress in the middle layer the impedance
ratios have to be maximised: Zinside >> 2 · Zoutside . In the electrostatic tuneable friction damper only static electric fields were considered,
however, with impedances also alternating electric fields (ac) can be ex-
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amined. Depending on the materials taken, the optimal frequency and
materials layering can be identified to maximise the mechanical stress
at the interface. Figure B.3 shows the dependency of the impedance
on the frequency for two different materials A and B. Below the graphs
the optimal material layering is shown for maximum shear stress at the
interface, i.e the component with the highest impedance should lie at
the interface.

|Z|

|Z|
material A
material B

f

{
{

f

(a)

(b)

Fig. B.3: Impedance as a function of the frequency for different materials. Below the graph the optimal order of the layers is shown for a
maximum mechanical stress at the interface.

The present application of the friction damper defines the materials
order, as the abrasion resistant layer should lie at the interface. The
model thus determines the optimal operating frequency range.
The impedance Zi of a layer depends on its material properties and
its thickness di as graphically shown in figure B.4. With increasing
layer thickness di (cf. figure B.4(a)) and specific resistivity ρi (cf. figure
B.4(b)), the layer impedance Zi is increased. The permittivity solely
changes the cutoff frequency f ∗ (cf. equation B.3) to lower frequencies
for higher permittivity (cf. figure B.4(c)).

f∗ =

1
1
=
T
ρ i 0 i

(B.3)
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The gain crossover frequency ftransit is described by |Z| = 1 leading to:

|Z|

|Z|

d1 < d2 < d3

ρ1 < ρ2 < ρ3

ftransit

f*

(a)

1
ω0
1 ρ2i d2i − 1 2
=
=
2π
2π
0 i ρ i

(B.4)

|Z|
ε1 > ε2 > ε3

f

ftransit

(b)

f

f*1 f*2 f*3

f

(c)

Fig. B.4: Influences on the impedances: (a) by the layer thickness d,
(b) specific resistivity ρ and (c) permittivity r .
The impact resulting of this model is discussed on two different material combinations.

Examples
The frequency response of two different material combinations is shown
in the following figures. Polyimide and Polystyrene with a middle layer
of aluminium oxide, a ceramic material to improve the tribological properties at the interface. Therefore the order of the layers is given, however,
their thicknesses can be adjusted, whereas the total thickness was kept
constant at 100 µm. The relevant material’s properties are listed in table
B.1. Figure B.5 shows the impedance Z, the resulting mechanical stress
σ over the middle layer and the required voltage V for the two material combinations with almost equal film thicknesses (35 − 30 − 35 µm).
Figures B.6 and B.7 show the results if the thickness of the middle layer
is increased (to 20 − 60 − 20 µm and 5 − 90 − 5 µm) , while the total
thickness is kept constant.
The maximum mechanical stress over the middle layer, aluminium oxide,
is in all the combinations the same, as long as the Al2 O3 ’s impedance is

matweb database

data sheet for Upilex RN

Polymer Data Handbook [89] and Wikipedia

c

1 · 10
4 · 1014
1 · 106

12

specific resistivity [Ω · m]

b

9.9
3.5
2.5

permittivity [−]

a

Al2 O3
polyimideb
polystyrenec

a

material
10
260
55

breakdown strength [MV/m]

Tab. B.1: Electric materials properties.

160
Appendix B. Materials for Damping

B.1. Gradient Films

161

higher than the one of the polymer or only slightly lower. What changes
is the required voltage to achieve such mechanical stress. Depending on
the material combination, the optimal thicknesses of each layer can be
found to achieve the highest mechanical stress and simultaneously decrease the required voltage.
A multilayered dielectric with equal thickness as a single-layer material
can require a lower voltage to reach equal mechanical stress. However,
if an aluminium oxide layer with equal thickness as the middle layer
in the described examples is considered (30, 60 or 90 µm), the required
voltage to reach equal mechanical stress will always be lower. Therefore,
from an electrical point of view, a gradient film does not seem to be a
considerable option.
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Fig. B.5: Frequency response for two different material combinations, (a,c,e) for polyimide-aluminium oxide-polyimide and (b,d,f ) for
polystyrene-aluminium oxide-polystyrene, both with layer thicknesses of
35 − 30 − 35 µm. (a,b) shows the impedance Z with
Al2 O3 and
polyimide or polystyrene, respectively; (c,d) the mechanical stress
on the middle layer (aluminium oxide).
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Fig. B.5: (continued) Frequency response for two different material combinations, (a,c,e) for polyimide-aluminium oxide-polyimide and
(b,d,f ) for polystyrene-aluminium oxide-polystyrene, both with layer
thicknesses of 35 − 30 − 35 µm. (e,f ) shows maximum applicable voltage
before breakdown.
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PI-Al2 O3 -PI (20 − 60 − 20 µm)

PS-Al2 O3 -PS (20 − 60 − 20 µm)
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Fig. B.6: Frequency response for two different material combinations, (a,c,e) for polyimide-aluminium oxide-polyimide and (b,d,f ) for
polystyrene-aluminium oxide-polystyrene, both with layer thicknesses of
20 − 60 − 20 µm. (a,b) shows the impedance Z with
Al2 O3 and
polyimide or polystyrene, respectively; (c,d) the mechanical stress
on the middle layer (aluminium oxide).
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Fig. B.6: (continued) Frequency response for two different material combinations, (a,c,e) for polyimide-aluminium oxide-polyimide and
(b,d,f ) for polystyrene-aluminium oxide-polystyrene, both with layer
thicknesses of 20 − 60 − 20 µm. (e,f ) shows the maximum applicable
voltage before breakdown.
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PI-Al2 O3 -PI (5 − 90 − 5 µm)

PS-Al2 O3 -PS (5 − 90 − 5 µm)

10

10

10

10

8

impedance |Z| [Ohm]

impedance |Z| [Ohm]

8

10

6

10

4

10

2

10

0

10

10

6

10

4

10

2

10

0

−6

10

−4

10

−2

0

2

10
10
10
frequency [Hz]

4

10

6

10

10

−6

10

6

6

5

5

4

4

3

2

1

1

(c)

0

2

4

10

6

10

3

2

0
−6
−4
−2
0
2
10
10
10
10
10
frequency [Hz]

−2

10
10
10
frequency [Hz]

(b)

σ [kPa]

σ [kPa]

(a)

−4

10

4

10

6

10

0
−6
−4
−2
0
2
10
10
10
10
10
frequency [Hz]

4

10

6

10

(d)

Fig. B.7: Frequency response for two different material combinations, (a,c,e) for polyimide-aluminium oxide-polyimide and (b,d,f ) for
polystyrene-aluminium oxide-polystyrene, both with layer thicknesses of
5 − 90 − 5 µm. (a,b) shows the impedance Z with
Al2 O3 and
polyimide or polystyrene, respectively; (c,d) the mechanical stress
on the middle layer (aluminium oxide).
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Fig. B.7: (continued) Frequency response for two different material combinations, (a,c,e) for polyimide-aluminium oxide-polyimide and
(b,d,f ) for polystyrene-aluminium oxide-polystyrene, both with layer
thicknesses of 5 − 90 − 5 µm. (e,f ) shows the maximum applicable voltage
before breakdown.
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TGA of Copper Flakes

The following graph shows a TGA measurement of copper flakes used
in section 4.2 taken from a bachelor thesis performed at the Institute
of Complex Materials at the Materials Department at ETH Zurich in
2012 [114]. According to this TGA curve it was assumed, that the first
oxidation layer formed on the copper flake’s surface acts as an oxygen
barrier, slowing down the diffusion of oxygen to further oxidise the whole
copper flake, resulting in a lower slope as shown in the graph. Therefore
the time to oxidise the copper flakes was set to 75 min, at the intersection
of the two slopes, to obtain a passive layer.

Fig. B.8: TGA of Cu flakes used in section 4.2. The temperature was
held constant at 200 ◦ C for 5 h. Figure taken from [114].
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Fig. B.11: XRD of CuO flakes.
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B.4

Barium Titanate in Polyurethane

Thin films with BaTiO3 in polyurethane were produced with the route
described in section 4.2 (page 63) replacing the copper flakes with BaTiO3 .
The resulting films were very brittle and difficult to handle. Nevertheless
the permittivity and breakdown strength were measured as described in
section 5.1 (page 79). The results are shown in the following figure.
Due to the brittle nature of these films measuring the electric properties
was difficult, since small cracks lead to conducting path between the two
electrodes and therefore to high leakage currents.
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Fig. B.12: Barium titanate in polyurethane, (a) permittivity, (b) breakdown strength.
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Viscosity of Epoxy Resin

The change in viscosity as a function of temperature and shear rate was
measured with a viscometer (Rheomat RM 180, Mettler Toledo) for the
epoxy resin L235 (used in chapter 5), without the hardener to avoid any
curing during the measurements.
By increasing the temperature to 30 ◦ C the viscosity is a quarter of the
initial one at room temperature.
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viscosity [Pa s]
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Fig. B.13: Viscosity of epoxy resin at different temperatures and shear
rates. Symbols:  50 s−1 , 100 s−1 , N 150 s−1 , H 200 s−1 .
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B.6

Material Properties of the Al2 O3 -BaTiO3 Epoxy Composite

Permittivity & Breakdown Strength
The following table lists the measured values for the permittivity and
breakdown strength for the Al2 O3 -BaTiO3 -epoxy composites as shown
by figure 5.5 on page 84.
Tab. B.2: Measured permittivity  at 100 Hz and breakdown strength
Ebd of the different composites shown in figure 5.5.
concentrations [vol%]
Al2 O3 BaTiO3 epoxy
0
1
0
1
1d
0
1
0
1
1d
0
0
0
d

0
0
10
10
10
20
20
30
30
30
40
50
60

100
99
90
89
89
80
79
70
69
69
60
50
40

 [−]

Ebd [MV/m]

4.2
7.4
11.5
10.9
10.3
15.4
16.9
21.8
22.5
39.2
34.0
72.3
144.6

68.0
112.1
126.2
59.6
82.5
69.8
74.9
77.0
40.4
26.0
45.5
3.3
2.8

samples with double magnetised alumina platelets.
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Wear
The following table lists the measured values for the abrasion resistance
of the Al2 O3 -BaTiO3 -epoxy composites as shown by figure 5.8 on page
91.
Tab. B.3: Volume loss of different composites under a load of 10 kPa
after 100 km (as shown in figure 5.8) on a modified pin-on-disc tribometer.
concentrations [vol%]
Al2 O3
BaTiO3 epoxy
1
1

1

1

0
(aligned)
0
(aligned)
0
1
(aligned)
0
1
(aligned)
0
1

0
0
10
10
20
20
20
30
30
30
40
40

100
100
90
89
80
79
79
70
69
69
60
59

∆V [cm3 ]
0.026
0.068
0.024
0.031
0.155
0.203
0.087
1.407
0.868
0.400
0.535
0.535

List of Publications
• R. Ginés, A. Bergamini, R. Christen, M. Motavalli, P. Ermanni,
Frictional Behaviour of Polymer Films under Mechanical and Electrostatic Loads, Smart Materials & Structures 22 (2013) 075023.
• R. Ginés, R. Libanori, A. R. Studart, A. Bergamini, M. Motavalli,
P. Ermanni, Ceramic-Polymer Composites with Improved Dielectric and Tribological Properties for Semi-Active Damping, Composites Part B: Engineering 72 (2015) 80–86.
• R. Ginés, A. Bergamini, M. Motavalli, P. Ermanni, Stiffening and
Damping Capacity of an Electrostatically Tuneable Functional Composite Cantilever Beam, Smart Materials & Structures 24 (2015)
095008.

177

